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ORTHODONTIC APPLIANCES WITH VARIABLE PROPERTIES AND
INTEGRALLY FORMED COMPONENTS

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Application Serial No. 15/202,187, filed July
5, 2016; U.S. Application Serial No. 15/202,254, filed July 5, 2016; U.S. Application Serial No.
15/202,299, filed July 5, 2016; U.S. Provisional Application No. 62/189,291, filed July 7, 2015;
U.S. Provisional Application No. 62/189,312, filed July 7, 2015; and U.S. Provisional
Application No. 62/189,317, filed July 7, 2015, the disclosures of each of which are incorporated
herein by reference in their entirety.
[0002] The subject matter of the following co-pending patent applications is related to the
present application: U.S. Application Serial No. 15/202,342, filed July 5, 2016, entitled
“MULTI-MATERIAL ALIGNERS” (attorney docket number 22773-852.201), which claims the
benefit of U.S. Provisional Application No. 62/189,259, filed July 7, 2015 and U.S. Provisional
Application No. 62/189,282, filed July 7, 2015; U.S. Application Serial No. 15/202,472, filed
July 5, 2016, entitled “DIRECT FABRICATION OF ALIGNERS WITH INTERPROXIMAL
FORCE COUPLING” (attomey docket number 22773-855.201), which claims the benefit of
U.S. Provisional Application No. 62/189,263, filed July 7, 2015; U.S. Application Serial No.
15/202,452, filed July 5, 2016, entitled “DIRECT FABRICATION OF ALIGNERS FOR ARCH
EXPANSION” (attorney docket number 22773-857.201), which claims the benefit of U.S.
Provisional Application No. 62/189,271, filed July 7, 2015, and U.S. Provisional Application
No. 62/189,301, filed July 7, 2015; U.S. Application Serial No. 15/202,348, filed July 5, 2016,
entitled “DIRECT FABRICATION OF ATTACHMENT TEMPLATES WITH ADHESIVE”
(attorney docket number 22773-858.201), which claimed the benefit of U.S. Provisional
Application No. 62/189,259, filed July 7, 2015 and U.S. Provisional Application No. 62/189,282,
filed July 7, 2015; U.S. Application Serial No. 15/202,467, filed July 5, 2016, entitled “DIRECT
FABRICATION OF ALIGNERS FOR PALATE EXPANSION AND OTHER
APPLICATIONS” (attorney docket number 22773-859.201), which claims the benefit of U.S.
Provisional Application No. 62/189,301, filed July 7, 2015, and U.S. Provisional Application
No. 62/189,271, filed July 7, 2015; U.S. Application Serial No. 15/202,139, filed July 5, 2016,
entitled “SYSTEMS, APPARATUSES AND METHODS FOR SUBSTANCE DELIVERY
FROM DENTAL APPLIANCE” (attorney docket number ALGNPOO6B), which claims the
benefit of U.S. Provisional Application No. 62/189,303, filed July 7, 2015, and U.S. Provisional
Application No. 62/189,318, filed on July 7, 2015; U.S. Application Serial No. 15/201,958, filed
July 5, 2016, entitled “DENTAL MATERIALS USING THERMOSET POLYMERS” (attomey
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docket number 582758: 62-15 US), which claims the benefit of U.S. Provisional Application No.
62/189,380, filed July 7, 2015; and U.S. Application Serial No. 15/202,083, filed July 5, 2016,
entitled “DENTAL APPLIANCE HAVING ORNAMENTAL DESIGN” (attorney docket
number ALGNPO06A), which claims the benefit of U.S. Provisional Application No.
62/189,303, filed July 7, 2015, and U.S. Provisional Application No. 62/189,318, filed July 7,

2015, the entire disclosures of which are incorporated herein by reference.

BACKGROUND
[0003] Prior orthodontic procedures typically involve repositioning a patient's teeth to a desired
arrangement in order to correct malocclusions and/or improve aesthetics. To achieve these
objectives, orthodontic appliances such as braces, retainers, shell aligners, and the like can be
applied to the patient’s teeth by an orthodontic practitioner. The appliance can be configured to
exert force on one or more teeth in order to effect desired tooth movements. The application of
force can be periodically adjusted by the practitioner (e.g., by altering the appliance or using
different types of appliances) in order to incrementally reposition the teeth to a desired
arrangement.
[0004] The prior orthodontic methods and apparatus to move teeth can be less than ideal in at
least some respects. In some instances, prior orthodontic approaches that employ an appliance
with homogeneous and/or continuous material properties may not provide sufficient control over
the forces applied to the teeth. In some instances, prior orthodontic treatment involves using a
repositioning appliance in combination with a supplementary device that is fabricated separately.
In some instances, although prior power arms can be used to apply torque to teeth, the use and
placement of power arms can be less than ideal.
[0005] In light of the above, improved orthodontic appliances are needed. Ideally such
appliances would provide more accurate tooth movement with improved control over the forces

applied to the teeth.

SUMMARY
[0006] Improved systems, methods, and devices for repositioning a patient’s teeth are provided
herein. An orthodontic appliance for repositioning teeth can comprise variable localized
properties in order to improve control of force and/or torque application onto different subsets of
teeth. In some embodiments, an orthodontic appliance comprises a heterogeneous thickness,
stiffness, and/or material composition across different portions of the appliance in order to
provide more precise control over the forces applied to the teeth. An appliance with a

heterogeneous thickness, stiffness, and/or material composition can be produced by direct
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fabrication techniques which provide control of the appliance geometry and material
composition in three dimensions. The direct fabrication methods herein allow for the production
of appliances with complex and heterogeneous appliance geometries and compositions that
would otherwise be difficult to achieve using prior fabrication methods.

[0007] Systems, methods, and devices for orthodontic appliances with integrally formed features
are provided herein. An orthodontic appliance with integrally formed features can include an
appliance shell adapted to be worn over one or more teeth and a feature integrally formed into
the appliance, e.g., by direct fabrication. Advantages of the system, methods and devices
described herein include one or more of the following: (1) the appliance and feature are produced
in a single fabrication step such that the feature is integrally formed into the appliance; (2) use of
direct fabrication allows for integrally formed features with geometries that are otherwise
complicated, cumbersome, and often precluded by previous indirect fabrication technologies;
and (3) appliances directly fabricated with integrally formed features may allow for more
flexible and convenient orthodontic treatment.

[0008] Systems, methods, and devices for improved power arms for moving teeth are provided
herein. The power arms can be directly fabricated with an appliance to move teeth in order to
provide additional amounts of force to the teeth with the appliance. Altematively, the power
arms may comprise attachment structures to adhere the power arms to the teeth. The power arms
can be directly fabricated with a connecting spring structure extending between the power arms.
The connecting spring structure can be directly fabricated to generate predetermined amounts of
force when placed on the teeth to provide improved tooth movement. The power arms can be
directly fabricated with a three dimensional shape profile determined in response to a scan of the
mouth of the patient, in order to improve comfort. The power arms can be directly fabricated
with alignment structures shaped to receive features of the teeth in order to accurately place the
power arms accurately on the teeth. The power arms can be directly fabricated with a preloaded
connecting structure extending between the power arms to apply force to the power arms, and a
counter-force connector extending between the power arms to oppose the preloaded connecting
structure and facilitate placement.

[0009] In another aspect, a method for fabricating an orthodontic appliance comprising an
integrally formed component is provided. The method can comprise: determining a movement
path to move one or more teeth from an initial arrangement to a target arrangement; determining
an appliance geometry for an orthodontic appliance comprising a shell and an integrally formed
component, wherein the shell comprises a plurality of teeth receiving cavities shaped to move the

one or more teeth from the initial arrangement to the target arrangement; and generating
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instructions for direct fabrication of the orthodontic appliance, wherein the instructions are
configured to cause direct fabrication of the shell using a first material and direct fabrication of
the integrally formed component using a second, different material.

[0010] In another aspect, a system for fabricating an orthodontic appliance comprising an
integrally formed component is provided. The system can comprise one or more processors
configured with instructions to: determine a movement path to move one or more teeth from an
initial arrangement to a target arrangement; determine an appliance geometry for an orthodontic
appliance comprising a shell and an integrally formed component, wherein the shell comprises a
plurality of teeth receiving cavities shaped to move the one or more teeth from the initial
arrangement to the target arrangement; and generate instructions for direct fabrication of the
orthodontic appliance, wherein the instructions are configured to cause direct fabrication of the
shell using a first material and direct fabrication of the integrally formed component using a
second, different material.

[0011] In another aspect, an appliance for placement on teeth of a patient is provided. The
appliance comprises: a plurality of power arms; a connecting structure coupled to the plurality of
power arms to apply a first force to the plurality of power arms; and a counter-force connector
coupled to the plurality of power arms to apply a second force to the plurality of power arms
opposing the first force.

[0012] In another aspect, a method of fabricating an orthodontic appliance is provided. The
method comprises: determining a movement path to move one or more teeth from an initial
arrangement to a target arrangement; determining an appliance geometry for an orthodontic
appliance configured to produce movement of the one or more teeth from the initial arrangement
to the target arrangement, the orthodontic appliance comprising a plurality of power arms; and
generating instructions for direct fabrication of the orthodontic appliance comprising the
plurality of power arms.

[0013] Other objects and features of the present invention will become apparent by a review of

the specification, claims, and appended figures.

INCORPORATION BY REFERENCE
[0014] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0015] The novel features of the invention are set forth with particularity in the appended claims.
A better understanding of the features and advantages of the present invention will be obtained
by reference to the following detailed description that sets forth illustrative embodiments, in
which the principles of the invention are utilized, and the accompanying drawings of which:
[0001] FIG. 1A illustrates a tooth repositioning appliance, in accordance with embodiments;
[0002] FIG. 1B illustrates a tooth repositioning system, in accordance with embodiments;
[0003] FIG. 1C illustrates a method of orthodontic treatment using a plurality of appliances, in
accordance with embodiments;
[0004] FIGS. 2A and 2B illustrate orthodontic appliances with varying occlusal thicknesses, in
accordance with embodiments;
[0005] FIGS. 3A and 3B illustrate orthodontic appliances with varying thicknesses along a
vertical direction, in accordance with embodiments;
[0006] FIG. 4A shows a cross-sectional view of an exemplary force application structure, in
accordance with embodiments;
[0007] FIG. 4B shows a cross-sectional view of another exemplary force application structure,
in accordance with embodiments;
[0008] FIG. 4C shows a cross-sectional view of an appliance shell with force application
structures for controlling tooth tipping and/or torque, in accordance with embodiments;
[0009] FIG. 4D shows a cross-sectional view of an appliance shell with force application
structures for controlling tooth root movements, in accordance with embodiments;
[0010] FIG. 4E shows a cross-sectional occlusal view of an appliance shell with force
application structures for controlling tooth rotation, in accordance with embodiments;
[0011] FIG. 5A illustrates an appliance with built-in handle structures in the appliance shell, in
accordance with embodiments;
[0012] FIGS. 5B through 5D illustrate exemplary geometries for handle structures, in
accordance with embodiments;
[0013] FIG. 6 illustrates a cross-sectional view of an appliance shell with gingival edges shaped
to improve patient comfort, in accordance with embodiments;
[0014] FIG. 7 illustrates an appliance with one or more thickened ribs for increased stiffness, in
accordance with embodiments;
[0015] FIG. 8 illustrates an appliance with a plurality of thinner regions for reduced stiffness, in

accordance with embodiments;
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[0016] FIG. 9 shows a cross-sectional view of an appliance shell with varying degrees of
photopolymerization, in accordance with embodiments;

[0017] FIG. 10 shows a cross-sectional view of an appliance shell configured for tooth rotation,
in accordance with embodiments;

[0018] FIG. 11A illustrates an appliance with a plurality of force isolated segments, in
accordance with embodiments;

[0019] FIG. 11B illustrates an appliance configured for force transfer between a plurality of
force isolated segments, in accordance with embodiments;

[0020] FIG. 11C illustrates an exemplary force transfer configuration, in accordance with
embodiments;

[0021] FIG. 11D illustrates another exemplary force transfer configuration, in accordance with
embodiments;

[0022] FIG. 11E illustrates an appliance with a plurality of segments used in combination with
an elastic, in accordance with embodiments;

[0023] FIG. 11F illustrates an appliance with a plurality of segments used in combination with
an elastic, in accordance with embodiments;

[0024] FIG. 12A illustrates an appliance with different materials used for the occlusal portion
and gingival portion, in accordance with embodiments;

[0025] FIG. 12B illustrates an appliance with different materials used for the buccal portion and
lingual portion, in accordance with embodiments;

[0026] FIG. 13 illustrates an appliance with variable stiffness along different directions for
uprighting a tooth, in accordance with embodiments;

[0027] FIGS. 14A through 14C illustrate use of anisotropic properties for reducing unwanted
pairing of movements, in accordance with embodiments;

[0028] FIG. 15 illustrates a tooth repositioning system, in accordance with embodiments;
[0029] FIG. 16 illustrates an orthodontic appliance with an integrally formed reinforcing
structure, in accordance with embodiments;

[0030] FIG. 17 illustrates an orthodontic appliance with integrally formed hollow portions, in
accordance with embodiments;

[0031] FIG. 18 illustrates an orthodontic appliance with an integrally formed occlusal block, in
accordance with embodiments;

[0032] FIG. 19 illustrates an orthodontic appliance with an integrally formed arch expander, in

accordance with embodiments;
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[0033] FIG. 20 illustrates an orthodontic appliance with an integrally formed air flow structure,
in accordance with embodiments;

[0034] FIG. 21 illustrates an orthodontic appliance with an integrally formed pontic, in
accordance with embodiments.

[0035] FIG. 22 illustrates an orthodontic appliance with an integrally formed component that
couples to another portion of the appliance, in accordance with embodiments;

[0036] FIG. 23 illustrates an orthodontic appliance with an integrally formed component that
couples to an appliance worn on the opposing jaw, in accordance with embodiments;

[0037] FIG. 24 illustrates an orthodontic appliance with an integrally formed component that
couples to a device coupled to an intraoral structure, in accordance with embodiments.

[0038] FIG. 25 illustrates an orthodontic appliance with integrally formed mounting features for
coupling an elastic, in accordance with embodiments;

[0039] ¥IG. 26 illustrates an orthodontic system including an upper apphiance with an integrally
formed upper mounting feature and a lower appliance with an integrally formed lower mounting
feature for coupling an elastic, in accordance with embodiments;

[0040] FIG. 27 illustrates an orthodoniic appliance ncluding a cutout for accommodating a
coupled elastic, in accordance with embodiments;

[0041] Fi&. 28 illustrates an orthodontic apphiance including a cutout for accommodating a
coupled elastic, in accordance with embodiments;

[0042] FIG. 29 illustrates an orthodontic appliance including integrally formed mounting
features for coupling a spring, in accordance with embodiments;

[0043] FIG. 30 illustrates an orthodontic appliance including integrally formed mounting
features for coupling an advancement structure, in accordance with embodiments;

[0044] FIG. 31 illustrates an orthodontic appliance comprising a pair of directly fabricated
power arms, in accordance with embodiments;

[0045] FIG. 32 illustrates a patient’s mouth, in which a directly fabricated power arm is coupled
to a tooth to apply a tooth-moving force, in accordance with embodiments;

[0046] FIGS. 33A through 33C illustrates various spring structures that may be fabricated as
part of a power arm structure, in accordance with embodiments;

[0047] FIG. 34 illustrates a “pre-loading” mechanism whereby the power arm’s tooth-moving
force is balanced for easier placement on a patient’s teeth, in accordance with embodiments;
[0048] FIGS. 35A through 35C illustrates the operation of a counter-force connecter to pre-load

a pair of power arms for installation, in accordance with embodiments;
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[0049] FIGS. 36A through 36C illustrates the operation of a counter-force connecter to pre-load
a pair of power arms for installation, in accordance with embodiments;

[0050] FIGS. 37A through 37D illustrate single power arm appliances, in accordance with
embodiments;

[0051] FIG. 38 illustrates a method for designing an orthodontic appliance, in accordance with
embodiments;

[0052] FIG. 39 illustrates a method for digitally planning an orthodontic treatment, in
accordance with embodiments; and

[0053] FIG. 40 is a simplified block diagram of a data processing system, in accordance with

embodiments.

DETAILED DESCRIPTION
[0054] A better understanding of the features and advantages of the present disclosure will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of embodiments of the present disclosure are utilized, and
the accompanying drawings.
[0055] Although the detailed description contains many specifics, these should not be construed
as limiting the scope of the disclosure but merely as illustrating different examples and aspects of
the present disclosure. It should be appreciated that the scope of the disclosure includes other
embodiments not discussed in detail above. Various other modifications, changes and variations
which will be apparent to those skilled in the art may be made in the arrangement, operation and
details of the methods, systems, and apparatus of the present disclosure provided herein without
departing from the spirit and scope of the invention as described herein.

2% <<

[0056] As used herein the terms “dental appliance,” “orthodontic appliance,” and “tooth

receiving appliance” are treated synonymously.

[0057] As used herein the terms “rigid” and “stiff” are treated synonymously.

[0058] As used herein the term “and/or” is used as a functional word to indicate that two words

or expressions are to be taken together or individually. For example, A and/or B encompasses A

alone, B alone, and A and B together.

[0059] As used herein the terms “torque” and “moment” are treated synonymously.

[0060] As used herein a “moment” encompasses a force acting on an object such as a tooth at a

distance from a center of resistance. The moment may be calculated with a vector cross product

of a vector force applied to a location corresponding to a displacement vector from the center of

resistance, for example. The moment may comprise a vector pointing in a direction. A moment

opposing another moment may encompass one of the moment vectors oriented toward a first side
-8-



WO 2017/007964 PCT/US2016/041391

of the object such as the tooth and the other moment vector oriented toward an opposite side of
the object such as tooth, for example. Any discussion herein referring to application of forces on
a patient’s teeth is equally applicable to application of moments on the teeth, and vice-versa.
[0061] As used herein a “plurality of teeth” encompasses two or more teeth. In some
embodiments, one or more posterior teeth comprises one or more of a molar, a premolar or a
canine, and one or more anterior teeth comprising one or more of a central incisor, a lateral
incisor, a cuspid, a first bicuspid or a second bicuspid.

[0062] The present disclosure provides orthodontic systems and related methods for designing
and providing improved or more effective tooth moving systems for eliciting a desired tooth
movement and/or repositioning teeth into a desired arrangement.

[0063] The embodiments disclosed herein can be used to couple groups of one or more teeth to
each other. The groups of one or more teeth may comprise a first group of one or more anterior
teeth and a second group of one or more posterior teeth. The first group of teeth can be coupled
to the second group of teeth with the polymeric shell appliances as disclosed herein.

[0064] The embodiments disclosed herein are well suited for moving one or more teeth of the
first group of one or more teeth or moving one or more of the second group of one or more teeth,
and combinations thereof.

[0065] The embodiments disclosed herein are well suited for combination with one or known
commercially available tooth moving components such as attachments and polymeric shell
appliances. In some embodiments, the appliance and one or more attachments are configured to
move one or more teeth along a tooth movement vector comprising six degrees of freedom, in
which three degrees of freedom are rotational and three degrees of freedom are translation.
[0066] The present disclosure provides orthodontic appliances and related systems, methods, and
devices. Repositioning of teeth may be accomplished with the use of a series of removable
elastic positioning appliances such as the Invisalign® system available from Align Technology,
Inc., the assignee of the present disclosure. Such appliances may have a thin shell of elastic
material that generally conforms to a patient’s teeth but is slightly out of alignment with an
initial or immediately prior tooth configuration. Placement of the appliance over the teeth applies
controlled forces in specific locations to gradually move the teeth into the new configuration.
Repetition of this process with successive appliances comprising new configurations eventually
moves the teeth through a series of intermediate configurations or alignment patterns to a final
desired configuration.

[0067] The force generating components disclosed herein can generate forces based on a target

tooth displacement or orientation. For example, an amount of tooth displacement can be selected,
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and the force generating component can be fabricated such that a tooth displacement force is
generated when the appliance is wom, so long as the amount of tooth displacement is less than
the target tooth displacement. Thus, an appliance can generate tooth displacement forces without
causing excessive tooth displacement. In some cases, the target tooth displacement can be
adjustable; for example, adjustable screws, springs, bands, or other components can be adjusted
to change the size of the aligner, thereby changing the target tooth displacement. An adjustable
aligner can be used to generate a slow tooth displacement, for example.

[0068] Although reference is made to an appliance comprising a polymeric shell appliance, the
embodiments disclosed herein are well suited for use with many appliances that receive teeth, for
example appliances without one or more of polymers or shells. The appliance can be fabricated
with one or more of many materials such as metal, glass, reinforced fibers, carbon fiber,
composites, reinforced composites, aluminum, biological materials, and combinations thereof for
example. The appliance can be shaped in many ways, such as with thermoforming or direct
fabrication as described herein, for example. Alternatively or in combination, the appliance can
be fabricated with machining such as an appliance fabricated from a block of material with
computer numeric control machining.

[0069] Turning now to the drawings, in which like numbers designate like elements in the
various figures, FIG. 1A illustrates an exemplary tooth repositioning appliance or aligner 100
that can be worn by a patient in order to achieve an incremental repositioning of individual teeth
102 in the jaw. The appliance can include a shell (e.g., a continuous polymeric shell or a
segmented shell) having teeth-receiving cavities that receive and resiliently reposition the teeth.
An appliance or portion(s) thereof may be indirectly fabricated using a physical model of teeth.
For example, an appliance (e.g., polymeric appliance) can be formed using a physical model of
teeth and a sheet of suitable layers of polymeric material. In some embodiments, a physical
appliance is directly fabricated, e.g., using additive manufacturing techniques, from a digital
model of an appliance. An appliance can fit over all teeth present in an upper or lower jaw, or
less than all of the teeth. The appliance can be designed specifically to accommodate the teeth of
the patient (e.g., the topography of the tooth-receiving cavities matches the topography of the
patient’s teeth), and may be fabricated based on positive or negative models of the patient’s teeth
generated by impression, scanning, and the like. Alternatively, the appliance can be a generic
appliance configured to receive the teeth, but not necessarily shaped to match the topography of
the patient’s teeth. In some cases, only certain teeth received by an appliance will be
repositioned by the appliance while other teeth can provide a base or anchor region for holding

the appliance in place as it applies force against the tooth or teeth targeted for repositioning. In
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some cases, some or most, and even all, of the teeth will be repositioned at some point during
treatment. Teeth that are moved can also serve as a base or anchor for holding the appliance as it
is worn by the patient. Typically, no wires or other means will be provided for holding an
appliance in place over the teeth. In some cases, however, it may be desirable or necessary to
provide individual attachments or other anchoring elements 104 on teeth 102 with corresponding
receptacles or apertures 106 in the appliance 100 so that the appliance can apply a selected force
on the tooth. Exemplary appliances, including those utilized in the Invisalign® System, are
described in numerous patents and patent applications assigned to Align Technology, Inc.
including, for example, in U.S. Patent Nos. 6,450,807, and 5,975,893, as well as on the
company’s website, which is accessible on the World Wide Web (see, e.g., the url
“invisalign.com™). Examples of tooth-mounted attachments suitable for use with orthodontic
appliances are also described in patents and patent applications assigned to Align Technology,
Inc., including, for example, U.S. Patent Nos. 6,309,215 and 6,830,450.

[0070] Optionally, in cases involving more complex movements or freatment plans, it may be
beneficial to utilize auxiliary components {e.g., features, accessories, struchures, devices,
components, and the like) in conjunction with an orthodontic appliance. Examples of such
accessories include but are not imited to elastics, wires, springs, bars, arch expanders, palatal
expanders, twin blocks, occlusal blocks, bite ramps, mandibular advancement splints, bite plates,
pontics, hooks, brackets, headgear tubes, springs, bumper tubes, palatal bars, frameworks, pin-
and-~tube apparatuses, buccal shields, buccinator bows, wire shields, ingual flanges and pads, lip
pads or bumpers, protrusions, divots, and the like. In some embodiments, the apphiances,
svstems and methods described herein include improved orthodontic appliances with integrally
formed features that are shaped to couple to such awaliary components, or that replace such
auxiliary components.

[0071] FIG. 1B illustrates a tooth repositioning system 110 including a plurality of appliances
112, 114, 116. Any of the appliances described herein can be designed and/or provided as part
of a set of a plurality of appliances used in a tooth repositioning system. Each appliance may be
configured so a tooth-receiving cavity has a geometry corresponding to an intermediate or final
tooth arrangement intended for the appliance. The patient’s teeth can be progressively
repositioned from an initial tooth arrangement to a target tooth arrangement by placing a series
of incremental position adjustment appliances over the patient’s teeth. For example, the tooth
repositioning system 110 can include a first appliance 112 corresponding to an initial tooth
arrangement, one or more intermediate appliances 114 corresponding to one or more

intermediate arrangements, and a final appliance 116 corresponding to a target arrangement. A
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target tooth arrangement can be a planned final tooth arrangement selected for the patient’s teeth
at the end of all planned orthodontic treatment. Alternatively, a target arrangement can be one of
some intermediate arrangements for the patient’s teeth during the course of orthodontic
treatment, which may include various different treatment scenarios, including, but not limited to,
instances where surgery is recommended, where interproximal reduction (IPR) is appropriate,
where a progress check is scheduled, where anchor placement is best, where palatal expansion is
desirable, where restorative dentistry is involved (e.g., inlays, onlays, crowns, bridges, implants,
veneers, and the like), etc. As such, it is understood that a target tooth arrangement can be any
planned resulting arrangement for the patient’s teeth that follows one or more incremental
repositioning stages. Likewise, an initial tooth arrangement can be any initial arrangement for
the patient's teeth that is followed by one or more incremental repositioning stages.

[0072] FIG. 1C illustrates a method 150 of orthodontic treatment using a plurality of appliances,
in accordance with embodiments. The method 150 can be practiced using any of the appliances
or appliance sets described herein. In step 160, a first orthodontic appliance is applied to a
patient’s teeth in order to reposition the teeth from a first tooth arrangement to a second tooth
arrangement. In step 170, a second orthodontic appliance is applied to the patient’s teeth in
order to reposition the teeth from the second tooth arrangement to a third tooth arrangement.
The method 150 can be repeated as necessary using any suitable number and combination of
sequential appliances in order to incrementally reposition the patient’s teeth from an initial
arrangement to a target arrangement. The appliances can be generated all at the same stage or in
sets or batches (e.g., at the beginning of a stage of the treatment), or the appliances can be
fabricated one at a time, and the patient can wear each appliance until the pressure of each
appliance on the teeth can no longer be felt or until the maximum amount of expressed tooth
movement for that given stage has been achieved. A plurality of different appliances (e.g., a set)
can be designed and even fabricated prior to the patient wearing any appliance of the plurality.
After wearing an appliance for an appropriate period of time, the patient can replace the current
appliance with the next appliance in the series until no more appliances remain. The appliances
are generally not affixed to the teeth and the patient may place and replace the appliances at any
time during the procedure (e.g., patient-removable appliances). The final appliance or several
appliances in the series may have a geometry or geometries selected to overcorrect the tooth
arrangement. For instance, one or more appliances may have a geometry that would (if fully
achieved) move individual teeth beyond the tooth arrangement that has been selected as the
"final." Such over-correction may be desirable in order to offset potential relapse after the

repositioning method has been terminated (e.g., permit movement of individual teeth back
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toward their pre-corrected positions). Over-correction may also be beneficial to speed the rate of
correction (e.g., an appliance with a geometry that is positioned beyond a desired intermediate or
final position may shift the individual teeth toward the position at a greater rate). In such cases,
the use of an appliance can be terminated before the teeth reach the positions defined by the
appliance. Furthermore, over-correction may be deliberately applied in order to compensate for

any inaccuracies or limitations of the appliance.

Orthodontic Appliances with Variable Properties

[0073] Systems, methods, and devices for improved orthodontic treatment of a patient’s teeth are
provided herein. In some embodiments, the present disclosure provides improved orthodontic
appliances having different portions with different properties. The use of appliances with
variable localized properties as described herein can improve control over the application of
forces to different subsets of teeth, thus enhancing the flexibility and effectiveness of orthodontic
treatment. In some embodiments, the appliances with variable localized properties herein are
produced using direct fabrication methods which provide precise control over the geometry,
composition, and/or properties of the appliance in three dimensions. Direct fabrication permits
manufacturing of appliances with complex geometries and heterogeneous properties that would
otherwise be difficult to produce using other fabrication techniques.

[0074] In one aspect, an orthodontic appliance for treating a patient’s teeth is provided, the
appliance comprising: a first appliance portion receiving a first subset of the patient’s teeth; and
a second appliance portion receiving a second subset of the patient’s teeth, wherein the first and
second appliance portions differ from each other with respect to two or more of thickness,
stiffness, or material composition.

[0075] In some embodiments, the first appliance portion comprises an increased thickness
relative to the second appliance portion. The first appliance portion can comprise an anterior
occlusal portion and the second appliance portion can comprise a posterior occlusal portion, or
the first appliance portion can comprise a posterior occlusal portion and the second appliance
portion can comprise an anterior occlusal portion. The first appliance portion can comprise a
gingival portion shaped to engage undercuts of teeth and the second appliance portion can
comprise an occlusal portion shaped to receive crowns of teeth.

[0076] In some embodiments, the first appliance portion comprises a force application structure
arranged to engage and apply force to a tooth. The first appliance portion can comprise a handle
structure to facilitate removal of the appliance from the patient’s teeth. The first appliance

portion can comprise a rib structure on a buccal surface of the appliance (e.g., near canine teeth
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of the patient), on an occlusal surface of the appliance, on a lingual surface of the appliance, or
on a gingival portion of the appliance.

[0077] In some embodiments, the second appliance portion comprises recesses or apertures
shaped to reduce stiffness of the second appliance portion relative to the first appliance portion.
[0078] In some embodiments, the first appliance portion comprises an increased stiffness
relative to the second appliance portion. The first appliance portion can comprise an increased
degree of photopolymerization relative to the second appliance portion so as to produce the
increased stiffness. The first appliance portion can comprise a gingival portion and the second
appliance portion can comprise an occlusal portion. The first appliance portion can comprise a
buccal portion and the second appliance portion can comprise a lingual portion.

[0079] In some embodiments, the first appliance portion comprises a stiff band extending along
a buccal and/or lingual surface of a tooth.

[0080] In some embodiments, the first appliance portion comprises a plurality of shell segments
and the second appliance portion comprises an elastic portion joining the plurality of shell
segments.

[0081] In some embodiments, the first appliance portion comprises a first material and the
second appliance portion comprises a second material different from the first material. At least
one of the first or second materials can comprise a stiffness along a first direction different from
a stiffness along a second direction. The first direction can be a transverse direction and the
second direction can be a vertical direction, or the first direction can be a rotational direction and
the second direction can be a vertical direction.

[0082] In some embodiments, the first appliance portion or the second appliance portion
comprises an occlusal structure, an arch expander, an elastic, an air flow structure, a pontic,
ornamental feature, inflatable structure, or functional layer or coating.

[0083] In some embodiments, the first appliance portion is integrally formed with the second
appliance portion as a single piece using a direct fabrication technique. The direct fabrication
technique can be an additive manufacturing technique or a subtractive manufacturing technique.
The additive manufacturing technique can comprise one or more of: vat photopolymerization,
material jetting, binder jetting, material extrusion, powder bed fusion, sheet lamination, or
directed energy deposition.

[0084] In some embodiments, the appliance further comprises a third appliance portion receiving
a third subset of the patient’s teeth, the third appliance portion differing from one or more of the
first and second appliance portions with respect to two or more of thickness, stiffness, or material

composition.
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[0085] In another aspect, a method for treating a patient’s teeth comprises providing an
appliance as in any of the embodiments herein.

[0086] In another aspect, a method for fabricating an orthodontic appliance for treating a
patient’s teeth is provided, the method comprising: determining a movement path to move one or
more teeth from an initial arrangement to a target arrangement; determining a force system to
move the one or more teeth along the movement path; determining an appliance geometry and
material composition of an appliance configured to produce the force system, wherein the
appliance comprises two or more of a heterogeneous thickness, a heterogeneous stiffness, or a
heterogeneous material composition; and generating instructions for fabricating the appliance
with the appliance geometry and the material composition using a direct fabrication technique.
[0087] In some embodiments, the direct fabrication technique is an additive manufacturing
technique or a subtractive manufacturing technique. The additive manufacturing technique can
comprise one or more of: vat photopolymerization, material jetting, binder jetting, material
extrusion, powder bed fusion, sheet lamination, or directed energy deposition.

[0088] In some embodiments, the appliance comprises the heterogeneous thickness, and thicker
portions of the appliance are configured to exert a different force (e.g., more or less force) on the
one or more teeth than thinner portions of the appliance. The method can further comprise
determining locations and geometries for the thicker portions and the thinner portions.

[0089] In some embodiments, the appliance comprises the heterogeneous stiffness, and stiffer
portions of the appliance are configured to exert a different force (e.g., more or less force) on the
one or more teeth than more elastic portions of the appliance. The method can further comprise
determining locations and geometries for the stiffer portions and the more elastic portions. The
stiffer portions can comprise a different material composition than the more elastic portions. The
stiffer portions can comprise a different degree of photopolymerization than the more elastic
portions.

[0090] In some embodiments, the appliance comprises an increased stiffness along a targeted
tooth movement direction and a decreased stiffness away from the targeted tooth movement
direction.

[0091] In some embodiments, the appliance comprises a plurality of relatively stiff segments
joined to each other by one or more relatively elastic portions so as to isolate the forces
generated by the plurality of relatively stiff segments from each other.

[0092] In some embodiments, the appliance further comprises one or more of: a heterogeneous
elastic modulus, a heterogeneous hardness, a heterogeneous strength, a heterogeneous

compressibility, a heterogeneous stress relaxation, a heterogeneous hydrophobicity, a
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heterogeneous hydrophilicity, a heterogeneous Poisson ratio, a heterogeneous strain rate, a
heterogeneous viscoelasticity, or a heterogeneous polarity.

[0093] In another aspect, a system for fabricating an orthodontic appliance for treating a
patient’s teeth is provided. The system can comprise one or more processors configured with
instructions to: determine a movement path to move one or more teeth from an initial
arrangement to a target arrangement; determine a force system to move the one or more teeth
along the movement path; determine an appliance geometry and material composition of an
appliance configured to produce the force system, wherein the appliance comprises two or more
of a heterogeneous thickness, a heterogeneous stiffness, or a heterogeneous material
composition; and generate instructions for fabricating the appliance with the appliance geometry
and the material composition using a direct fabrication technique.

[0094] In some embodiments, the direct fabrication technique is an additive manufacturing
technique or a subtractive manufacturing technique. The additive manufacturing technique can
comprise one or more of: vat photopolymerization, material jetting, binder jetting, material
extrusion, powder bed fusion, sheet lamination, or directed energy deposition.

[0095] In some embodiments, the appliance comprises the heterogeneous thickness, and thicker
portions of the appliance are configured to exert a different force on the one or more teeth than
thinner portions of the appliance.

[0096] In some embodiments, the one or more processors are further configured with
instructions to determine locations and geometries for the thicker portions and the thinner
portions.

[0097] In some embodiments, the appliance comprises the heterogeneous stiffness, and stiffer
portions of the appliance are configured to exert a different force on the one or more teeth than
more elastic portions of the appliance.

[0098] In some embodiments, the one or more processors are further configured with
instructions to determine locations and geometries for the stiffer portions and the more elastic
portions.

[0099] In some embodiments, the stiffer portions comprise a different material composition than
the more elastic portions.

[00100] In some embodiments, the stiffer portions comprise a different degree of
photopolymerization than the more elastic portions.

[00101] In some embodiments, the appliance comprises an increased stiffness along a
targeted tooth movement direction and a decreased stiffness away from the targeted tooth

movement direction.
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[00102] In some embodiments, the appliance comprises a plurality of relatively stiff
segments joined to each other by one or more relatively elastic portions so as to isolate the forces
generated by the plurality of relatively stiff segments from each other.

[00103] In some embodiments, the appliance further comprises one or more of: a
heterogeneous elastic modulus, a heterogeneous hardness, a heterogeneous strength, a
heterogeneous compressibility, a heterogeneous stress relaxation, a heterogeneous
hydrophobicity, a heterogeneous hydrophilicity, a heterogeneous Poisson ratio, a heterogeneous
strain rate, a heterogeneous viscoelasticity, or a heterogeneous polarity.

[00104] In another aspect, a system configured to perform any embodiment of the
methods herein is provided.

[00105] The ability of an orthodontic appliance to effectively treat a patient’s teeth can
depend on its properties, such as stiffness, elastic modulus, hardness, thickness, strength,
compressibility, stress relaxation, hydrophobicity/hydrophilicity, Poisson ratio, strain rate,
viscoelasticity, and/or polarity. For instance, these properties can influence the amount of force
and/or torque that can be exerted by the appliance onto the teeth, as well as the extent to which
such forces and/or torques can be controlled (e.g., with respect to location of application,
direction, magnitude, etc.). The optimal properties for tooth repositioning may vary based on the
type of tooth to be repositioned (e.g., molar, premolar, canine, incisor), movement type (e.g.,
extrusion, intrusion, rotation, torqueing, tipping, translating), targeted movement distance, use of
tooth-mounted attachments, or combinations thereof. Different teeth in the patient’s jaw may
require different types of appliance properties in order to be effectively repositioned. In some
instances, it can be relatively difficult to effectively reposition multiple teeth using an
orthodontic appliance with uniform and/or homogeneous properties.

[00106] Accordingly, various embodiments of the present disclosure provide orthodontic
appliances having properties that are heterogeneous and/or variable across different portions of
appliance in order to allow for more effective repositioning of multiple teeth. In such
embodiments, one or more portions of the appliance can have one or more properties that differ
from those of one or more other portions, such as with respect to one or more of stiffness, elastic
modulus, hardness, thickness, strength, compressibility, stress relaxation,
hydrophobicity/hydrophilicity, Poisson ratio, strain rate, viscoelasticity, and/or polarity. An
appliance can include any number of portions with different properties, such as two, three, four,
five, six, seven, eight, nine, ten, twenty, thirty, forty, fifty, or more portions with different
properties. For example, an appliance can include a first appliance portion receiving a first

subset of the patient’s teeth and a second appliance portion receiving a second subset of the
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patient’s teeth, and the first and second portions can differ from each other with respect to one or
more of thickness, stiffness, or material composition. In some embodiments, the first and second
portions can differ from each other with respect to two or more of thickness, stiffness, or
material composition. In some embodiments, the first and second portions can differ from each
other with respect to thickness, stiffness, and/or material composition, or any other appliance
property described herein.

[00107] An appliance portion can include any part of an appliance, such as one or more
tooth-receiving cavities or portions thereof. The size and location of an appliance portion can be
varied as desired. For example, an appliance portion can be arranged to receive and/or engage a
subset of the patient’s teeth, such as a single tooth, a plurality of teeth, a portion of a tooth (e.g.,
a lingual, buccal, or occlusal surface), or combinations thereof. In some embodiments, appliance
portions that receive different subsets of teeth (e.g., anterior teeth, posterior teeth, teeth to be
repositioned, teeth to be retained in a current position) have different properties. Alternatively or
in combination, appliance portions that engage different surfaces of the teeth (e.g., buccal
surfaces, lingual surfaces, occlusal surfaces) can have different properties. The use of
orthodontic appliances with variable localized properties can allow for improved control over the
forces and/or torques to be applied to the patient’s teeth, as described further herein.

[00108] In some embodiments, a property of an orthodontic appliance (e.g., stiffness,
thickness, material composition, etc.) varies along one or more directions (e.g., mesial-distal
direction, occlusal-gingival direction, buccal-lingual direction, anterior-posterior direction,
interior-exterior direction), also referred to herein as a “functionally graded property.” The
property may vary gradually along the one or more directions (e.g., vary according to a
continuous function), or may exhibit discrete changes (e.g., vary according to a non-continuous
function such as a step function). The property may vary according to a linear or non-linear
function, as desired.

[00109] Optionally, the directionality of a property of an orthodontic appliance (e.g.,
stiffness, thickness, material composition, etc.) may be varied. For example, mechanical
properties of a material or structure of the appliance (e.g., stiffness, elongation, tensile strength,
compressive strength, bending properties, viscoelastic properties, etc.) may be anisotropic, such
that the properties are different when measured along x, y, and z directions. By changing the
directionality of the structures and/or materials of an appliance, varying properties can be
developed along different directions (e.g., mesial-distal direction, occlusal-gingival direction,

buccal-lingual direction, anterior-posterior direction, interior-exterior direction). Such variations
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in directionality can be achieved using the direct fabrication methods described herein, such as
3D printing.

[00110] In some embodiments, the orthodontic appliances with variable localized
properties presented herein are produced by direct fabrication. The direct fabrication techniques
presented herein may be particularly suited for manufacturing of appliances with different
localized properties that would otherwise be difficult to achieve with other fabrication methods
(e.g., indirect fabrication methods such as thermoforming a material sheet over a mold). For
instance, in some embodiments, the direct fabrication techniques herein are used to fabricate
orthodontic appliances exhibiting variable thicknesses, variable stiffnesses, and/or variable
material compositions at different portions of the appliance. Additional description of direct
fabrication methods suitable for producing the appliances of the present disclosure are provided
further herein.

[00111] In some embodiments, direct fabrication is advantageous for producing
appliances with variable thicknesses. In contrast to indirect fabrication methods such as
thermoforming, in which the thickness of the resultant appliance is generally limited by the
thickness of the thermoformed sheet, may vary based on the location of the appliance (e.g.,
gingival portions may experience more stretching during thermoforming and thus may be
thinner), and may be sensitive to variations in process parameters (e.g., thermoforming
temperature, vacuum pressure applied, material type, etc.), direct fabrication allows for control
over the thickness of the fabricated appliance at any desired location. For example, the thickness
of an appliance may be varied between one or more of the following locations: a buccal portion,
a lingual portion, an occlusal portion, a gingival portion, an anterior portion, a posterior portion,
or combinations thereof. Optionally, an appliance can have a thickness varying from about 0.05
mm to about 8 mm, or from about 0.1 mm to about 2 mm. These values are provided as
examples only and not intended to be limiting. It shall be appreciated that the dimensions of the
appliances herein can be varied as desired. In some embodiments, the minimum thickness of the
appliance can be about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of the maximum
thickness of the appliance. The thickness of the appliance can be varied in order to control the
forces exerted by the appliance onto the patient’s teeth. For example, relatively thick portions of
the appliance can exert more force on the teeth (e.g., due to the increased stiffness of such
portions), while relatively thin portions of the appliance can exert less force on the teeth (e.g.,
due to the reduced stiffness of such portions). Accordingly, the varying thicknesses of an
appliance can be configured to apply a specified force system to a patient’s teeth at any desired

location.
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[00112] FIGS. 2A and 2B illustrate orthodontic appliances with varying occlusal
thicknesses, in accordance with embodiments. Thicker occlusal portions can be used to apply
intrusion forces on selected teeth, while thinner occlusal portions can be used where tooth
intrusion is not desired. In some embodiments, thinner occlusal portions can improve patient
comfort by reducing the vertical spacing between the upper and lower arches, and can help
reduce open bite when wearing the appliance. Additionally, thinner occlusion portions may be
beneficial for maintaining the natural interdigitation between upper and lower teeth during
treatment. FIG. 2A illustrates an appliance 200 including an upper shell 202a and a lower shell
202b. Each shell includes a thicker posterior occlusal portion 204a, 204b, and a thinner anterior
occlusal portion 206a, 206b. The appliance 200 can be used to intrude the posterior teeth
relative to the anterior teeth, e.g., to close an open bite. FIG. 2B illustrates an appliance 250
including an upper shell 252a and a lower shell 252b. Each shell includes a thinner posterior
occlusal portion 254a, 254b, and a thicker anterior occlusal portion 256a, 256b. The thinner
posterior occlusal portion can be used to intrude the anterior teeth relative to the posterior teeth,
e.g., to close a deep bite or overbite. In some embodiments, a thinner occlusal portion provides a
better match for the natural articulation of the patient’s jaws, e.g., to reduce temporomandibular
joint issues.

[00113] In some embodiments, occlusal structures for controlling the relative positioning
(e.g., left-right, anterior-posterior, etc.) of the upper and lower jaws such as twin blocks, occlusal
blocks, mandibular advancement structures, and the like can be directly built into the appliance
by varying the thickness of the occlusal surfaces. These occlusal structures can be used to
correct various issues related to the patient’s bite, including but not limited to class 11
malocclusions, class I malocclusions, cross bite, open bite, and sleep apnea. Additional
examples of integrally formed occlusal structures and features suitable for use with the
embodiments herein are discussed below.

[00114] FIGS. 3A and 3B illustrate orthodontic appliances with varying thicknesses along
a vertical direction, in accordance with embodiments. “Vertical” may be used herein to refer to
the direction along the height of a tooth crown, such that the thickness of one or more occlusal
portions of the appliance differs from the thickness of one or more gingival portions of the
appliance. FIG. 3A shows a cross-sectional view of an appliance shell 300 having thicker
gingival portions 302, 304 and a thinner occlusal surface 306. The shell 300 can be shaped to
receive a tooth crown 308, with the edges of the gingival portions 302, 304 terminating above
the gingiva. The thickened gingival portions 302, 304 can be shaped to engage the undercuts of

the tooth crown 308 in order to facilitate extrusion of the tooth.
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[00115] In some embodiments, an orthodontic appliance with varying thicknesses along a
vertical direction can be used to control movements of tooth roots. FIG. 3B shows a cross-
sectional view of an appliance shell 350 having thicker gingival portions 352, 354 and a thinner
occlusal surface 356. The varying thickness of the shell 350 can result in larger forces being
delivered near the bottom of the tooth crown 358 closer to the center of resistance (e.g., arrow
360) and smaller forces being delivered near the top of the tooth crown away from the center of
resistance (e.g., arrow 362), thus resulting in a programmed motion of the tooth, e.g., along
arrow 358. This approach can be advantageous for producing tooth translation with reduced
tipping, for example.

[00116] In some embodiments, force application structures such as protrusions, ridges,
dimples, and the like can be integrally formed in the appliance by selectively increasing the
thickness of the appliance shell at one or more locations. A force application structure can
extend inward from the interior surface of the shell towards the received tooth in order to define
a contact point for application of force to the tooth. An appliance can include one or more force
application structures formed on a buccal surface, lingual surface, or occlusal surface of the shell,
or combinations thereof. With direct fabrication techniques, such force application structures
can be positioned and shaped with greater accuracy, thus providing precise control over the
magnitude and direction of the resultant forces exerted on the teeth. Additionally, direct
fabrication also permits more precise control over surrounding tooth contact points compared to
other fabrication methods (e.g., thermofoming).

[00117] FIG. 4A shows a cross-sectional view of an exemplary force application structure
400, in accordance with embodiments. The structure 400 is formed as a thickened protrusion
402 within an appliance wall 404. In some embodiments, the thickness of the portions of the
wall 404 near the protrusion 402 can be varied (e.g., increased or decreased) in order to control
the stiffness of the appliance near the protrusion 402. For example, the wall 404 can include a
thinner portion 406 adjacent the protrusion 402 to decrease the local stiffness in order to extend
the working range of the protrusion 402,

[00118] FIG. 4B shows a cross-sectional view of another exemplary force application
structure 410, in accordance with embodiments. The structure 410 is formed as a corrugated
portion 412 within an appliance wall 414. Similar to the structure 400, the portions of the wall
414 near the corrugated portion 412 can be varied (e.g., increased or decreased) in order to
control the stiffness of the appliance near the corrugated portion 412. For example, the wall 424
can include a thinner portion 416 adjacent the corrugated portion 412 to decrease the local

stiffness in order to extend the working range of the corrugated portion 412.
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[00119] FIG. 4C shows a cross-sectional view of an appliance shell 420 with force
application structures for controlling tooth tipping and/or torque, in accordance with
embodiments. The shell 420 includes a buccal force application structure 422 and a lingual force
application structure 424. Although the force application structures 422, 424 are depicted in
FIG. 4C as protrusions or ridges, other types of structures can be used in alternative
embodiments. The buccal and lingual structures 422, 424 can engage and apply forces to a
received tooth 426. In some embodiments, the buccal structure 422 is positioned near the bottom
of the tooth crown while the lingual structure 424 is positioned near the top of the tooth crown in
order to control tipping of the tooth 426. It shall be appreciated that alternative configurations of
the buccal and lingual structures 422, 424 can also be used to control tipping, e.g., a
configuration with the buccal structure 422 located near the top of the crown and the lingual
structure 424 located near the bottom of the crown.

[00120] FIG. 4D shows a cross-sectional view of an appliance shell 430 with force
application structures for controlling tooth root movements, in accordance with embodiments.
The shell 430 includes a mesial force application structure 432 and a distal force application
structure 434, depicted herein as protrusions. The mesial structure 432 is positioned near the top
of the tooth crown 436 and the distal structure 434 is positioned near the bottom of the tooth
crown 436 in order to control movements of the tooth root. It shall be appreciated that the
configuration can be reversed, e.g., with the mesial structure 432 near the bottom and the distal
structure 434 near the top. In some embodiments, this configuration permits bodily translation
of the entire tooth along the mesial-distal direction with reduced tipping.

[00121] FIG. 4E shows a cross-sectional occlusal view of an appliance shell 440 with
force application structures for controlling tooth rotation, in accordance with embodiments. The
shell 440 includes a pair of force application structures 442, 444 positioned to engage opposing
sides of the tooth 446 (e.g., buccal and lingual sides) in order to create a force couple that
produces rotation of the tooth 446 (e.g., along arrow 448).

[00122] Variations in the thickness of an appliance shell can also be used to form other
types of functional structures in the appliances herein, and such structures may be configured to
perform functions in addition to or other than application of forces to the teeth, such as
improving ease of use and patient comfort. The direct fabrication methods presented herein
provide improved flexibility and control over the geometry and positioning of such structure on
an orthodontic appliance.

[00123] FIG. 5A illustrates an appliance 500 with built-in handle structures 502, 504 in

the appliance shell 506, in accordance with embodiments. The handle structures 502, 504 can be
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used to facilitate removal of the appliance 500 from the patient’s teeth. The number and
positioning of the handle structures can be varied as desired. In the depicted embodiment, the
handle structures 502, 504 are respectively positioned on the right and left buccal surfaces of the
shell 506 near the distal portions.

[00124] FIGS. 5B through 5D illustrate exemplary geometries for handle structures, in
accordance with embodiments. FIG. SB illustrates a shell 510 in which a gingival edge 512 is
flared outwards away from the received tooth 514 in order to form a handle structure. FIG. 5C
illustrates a shell 520 having a handle structure 522 positioned flush with the gingival edge of the
shell 520. FIG. 5D illustrates a shell 530 having a handle structure 522 that is offset from the
gingival edge of the shell 530.

[00125] FIG. 6 illustrates a cross-sectional view of an appliance shell 600 with gingival
edges 602, 604 shaped to improve patient comfort, in accordance with embodiments. The edges
602, 604 can be formed into a smooth shape, such as a beveled or rounded shape, in order to
reduce irritation of gingival tissues when the appliance is worn.

[00126] In some embodiments, the appliances discussed herein have variable localized
stiffnesses. As discussed above and herein, variations in stiffness can influence the forces that
are applied to the teeth, with stiffer portions applying more force and elastic portions applying
less force. The stiffness of an appliance can be within a range from about 0.1 N/mm to about
1000 N/mm. The stiffness of an appliance can be related to its elastic modulus, and the elastic
modulus of an appliance can be within a range from about 10,000 psi to about 700,000 psi.
These values are provided as examples only and not intended to be limiting. It shall be
appreciated that the elastic modulus, stiffness, and other properties of the appliances herein can
be varied as desired. In some embodiments, the minimum stiffness of the appliance can be about
0.001%, 0.01%, 0.1%, 1%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of the
maximum stiffness of the appliance.

[00127] The stiffness of an appliance portion can depend on both the geometry of the
portion and the elastic modulus of the material used to form that portion. For example, the
thickness of an appliance can influence the stiffness of the appliance, with thicker portions being
more stiff and thinner portions being more compliant. Accordingly, in some embodiments,
appliance thickness is locally varied in order to selectively modulate the stiffness of the
appliance. This approach allows for variations in stiffness to be achieved based only on the
appliance geometry, without using multiple material types or different curing parameters.
However, it shall be appreciated that although certain embodiments herein describe control of

appliance stiffness using variable thicknesses, other approaches disclosed herein such as variable
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photopolymerization and/or variable material compositions can also be used to achieve similar
results, and that such approaches can be combined with or substituted for any of the thickness-
based approaches described herein. For example, variations in stiffness can also be achieved by
using materials with different elastic moduli.

[00128] FIG. 7 illustrates an appliance 700 with one or more thickened ribs 702 for
increased stiffness, in accordance with embodiments. The ribs 702 can be built integrally into
the appliance shell 704 using the direct fabrication methods described herein. The number,
geometry, and configuration of the ribs 702 can be configured to increase the stiffness of the
appliance at certain locations. For example, in the depicted embodiment, the ribs 702 are
positioned on the buccal surface of the shell 704 near the canines and extend longitudinally along
the mesial-distal axis. This can be beneficial for reducing flexing of the shell 704 near the
canines when modifying the width of the arch, e.g., by moving the molars and/or biscuspids
buccally or lingually (see, e.g., arrows 706). It shall be appreciated that in alternative
embodiments, the ribs 702 can be positioned at other locations on the shell 704, e.g., on a lingual
surface, occlusal surface, near the anterior teeth, near the posterior teeth, etc., in order to increase
the stiffness of the appliance at those locations.

[00129] FIG. 8 illustrates an appliance 800 with a plurality of thinner regions 802 for
reduced stiffness, in accordance with embodiments. The thinner regions 802 can be formed
integrally in the shell 804 using the direct fabrication methods described herein. In some
embodiments, the thinner regions 802 are formed in the buccal surface of the shell 804 as
recesses that extend only partially through the thickness of the shell 804. In alternative
embodiments, the regions 802 form openings in the shell 804 that extend through the entire
thickness of the shell 804. The number, geometry, and configuration of the regions 802 can be
configured to selectively reduce the stiffness of the appliance at certain locations. For instance,
one or more thinner regions 802 can be formed on a buccal surface, on a lingual surface, occlusal
surface, near the anterior teeth, near the posterior teeth, or combinations thereof.

[00130] In some embodiments, variations in stiffness and/or other material properties of
the appliance can be achieved independently from the appliance geometry. For example, it may
be desirable in some instances to produce a variable stiffness appliance while maintaining a
substantially uniform appliance thickness. In such embodiments, this can be achieved by
varying the degree of photopolymerization of different portions of the appliance during the direct
fabrication process. As discussed further herein, some embodiments of the direct fabrication
methods herein involve curing a photopolymer by irradiation with light in order to selectively

polymerize the photopolymer and thereby build up the appliance geometry. The extent to which
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each appliance portion is polymerized can be controlled by modifying the curing parameters,
which include but are not limited to curing time, power, spacing, and/or depth. In some
embodiments, portions of the appliance exhibiting a greater degree of photopolymerization have
increased stiffness and modulus compared to portions exhibiting a lesser degree of
photopolymerization. Control of photopolymerization allows for the production of variable
stiffness appliances without varying the appliance geometry (e.g., thickness) or material
composition. However, it shall be appreciated that although certain embodiments herein
describe control of appliance stiffness using variable photopolymerization, other approaches
disclosed herein such as variable thicknesses and/or variable material compositions can also be
used to achieve similar results, and that such approaches can be combined with or substituted for
any of the photopolymerization-based approaches described herein.

[00131] FIG. 9 shows a cross-sectional view of an appliance shell 900 with varying
degrees of photopolymerization, in accordance with embodiments. The shell 900 includes a stiff
portion 902 having a relatively high stiffness, an intermediate portion 904 having an intermediate
stiffness, and an elastic portion 906 having a relative low stiffness. In some embodiments, the
differing stiffnesses of the portions 902, 904, and 906 is achieved by varying the degree of
photopolymerization in each of the portions. The portions 902, 904, and 906 can be arranged
such that the shell 900 is stiffer towards the gingival portion and softer towards the occlusal
surface. For example, in the depicted embodiment, the stiff portion 902 is located near the
gingival portion of the shell 900, the elastic portion 906 is located near the occlusal portion of
the shell 900, and the intermediate portion 904 is positioned between the stiff portion 902 and the
elastic portion 906. The configuration of the shell 900 can result in a variable force profile 908
applied to the received tooth 910 in which the magnitude of the force vectors decreases moving
from the gingival portion of the tooth 910 to the occlusal portion of the tooth 910. The force
profile 908 can be advantageous for eliciting root translation of the tooth 910 without using
attachments.

[00132] FIG. 10 shows a cross-sectional view of an appliance shell 1000 configured for
tooth rotation, in accordance with embodiments. The shell 1000 can include a stiff band 1002
positioned between an occlusal elastic section 1004 and a gingival elastic section 1006 and
extending along the buccal and/or lingual surfaces of a received tooth. In some embodiments,
the stiff band 1002 is configured with a programmed rotation when the shell 1000 is worn on a
tooth, while the surrounding elastic sections 1004, 1006 have a lower stiffness and are not
configured with programmed rotation. Accordingly, during use, displacement occurs primarily

at the elastic sections 1004, 1006 rather than at the stiff band 1002. The combination of such
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features within a single shell 1000 can be used to apply moment or torque onto the tooth in order
to produce a rotation of the tooth, e.g., about the axis 1008, with a greater working range than if
the shell 1000 were made of a single material with homogeneous properties.

[00133] FIG. 11A illustrates an appliance 1100 with a plurality of force isolated
segments 1102, in accordance with embodiments. The segments 1102 are joined to each other
by an elastic portion 1104. In some embodiments, the segments 1102 are stiffer than the elastic
portion 1104, and the varying stiffnesses can be produced by direct fabrication
photopolymerization control, variations in thickness, and/or variations in material composition,
as discussed herein. By separating the segments 1102 with the elastic portion 1104, the forces
exerted by the respective segments can be isolated from each other, thus permitting independent
force application on different groups of teeth. Although the depicted embodiment shows two
segments 1102 joined by a single elastic portion 1104, it shall be appreciated that the number of
segments and elastic portions can be varied as desired. Furthermore, although the depicted
embodiment shows segments that are separated horizontally along an anterior-posterior direction,
it shall be appreciated that the approaches herein are equally applicable to segments separated
along other directions, such as segments separated vertically along an occlusal-gingival direction.
[00134] FIG. 11B illustrates an appliance 1110 configured for force transfer between a
plurality of force isolated segments 1112, in accordance with embodiments. Similar to the
appliance 1100, the segments 1112 are joined to each other by a relatively elastic portion 1114,
and this configuration isolates the forces generated by the respective segments. In some
embodiments, it may be desirable to provide some amount of force transfer between the
segments 1112. This can be achieved by coupling the segments 1112 to each other by a
connector 1116, depicted herein as a bar or band. The connector 1116 can have a stiffness
greater than that of the elastic portion 1114. The stiffness of the connector 1116 can be greater
than or less than the stiffness of the segments 1112, as desired. The connector 1116 can be used
to isolate forces from the teeth received in the elastic portion 1114 while permitting the transfer
of selected forces between the teeth received by segments 1112.

[00135] FIG. 11C illustrates an exemplary force transfer configuration, in accordance
with embodiments. Similar to the other embodiments herein, the configuration includes a first
segment 1120 and second segment 1122 separated by an elastic portion 1124. A connector 1126
is used to couple the first and second segments 1120, 1122 to each other. The connector 1126
can also be coupled along its length to the elastic portion 1124 in order to permit some transfer

of force to the elastic portion 1124.
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[00136] FIG. 11D illustrates another exemplary force transfer configuration, in
accordance with embodiments. Similar to the other embodiments herein, the configuration
includes a first segment 1130 and second segment 1132 separated by an elastic portion 1134, A
connector 1136 is used to couple the first and second segments 1130, 1132 to each other. The
connector 1136 can be separated from the elastic portion 1134 so as to isolate the elastic portion
1134 from the forces produced by the first and second segments 1130, 1132.

[00137] FIG. 11E illustrates an appliance 1140 with a plurality of segments 1142, 1143
used in combination with an elastic 1144, in accordance with embodiments. Similar to the other
embodiments discussed herein, the segments 1142, 1143 can be joined to each other by an elastic
portion 1146 in order to isolate groups of teeth from each other. The elastic 1144 is respectively
coupled to a first segment 1142 at a first coupling point 1148 and to a second segment 1143 at a
second coupling point 1150, such that the length of the elastic 1144 spans the elastic portion
1146 and is aligned with the anterior-posterior axis of the appliance 1140. The elastic 1144 can
be permanently or removably coupled to the segments 1142, 1143 in a variety of ways, e.g.,
using fasteners, hooks, adhesives, and the like. In alternative embodiments, the appliance 1140
can be formed with a built-in elastic 1144 such that no separate coupling step is needed, as
discussed further herein.

[00138] In some embodiments, the appliance 1140 is configured such that the elastic 1144
is placed in tension when it is coupled to the segments 1142, 1143 via the coupling points 1148,
1150. Accordingly, the elastic 1144 exerts tensile forces on the segments 1142, 1143 that pull
them towards each other. These forces can be transmitted to the teeth received by the segments
1142, 1143 in order to move them towards each other, e.g., to close a space between the teeth,
retract a group of teeth, and so on. The use of an elastic portion 1146 to isolate groups of teeth to
be moved can provide an increased working range for the elastic 1144,

[00139] FIG. 11F illustrates an appliance 1160 with a plurality of segments 1162, 1163
used in combination with an elastic 1164, in accordance with embodiments. Similar to the other
embodiments herein, the segments 1162, 1163 are joined to each other by an elastic portion
1166. The elastic 1164 is coupled to one of the segments 1162 at a first coupling point 1168 and
to a location on the patient’s opposing jaw at a second coupling point 1170. For example, the
second coupling point 1170 of the elastic 1164 can be attached to another appliance worn on the
opposing jaw, a tooth-mounted attachment on a tooth on the opposing jaw, an anchoring device
positioned in bone of the opposing jaw, or combinations thereof. The elastic 1164 may be
placed in tension when coupled to the segment 1162 and the opposing jaw, and the tensile forces

can be applied onto the teeth received by the segment 1162 in order to elicit movements of the
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teeth (e.g., retraction). The elastic portion 1166 can isolate the forces applied onto the teeth
received by the segment 1163 from the forces applied to the teeth received by the segment 1162,
such that the tensile forces exerted by the elastic 1164 act primarily on the teeth received by the
segment 1162 and have little or no effect on the teeth received by the segment 1163. This
approach can be used, for example, to isolate one or more anterior teeth from one or more
posterior teeth, or vice-versa.

[00140] In some embodiments, appliances with heterogeneous properties as discussed
herein can be produced by forming the appliance from a plurality of different materials. In some
embodiments, different types of material are used to form different portions of the appliance, and
the different properties of the different material types can each contribute to the properties of the
resultant appliance. The materials used to fabricate an appliance can vary from each other with
respect to one or more of color, translucency, elastic modulus, surface strength, biocompatibility,
and/or curing properties, to name a few. For instance, a relatively stiff or rigid material can be
deposited at locations where increased stiffness is desired, and a relatively elastic material can be
deposited at locations where increased elasticity is desired. Alternatively, rather than forming
each appliance portion from a single material type, multiple materials can be combined and used
to form an appliance portion. The amounts and/or types of materials used can determine the
properties of the corresponding appliance portion. In some embodiments, multiple materials can
be mixed or otherwise combined with each other in order to form a composite that exhibits
superior properties compared to the individual materials. The amounts and/or types of materials
used in the composite can control the resultant properties (e.g., stiffness) of the

composite. Accordingly, appliances with heterogeneous properties as discussed herein can be
produced by using different composites to form different portions of the appliance.

[00141] The arrangement (or topology) of multiple materials in an appliance can be varied
as desired. For example, multiple materials can be formed on an appliance in discrete sections,
compartments, or layers. Alternatively, the multiple materials can be formed as a continuous
mixture such that individual material types are not compartmentalized. The locations where
different material types are formed can be varied as desired. For instance, portions of the
appliance adjacent the gingiva may be formed from a softer or more elastic material than
portions adjacent the teeth, or vice-versa. As another example, portions of the appliance adjacent
the interproximal regions of the teeth may be formed from a softer or more elastic material than
portions away from the interproximal regions, or vice-versa. In another example, interior
portions of the appliance near the teeth may be formed from a softer or more elastic material than

exterior portions away from the teeth, or vice-versa. In yet another example, portions of the
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appliance used to engage and apply forces to teeth (e.g., directly or indirectly via an attachment)
may be formed from a softer or more elastic material than portions that do not engage the teeth,
or vice-versa. In yet another example, portions of the appliance used to engage other appliances
or devices (e.g., elastics, springs, wires, etc.) may be formed from a softer or more elastic
material than portions that do not engage other appliances or devices, or vice-versa.

[00142] The multi-material approaches described herein permit the fabrication of
heterogeneous appliances without varying the geometry (e.g., thickness) and/or
photopolymerization parameters of the appliance. However, it shall be appreciated that although
certain embodiments herein describe control of appliance stiffness using variable material
compositions, other approaches disclosed herein such as variable photopolymerization and/or
variable thicknesses can also be used to achieve similar results, and that such approaches can be
combined with or substituted for any of the multi-material approaches described herein.

[00143] FIG. 12A illustrates an appliance 1200 with different materials used for the
occlusal portion 1202 and gingival portion 1204, in accordance with embodiments. Based on the
properties of the respective materials used, the occlusal portion 1202 can have a greater stiffness
than the gingival portion 1204, or vice-versa. The material properties for each of the portions
can be determined based on the desired functionalities for the occlusal and gingival portions.
For example, in some embodiments, the occlusal portion 1202 can be formed from a relatively
soft or elastic material, while the gingival portion 1204 can be formed from a relatively hard or
stiff material. In such embodiments, the relatively elastic occlusal portion 1202 can act as a
“chewy™ that the patient can bite down on in order to facilitate proper seating of the appliance
1200 on the patient’s teeth. Moreover, the use of a relatively elastic occlusal portion 1202 can
potentially reduce the extent of posterior open bite caused by wearing the appliance 1200, as
well as provide improved engagement of the appliance 1200 with the patient’s teeth with less
interference from the occlusal surfaces. Alternatively, the occlusal portion 1202 can be formed
from a relatively hard or stiff material and the gingival portion 1204 can be formed from a
relatively soft or elastic material. This configuration can be advantageous for improving
durability of the occlusal surfaces, e.g., in order to resist wear due to bruxism, allow the patient
to consume certain foods while wearing the appliance 1200, etc.

[00144] FIG. 12B illustrates an appliance 1250 with different materials used for the
buccal portion 1252 and lingual portion 1254, in accordance with embodiments. Based on the
properties of the respective materials used, the buccal portion 1252 can have a greater stiffness
than the lingual portion 1254, or vice-versa. The material properties for each of the portions can

be determined based on the desired functionalities for the buccal and lingual portions. For
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example, in some embodiments, the buccal portion 1252 can be formed from a relatively soft or
elastic material, while the lingual portion 1254 can be formed from a relatively hard or stiff
material. Optionally, the buccal portion 1252 can be formed from a clear material for improved
aesthetics, while the lingual portion 1254 is not readily visible and therefore does not need to be
formed from a clear material. In some embodiments, the relative stiffness of the buccal portion
1252 is advantageous for improving engagement of the appliance 1250 with tooth-mounted
attachments, as such attachments are frequently positioned on the buccal surfaces of teeth. The
relative stiffness of the lingual surface can exert forces for producing tooth movements in a
buccal direction, e.g., for arch expansion.

[00145] In some embodiments, it can be advantageous to design an appliance exhibiting
variable stiffness along different directions. The stiffness of an appliance portion along a vertical
direction, horizontal direction, lateral direction, mesial-distal direction, anterior-posterior
direction, occlusal-gingival direction, and/or buccal-lingual direction may differ from the
stiffness of the appliance portion along a vertical direction, horizontal direction, lateral direction,
mesial-distal direction, anterior-posterior direction, occlusal-gingival direction, and/or buccal-
lingual direction. The variable directional stiffness can allow for different forces to be
preferentially applied along certain directions. For instance, it may be desirable to apply more
force along an anterior-posterior direction and less force along an intrusion or extrusion direction,
or vice-versa. As another example, it may be desirable to apply one force on the left side of an
appliance and a different force on the right side of the appliance. In another example, it may be
desirable to apply a larger rotation force on one tooth (e.g., a molar) and a smaller rotation force
on an adjacent tooth (e.g., a bicuspid). Variable force application along different directions can
be achieved using any of the methods presented herein, including varying the thickness, degree
of photopolymerization, and/or material composition.

[00146] FIG. 13 illustrates an appliance 1300 with variable stiffness along different
directions for uprighting a tooth 1302, in accordance with embodiments. The appliance 1300
can be configured to create a “root first tipping chain” in which adjacent teeth 1304, 1306
flanking the tooth 1302 provide anchorage for exerting tipping forces onto the tooth 1302 in
order to move the tooth 1302 into a more upright position, e.g., along the movement path
indicated by arrow 1308. In some embodiments, the appliance 1300 includes an appliance shell
(not shown) with cavities to receive the tooth 1302 and the adjacent anchor teeth 1304, 1306.
The shell can be formed with clearance space around the target tooth 1302 in order to
accommodate the uprighting movement of the tooth 1302. The shell can be shaped to engage the
tooth 1302 in order to exert transverse forces 1310 to upright the tooth 1302. Additionally, the
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appliance 1300 can include a stiff band of material 1312 that spans the tooth 1302 and the
adjacent anchor teeth 1304, 1306. The geometry and location of the stiff band 1312 can be
configured to alter the center of rotation 1314 of the tooth 1302 in order to produce the
uprighting movement. For example, the stiff band 1312 can be shaped according to the
geometry of the tooth 1302 in order to move the center of rotation 1314 for a given translational
movement towards the occlusal surface of the tooth. This approach can fix the occlusal surface
of the tooth crown at a specified location, and the translational force applied to the tooth 1302
thus rotates the entire tooth 1302 about the specified location. In some embodiments, by
changing the center of rotation 1314, the tooth 1302 can be moved in a “root first” fashion in
which repositioning of the tooth root precedes repositioning of the tooth crown. In some
embodiments, a root first movement involves a translational movement of the tooth root greater
than translational movement of the tooth crown.

[00147] In some embodiments, the use of variable stiffness appliances as described herein
can be used to reduce or eliminate unwanted pairings of movements and/or forces that may
occur. For example, tooth movements such as root control movements, tipping, and the like may
cause unwanted intrusion or extrusion of the target tooth and/or surrounding teeth. In some
embodiments, unwanted movements and/or forces can be reduced or eliminated by varying the
directional stiffness of the appliance using the methods provided herein (e.g., variable stiffness,
variable material properties, variable material compositions, etc.). An appliance with varying
directional stiffnesses may exhibit anisotropic properties, such that the stiffness along one
direction may differ from the stiffness along at least one other direction, for example. In some
embodiments, the appliance is configured with an increased stiffness in one or more directions
along a desired tooth movement and a reduced stiffness in one or more directions along an
undesired tooth movement (e.g., away from the desired tooth movement) in order to
preferentially elicit the desired movement while reducing or eliminating the undesired
movement.

[00148] FIGS. 14A through 14C schematically illustrate reductions in unwanted pairing
of movements using varying directional stiffnesses, in accordance with embodiments. FIG. 14A
illustrates an appliance portion 1400 that is relatively stiff along a transverse direction 1402 and
relatively elastic along a vertical direction 1404 in order to elicit transverse tooth movements
(e.g., translation) while reducing or eliminating unwanted vertical movements (e.g., extrusion or
intrusion). Alternatively, if vertical movements are desired while transverse movements are
unwanted, the relative stiffnesses can be reversed so that the portion 1400 exhibits increased

stiffness along the vertical direction 1404 and reduced stiffness along the transverse direction
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1402. FIGS. 14B and 14C illustrate top and side views, respectively, of an appliance portion
1410 that is relatively stiff in a rotational direction 1412 and relatively elastic along a vertical
direction 1414 in order to produce tooth rotation or torsion while reducing or eliminating
unwanted vertical movements (e.g., extrusion or intrusion). The configuration can be reversed if
vertical movements are desired while rotational movements are undesired, such that the portion
1410 is relatively elastic along the rotational direction 1412 and relatively stiff along the vertical
direction 1414.

[00149] Although the orthodontic appliances with variable properties herein have been
described primarily in the context of variable stiffness, thickness, and/or material composition, it
shall be appreciated that an orthodontic appliance may exhibit variations in other properties as
well, such as one or more of hardness, strength, compressibility, stress relaxation,
hydrophobicity/hydrophilicity, Poisson ratio, strain rate, viscoelasticity, or polarity, to name a
few. For example, an appliance can be fabricated with heterogeneous
hydrophobicity/hydrophilicity, e.g., with hydrophilic inner surfaces (e.g., surfaces near the
received teeth) in order to improve appliance wetting and grip on the teeth, and with
hydrophobic outer surfaces (e.g., away from the received teeth) in order to reduce saliva
diffusion and stress relaxation. The direct fabrication methods herein can be used to produce
appliances exhibiting complex and heterogeneous combinations of many different material

properties.

Orthodontic Appliances with Integrally Formed Components
[00150] Orthodontic treatment with fixed repositioning devices, such as braces, may be
used in conjunction with auxiliary components, devices, or accessories to achieve desired end
results. Such auxiliary components may take a variety of forms ranging from readily available
traditional accessories to specially created devices. Auxiliary components may be mounted on
fixed, non-removable devices or they may be part of a removable appliance typically worn prior
to the application of the fixed devices. Similarly, it may be desired to utilize auxiliary
components when repositioning teeth with removable tooth repositioning appliances, such as the
shell appliances described herein. In some embodiments, such auxiliary components are affixed
to a shell appliance after the shell appliance has been initially fabricated (e.g., by
thermoforming).
[00151] The direct fabrication approaches presented herein can be used to produce
orthodontic appliances with various types of built-in components, also referred to herein as an
“integrally formed component™ or an “integrally formed feature.” Examples of integrally formed
components include, but are not limited to: a hook, button, groove, slit, slide block, slide column,
-32-



WO 2017/007964 PCT/US2016/041391

slide cylinder, corrugation, undercut, internal structure, hole, connection, snap, bevel, mating,
guide, channel, block, recess, cavity, chamber, scaffold, layer, a coating, or any other structure or
feature as described in U.S. Patent Publication No. 2007/0231765, U.S. Patent No. 8,641,414,
and U.S. Patent Publication No. 2011/0269092, the disclosures of which are incorporated herein
by reference in their entirety. An integrally formed component can include or be designed to
substitute for one or more of the following auxiliary components: elastics, wires, springs, bars,
arch expanders, palatal expanders, twin blocks, occlusal blocks, bite ramps, mandibular
advancement splints, bite plates, pontics, hooks, brackets, headgear tubes, bumper tubes, palatal
bars, frameworks, pin-and-tube apparatuses, buccal shields, buccinator bows, wire shields,
lingual flanges and pads. lip pads or bumpers, protrusions, divots, or any other structure or
feature suitable for use in conjunction with the appliances herein to treat a patient. The direct
fabrication methods provided herein allow such auxiliary components to be integrally formed
with an appliance shell, as discussed further below.

[00152] As used herein, an “integrally formed component™ or “integrally formed feature”
may refer to a component formed as a single unitary or monolithic piece with the appliance shell,
such that the component cannot be separated from the appliance without damaging or destroying
the appliance. An integrally formed component may be differentiated from a component that is
formed and/or provided separately from the shell and is subsequently coupled to the shell (e.g.,
by adhesives, fasteners, etc.). In some embodiments, an integrally formed component is
concurrently formed with the shell in a single manufacturing or fabrication step, such that the
same fabrication machine and/or fabrication process is used to produce both the component and
the shell. Accordingly, an integrally formed component may be differentiated from a component
that is formed prior to or after the shell is formed, and may be differentiated from a component
that is formed using a different fabrication process than the process used to form the shell. For
example, the various direct fabrication methods discussed herein can be used to produce both the
appliance shell and the integrally formed component concurrently in a single fabrication step.
[00153] In some embodiments, an integrally formed component of an orthodontic
appliance may be an orthodontic component or accessory. Orthodontic components or
accessories can include but are not linited fo accessories typically used with fixed, non-
removable orthodontic devices. For example, headgear tubes are accessories typically mounted
on traditional braces for inserting a headgear device and applving extracral force to the teeth and
jaws. Tubes for recetving headgear may be integrally formed 1n the shell of an apphance fora
stntilar effect. Siratlardy, orthodontic hooks may be mounted on traditional braces to support

elastic bands which may also apply distinct forces to the teeth and jaws. As with headgear tubes,
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such hooks may also be integrally formed i the shell of a shell appliance for a similar effect.
Likewise, a number of other accessories, such as brackets, springs, bumper tubes, palatal bars,
frameworks, pin-and-fube apparatuses and the like, may be integrally formed into shell
appliances. In some embodiments, such as with brackets, the accessory may be used {0 joina
removable shell appliance with a portion of tecth supporting fixed conventional devices, such as
braces. An orthodontic component or accessory coupled fo an appliance via integrally formed
mounting features can be configured to interact with anvy other orthodontic appliances present in
the patient’s mouth.

[00154] in some embodiments, an integrally formed component may be an orthodontic
component or accessory that is primarily exclusive to removable appliances. These componenis
may not be swted for use with fixed appliances and devices, e g, due o their bulk and size. In
some embodiments, such components are used prior (o the use of fixed devices to create a
favorable environment for later tooth repositioning. For exarople, when a patient’s teeth are sull
erupting. a number of features may be used to foster improved eruption and development of the
tooth arrangement and bife configuration. These may include buccal shields, buccinator bows or
wire shields, bite plates, palaial expanders and bars, lingual flanges and pads, lip pads or
bumpers, and the like. Since these components are currently used with removable appliances,
they are ideally suited for use with the appliances described herein. Accordingly, the features
may be integrally formed in the polymeric shell of an appliance. Simlarly, supporting structures
for such components may also be integrally formed in the shell for the removable application of
a component. For exarople, a bumper tube may be erobedded in the polymeric shell for later
msertion and removal of a bumper,

[00155] In some embodiments, an appliance may be directly fabricated with an integrally
formed component such that use of the appliance comprising the integral component provides
orthodontic therapy in conjunction with other types of dental and periodontal therapies (e.g., to
improve oral health, for cosmetic purposes, etc.) which may be desired or required by the patient.
In addition, producing the orthodontic appliance comprising the integrally formed component in
a single fabrication step can eliminate additional steps that were previously required in order to
attach an auxiliary component to an appliance, and can therefore streamline manufacturing.
Benefits of streamlined manufacturing include reduced cost, reduced number of steps, fewer
materials, faster production, and reduced rates of error, among others. Additionally, available
geometries, types of materials that could be used, types of components that could be formed,
location of the components within the appliance, and the like are broader with an integrally

formed component compared to those previously considered for an externally attached
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component. Often, the resolution by which an integrally formed component can be designed and
fabricated is more precise compared to externally attached components.

[00156] An added advantage of the use of appliances comprising integrally formed
components is the ability {o provide the conventional benefit of the awpaliary component while
siroultaneously repositioning the teeth. In fixed appliance treatroent, for exanple, the lixed
appliance may preclude the ability to simuitaneously use auxiliary components provided as
remavable appliances since removable appliances may not be readily applied with fixed
appliances in place. For example, situations in which it 15 desired to control eruption of specific
teeth concomutant with repositioning of the same or other teeth may be difficult to achueve with
fixed appliances.

[00157] Accordingly, systems, methods, and devices for orthodontic appliances with an
integrally formed component are provided herein. The component can be any structure or
feature formed into an appliance shell of the apparatus for facilitating attachment of the
appliance shell to an additional device. Often the integrally formed component is shaped to
engage with, receive, couple to, connect with, and/or mate with a complementary shape of a
patient’s tooth or an additional appliance or a portion thereof. As described further herein, such
components can include, but are not limited to a hook, button, groove, slit, slide block, slide
column, slide cylinder corrugation, undercut, internal structure, hole, connection, snap, bevel,
mating, guide, channel, block, recess, cavity, chamber, scaffold, layer, coating, and the like. As
used herein, “integrally formed feature” may refer to a feature formed as a single unitary or
monolithic piece with another appliance component (e.g., an appliance shell with teeth receiving
cavities), such that the feature cannot be separated from the appliance without damaging or
destroying the appliance component.

[00158] During a course of orthodontic treatment, it may be desired or necessary to apply
a force to a patient’s teeth to generate movement of one or more teeth to bring the patient's teeth
into a better occlusion. Tooth movements that may be generated by the appliances herein include
but are not limited to tipping, torqueing, rotating, translating, extruding, or intruding. In many
instances, it may not be possible to generate desired levels of such a force solely through the use
of a shell appliance without any additional auxiliary component, feature, component,
characteristic or the like. Thus, in some embodiments, the forces generated by such a shell are
supplemented by the forces produced by an integrally formed component. In some
embodiments, integrally forroed components are used 1o increase an amourt of force applied to

the teeth, decrease an amount of force applied fo the teeth, and/or change the distnbution of force
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applied to the teeth, relative 1o the force(s) exerted by the appliance in the absence of such
components.

[00159] In one aspect, a method for fabricating an orthodontic appliance comprising an
integrally formed component is provided. The method can comprise: determining a movement
path to move one or more teeth from an initial arrangement to a target arrangement; determining
an appliance geometry for an orthodontic appliance comprising a shell and one or more
integrally formed components, wherein the shell comprises a plurality of teeth receiving cavities
shaped to move the one or more teeth from the initial arrangement to the target arrangement; and
generating instructions for direct fabrication of the orthodontic appliance, wherein the
instructions are configured to cause direct fabrication of the shell using a first material and direct
fabrication of the one or more integrally formed components using a second, different material.
[00160] In some embodiments, the first material differs from the second material with
respect to one or more of the following: stiffness, elastic modulus, hardness, thickness, strength,
compressibility, stress relaxation, hydrophobicity, hydrophilicity, Poisson ratio, strain rate,
viscoelasticity, or polarity.

[00161] In some embodiments, the method further comprises: determining a first material
composition for the shell, the first material composition comprising the first material; and
determining a second material composition for the integrally formed component, the second
material composition comprising the second material.

[00162] In some embodiments, the direct fabrication technique is an additive
manufacturing technique or a subtractive manufacturing technique. The additive manufacturing
technique can comprise one or more of: vat photopolymerization, material jetting, binder jetting,
material extrusion, powder bed fusion, sheet lamination, or directed energy deposition.

[00163] In some embodiments, the one or more integrally formed components comprise or
are designed to substitute for an elastic, a wire, or a spring.

[00164] In some embodiments, the one or more integrally formed components comprise or
are designed to substitute for an arch expander, a palatal expander, or a palatal bar.

[00165] In some embodiments, the one or more integrally formed components comprise or
are designed to substitute for a twin block, an occlusal block, a bite ramp, an advancement
structure, or a bite plate.

[00166] in some embodiments, the one or more integrally formed components are shaped

to couple between a first portion and a second portion of the shell.
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[00167] In some embodiments, the shell is shaped to be worn on a jaw of the patient and
the one or more integrally formed components are shaped to couple to an appliance worn on an
opposing jaw of the patient.

[00168] In some embodiments, the one or more integrally formed components comprise
one or more mounting features shaped to couple to an auxiliary component.

[00169] In another aspect, a system for fabricating an orthodontic appliance comprising an
integrally formed component is provided. The system can comprise one or more processors
configured with instructions to: determine a movement path to move one or more teeth from an
initial arrangement to a target arrangement; determine an appliance geometry for an orthodontic
appliance comprising a shell and one or more integrally formed components, wherein the shell
comprises a plurality of teeth receiving cavities shaped to move the one or more teeth from the
initial arrangement to the target arrangement; and generate instructions for direct fabrication of
the orthodontic appliance, wherein the instructions are configured to cause direct fabrication of
the shell using a first material and direct fabrication of the one or more integrally formed
components using a second, different material.

[00170] In some embodiments, the first material differs from the second material with
respect to one or more of the following: stiffness, elastic modulus, hardness, thickness, strength,
compressibility, stress relaxation, hydrophobicity, hydrophilicity, Poisson ratio, strain rate,
viscoelasticity, or polarity.

[00171] In some embodiments, the one or more processors are further configured with
instructions to: determine a first material composition for the shell, the first material composition
comprising the first material; and determine a second material composition for the integrally
formed component, the second material composition comprising the second material.

[00172] In some embodiments, the direct fabrication technique is an additive
manufacturing technique or a subtractive manufacturing technique. The additive manufacturing
technique can comprise one or more of: vat photopolymerization, material jetting, binder jetting,
material extrusion, powder bed fusion, sheet lamination, or directed energy deposition.

[00173] In some embodiments, the one or more integrally formed components comprise or
are designed to substitute for an elastic, a wire, or a spring.

[00174] In some embodiments, the one or more integrally formed components comprise or
are designed to substitute for an arch expander, a palatal expander, or a palatal bar.

[00175] In some embodiments, the one or more integrally formed components comprise or
are designed to substitute for a twin block, an occlusal block, a bite ramp, an advancement

structure, or a bite plate.
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[00176] In some embodiments, the one or more integrally formed components are shaped
to couple between a first portion and a second portion of the shell.

[00177] In some embodiments, the shell is shaped to be worn on a jaw of the patient and
the integrally formed component is shaped to couple to an appliance worn on an opposing jaw of
the patient.

[00178] In some embodiments, the one or more integrally formed components comprise
one or more mounting features shaped to couple to an auxiliary component.

[00179] In another aspeci, an appliance for repositioning teeth of a patient is provided.
The appliance can comprise: a shell forming a plurality of cavities shaped to receive teeth of a
mouth of the patient; and a component, wherein the component is integrally formed within the
shell.

[00180] In some embodiments, the integrally formed component is configured to interact
with the same portion of the shell where the component is integrally formed, or with another
portion of the shell that is different from the portion of the shell where the component is
integrally formed.

[00181] In some embodiments, the integrally formed component is configured to interact
with a shell, a tooth, a plurality of the patient’s teeth, a dental device, or an orthodontic device
that is different from the shell where the component is integrally formed.

[00182] In some embodiments, the integrally formed component is directly connected to
an orthodontic appliance.

[00183] In some embodiments, the integrally formed component is indirectly connected to
an orthodontic appliance.

[00184] In some embodiments, the integrally formed component is directly or indirectly
connected to another portion of the shell or directly connected to a portion of a different shell.
[00185] In some embodiments, the integrally formed component is a hook, a button, an
advancement structure, a guide path, or a protrusion.

[00186] In some embodiments, the integrally formed component is a window, a channel, a
hole, or a recession.

[00187] In some embodiments, the integrally formed component is a mandibular
advancement structure, e.g., for treating sleep apnea.

[00188] in some embodiments, the integrally formed component is useful for rotating,
tipping, translating, intruding, extruding, or torqueing the patient’s tooth.

[00189] In some embodiments, the integrally formed feature is useful for expanding a

patient’s arch width, reducing open bite, or reducing grinding of the patient’s teeth.
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[00190] o some embodiments, the integrally formed component comprises a mounting
feature shaped to engage an auxiliary component.

[00191] In some embodiments, the appliance is generated by a fabrication machine
according to a set of fabrication instructions, the fabrication instructions comprising the steps of:
generating a digital model of the shell, the digital model including the feature integrally formed
into the shell, and; fabricating the shell having the feature integrally formed into the shell.
[00192] in another aspect, a method for fabricating an appliance comprising an integrally
formed component is provided. The method can comprise: generating a digital model of the
appliance, the digital model comprising a digital representation of a shell comprising a plurality
of teeth receiving cavities and a digital representation of a component integrally formed within
the shell; and generating instructions for fabricating the appliance with the shell and integrally
formed component using a direct fabrication technique, based on the digital model.

[00193] In some embodiments, the direct fabrication technique is an additive
manufacturing technique or a subtractive manufacturing technique. The additive manufacturing
technique can comprise one or more of: vat photopolymerization, material jetting, binder jetting,
material extrusion, powder bed fusion, sheet lamination, or directed energy deposition.

[00194] In some embodiments, the instructions are configured to control a fabrication
machine to form the component concurrently with the shell.

[00195] in another aspect, a method for fabricating an appliance comprising an integrally
formed component is provided. The method can comprise: determining a movement path to
move one or more teeth from an initial arrangement to a target arrangement; determining an
appliance geometry comprising an integrally formed component for an orthodontic appliance
configured to move the one or more teeth from the initial arrangement to the target arrangement;
and generating instructions for fabrication of the orthodontic appliance having the appliance
geometry comprising the integrally formed component.

[00196] In some embodiments, the method further comprises: determining a force system
to produce movement of the one or more teeth along the movement path; and determining an
appliance geometry comprising an integrally formed component for an orthodontic appliance
configured to produce the force system.

[00197] FIG. 15 illustrates a tooth repositioning system 1500, in accordance with
embodiments. The tooth repositioning system 1500 includes an orthodontic appliance 1502
comprising a shell 1504 with an integrally formed component 1506. The orthodontic appliance
1502 can be provided as part of an orthodontic tooth repositioning system 1500. Any of the

appliances described herein can be designed and/or provided as part of a set of a plurality of
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appliances used in a tooth repositioning system 1500. The component 1506 may be integrally
formed in any position within the shell 1504 of the appliance 1502 such the component 1506 is
configured to enhance the patient’s treatment plan. Placement of the component 1506 within the
shell 1504 may be designed as a part of the patient’s treatment plan so as to achieve the
intermediate or final tooth arrangement intended for the appliance 1502. For example, the tooth
receiving system 1500 can include a first appliance 1502 corresponding to an initial tooth
arrangement with a first integrally formed component 1506 within the shell 1504 of the
appliance at a first location, one or more intermediate appliances 1512 corresponding to one or
more intermediate arrangements having an intermediate integrally formed component 1516
within the shell of the appliance, and a final appliance 1522 with a final integrally formed
component 1526 within the shell of the appliance corresponding to a target arrangement. Each of
the appliances (the first appliance, any of the intermediate appliances, the final appliance) can
comprise a corresponding integrally formed component (e.g., first, intermediate, final), a
plurality of integrally formed components, or no integrally formed components. The integrally
formed component can be integrally formed within the shell of the appliance at a different
location or at the same location as the preceding appliance or as the subsequent appliance. While
the components depicted in FIG. 15 are of the same location, shape, and size, integrally formed
components of the appliances of the system 1500 may be at any location of any appliance and
can have any shape or any size, as described herein and in accordance with the patient’s
treatment plan. An exemplary, but not limiting, location of an integrally formed component
1506, 1516 and 1526 is depicted in the appliances 1502, 1512 and 1522. A target tooth
arrangement can be any planned resulting arrangement for the patient’s teeth that follows one or
more incremental repositioning stages. Likewise, an initial tooth arrangement can be any initial
arrangement for the patient's teeth that is followed by one or more incremental repositioning
stages.

[00198] Any appliance for use at one or more of the incremental repositioning stages of
the tooth repositioning system may include an integrally formed component. A method for
designing a tooth repositioning system includes, but is not limited to, planning a placement of the
integrally formed component within any of the appliances of the tooth repositioning system used
during one or more of the incremental repositioning stages, planning the number of appliances to
comprise an integrally formed component for use during one or more of the incremental
repositioning stages, planning the order of use of appliances comprising an integrally formed

components, and the like.
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[00199] Various types of integrally formed components are suitable for incorporation with
the appliances described herein. An integrally formed component may have any of a plurality of
geometries, including shapes, dimensions, angles, and the like. Shapes of an integrally formed
component can include, but are not limited to, a circle, an oval, an ellipse, a curved structure
with a complex shape, a triangle, a square, a rectangle, a triangle, a polygon, a pentagon, a
hexagon, a heptagon, and the like. The integrally formed component may have walls which are
straight or curved. The walls of the integrally formed component may form angles with each
other, or may smoothly transition into each other (e.g., via a curved join surface).

[00200] The position and/or orientation of an integrally formed component can be varied
as desired. For example, a position of the component can include, but is not limited to, a lingual
surface of the appliance, an occlusal surface of the appliance, a buccal surface of the appliance, a
gingival portion of the appliance, an interior surface of the appliance (e.g., near the received
teeth), an exterior surface of the appliance (e.g., away from the received teeth), an anterior
portion of the appliance, a posterior portion of the appliance, a distal portion of the appliance, a
mesial portion of the appliance, or the like, or combinations thereof. The component can be
oriented away from or towards one or more of the following: a lingual surface of the appliance,
an occlusal surface of the appliance, a buccal surface of the appliance, a gingival portion of the
appliance, an interior surface of the appliance (e.g., near the received teeth), an exterior surface
of the appliance (e.g., away from the received teeth), an anterior portion of the appliance, a
posterior portion of the appliance, a distal portion of the appliance, a mesial portion of the
appliance, or the like, or combinations thereof.

[00201] An integrally formed component may be located in a single plane (e.g., x-plane,
y-plane, z-plane) of the appliance, or may be located in a plurality of planes in the appliance.
Optionally, the integrally formed component may project from one or more planes in the
appliance and/or recess through one or more planes in the appliance. In some embodiments, the
component can be contained wholly within the interior of the appliance such that no portion is
directly exposed to the intraoral environment (e.g., a slit, a channel, a recess, a hole or the like or
as described herein). In some embodiments, the component can be partially or not contained
within the interior of the appliance such that one or more portions are directly exposed to the
intraoral environment (e.g., a hook, a button, a bevel, a ridge, an edge, a flap, a block or the like
or as described herein). The location of the integrally formed component may be determined
during treatment planning, during fabrication, or as part of any other method described herein.

In some embodiments, the placement of the integrally formed component depends upon the

41-



WO 2017/007964 PCT/US2016/041391

material from which the component is formed, such materials as discussed herein or known to
one of ordinary skill in the art.

[00202] In some embodiments, the integrally formed component is located at one or more
of a plurality of positions within an appliance shell. The plurality of positions may include one
or more of: alingual surface, an occlusal surface, a buccal surface, a gingival portion, an interior
surface (e.g., near the received teeth), an exterior surface (e.g., away from the received teeth), an
anterior portion, a posterior portion, a distal portion, a mesial portion, or the like, or
combinations thereof. In some embodiments, an appliance shell includes one or more walls
defining teeth-receiving cavities (occlusal, buccal, and/or lingual walls) and the component can
be formed partially or wholly within the wall(s) and/or lie on a single shared plane as the wall(s).
The integrally formed component may be positioned such that the longest axis of the integrally
formed component aligns with or does not align with the mesial-distal axis, posterior-anterior
axis, and/or vertical axis of the shell. Alternatively, the integrally formed feature may be
positioned such that the longest axis of the integrally formed feature does not align with the
mesial-distal axis, posterior-anterior axis, and/or vertical axis of the shell. In some embodiments,
an integrally formed component in an appliance shell can be positioned to engage a target (e.g., a
tooth, another intraoral appliance) in order to affect force applied by the appliance to the target.
[00203] The dimensions (e.g., length, width, height, surface area, volume, etc.) of an
integrally formed component can be configured as desired. In some embodiments, the
dimensions are selected based on one or more of the following: the shape of the integrally
formed component, the use of the integrally formed component in the patient’s treatment plan,
the dimensions of the patient’s mouth, and/or the dimensions of other appliances or intraoral
devices located in the patient’s mouth.

[00204] The material composition of an integrally formed component may be the same as
the rest of the appliance (e.g., the appliance shell), or may be different from the rest of the
appliance. For example, in some embodiments, an appliance shell is directly fabricated from a
first material, and an integrally formed component is fabricated from a second, different
material. The first material can differ from the second material with respect to any of the
properties described herein, including but not limited to stiffness, elastic modulus, hardness,
thickness, strength, compressibility, stress relaxation, hydrophobicity, hydrophilicity, Poisson
ratio, strain rate, viscoelasticity, and/or polarity. Direct fabrication of an orthodontic appliance
including a shell produced from a first material and an integrally formed component produced
from a second, different material can be performed according to the methods described further

herein.
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[00205] In some embodiments, an integrally formed component is used to add strength
and/or additional force to an appliance. The integrally formed component can be a
reinforcement structure {e.g., a corrugation} arranged to stiffen the appliance against deflection.
For example, a corrugation can be used to stiffen the gingival edge of an orthodontic apphance
against lateral deflection nduced, for example, by the force from a coupled elastic. Insome
embodiments, the integrally formed reinforcement structure is positioned to apply additional
force 1o one or more tecth received by the appliance. The integrally formed reinforcement
structure can be located such that the force is applied along a desired direction.  An orthodontic
appliance can have a reinforcing structure formed m one or more of a gingival edge, buccal
surface, lingual surface, occlusal surface, interior surface, or exterior surface of the appliance.
The reinforcing structure can be integrally formed with the shell by direct fabrication of the
appliance, as described herein.

[00206] ¥F1G, 16 illustrates an orthodontic appliance 1600 with an integrally formec
reinforcing structure, in accordance with embodiments. As illustrated in FIG. 16, a corrugation
1602 is integrally formed into an appliance shell 1604 to provide additional strength, tensile
force, or the like to a portion of the teeth positioned within the tooth receiving cavities of the
shell 1604. The integrally formed corrugation can be located so as to apply force to the teeth in
the desired direction. The location, length, thickness, and amount of corrugation used may be
varied throughout the embodiments described herein.

[00207] Although components formed by addition of material o tooth repostiioning
appliances may perform useful functions in orthodontic treatment, in some embodiments, it may
also be heneficial to form components by removing material in an appliance, e g, in order to
form hollow portions or windows. For example, hollow portions may be formed in one or more
walls of an apphiance shell in order to reduce weight of the appliance (e.g., may be beneficial for
patients with sensitivities to the appliances) and to reduce the cost of the appliance. The size and
geometry of the hollow portion can be varied as desired in order {o achieve weight reduction
while maintaining strength. Optionally, internal support structures may be added to the hollow
areas to add strength such as struts or the like which provide additional support to the
surrounding portions of the shell wall around the hollow portion. Support structures can be of
any size, geometry, angle or location as described herein. The support structures can increase
the strength and/or stiffness of the appliance. An appliance with integrally formed hollow
portions and/or support structure can be produced by direct fabrication, as described herein.
[00208] FIG. 17 dlustrates an orthodontic appliance 1700 with integrally {ormed hollow

portions, in accordance with embodiments. The appliance 1700 may have a shell 1702 defining
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one or more {ooth recetving cavities, and one or more hollow portions 1704, 1706 can be forre
m the shell wall, e g., 1o reduce weight of the appliance 1706, Optionally, internal support
structures 1708 such as struts or the like may be integrally formed within the hollow portions
(e.g., hollow portion 1706) to add strength and provide additional support to the surrounding
portions of the shell wall around the hollow portion.

[00209] In some embodiments, an appliance can be integrally formed with one or more
apertures {e g., windows) 1o expose at least a portion of a received tooth or teeth. Such apertures
may be formed by omitting or removing portions of the wall of the appliance shell. In such
embodiments, when the shell 1s positioned over the patient’s teeth, portions of the teeth beneath
the apertures may be exposed, such as occlusal surfaces, buccal surfaces and/or ingual surfaces.
Exposing such tooth surfaces may allow brackets, butions or other orthodontic componenis to be
utilized m conjunction with the appliance, for example. Advantageously, exposure of the
occlusal surfaces in an appropriate size and location may allow for the natural interdigiiation of
the upper and lower teeth 1o be maintained during treatment, for example. This may also be
achieved with the presence of one or more larger apertures over portions of the occlusal surfaces
of the teeth. In such embodiments, segments of the shell may or may not be present across the
interproximal regions or spaces between the teeth. In such embodiments, niterdigitation of at
least portions of the upper and lower teeth may benefit tooth and jaw orientations, leading to
improved treatment, appearance, comfori, and consequently patient complhiance. Similarly, use
of apertures on occlusal surfaces may prevent open bite and may reduce wear and/or abrasion of
portions of the apphiance and/or portions of the patient’s tooth and/or teeth. Likewise, similarly
placed apertures may provide the benefits offered by a lower elastic modulus, such that the
reduced stiffness may be provided by the absence of the material.

[00210] In some embodiments, an integrally formed component is designed to include or
substitute for an auxiliary component that would otherwise be coupled to the orthodontic
appliance. As discussed above and herein, an integrally formed component can include or be
designed to substitute for one or more of the following auxiliary components: elastics, wires,
springs, bars, arch expanders, palatal expanders, twin blocks, occlusal blocks, bite ramps,
mandibular advancement splints, bite plates, pontics, hooks, brackets, headgear tubes, springs,
bhumper tubes, palatal bars, frameworks, pin-and-tube apparatuses, buccal shields, buccinator
bows, wire shiglds, lingual flanges and pads, lip pads or bumpers, protrusions, divots, or any
other structure or feature suitable for use in conjunction with the appliances herein to treat a

patient.
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[00211] For example, the appliances herein can include integrally formed components
configured for treating sleep apnea (e.g., obstructive sleep apnea (OSA)) in a patient by
displacing the lower jaw (mandible) of the patient anteriorly relative to the upper jaw (maxilla),
also known as “mandibular advancement.” For example, an appliance can comprise integrally
formed occlusal structures (e.g., advancement structures, twin blocks, etc.), which can be
configured such that the anterior-posterior force exerted on the teeth by the appliance during
mandibular advancement does not cause tooth repositioning or does not exceed a predetermined
amount of force, e.g., an amount that would cause tooth repositioning and/or patient discomfort.
[00212] Often, appliances for treating sleep apnea are designed to be worn on the upper
and lower jaws. In some embodiments, the appliance for treating sleep apnea in a patient
comprises an appliance shell comprising a plurality of cavities shaped to receive teeth of ajaw of
the patient and an integrally formed advancement structure arranged to interact with an opposing
jaw of the patient so as to displace the lower jaw anteriorly relative to the upper jaw. The
appliances described herein can further comprise a second appliance shell comprising a second
plurality of cavities shaped to receive teeth of the opposing jaw. The advancement structure can
interact with the opposing jaw via engagement with a second advancement structure of the
second appliance shell. For example, the advancement structure comprises a first protrusion
extending from the appliance shell and having a first engagement surface, and the second
advancement structure comprises a second protrusion extending from the second appliance shell
and having a second engagement surface configured to engage the first engagement surface. The
first protrusion can be shaped to mate with the second protrusion. An inclination angle of the
first and second engagement surfaces can be determined based on one or more of anatomy of the
patient’s jaw, kinematic data of the patient’s jaw, or a targeted distance for the displacement. In
some embodiments, the advancement structure comprises a first coupling element and the second
advancement structure comprises a second coupling element, the first and second coupling
elements configured to interact with each other so as to reversibly bias the advancement structure
and second advancement structure toward predetermined relative positions. The first and second
coupling elements can comprise magnetic elements, elastic tethers, mating features, or
combinations thereof, for instance.

[00213] FIG. 18 illustrates an appliance 1800 with an integrally formed occlusal structure
1802 on the occlusal surface of the appliance shell 1804, in accordance with embodiments. The
geometry and positioning of the occlusal structure 1802 can be configured according to the
particular functionality of the appliance 1800. For example, the occlusal structure 1802 can be

shaped and positioned to serve as a twin block, occlusal block, bite ramp, or advancement
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structure. In some embodiments, the occlusal structure 1802 is shaped to engage a
complementary structure on an appliance wom on the patient’s opposing jaw in order to adjust
the patient’s bite, e.g., along an anterior-posterior direction and/or left-right direction.
Optionally, the occlusal structure 1802 can includes features matching the features of the
patient’s occlusal surfaces, e.g., occlusal features of the opposing arch. In some embodiments,
the built-in occlusal structure 1802 is formed from a different material than the shell 1804 using
the direct fabrication approaches herein. For example, the occlusal structure 1802 can be formed
from a stiffer material than the shell 1804 in order to provide improved durability against
bruxing.

[00214] FIG. 19 illustrates an appliance 1900 with an integrally formed arch expander
1902 on the lingual surface of the appliance shell 1904, in accordance with embodiments. The
arch expander 1902 can be coupled to the posterior portions of the shell 1904 in a position
spanning the patient’s palate in order to exert forces along a buccal direction to expand the
patient’s arch. The arch expander 1902 may be placed into a compressed configuration when the
appliance 1900 is wom by the patient in order to produce the arch expansion forces. In some
embodiments, the built-in arch expander 1902 is formed from a different material than the shell
1904 using the direct fabrication approaches herein. For example, the arch expander 1902 can be
fabricated from a relatively stiff and/or expandable material in order to produce buccally-
directed forces for expanding the width of the patient’s arch.

[00215] FIG. 20 illustrates an appliance 2000 with an integrally formed flow structure
2002 on an upper shell 2004 and a lower shell 2006, in accordance with embodiments. The air
flow structure 2002 can be coupled to the occlusal surfaces of the upper shell 2004 and lower
shell 2006 such that the structure 2002 is positioned between the patient’s upper and lower
arches when the appliance 2000 is worn. The air flow structure 2002 includes a passage 2008
extending through the interior of the structure 2002 along an anterior-posterior direction in order
to provide an unobstructed conduit for air flow through the appliance 2000 (see, e.g., arrows
2010). The passage 2008 can be shaped to promote easier breathing when the appliance is worn,
e.g., using computational fluid dynamics to model air flow. The direct fabrication approaches
provided herein enable precise control over the geometry of the built-in air flow structure 2002,
thus improving the extent to which fluid dynamics characteristics of the appliance 2000 can be
customized and optimized. In some embodiments, the appliance 2000 can be used as a mouth
guard to protect the received teeth from trauma while permitting mouth breathing through the air

flow structure 2002. In such embodiments, the upper shell 2004, lower shell 2006, and/or air
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flow structure 2002 can be formed from relatively soft or elastic materials that serve as padding
to protect the patient’s teeth.

[00216] FIG. 21 illustrates an appliance 2100 with an integrally formed pontic 2102 in the
appliance shell 2104, in accordance with embodiments. The pontic 2102 can be provided to
replace one or more missing teeth, e.g., in order to improve the aesthetic appearance of the
patient’s dentition, as well as to maintain spaces between teeth during treatment. Using the
direct fabrication techniques disclosed herein, the pontic 2102 can be integrally formed as a
single piece with the shell 2104 using a suitably colored material. The pontic 2102 can be
produced by filling a cavity of the shell 2104 with a pontic material, for example. Alternatively,
the pontic 2102 can be produced by applying a material to an interior and/or exterior surface of
the appliance 2104 in order to create the appearance of a natural tooth. This approach eliminates
additional processing steps to fill the shell 2104 with a pontic material or couple a discrete pontic
structure, thus simplifying the manufacturing process.

[00217] Optionally, an integrally formed component can be an ornamental feature, such as
coloring or patterning of an appliance. For example, the direct fabrication approaches can be
used to produce appliances with integrally formed omamental features such as colors, decorative
geometries, patterning, embossing, etc., rather than requiring that such ornamental features be
added to the appliance in a separate post-processing step. The approaches herein are can be used
to produce appliances with patient-customized ornamental features, for example. In some
embodiments, software is provided to allow patients to create customized ornamental features.
[00218] In some embodiments, an appliance includes an integrally formed inflatable
structure such as a bladder or balloon in the appliance shell. The inflatable structure can be
formed from a relatively elastic material so as to permit expansion of the inflatable structure
when filled with a fluid (e.g., a gas or liquid). The inflatable structure can be positioned at a
location on the appliance shell where increased strength and/or stiffness is desired, e.g., to
increase an amount of force applied to the teeth at or near the location. The inflatable structure
can be inflated with fluid prior to placement or after placement of the appliance on the patient’s
teeth, as desired. The fluid pressure within the inflatable structure can be varied in order to
achieve a targeted amount of strength and/or stiffness. Optionally, the fluid pressure can be
adjusted during treatment in order to provide varying amounts of force application onto teeth.
[00219] In some embodiments, an appliance includes a built-in layer or coating integrally
formed with the appliance shell by direct fabrication. The layer or coating can be located on one
or more of a buccal surface, lingual surface, occlusal surface, exterior surface, and/or interior

surface of the shell. The layer or coating can be formed from one or more materials configured
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to provide additional functionality to the appliance. For example, the layer or coating can be
formed from a moisture resistant material, e.g., in order to act as a sealant to reduce stress
relaxation of the appliance associated with water absorption. As another example, the layer or
coating can be formed from a material that resists or reduces staining. In another example, the
layer or coating can be used to reduce friction between the appliance, the patient’s teeth and/or
another device. In some embodiments, a protective layer or coating is integrally formed into the
occlusal surfaces of an appliance to protect the appliance, the patient’s teeth, and/or another
device, e.g., from grinding, pressure, and interference. In yet another example, the layer or
coating can incorporate therapeutic agents or functional agents for drug delivery, flavoring, etc.
The direct fabrication methods herein allow such layers or coatings to be formed with the shell in
a single processing step.

[00220] In some embodiments, an integrally formed component may form a spring in the
shell of an appliance for use in transmttting repositiorung force (o one or more teeth, g, 1o
reposition teeth from a first arrangement {0 a successive arrangement. A spring of this {ype may
be of a traditional design or it may be specially designed for use with polvmeric shell appliances.
Further, 1t may be specially designed to engage an attachment device mounted on a tooth, which
is a device pnmarily uttlized in conjunction with removable shell appliances. In some
embodiments, the spring can be comprised of a pre-formed strip or portion of the shell which
engages an attachment device mounted on an undertyving tooth. The attachment device can be
accessible through a window in the appliance as described herein. A {ull description of
exemplary attachment devices is described 1o PCT Publication No. WO 00/32132, which
corresponds to application Ser. No. 09/4534,278, assigned to the assignee of the present invention.
Both documents are incorporated hevem by reference in their entirety for all purposes.

[00221] In some embodiments, the mtegrally formed component can be a larger protrusion
useful to provide additional support for the apphiance and/or 1o provide orthodontic funchions.
Such a protrusion may form a palatal bar. A variety of palatal bars may be formed in the shell,
such as a low hanging transpalatal bar for control of vertical dimension. These may provide
orthodontic functions similar to conventional palatal bars, and may also provide supporst for the
appliance. This may be particularly useful m hughly flexible apphiances. The protrusion may be
a corrugated palatal bar, e.g., for increased strength and support.

[00222] in some embodiments, the integrally formed component may serve as a bite plate.
A bite plate 15 a device whach prevents the teeth from closing completely. The resulting open
state, or disclusion, may be useful for a numuber of orthodontic treatruents, including crossbite

correction and controlled passive eruption. To provide anterior disclusion, an apphance may
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have an increase in thickness of matenial in the posterior occlusion regions of the shell, as
previously discussed. The increase in thickness of material may be applied to the appliance or
formed by the appliance to create a protrusion over the designated occluding surfaces. Sinularly,
posterior disclusions may be provided by forming a protrusion in the shell which extends at least
a portion of an upper palatal region with added thickness, as previously discussed,

[00223] In some embodiments, an orthodontic appliance includes an integrally formed
component shaped to engage (e.g., receive, couple to, connect with, mate with a complementary
shape of, etc.) another portion of the same appliance. For example, an integrally formed
component can be located at a first portion {e.g., a buccal portion, a lingual portion, an occlusal
portion, a gingival portion, an anterior portion, and/or a posterior portion) of the appliance and
can be configured to engage with a second portion {e.g., a buccal portion, a lingual portion, an
occlusal portion, a gingival portion, an anterior portion, and/or a posterior portion) of the same
appliance. In some embodiments, an integrally formed component used to couple between
multiple portions of a single appliance is an elastic, spring, telescoping element, or the like.
[00224] F1G. 22 illustrates an orthodontic appliance 2200 with an integrally formed
component that couples to another portion of the appliance, in accordance with embodiments. in
the deprcted embodurent, a telescoping elermment 2202 1s miegrally formed into the applhance
shell 2204, The telescoping element 2202 includes a piston 2206 and a recess 2208 shaped to
recetve and coupled to the piston 2206, By adiusting the length of the piston 2206 received
within the recess 2208, the telescoping element 2202 can be used to generate variable amounts of
force applhied to the teeth received by the appliance shell 2204, Optionally, the recess 2208 can
include a plurality of holes 2210 formed in the walls of the recess 2208 and shaped to receive a
stop bracket 2212, The stop bracket 2212 can be configured to be positioned and re-positioned
throughout the course of treaiment in order to adjust the amount of force applied to the patient’s
jaw by the telescoping element 2202,

[00225] In some embodiments, an orthodontic apphiance inchudes an infegrally formed
component shaped o engage another device. The additional device can be a pin, a button, a
screw, an elastic, or an orthodontic appliance, such as a second orthodontic appliance worn by
the patient. The additional device can be connected to a tooth, the patient’s jaw, a portion of the
same appliance, a portion of another appliance, a portion of another integrally formed component
of the same appliance, a portion of another integrally formed component of another appliance,
and/or a portion of any other orthodontic device in the patient’s mouth. For example, a first
orthodontic appliance worn on the patient’s upper or lower jaw can include an mtegrally formed

component that engages (e.g., couples to) a second orthodontic appliance worn on the patient’s
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opposing jaw. In some embodiments, an integrally formed conmponent can engage with the
patient’s tooth and/or teeth or a portion thereof, with another appliance or a portion thereof, or
the like. Such mtegrally formed components can be used to increase an amount of force applied
1o the teeth, decrease an amount of force apphied to the (eeth, or change the distribution of force
applied to the teeth, relative fo the apphance in the absence of such components.

[00226] As another example, an crthodontic apphiance can include an integrallv formed
component {e.g, an aperture or receptacle) that engages a device attached 1o a patient’s tooth or
teeth {e.g., a tooth-mounied attachment device) or otherwise locailed in the patient’s intraoral
cavity {e.g., ateraporary anchoring device (TAD)).  For nstance, the integrally formed
component can be configured to couple to a TAD or other intracral device provided in the
patient’s mouth. The infraoral device may or may not be coupled {o a surface of the patient’s
teeth. In some embodiments, the intraoral device may be, bud 15 not limited to, a retraction screw
moserted through the gingival tissue and embedded into a bone of the patient’'s mouth. The
mtraoral device {e.z.. a TAD) may be embedded mto any suitable bone at any suitable location in
the patient’s mouth, including either buccal and/or lingual facing bone surfaces.

[00227] In some embodiments, an integrally formed component may further include
structures (e.g., holes, slits, buttons, recesses, etc.) shaped to directly connect to another device,
such as by snap fit and/or interference fit, for example. As used herein, “directly connect” may
refer to the integrally formed component coupling to the other device without using an
intermediary connecting or fastening element, such as an elastic, a wire, a pin, a screw, a spring,
adhesive, or the like. Alternatively, the integrally formed component may indirectly connect
with the other device. As used herein, “indirectly connect” may refer to the integrally formed
component coupling to the other device using an intermediary connecting or fastening element,
such as an elastic, a wire, a pin, a screw, a spring, adhesive, or the like.

[00228] FIG. 23 illustrates an orthodontic system 2300 with an integrally formed
component (e.g., elastic 2302) that couples an upper appliance 2304 worn on the upper jaw and a
lower appliance 2306 worn on the lower jaw, in accordance with embodiments. The elastic
2302 can be to be integrally formed as a single piece with the appliance 2304, 2306 using the
direct fabrication techniques described herein. In the depicted embodiment, the elastic 2302 is
coupled to the upper appliance 2304 at a first coupling point 2308 and is coupled to the lower
appliance 2306 at a second coupling point 2310. The first coupling point 2308 can be positioned
anteriorly relative to the second coupling point 2310 in order to advance the lower jaw anteriorly
relative to the upper jaw, e.g., for treating class II malocclusions, sleep apnea, etc. In alternative

embodiments, the first coupling point 2308 can be positioned posteriorly relative to the second
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coupling point 2310 in order to retract the lower jaw relative to the upper jaw, e.g., for treating
class III malocclusions. The use of built-in elastics can be advantageous for improving
convenience and patient compliance, by allowing the patient to insert the appliances directly
without having to install, remove, and/or change out elastics.

[00229] FIG. 24 illustrates an orthodontic appliance 2400 with an integrally formed
component that couples to a device coupled to an intraoral structure, in accordance with
embodiments. The appliance 2400 includes a shell 2402 having cavities for receiving a patient’s
teeth and an integrally formed component, depicted herein as a protrusion 2404 having a hole
2406 shaped to receive and couple to a device 2408 (e.g., an attachment device, anchoring
device such as a TAD, screw, etc.) coupled to an intraoral structure 2410 (e.g., a tooth). The
protrusion 2404 can be rigid or elastic and may be used to extrude teeth or control over and/or
under bite, for example. In altemnatively embodiments, the integrally formed component can
include other types of structures to mount onto the device 2408. For example, the integrally
formed component can be a protrusion, a paddle, a flap, a tab, or the like that is directly or
indirectly connected to the device 2408. Different types of integrally formed components can be
used to allow for different ways of coupling to teeth, for example, to intrude teeth rather than to
extrude teeth. Likewise, the device 2408 is depicted herein as an attachment device mounted to
a tooth on the opposing jaw, but other types of devices and configurations can also be used. For
example, the device 2408 can be integrally formed with a second orthodontic appliance or a
portion of the appliance shell 2402, or can be attached to a different intraoral structure, such as
the patient’s jawbone or palate, for example.

[00230] In some embodiments, an orthodontic appliance includes an integrally formed
component shaped to provide one or more mounting features for coupling an auxiliary
component to the appliance. For example, the integrally formed component includes a mounting
feature for coupling the appliance to an expander, archwires, or other like devices or elements of
devices often useful for expanding the width of a patient’s arch during the course of treatment
for a condition, such as sleep apnea The auxiliary component can be any structure or device
configured to be used in combination with an appliance in order to perform a function, such as
one or more of force application and/or modification, structural reinforcement, actuation,
sensing, providing power, and so on. The auxiliary component can be any device useful for
orthodontic or dental treatment of a patient, such as elastics, wires, springs, bars, arch expanders,
palatal expanders, twin blocks, occlusal blocks, bite ramps, mandibular advancement splints, bite

plates, pontics, hooks, brackets, headgear tubes, springs, bumper tubes, palatal bars, frameworks,
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pin-and-~tube apparatuses, buccal shields, buccinator bows, wire shields, lingual flanges and
pads, hip pads or bumpers, protrusions, divots, baiteries, or sensors.

[00231] A mounting feature can be any structure or component that engages an auxiliary
component or a portion thereof in order to couple the device to the orthodontic appliance. The
mounting feature can be shaped so as to couple to, connect to, receive, engage and/or partially or
wholly encapsulate the auxiliary component. For example, a mounting feature can include a
hole, aperture, slit, groove, hook, button, ridge, flap, channel, etc. shaped to engage a portion of
the auxiliary component so as to couple the appliance thereto. As another example, a mounting
feature can include a cavity, chamber, receptacle, recess, opening, window, etc. shaped to
receive a portion of the auxiliary component so as to partially or wholly encapsulate the auxiliary
component within the appliance. The location of the mounting feature can correspond to the
desired location of the auxiliary component relative to the appliance shell. An auxiliary
component can be positioned at any location on the appliance shell, such as a lingual surface,
occlusal surface, buccal surface, gingival portion, interior surface (e.g., near the received teeth),
exterior surface (e.g., away from the received teeth), anterior portion, posterior portion, distal
portion, mesial portion or the like, or combinations thereof. The location of the auxiliary
component can be determined based on the function of the auxiliary component. For instance, a
sensor configured to measure bite force can be located on an occlusal surface. A sensor
configured to measure pressure, humidity, and/or temperature can be located on a buccal surface
(e.g., near the posterior teeth for improved aesthetics) or on a lingual surface.

[00232] As discussed above and herein, the direct fabrication methods of the present
disclosure allow for improved production of appliances with integrally formed mounting features
for coupling to an auxiliary component. Using direct fabrication, mounting features can be
integrally formed at any location on the appliance to accommodate coupling of an auxiliary
component. In some embodiments, the auxiliary component can be formed and/or coupled to the
appliance concurrently with formation of the appliance, e.g., using the same fabrication machine
and/or process. For example, an auxiliary component can be automatically positioned and
mounted to the mounting feature (e.g., using robotic mechanisms and the like) while the
appliance is being formed using the direct fabrication methods herein, similar to insert molding
techniques. Alternatively, the auxiliary component can be positioned and mounted to the
mounting feature after the appliance has been formed.

[00233] o0 some embodiments, an integrally formed component mcludes a mounting
feature configured 1o engage with {e.g., couple to} a connecting element, such as an elasiic. Use

of dental elastics can change the forces applied across a patient’s tooth and/or teeth. The
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maounting feature can hold the elastic 1o place relative to the apphance when the elastic is
propeily inserted and positioned. The mounting feature may be a protrusion from or a recession
of the appliance to engage with an elastic. Such protrusions or recessions may be but are not
himited (o hooks, buttons, knobs, pegs, flaps, protrusions, channels, grooves, ridges, slits, or
divots.

[00234] For example, an appliance may have an integrally formed mounting feature in the
wall of the appliance shell in the form of a hook for mounting elastics such as flexible bands,
higatures, or adjunct devices. Such a hook may resemble hooks found in dental care, or it may be
specially designed for use with shell appliances. In some embodiments, an elastic can be
coupled with the appliance via a hook formed by creating a u-shaped aperture located in the side
of the appliance. The aperture can be formed into an existing appliance at a location selectad for
the transfer of the force from the elastic into the appliance. The aperture can have a slot width
and a shape selected to accommodate the elastic. A hook can also be positioned along a gingival
margin of the appliance. For example. the tip of the hook mav curve or angle away from soft
tissue or back toward the tooth surface. The tip of the hook may also be curved, angled, or bent
towards the gingival line such that the elastic may be placed into the appliance first before the
appliance s worn, and the hook angle/curvature keeps the elastic from falling off of the
appliance. An integrally formed hook may have any suitable shape for receiving an elastic,
including any of those discussed in U.S. Patent Application No. 12/722,130, entitled
“REINFORCED ALIGNER HOOKS,” which s commonly assigned and incorporated by
reference hersin in its entirety for all purposes.

[00235] In some embodiments, the apphiance can have more than one integrally formed
mouniing feature, such as a cutout and a hook. For example, the cutout and the hook may be
provided for different teeth on different jaws so that coupling of an elastic may operate (o apply
tooth/jaw repositioming forces sufficient to treat tooth malocclusions such as distocclusion or
mesiocclusion. A cutout may be provided for disposal over a posterior tooth in one jaw, while a
hook may be provided for disposal over an anterior tooth in another jaw, for mstance.

[00236] FIG. 25 illustrates an orthodontic appliance 2500 with integrally formed
mounting features for coupling an elastic 2502, in accordance with embodiments. The appliance
2500 comprises a shell 2504 with a first (e.g., anterior) integrally formed mounting feature, such
as a hook 2506, and a second (e.g., posterior) integrally formed mounting feature, such as a hook
2508, can be configured to be coupled to a dental elastic 2502. The elastic 2502 can exert a
tensile force against different portions of the appliance 2500 (e.g., anterior and posterior

portions) that are transmitted to the underlying teeth. It shall be appreciated that the placement
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and geometries of the integrally formed mounting features shown in FIG. 25 are exemplary and
not intended to limit the plurality of placements and geometries possible in accordance with the
aspects and embodiments described herein. Accordingly, the integrally formed mounted features
can be integrally formed within the shell 2504 of the appliance 2500 at a different location or at
the same location as the preceding appliance or as the subsequent appliance. The integrally
formed mounting feature may be at any location of any appliance in accordance with the
patient’s treatment plan.

[00237] FIG. 26 illustrates an orthodontic svstem 2600 including an upper appliance 2602
with an integrally formed upper mounting feature 2604 and a tower apphance 2606 with an
integrally formed lower mounting feature 2608 for coupling an elastic 2610, in accordance with
embodiments. In the depicted embodiment, the upper mowunting feature 2604 13 a first hook
integrally formed into the upper apphance 2602 wom on the upper jaw and the lower mounting
feature 2608 15 a second hook integrally formed into a lower appliance 2606 on the lower jaw. A
dental elastic 2610 can be positionad over each hook to connect the upper appliance 2602 and
fower apphiance 2606, for example, to apply force to change the anterior-posterior alignment of
the top jaw relative to the botiom jaw of the patient. The location and geometries of the upper
and lower mounting features depicted herein are exemplary and not limiting. Rather, the upper
and lower mounting feature can have any geometry and/or location as described herein.

[00238] Optionally, the appliance can be further modified to accommodate a portion of a
coupled elastic or other comnmecting element coupled to an integrally formed mounting {eature.
For exarople, the appliance can include a cutout or recess shaped to avoid physical and/or
functional interference with an elastic. The cutout can have any shape appropriate for preventing
interference for use with a plurality of patient treatment plans including, for example, for
treatment of distocchusion or mesiocclusion, or facilitating extrusion, intrusion, rotation, ipping
and/or torqueing. Accordingly, in some embodiments, coupling an elastic to a portion of the
shell comprising a cutout or recess may operate to apply tooth and/or jaw repositioning forces
sufficient to infrude or extrude a tooth. For example, a cutout may be provided for disposal over
a tooth, while two hooks may be provided {or disposal over both lateral sides of the same tooth.
Accordingly, an elastic may operate to apply tooth/iaw repositioning forces that tend to move
one or more teeth or the jaw in a vertical direction to intrude or extrude a tooth, for example.
[00239] FIG, 27 itlustrates an orthodontic apphiance 2700 including a cutout 2702 for
acconmunodating a coupled elastic 2704, 1 accordance with embodiments. The appliance 2700
mncludes a shell with g cutout 2702 over the occlusal surface of a received tooth, such that the

occlusal surface of the tooth is exposed. The shell includes a first integrally formed mounting
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feature {e.g., a protrusion 2706} and a second mtegrally mounting feature {e.g., a proirusion
2708}, Each of the protrusions 2706, 2708 can comprise a hole configured to receive and couple
an elastic 2704, The mownting features can be located on opposite sides of the appliance 2700
{e.z., buccal and hingual surfaces), such that the coupled elastic 2704 is configured {0 push down
on the occlusal surface of the tooth to intrude the tooth. Altematively, the elastic 2704 can pull
up on the occlusal surface (e g, via attachment mounted on the tooth) to extrude the tooth (not
shown).

[00240] FIG. 28 illustrates an orthodontic appliance 2800 including a cutoui 2802 for
acconmunodating a coupled elastic 2804, 1 accordance with embodiments. Similar to the
appliance 2700, the apphiance 2800 includes a shell with a cutout 2802 over the occlusal surface
of a received tooth, such that the occlusal surface of the tooth is exposed. The shell includes a
firet integrally formed mounting feature (e.g., a hook 2806} and a second miegrally mounting
feature {e.g.. a hook 2808}, Each of the hooks 2806, 2808 can be shaped to receive and couple
an elastic 2804. The mounting featires can be located on opposite sides of the appliance 2800
{e.g., buccal and lingual surfaces), such that the coupled elastic 2804 is configured to push down
on the occlusal surface of the tooth (o mtrude the tooth. Alternatively, the elastic 2804 can pull
up on the occlusal surface (e g., via attachiment mounted on the tooth) to extrude the tooth (not
shown).

[00241] The illustrations in FIGS, 27 and 28 are not intended to be limiting, as integrally
forroed mounting features may have different geometries, locations and/or can be configured to
treat a single tooth or a plurality of teeth. Additionally, an elastic can be coupled 1o a tooth, a
different portion of the same appliance, or a different portion of a different device, as presciibed
by the patient’s treatment plan.

[00242] FIG. 29 illustrates an orthodontic appliance 2900 including integrally formed
mounting features for coupling a spring 2902, in accordance with embodiments. The appliance
2900 includes a shell 2904 comprising two integrally formed mounting features. A first
mounting feature 2906 is positioned on a first distal portion of the shell 2904 and is shaped to
couple a first portion of the spring 2902 (or a wire, or the like). A second mounting feature 2908
is positioned on a second distal portion opposite the first distal portion and is shaped to couple a
second portion of the spring 2902 (or a wire, or the like). The first and second mounting features
2906, 2908 can be used to couple to a spring 2902 for use in spreading a patient’s arch and/or
palate, for example, as a stage of a patient’s treatment plan to treat sleep apnea. Accordingly, the

features may be configured to engage a plurality of different types of springs to allow arch
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and/or palate expansion forces to be adjusted during treatment. For example, different springs of
different tensions can be used during the various stages during the course of treatment.

[00243] FIG. 30 illustrates an orthodontic appliance 3000 including integrally formed
mounting features for coupling an advancement structure 3002, in accordance with
embodiments. The appliance 3000 includes a shell 3004 with a plurality of integrally formed
mounting features (e.g., protrusions 3006, 3008) shaped to mate with a corresponding mounting
interface (e.g., holes 3010, 3012) in the advancement structure 3002. In alternative
combinations, the mounting features can be located on the advancement structure 3002 and the
mounting interface can be integrally formed with the shell 3004. The mounting features of the
shell 3004 can be a pin, a peg or the like, and is typically a protrusion. In some embodiments, the
plurality of holes in the advancement structure 3002 is greater than the number of corresponding
protrusions of the shell 3004, such that the advancement structure 3002 can be positioned and re-
positioned on the same appliance in accordance with the patient’s treatment plan during the
course of treatment in a plurality of different locations. Additionally, a plurality of advancement
structures with different geometries can be used with the same shell by replacing an existing
advancement structure with a different advancement structure. The illustrations are not intended
to be lirnited as integrally forred features mav have dilferent georoetries, locations and/or can be
configured in accordance with a patient’s treatment plan. A full description of an exemplary
orthodontic appliance with advancement structures is described in U.S. Application No.
14/992,325, the disclosure of which is incorporated herein by reference in its entirety.

[60244] Optionally, the appliance can include a reinforcement struciure 1 the vicinity of
the integrally formed mounting feature to reduce deflection induced by the device {e.g., elastic,
spring, ete.} coupled to the integrally formed mounting feature. For example, the appliance can
include a strengthened portion {e.g., via increased thickness i the area of the mounting featare).
The appliance can also be locally stiffened by embedding a remnforcing structure (e.g., a stronger
and stiffer material such as stainless steel or plastic resin filler) into the appliance to reinforce the
appliance and/or mounting feature against deflection induced by the force from the coupled
device.

[00245] The orthodontic appliances of the present disclosure can comprise any of the
materials as disclosed herein or known to one of ordinary skill in the art. In some embodiments,
an integrally formed component may be formed from the same material as the shell of the
orthodontic appliance, or a different material from the shell of the orthodontic appliance.
Materials for the shell and for the integrally formed component may be chosen during design of

the patient’s treatment plan to facilitate achieving a goal of the patient’s treatment plan. For
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example, the shell may comprise a material that has a greater stiffness and/or tensile strength
compared to an integrally formed component such as a corrugated feature. Alternatively, the
shell may comprise a material that has a reduced stiffness and/or tensile strength compared to an

integrally formed component such as a hook.

Orthodontic Appliances with Power Arms

[00246] In some embodiments, the orthodontic appliances herein include one or more
power arms. As used herein, “power arm” may refer to an elongate structure having a first
portion directly or indirectly coupled to a tooth or teeth, and a second portion extending along a
gingival direction, such that force(s) and/or moment(s) applied to the second portion (e.g., via a
coupled elastic) are transmitted to the coupled tooth or teeth. In some embodiments, an
orthodontic appliance includes a pair of power arms connected to each other by a connecting
structure (e.g., an elastic, spring, or the like). The connecting structure, which may also be
referred to herein as a “spring structure” or an “elastic spring connector,” can apply forces and/or
torques to the power arms that are transmitted to the coupled teeth.

[00247] The power arms as disclosed herein can be directly fabricated and coupled to the
teeth in many ways. For example, power arms can be directly fabricated with an appliance
during the direct fabrication process, such that the resultant appliance includes integrally formed
power arms. The power arms can be configured to couple to the teeth with the appliance placed
on the teeth. The power arms directly fabricated with the appliance have the advantage of
altering (e.g., increasing or decreasing) the force applied to the teeth at an intended location,
relative to an appliance without power arms. The power arms can have a custom shape
determined based on a three-dimensional scan data of the teeth and associated structures, such as
the gums and clearance with the cheek. The directly fabricated appliance with power arms may
comprise a similar modulus material for the power arms and the appliance. The stiffness of the
appliance at various locations could be determined based on the thickness of the material. For
example, where a locally stiffer structure is helpful, a thicker structure can be provided to add
rigidity. As another example, the second moment of area of an appliance structure can be
modified in order to increase the stiffness of the structure. Alternatively or in combination, the
appliance may comprise different material properties, such as a more rigid material. The rigidity
of the material can be varied by varying an amount of cross linking. The appliance and power
arms may comprise different materials, such as different prepolymer and polymer materials.
[00248] The appliance with power arms can be one of a plurality of appliances with power

arms to be placed on teeth in series in accordance with an orthodontic treatment plan. The
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structure of the power arms and the appliance can vary in accordance with the treatment plan to
provide desired forces to the teeth.

[00249] In one aspect, an appliance for placement on teeth of a patient is provided. The
appliance can comprise: a plurality of power arms; a connecting structure coupled to the plurality
of power arms to apply a first force to the plurality of power arms; and a counter-force connector
coupled to the plurality of power arms to apply a second force to the plurality of power arms
opposing the first force.

[00250] In some embodiments, the connecting structure comprises a rest length and the
counter-force connector comprises a length different than the rest length of the connecting
structure. The length of the counter-force connector can be shorter than the rest length of the
connecting structure such that the connecting structure is compressed when the counter-force
connector is coupled to the plurality of power arms. The length of the counter-force connector
can be longer than the rest length of the connecting structure such that the connecting structure is
stretched when the counter-force connector is coupled to the plurality of power arms.

[00251] In some embodiments, the connecting structure is an elastic spring structure.
[00252] In some embodiments, the plurality of power arms each comprise an attachment
shaped for bonding to a surface of a respective tooth.

[00253] In some embodiments, the appliance further comprises a shell comprising a
plurality of tooth-receiving cavities, wherein the plurality of power arms is coupled to the shell.
The plurality of power arms can be integrally formed with the shell by direct fabrication.

[00254] In some embodiments, the plurality of power arms is integrally formed with one
or more of the connecting structure or the counter-force connector by direct fabrication.

[00255] In another aspect, a method for treating a patient’s teeth is provided. The method
can comprise: placing the appliance of any of the embodiments herein on the patient’s teeth; and
removing the counter-force connector from the appliance, such that the first force applied by the
connecting structure to the plurality of power arms is transmitted to the patient’s teeth.

[00256] In another aspect, a method of fabricating an orthodontic appliance is provided.
The method can comprise: determining a movement path to move one or more teeth from an
initial arrangement to a target arrangement; determining an appliance geometry for an
orthodontic appliance configured to produce movement of the one or more teeth from the initial
arrangement to the target arrangement, the orthodontic appliance comprising a plurality of power
arms; and generating instructions for direct fabrication of the orthodontic appliance comprising

the plurality of power arms.
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[00257] In some embodiments, the orthodontic appliance further comprises a connecting
structure coupled to the plurality of power arms to apply a first force to the plurality of power
arms.

[00258] In some embodiments, the orthodontic appliance further comprises a counter-
force connector coupled to the plurality of power arms to apply a second force to the plurality of
power arms opposing the first force. The connecting structure can comprise a rest length and the
counter-force connector can comprise a length different than the rest length of the connecting
structure. The length of the counter-force connector can be shorter than the rest length of the
connecting structure such that the connecting structure is compressed when the counter-force
connector is coupled to the plurality of power arms. The length of the counter-force connector
can be longer than the rest length of the connecting structure such that the connecting structure is
stretched when the counter-force connector is coupled to the plurality of power arms.

[00259] In some embodiments, the instructions are configured to cause a fabrication
machine to integrally form the plurality of power arms with the connecting structure and the
counter-force connector.

[00260] In some embodiments, the plurality of power arms each comprise an attachment
shaped for bonding to a surface of a respective tooth.

[00261] In some embodiments, the orthodontic appliance further comprises a shell
comprising a plurality of tooth-receiving cavities, and the plurality of power arms is coupled to
the shell. The instructions can be configured to cause a fabrication machine to integrally form
the plurality of power arms with the shell.

[00262] In another aspect, an appliance for placement on teeth of a patient is provided.
The appliance can comprise: a plurality of power arms; a connecting structure extending between
the power arms to apply force to the power arms; and a counter-force connector extending
between the power arms.

[00263] In some embodiments, the counter-force connector holds the power arms at a
separation distance and/or angle to each other. The power arms can be configured to engage a
pair of teeth to torque to the teeth with an amount of force from the connecting structure. The
counter-force connector can be configured for removal to apply the torque to the teeth with the
force from the connecting structure when the power arms have been coupled to the teeth.
[00264] In some embodiments, the appliance further comprises a tooth locating structure
shaped to receive at least a portion of a tooth.

[00265] In some embodiments, the plurality of power arms each comprises an attachment.

-59-



WO 2017/007964 PCT/US2016/041391

[00266] In some embodiments, the connecting structure is a preloaded spring structure
comprising a predetermined amount of force.

[00267] In some embodiments, the appliance has been directly fabricated.

[00268] In some embodiments, the power arms comprise a shape profile determined in
response to three-dimensional scan data of the patient’s oral cavity.

[00269] In another aspect, an appliance for placement on teeth of a patient is provided.
The appliance can comprise: a polymeric shell comprising a plurality of teeth receiving cavities;
and a plurality of power arms extending from the shell to engage the teeth with force transmitted
through the shell.

[00270] In some embodiments, the polymeric shell and the plurality of power arms have
been directly fabricated together.

[00271] In some embodiments, the appliance further comprises a connecting structure
extending between the power arms to rotate one or more teeth. The connecting structure can
have been directly fabricated with the polymeric shell and the power arms. The connecting
structure can be configured to provide a predetermined amount of force to the power arms when
placed on the teeth.

[00272] In some embodiments, the plurality of power arms comprises a shape profile
determined in response to three-dimensional scan data of the patient’s oral cavity.

[00273] In some embodiments, the polymeric shell and the plurality of power arms are
part of a treatment plan comprising a plurality of appliances, the plurality of appliances each
having a plurality of power arms to move teeth in accordance with a treatment plan.

[00274] In some embodiments, the appliance further comprises: a preloaded spring
structure extending between the power arms; and a counter force connector extending between
the power arms.

[00275] In another aspect, a method of fabricating an appliance is provided. The method
can comprise: receiving scan profile data of a mouth of a patient; determining a shape profile of
a plurality of power arms in response to the scan profile data of the mouth; and outputting direct

fabrication instructions to manufacture the appliance with the plurality of power arms.

[00276] In some embodiments, the appliance and the plurality of power arms are directly
fabricated.
[00277] In another aspect, a method comprising providing an appliance as in any one of

the embodiments herein.
[00278] FIG. 31 illustrates an orthodontic appliance 3100 comprising a pair of directly

fabricated power arms 3101, in accordance with embodiments. The power arms 3101 are
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coupled to an appliance shell 3102 at connection points 3103. The appliance shell 3102
comprises a plurality of tooth-receiving cavities, each of which may fit a patient’s tooth in order
to apply tooth-moving forces. In some embodiments, the connection points 3103 may comprise
a direct material connection formed during fabrication of the appliance.

[00279] The power arms are connected via a connecting structure 3104 (e.g., an elastic,
spring, or the like) which applies an elastic force on power arms 3101, which in turn allows
power arms 3101 to apply a tooth-moving force on a patient’s teeth. In particular, the power
arms 3101 act as a lever, applying force and/or torque to connection points 3103, and thereby to
the appliance shell 3102. The appliance shell, in turn, applies force on a patient’s teeth through
contact between the teeth and the tooth-receiving cavities of the shell. By choosing properties
such as the length and connection points of power arms, it may be possible to apply force on
teeth at or near their center of resistance, without inducing unwanted tipping. In order to act as an
effective lever, power arms 3101 can be fabricated from a rigid material, which may differ from
the material from which the shell 3102 or the connecting structure 3104 are fabricated, for
example.

[00280] An orthodontic appliance with power arms can be fabricated in a variety of ways.
In some embodiments, the power arms and connecting structure can be directly fabricated
concurrently with the appliance shell, such that the power arms and connecting structure are both
integrally formed with the shell. The power arms can be fabricated with or without the
connecting structure. Although the connecting structure can be optional, such that the patient
places elastic bands on the teeth, in some embodiments, the connecting structure 3104 is directly
fabricated with the appliance and power arms with direct fabrication as described herein. The
directly fabricated connecting structure has the advantage of applying force to the power arms
without the patient placing an elastic band on the power arm. The connecting structure,
appliance, and power arms can be directly fabricated in a free standing unloaded configuration
such that when the aligner is placed on the teeth and deformed, the resulting strain and
deformation to the connector spring structure results in force(s) and/or moment(s) applied from
the connector to the power arms.

[00281] In alternative embodiments, the power arms can be directly fabricated
concurrently with the appliance shell, while the connecting structure is fabricated separately. In
such embodiments, the power arms are integrally formed with the shell, while the connecting
structure is a separate component that is subsequently coupled to the power arms, e.g., before or
while the appliance is worn by the patient. The connecting structure may or may not be

produced by direct fabrication techniques.
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[00282] In alternative embodiments, the power arms can be directly fabricated
concurrently with the connecting structure, while the appliance shell is fabricated separately. In
such embodiments, the power arms are integrally formed with the connecting structure, while the
appliance shell is a separate component that is subsequently coupled to the power arms, e.g.,
before or while the appliance is worn by the patient. The appliance shell may or may not be
produced by direct fabrication techniques.

[00283] In alternative embodiments, the appliance shell, power arms, and connecting
structure can each be fabricated separately and subsequently assembled to produce an
orthodontic appliance with power arms. The appliance shell, power arms, and/or connecting
structure can be produced using direct fabrication techniques, or can be produced using other
techniques (e.g., indirect fabrication), as desired.

[00284] Depending on the chosen design of the connecting structure 3104, an outward
force or an inward force may be provided. The direction of the force may be determined by the
rest length of the connecting structure 3104 relative to the distance 3105 between connection
points, wherein a longer rest length causes an outward force and a shorter rest length shorter
causes an inward force. The magnitude may be determined by both the spring constant of the
connecting structure 3104 and the magnitude of difference between the rest length of the
connecting structure 3104 and the distance 3105 between connection points, as may be
approximated, for example, by Hooke’s Law. In some embodiments, the connecting structure
3104 may be replaced with a separately-applied elastic material such as a band, and in some
embodiments, a band may be combined with the connecting structure 3104 to provide increased
elastic force. In some embodiments, an appliance may comprise a plurality of power arm pairs,
each pair connected with an elastic spring structure.

[00285] In some embodiments, the connection points 3103 may comprise an adhesive
connection between power arms 3101 and shell 3102, for example.

[00286] In some embodiments, the connection points may comprise an interlock
mechanism whereby the power arms 3101 may be removably connected to shell 3102, for
example.

[00287] In some embodiments, power arms may attach to caps comprising tooth-receiving
cavities configured to receive teeth. In some embodiments, power arms may be bonded directly
to teeth without need for attachments. In some embodiments, an orthodontic appliance may be
configured to be placed onto teeth to which power arms are bonded, for example comprising
spaces through which power arms may extend. In some embodiments, an orthodontic appliance

may be configured to fit over caps comprising power arms.
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[00288] In some embodiments, power arms may apply force to adjacent teeth, and in some
embodiments, power arms may apply force to non-adjacent teeth.

[00289] FIG. 32 illustrates a patient’s mouth, in which a directly fabricated power arm
3201 comprising attachment 3203 is coupled to a tooth 3202 to apply a tooth-moving force, in
accordance with embodiments. The coupling is accomplished with attachment 3203 comprising
power arm 3201 bonded to the tooth 3202. The bonding of the attachment to the tooth may
comprise an adhesive connecting the attachment to the tooth. The power arm is coupled to
another power arm as described herein by a connecting structure 3204, to provide a tooth-
moving force on the tooth 3202 as described herein. The three-dimensional shape of the power
arm can be determined in response to a scan of the patient’s oral cavity as described herein. A
similar directly fabricated attachment and power arm can be provided on another tooth and
coupled to power arm 3201, attachment 3203 and connecting structure 3203 as described herein,
and each of these components can be directly fabricated together to provide improved attachment
with power arms on the teeth. The power arm 3201 may be bonded to the attachment 3203, the
two may be directly fabricated as a single object, or the two may connect using an interlock
mechanism.

[00290] FIGS. 33A through 33C illustrate various spring structures that may be directly
fabricated as part of a power arm structure, in accordance with embodiments. The structures
illustrated may be readily manufactured by the direct fabrication methods disclosed herein, and
may be interchangeably used in any of the appliance and power arm structures disclosed herein.
In power arm structure 3300, power arms 3301 are connected by an accordion-shaped elastic
spring structure 3302, which provides an elastic force on power arms 3301, as determined by its
spring constant and rest length. In power arm structure 3310, power arms 3311 are connected by
a helical-coil elastic spring structure 3312, which provides an elastic force on power arms 3311,
as determined by its spring constant and rest length. In power arm structure 3320, power arms
3321 are connected by a spring structure 3322 comprising an elastic material, which provides an
elastic force on power arms 3321, as determined by its spring constant and rest length. The
elastic material may be chosen on the basis of the spring constant desired, as determined by its
elasticity. In some cases, the elastic material may comprise a relatively rigid material that
expands when in contact with a patient’s saliva; for example, a hydrophilic polymer. As the
polymer swells, it pushes the power arms apart, allowing them to provide a tooth moving force.
The use of such swelling materials may allow the fabrication of power arms that only apply force
on their attachment points when actually worn by the patient. In some embodiments, the material

may include shape memory material that has a first shape outside the mouth, for example, at
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room temperature, and has a shape inside the mouth, for example, at body temperature. Shape
memory material may change shape based on temperature, for example, by contracting or
expanding.

[00291] The directly fabricated attachments and power arms can be preloaded in a spaced
apart configuration to provide a desired amount of torque to the patient’s teeth. When placing
preloaded power arms and an attachment into the mouth of a patient, it may be desirable to avoid
applying force until the installation of the power arms is complete to facilitate handling and
placement. For example, a preloading structure can be provided such that the person placing the
directly fabricated power arms with the attachment does not have to urge the two attachments
together to load the spring when the attachments are placed on the teeth, thereby facilitating
placement.

[00292] FIG. 34 illustrates a pre-loaded assembly 3400 of directly fabricated components
comprising power arms 3401 having attachments 3406, a preloaded spring structure 3402,
optionally a counter-force connector 3404, and a locating structure 3403, in accordance with
embodiments. The counter-force connector 3404 balances the power arm’s tooth-moving force
with an opposing force for easier placement on a patient’s teeth. The locating structures 3403 are
configured to receive structures of the patient’s teeth in order to place the attachments at a
predetermined location on the teeth. The locating structures 3403 may comprise a plurality of
tooth receiving cavities, or engagement structures to couple to a portion of a received tooth such
as an occlusal surface or an interproximal surface, for example.

[00293] As the power arms are placed with the locating structure 3403, they will typically
place connecting structure 3402 under strain, which may make placement difficult. To
compensate for this problem, a counter-force connecter 3404 may be included to balance out the
force of connecting structure 3402. Counter-force connector 3404 may be connected to locating
structure 3403, and may be fabricated as a part of power arms 3401. Counter-force connector
3404 may be fabricated from a rigid material, and configured to relieve the strain from
connecting structure 3402 by pulling or pushing in the opposite direction as needed. In the case
where counter-force connecter 3404 is fabricated as part of power arms 3401, counter-force
connecter 3404 may be cut by the orthodontist after installation of power arms is finished, in
order to allow connecting structure 3402 to apply an unimpeded force on the patient’s teeth. In
some cases, it may be desirable to smooth the surfaces of power arms 3401 after cutting counter-
force connecter 3404, so as to avoid uncomfortable surfaces or sharp edges within the patient’s

mouth.
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[00294] The pre-loading structure 3400 comprises a pair of power arms connected by a
connecting structure 3402. The power arms are disposed within a locating structure 3403, which
may comprise at least a portion an appliance worn by the patient, for example. The locating
structure 3403 can be directly fabricated with the power arms and attachments, and can be sized
and shaped for placement on the patient’s teeth in order to position the attachments at desired
locations 3405 on the teeth. The locating structure 3403 can be removed subsequent to
placement and bonding of the attachments to the patient’s teeth.

[00295] FIGS. 35A through 35C illustrate the operation of the counter-force connecter to
pre-load a pair of power arms for installation, in accordance with embodiments. The power arms
may be initially fabricated in a relaxed state 3500, comprising a plurality of power arms 3501,
connected by a connecting structure 3502 that is uncompressed. A first power arm of the
plurality of the power arms 3501 further comprises a counter-force connector 3504, connected to
the first power arm. The counter-force connector 3504 comprises a mechanism, such as hook
3505, that lets it attach to a second power arm of the plurality of power arms. Because the length
of the counter-force connector 3504 is shorter than the rest length of the connecting structure
3502, the connecting structure 3502 is compressed when counter-force connector 3504 is
connected to the second power arm, as shown in pre-loaded state 3510. After then installing the
power arms into a dental appliance or attaching them to the tooth, the counter-force connector
may be removed, for example by cutting or breaking it at junction 3503 and/or unhooking hook
3505, allowing the power arms to apply outwardly-directed force(s) to the teeth of a patient (e.g.,
1o increase a space between teeth), as illustrated in installed state 3520. In some cases, counter-
force connector may comprise hooks or other attachment mechanisms at each end, so that it may
be more easily removed after use.

[00296] FIGS. 36A through 36C illustrate the operation of the counter-force connecter to
pre-load a pair of power arms for installation, in accordance with embodiments. The power arms
may be initially fabricated in a relaxed state 3600, comprising a plurality of power arms 3601,
connected by a connecting structure 3602 that is uncompressed. A first power arm of the
plurality of the power arms 3601 further comprises a counter-force connector 3604, connected to
the first power arm. The counter-force connector 3604 comprises a mechanism, such as hook
3605, that lets it attach to a second power arm of the plurality of power arms. Because the length
of counter-force connector 3604 is longer than the rest length of the connecting structure 3602,
the connecting structure 3602 is stretched when counter-force connector 3604 is connected to the
second power arm, as shown in pre-loaded state 3610. After then installing the power arms into a

dental appliance or attaching them to the tooth, the counter-force connector may be removed, for
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example by cutting or breaking it at junction 3603 and/or unhooking hook 3605, allowing the
power arms to apply inward-directed force(s) to the teeth of a patient (e.g., for space closure), as
illustrated in installed state 3620. In some cases, counter-force connector may comprise hooks or
other attachment mechanisms at each end, so that it may be more easily removed after use.
[00297] FIGS. 37A through 37D illustrate embodiments of single power arm appliances.
In some embodiments, a single power arm can be used to move teeth. Force on the power arm
can be reacted against an aligner, against a button mounted on a tooth, or against a TAD or other
structure. FIG. 37A shows a single power arm appliance 3700 including a single power arm
3701 and an aligner 3703. A first end 3709 of the power arm 3701 is attached to the aligner
3703. In some embodiments, the first end 3709 is bonded directly to a tooth. A second end of
the power arm 3701 is connected to a connecting structure 3702, which may also be an elastic
element. The terminal end of the connecting structure 3702 includes a coupling 3708, such as a
hook, that engages with a corresponding coupling 3706, such as a hook, loop, or other coupling,
that is integrated with the aligner 3703. Force is transmitted between the power arm 3701 and
the aligner hook 3706 via the connecting structure 3702 to move a patient’s teeth.

[00298] FIG. 37B shows a single power arm appliance 3720 including a single power arm
3721. A first end 3729 of the power arm 3721 is attached directly to one of a patient’s teeth
while a second end of the power arm 3721 is connected to a connecting structure 3722. The
terminal end of the connecting structure 3722 includes a coupling 3728, for example an eye
hook, that engages with a corresponding coupling 3726, such as a TAD that is implanted in the
patient. Force is transmitted between the power arm 3721 and the TAD via the connecting
structure 3722 to move a patient’s teeth.

[00299] FIG. 37C shows a single power arm appliance 3740 including a single power arm
3741. A first end 3749 of the power arm 3741 is attached directly to one of a patient’s teeth
while a second end of the power arm 3741 is connected to a connecting structure 3742. The
terminal end of the connecting structure 3742 includes a hook 3748 that engages with a
corresponding button 3746 that is attached to one of the patient’s teeth. Force is transmitted
between the power arm 3741 and the button 3746 via the connecting structure 3742 to move a
patient’s teeth.

[00300] FIG. 37D shows a single power arm appliance 3760 including a single power arm
3761 and an aligner 3763. A first end 3769 of the power arm 3761 is attached to or integrated
with the aligner 3763 at a first location on the aligner while a second end of the power arm 3761
is connected to a connecting structure 3762. The terminal end 3768 of the connecting structure

3762 is also attached to or integrated with the aligner 3703 at a second location on the aligner.
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Force is transmitted between the power arm 3761 and the second location on the aligner via the
connecting structure 3762 to move a patient’s teeth.
[00301] In some embodiments, a single power arm can have a first end bonded to a first

tooth and a second end bonded, via a connecting structure, to a second tooth.

Direct Fabrication of Orthodontic Appliances
[00302] The various embodiments of the orthodontic appliances presented herein can be
fabricated in a wide variety of ways. In some embodiments, the orthodontic appliances herein
(or portions thereof) can be produced using direct fabrication, such as additive manufacturing
techniques (also referred to herein as “3D printing) or subtractive manufacturing techniques
(e.g., milling). In some embodiments, direct fabrication involves forming an object (e.g., an
orthodontic appliance or a portion thereof) without using a physical template (e.g., mold, mask
etc.) to define the object geometry. Additive manufacturing techniques can be categorized as
follows: (1) vat photopolymerization (e.g., stereolithography), in which an object is constructed
layer by layer from a vat of liquid photopolymer resin; (2) material jetting, in which material is
jetted onto a build platform using either a continuous or drop on demand (DOD) approach; (3)
binder jetting, in which alternating layers of a build material (e.g., a powder-based material) and
a binding material (e.g., a liquid binder) are deposited by a print head; (4) fused deposition
modeling (FDM), in which material is drawn though a nozzle, heated, and deposited layer by
layer; (5) powder bed fusion, including but not limited to direct metal laser sintering (DMLS),
electron beam melting (EBM), selective heat sintering (SHS), selective laser melting (SLM), and
selective laser sintering (SLS); (6) sheet lamination, including but not limited to laminated object
manufacturing (LOM) and ultrasonic additive manufacturing (UAM); and (7) directed energy
deposition, including but not limited to laser engineering net shaping, directed light fabrication,
direct metal deposition, and 3D laser cladding. For example, stereolithography can be used to
directly fabricate one or more of the appliances herein. In some embodiments, stereolithography
involves selective polymerization of a photosensitive resin (e.g., a photopolymer) according to a
desired cross-sectional shape using light (e.g., ultraviolet light). The object geometry can be
built up in a layer-by-layer fashion by sequentially polymerizing a plurality of object cross-
sections. As another example, the appliances herein can be directly fabricated using selective
laser sintering. In some embodiments, selective laser sintering involves using a laser beam to
selectively melt and fuse a layer of powdered material according to a desired cross-sectional
shape in order to build up the object geometry. As yet another example, the appliances herein
can be directly fabricated by fused deposition modeling. In some embodiments, fused deposition
modeling involves melting and selectively depositing a thin filament of thermoplastic polymer in
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a layer-by-layer manner in order to form an object. In yet another example, material jetting can
be used to directly fabricate the appliances herein. In some embodiments, material jetting
involves jetting or extruding one or more materials onto a build surface in order to form
successive layers of the object geometry.

[00303] In some embodiments, the direct fabrication methods provided herein build up the
object geometry in a layer-by-layer fashion, with successive layers being formed in discrete
build steps. Alternatively or in combination, direct fabrication methods that allow for continuous
build-up of an object geometry can be used, referred to herein as “continuous direct fabrication.”
Various types of continuous direct fabrication methods can be used. As an example, in some
embodiments, the appliances herein are fabricated using “continuous liquid interphase printing,”
in which an object is continuously built up from a reservoir of photopolymerizable resin by
forming a gradient of partially cured resin between the building surface of the object and a
polymerization-inhibited “dead zone.” In some embodiments, a semi-permeable membrane is
used to control transport of a photopolymerization inhibitor (e.g., oxygen) into the dead zone in
order to form the polymerization gradient. Continuous liquid interphase printing can achieve
fabrication speeds about 25 times to about 100 times faster than other direct fabrication methods,
and speeds about 1000 times faster can be achieved with the incorporation of cooling systems.
Continuous liquid interphase printing is described in U.S. Patent Publication Nos. 2015/0097315,
2015/0097316, and 2015/0102532, the disclosures of each of which are incorporated herein by
reference in their entirety.

[00304] As another example, a continuous direct fabrication method can achieve
continuous build-up of an object geometry by continuous movement of the build platform (e.g.,
along the vertical or Z-direction) during the irradiation phase, such that the hardening depth of
the irradiated photopolymer is controlled by the movement speed. Accordingly, continuous
polymerization of material on the build surface can be achieved. Such methods are described in
U.S. Patent No. 7,892,474, the disclosure of which is incorporated herein by reference in its
entirety.

[00305] In another example, a continuous direct fabrication method can involve extruding
a composite material composed of a curable liquid material surrounding a solid strand. The
composite material can be extruded along a continuous three-dimensional path in order to form
the object. Such methods are described in U.S. Patent Publication No. 2014/0061974, the
disclosure of which is incorporated herein by reference in its entirety.

[003006] In yet another example, a continuous direct fabrication method utilizes a

“heliolithography™ approach in which the liquid photopolymer is cured with focused radiation
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while the build platform is continuously rotated and raised. Accordingly, the object geometry
can be continuously built up along a spiral build path. Such methods are described in U.S.
Patent Publication No. 2014/0265034, the disclosure of which is incorporated herein by
reference in its entirety.

[00307] The direct fabrication approaches provided herein are compatible with a wide
variety of materials, including but not limited to one or more of the following: polymer matrix
reinforced with ceramic or metallic polymers, a polyester, a co-polyester, a polycarbonate, a
thermoplastic polyurethane, a polypropylene, a polyethylene, a polypropylene and polyethylene
copolymer, an acrylic, a cyclic block copolymer, a polyetheretherketone, a polyamide, a
polyethylene terephthalate, a polybutylene terephthalate, a polyetherimide, a polyethersulfone, a
polytrimethylene terephthalate, a styrenic block copolymer (SBC), a silicone rubber, an
elastomeric alloy, a thermoplastic elastomer (TPE), a thermoplastic vulcanizate (TPV) elastomer,
a polyurethane elastomer, a block copolymer elastomer, a polyolefin blend elastomer, a
thermoplastic co-polyester elastomer, a thermoplastic polyamide elastomer, or combinations
thereof. The materials used for direct fabrication can be provided in an uncured form (e.g., as a
liquid, resin, powder, etc.) and can be cured (e.g., by photopolymerization, light curing, gas
curing, laser curing, crosslinking, etc.) in order to form an orthodontic appliance or a portion
thereof. The properties of the material before curing may differ from the properties of the
material after curing. Once cured, the materials herein can exhibit sufficient strength, stiffness,
durability, biocompatibility, etc. for use in an orthodontic appliance. The post-curing properties
of the materials used can be selected according to the desired properties for the corresponding
portions of the appliance.

[00308] In some embodiments, relatively rigid portions of the orthodontic appliance can
be formed via direct fabrication using one or more of the following materials: a polyester, a co-
polyester, a polycarbonate, a thermoplastic polyurethane, a polypropylene, a polyethylene, a
polypropylene and polyethylene copolymer, an acrylic, a cyclic block copolymer, a
polyetheretherketone, a polyamide, a polyethylene terephthalate, a polybutylene terephthalate, a
polyetherimide, a polyethersulfone, and/or a polytrimethylene terephthalate.

[00309] In some embodiments, relatively elastic portions of the orthodontic appliance can
be formed via direct fabrication using one or more of the following materials: a styrenic block
copolymer (SBC), a silicone rubber, an elastomeric alloy, a thermoplastic elastomer (TPE), a
thermoplastic vulcanizate (TPV) elastomer, a polyurethane elastomer, a block copolymer
elastomer, a polyolefin blend elastomer, a thermoplastic co-polyester elastomer, and/or a

thermoplastic polyamide elastomer.
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[00310] Optionally, the direct fabrication methods described herein allow for fabrication
of an appliance including multiple materials, referred to herein as “multi-material direct
fabrication.” In some embodiments, a multi-material direct fabrication method involves
concurrently forming an object from multiple materials in a single manufacturing step using the
same fabrication machine and method. For instance, a multi-tip extrusion apparatus can be used
to selectively dispense multiple types of materials (e.g., resins, liquids, solids, or combinations
thereof) from distinct material supply sources in order to fabricate an object from a plurality of
different materials. Such methods are described in U.S. Patent No. 6,749,414, the disclosure of
which is incorporated herein by reference in its entirety. Alternatively or in combination, a
multi-material direct fabrication method can involve forming an object from multiple materials
in a plurality of sequential manufacturing steps. For instance, a first portion of the object can be
formed from a first material in accordance with any of the direct fabrication methods herein, then
a second portion of the object can be formed from a second material in accordance with methods
herein, and so on, until the entirety of the object has been formed. The relative arrangement of
the first and second portions can be varied as desired, e.g., the first portion can be partially or
wholly encapsulated by the second portion of the object. The sequential manufacturing steps can
be performed using the same fabrication machine or different fabrication machines, and can be
performed using the same fabrication method or different fabrication methods. For example, a
sequential multi-manufacturing procedure can involve forming a first portion of the object using
stereolithography and a second portion of the object using fused deposition modeling.

[00311] Direct fabrication can provide various advantages compared to other
manufacturing approaches. For instance, in contrast to indirect fabrication, direct fabrication
permits production of an orthodontic appliance without utilizing any molds or templates for
shaping the appliance, thus reducing the number of manufacturing steps involved and improving
the resolution and accuracy of the final appliance geometry. Additionally, direct fabrication
permits precise control over the three-dimensional geometry of the appliance, such as the
appliance thickness. Complex structures and/or auxiliary components can be formed integrally
as a single piece with the appliance shell in a single manufacturing step, rather than being added
to the shell in a separate manufacturing step. In some embodiments, direct fabrication is used to
produce appliance geometries that would be difficult to create using alternative manufacturing
techniques, such as appliances with very small or fine features, complex geometric shapes,
undercuts, interproximal structures, shells with variable thicknesses, and/or internal structures
(e.g., for improving strength with reduced weight and material usage). For example, in some

embodiments, the direct fabrication approaches herein permit fabrication of an orthodontic
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appliance with feature sizes of less than or equal to about 5 um, or within a range from about 5
um to about 50 um, or within a range from about 20 um to about 50 um.

[00312] The direct fabrication techniques described herein can be used to produce
appliances with substantially isotropic material properties, e.g., substantially the same or similar
strengths along all directions. In some embodiments, the direct fabrication approaches herein
permit production of an orthodontic appliance with a strength that varies by no more than about
25%, about 20%, about 15%, about 10%, about 5%, about 1%, or about 0.5% along all
directions. Additionally, the direct fabrication approaches herein can be used to produce
orthodontic appliances at a faster speed compared to other manufacturing techniques. In some
embodiments, the direct fabrication approaches herein allow for production of an orthodontic
appliance in a time interval less than or equal to about 1 hour, about 30 minutes, about 25
minutes, about 20 minutes, about 15 minutes, about 10 minutes, about 5 minutes, about 4
minutes, about 3 minutes, about 2 minutes, about 1 minutes, or about 30 seconds. Such
manufacturing speeds allow for rapid “chair-side” production of customized appliances, e.g.,
during a routine appointment or checkup.

[00313] In some embodiments, the direct fabrication methods described herein implement
process controls for various machine parameters of a direct fabrication system or device in order
to ensure that the resultant appliances are fabricated with a high degree of precision. Such
precision can be beneficial for ensuring accurate delivery of a desired force system to the teeth in
order to effectively elicit tooth movements. Process controls can be implemented to account for
process variability arising from multiple sources, such as the material properties, machine
parameters, environmental variables, and/or post-processing parameters.

[00314] Material properties may vary depending on the properties of raw materials, purity
of raw materials, and/or process variables during mixing of the raw materials. In many
embodiments, resins or other materials for direct fabrication should be manufactured with tight
process control to ensure little variability in photo-characteristics, material properties (e.g.,
viscosity, surface tension), physical properties (e.g., modulus, strength, elongation) and/or
thermal properties (e.g., glass transition temperature, heat deflection temperature). Process
control for a material manufacturing process can be achieved with screening of raw materials for
physical properties and/or control of temperature, humidity, and/or other process parameters
during the mixing process. By implementing process controls for the material manufacturing
procedure, reduced variability of process parameters and more uniform material properties for
each batch of material can be achieved. Residual variability in material properties can be

compensated with process control on the machine, as discussed further herein.
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[00315] Machine parameters can include curing parameters. For digital light processing
(DLP)-based curing systems, curing parameters can include power, curing time, and/or grayscale
of the full image. For laser-based curing systems, curing parameters can include power, speed,
beam size, beam shape and/or power distribution of the beam. For printing systems, curing
parameters can include material drop size, viscosity, and/or curing power. These machine
parameters can be monitored and adjusted on a regular basis (e.g., some parameters at every 1-x
layers and some parameters after each build) as part of the process control on the fabrication
machine. Process control can be achieved by including a sensor on the machine that measures
power and other beam parameters every layer or every few seconds and automatically adjusts
them with a feedback loop. For DLP machines, gray scale can be measured and calibrated
before, during, and/or at the end of each build, and/or at predetermined time intervals (e.g., every
n™ build, once per hour, once per day, once per week, etc.), depending on the stability of the
system. In addition, material properties and/or photo-characteristics can be provided to the
fabrication machine, and a machine process control module can use these parameters to adjust
machine parameters (e.g., power, time, gray scale, etc.) to compensate for variability in material
properties. By implementing process controls for the fabrication machine, reduced variability in
appliance accuracy and residual stress can be achieved.

[00316] In many embodiments, environmental variables (e.g., temperature, humidity,
Sunlight or exposure to other energy/curing source) are maintained in a tight range to reduce
variable in appliance thickness and/or other properties. Optionally, machine parameters can be
adjusted to compensate for environmental variables.

[00317] In many embodiments, post-processing of appliances includes cleaning, post-
curing, and/or support removal processes. Relevant post-processing parameters can include
purity of cleaning agent, cleaning pressure and/or temperature, cleaning time, post-curing energy
and/or time, and/or consistency of support removal process. These parameters can be measured
and adjusted as part of a process control scheme. In addition, appliance physical properties can
be varied by modifying the post-processing parameters. Adjusting post-processing machine
parameters can provide another way to compensate for variability in material properties and/or
machine properties.

[00318] Although various embodiments herein are described with respect to direct
fabrication techniques, it shall be appreciated that other techniques can also be used, such as
indirect fabrication techniques. In some embodiments, the appliances herein (or portions
thereof) can be produced using indirect fabrication techniques, such as by thermoforming over a

positive or negative mold. Indirect fabrication of an orthodontic appliance can involve one or
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more of the following steps: producing a positive or negative mold of the patient’s dentition in a
target arrangement (e.g., by additive manufacturing, milling, etc.), thermoforming one or more
sheets of material over the mold in order to generate an appliance shell, forming one or more
structures in the shell (e.g., by cutting, etching, etc.), and/or coupling one or more components to
the shell (e.g., by extrusion, additive manufacturing, spraying, thermoforming, adhesives,
bonding, fasteners, etc.). Optionally, one or more auxiliary appliance components as described
herein (e.g., elastics, wires, springs, bars, arch expanders, palatal expanders, twin blocks,
occlusal blocks, bite ramps, mandibular advancement splints, bite plates, pontics, hooks,
brackets, headgear tubes, bumper tubes, palatal bars, framewortks, pin-and-tube apparatuses,
buccal shields, buccinator bows, wire shields, lingual flanges and pads, lip pads or bumpers,
protrusions, divots, eic.) are formed separately from and coupled to the appliance shell (e.g., via
adhesives, bonding, fasteners, mounting features, etc.) after the shell has been fabricated.

[00319] In some embodiments, the orthodontic appliances herein can be fabricated using a
combination of direct and indirect fabrication techniques, such that different portions of an
appliance can be fabricated using different fabrication techniques and assembled in order to form
the final appliance. For example, an appliance shell can be formed by indirect fabrication (e.g.,
thermoforming), and one or more structures or components as described herein (e.g., auxiliary
components, power arms, etc.) can be added to the shell by direct fabrication (e.g., printing onto
the shell).

Digital Design of Orthodontic Appliances
[00320] The configuration of the orthodontic appliances herein can be determined
according to a treatment plan for a patient, e.g., a treatment plan involving successive
administration of a plurality of appliances for incrementally repositioning teeth. Computer-
based treatment planning and/or appliance manufacturing methods can be used in order to
facilitate the design and fabrication of appliances. For instance, one or more of the appliance
components described herein can be digitally designed and fabricated with the aid of computer-
controlled manufacturing devices (e.g., computer numerical control (CNC) milling, computer-
controlled additive manufacturing such as 3D printing, etc.). The computer-based methods
presented herein can improve the accuracy, flexibility, and convenience of appliance fabrication.
[00321] In some embodiments, computer-based 3-dimensional planning/design tools, such
as Treat™ software from Align Technology. Inc.. may be used to design and fabricate the
orthodontic appliances described herein,
[00322] FIG. 38 illustrates a method 3800 for designing an orthodontic appliance to be
produced by direct fabrication, in accordance with embodiments. The method 3800 can be
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applied to any embodiment of the orthodontic appliances described herein. Some or all of the
steps of the method 3800 can be performed by any suitable data processing system or device,
e.g., one or more processors configured with suitable instructions.

[00323] In step 3810, a movement path to move one or more teeth from an initial
arrangement to a target arrangement is determined. The initial arrangement can be determined
from a mold or a scan of the patient's teeth or mouth tissue, e.g., using wax bites, direct contact
scanning, X-ray imaging, tomographic imaging, sonographic imaging, and other techniques for
obtaining information about the position and structure of the teeth, jaws, gums and other
orthodontically relevant tissue. From the obtained data, a digital data set can be derived that
represents the initial (e.g., pretreatment) arrangement of the patient's teeth and other tissues.
Optionally, the initial digital data set is processed to segment the tissue constituents from each
other. For example, data structures that digitally represent individual tooth crowns can be
produced. Advantageously, digital models of entire teeth can be produced, including measured
or extrapolated hidden surfaces and root structures, as well as surrounding bone and soft tissue.
[00324] The target arrangement of the teeth (e.g., a desired and intended end result of
orthodontic treatment) can be received from a clinician in the form of a prescription, can be
calculated from basic orthodontic principles, and/or can be extrapolated computationally from a
clinical prescription. With a specification of the desired final positions of the teeth and a digital
representation of the teeth themselves, the final position and surface geometry of each tooth can
be specified to form a complete model of the tooth arrangement at the desired end of treatment.
[00325] Having both an initial position and a target position for each tooth, a movement
path can be defined for the motion of each tooth. In some embodiments, the movement paths are
configured to move the teeth in the quickest fashion with the least amount of round-tripping to
bring the teeth from their initial positions to their desired target positions. The tooth paths can
optionally be segmented, and the segments can be calculated so that each tooth's motion within a
segment stays within threshold limits of linear and rotational translation. In this way, the end
points of each path segment can constitute a clinically viable repositioning, and the aggregate of
segment end points can constitute a clinically viable sequence of tooth positions, so that moving
from one point to the next in the sequence does not result in a collision of teeth.

[00326] In step 3820, a force system to produce movement of the one or more teeth along
the movement path is determined. A force system can include one or more forces and/or one or
more torques. Different force systems can result in different types of tooth movement, such as
tipping, translation, rotation, extrusion, intrusion, root movement, etc. Biomechanical principles,

modeling techniques, force calculation/measurement techniques, and the like, including
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knowledge and approaches commonly used in orthodontia, may be used to determine the
appropriate force system to be applied to the tooth to accomplish the tooth movement. In
determining the force system to be applied, sources may be considered including literature, force
systems determined by experimentation or virtual modeling, computer-based modeling, clinical
experience, minimization of unwanted forces, etc.

[00327] Determination of the force system can be performed in a variety of ways. For
example, in some embodiments, the force system is determined on a patient-by-patient basis,
e.g., using patient-specific data. Alternatively or in combination, the force system can be
determined based on a generalized model of tooth movement (e.g., based on experimentation,
modeling, clinical data, etc.), such that patient-specific data is not necessarily used. In some
embodiments, determination of a force system involves calculating specific force values to be
applied to one or more teeth to produce a particular movement. Alternatively, determination of a
force system can be performed at a high level without calculating specific force values for the
teeth. For instance, step 3820 can involve determining a particular type of force to be applied
(e.g., extrusive force, intrusive force, translational force, rotational force, tipping force, torqueing
force, etc.) without calculating the specific magnitude and/or direction of the force.

[00328] In step 3830, an appliance geometry and/or material composition for an
orthodontic appliance configured to produce the force system is determined. The appliance can
be any embodiment of the appliances discussed herein, such as an appliance having variable
localized properties, integrally formed components, and/or power arms.

[00329] For example, in some embodiments, the appliance comprises a heterogeneous
thickness, a heterogeneous stiffness, or a heterogeneous material composition. In some
embodiments, the appliance comprises two or more of a heterogeneous thickness, a
heterogeneous stiffness, or a heterogeneous material composition. In some embodiments, the
appliance comprises a heterogeneous thickness, a heterogeneous stiffness, and a heterogeneous
material composition. The heterogeneous thickness, stiffness, and/or material composition can
be configured to produce the force system for moving the teeth, e.g., by preferentially applying
forces at certain locations on the teeth. For example, an appliance with heterogeneous thickness
can include thicker portions that apply more force on the teeth than thinner portions. As another
example, an appliance with heterogeneous stiffness can include stiffer portions that apply more
force on the teeth than more elastic portions. Variations in stiffness can be achieved by varying
the appliance thickness, material composition, and/or degree of photopolymerization, as

described herein.
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[00330] In some embodiments, determining the appliance geometry and/or material
composition comprises determining the geometry and/or material composition of one or more
integrally formed components to be directly fabricated with an appliance shell. The integrally
formed component can be any of the embodiments described herein. The geometry and/or
material composition of the integrally formed component(s) can be selected to facilitate
application of the force system onto the patient’s teeth. The material composition of the
integrally formed component can be the same as or different from the material composition of
the shell.

[00331] In some embodiments, determining the appliance geometry and/or material
composition comprises determining the geometry and/or material composition for a power arm
design for the orthodontic appliance. The power arm design can utilize any of the power arm
embodiments described herein. The power arm design can be configured to produce the force
system is determined. Determination of the power arm design, appliance geometry, material
composition, and/or properties can be performed using a treatment or force application
simulation environment.

[00332] The step 3830 can involve analyzing the desired force system in order to
determine an appliance geometry and material composition that would produce the force system.
In some embodiments, the analysis involves determining appliance properties (e.g., stiffness) at
one or more locations that would produce a desired force at the one or more locations. The
analysis can then involve determining an appliance geometry and material composition at the
one or more locations to achieve the specified properties. Determination of the appliance
geometry and material composition can be performed using a treatment or force application
simulation environment. A simulation environment can include, e.g., computer modeling
systems, biomechanical systems or apparatus, and the like. Optionally, digital models of the
appliance and/or teeth can be produced, such as finite element models. The finite element
models can be created using computer program application software available from a variety of
vendors. For creating solid geometry models, computer aided engineering (CAE) or computer
aided design (CAD) programs can be used, such as the AutoCAD® software products available
from Autodesk, Inc., of San Rafael, CA. For creating finite element models and analyzing them,
program products from a number of vendors can be used, including finite element analysis
packages from ANSYS, Inc., of Canonsburg, PA, and SIMULIA(Abaqus) software products
from Dassault Systémes of Waltham, MA.

[00333] Optionally, one or more appliance geometries and material compositions can be

selected for testing or force modeling. As noted above, a desired tooth movement, as well as a
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force system required or desired for eliciting the desired tooth movement, can be identified.
Using the simulation environment, a candidate appliance geometry and composition can be
analyzed or modeled for determination of an actual force system resulting from use of the
candidate appliance. One or more modifications can optionally be made to a candidate
appliance, and force modeling can be further analyzed as described, e.g., in order to iteratively
determine an appliance design that produces the desired force system.

[00334] Optionally, step 3830 can further involve determining the geometry of one or
more auxiliary components to be used in combination with the orthodontic appliance in order to
exert the force system on the one or more teeth. Such auxiliaries can include one or more of
tooth-mounted attachments, elastics, wires, springs, bite blocks, arch expanders, wire-and-
bracket appliances, shell appliances, headgear, or any other orthodontic device or system that can
be used in conjunction with the orthodontic appliances herein. The use of such auxiliary
components may be advantageous in situations where it is difficult for the appliance alone to
produce the force system. Additionally, auxiliary components can be added to the orthodontic
appliance in order to provide other desired functionalities besides producing the force system,
such as mandibular advancement splints to treat sleep apnea, pontics to improve aesthetic
appearance, and so on. In some embodiments, the auxiliary components are fabricated and
provided separately from the orthodontic appliance. Alternatively, the geometry of the
orthodontic appliance can be modified to include one or more auxiliary components as integrally
formed components (see, e.g., FIGS. 16-36).

[00335] In step 3840, instructions for fabrication of the orthodontic appliance having the
appliance geometry and material composition are generated. The instructions can be configured
to control a fabrication system or device in order to produce the orthodontic appliance with the
specified appliance geometry and material composition. In some embodiments, the instructions
are configured for manufacturing the orthodontic appliance using direct fabrication (e.g.,
stereolithography, selective laser sintering, fused deposition modeling, 3D printing, continuous
direct fabrication, multi-material direct fabrication, etc.), in accordance with the various methods
presented herein. Optionally, the instructions can be configured to cause a fabrication machine
to directly fabricate the orthodontic appliance with variable properties, integrally formed
components and/or power arms, as discussed above and herein. In alternative embodiments, the
instructions can be configured for indirect fabrication of the appliance, e.g., by thermoforming.
[003306] Although the above steps show a method 3800 of designing an orthodontic
appliance in accordance with some embodiments, a person of ordinary skill in the art will

recognize some variations based on the teaching described herein. Some of the steps may
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comprise sub-steps. Some of the steps may be repeated as often as desired. One or more steps
of the method 200 may be performed with any suitable fabrication system or device, such as the
embodiments described herein. Some of the steps may be optional, and the order of the steps can
be varied as desired. For instance, in some embodiments, step 3820 is optional, such that step
3830 involves determining the appliance geometry and/or material composition based directly on
the tooth movement path rather than based on the force system.

[00337] FIG. 39 illustrates a method 3900 for digitally planning an orthodontic treatment
and/or design or fabrication of an appliance, in accordance with embodiments. The method
3900 can be applied to any of the treatment procedures described herein and can be performed
by any suitable data processing system.

[00338] In step 3910, a digital representation of a patient’s teeth is received. The digital
representation can include surface topography data for the patient’s intraoral cavity (including
teeth, gingival tissues, etc.). The surface topography data can be generated by directly scanning
the intraoral cavity, a physical model (positive or negative) of the intraoral cavity, or an
impression of the intraoral cavity, using a suitable scanning device (e.g., a handheld scanner,
desktop scanner, etc.).

[00339] In step 3920, one or more treatment stages are generated based on the digital
representation of the teeth. The treatment stages can be incremental repositioning stages of an
orthodontic treatment procedure designed to move one or more of the patient’s teeth from an
initial tooth arrangement to a target arrangement. For example, the treatment stages can be
generated by determining the initial tooth arrangement indicated by the digital representation,
determining a target tooth arrangement, and determining movement paths of one or more teeth in
the initial arrangement necessary to achieve the target tooth arrangement. The movement path
can be optimized based on minimizing the total distance moved, preventing collisions between
teeth, avoiding tooth movements that are more difficult to achieve, or any other suitable criteria.
[00340] In step 3930, at least one orthodontic appliance is fabricated based on the
generated treatment stages. For example, a set of appliances can be fabricated, each shaped
according a tooth arrangement specified by one of the treatment stages, such that the appliances
can be sequentially worn by the patient to incrementally reposition the teeth from the initial
arrangement to the target arrangement. The appliance set may include one or more of the
orthodontic appliances described herein. The fabrication of the appliance may involve creating a
digital model of the appliance to be used as input to a computer-controlled fabrication system.
The appliance can be formed using direct fabrication methods, indirect fabrication methods, or

combinations thereof, as desired.
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[00341] In some instances, staging of various arrangements or treatment stages may not be
necessary for design and/or fabrication of an appliance. As illustrated by the dashed line in FIG.
39, design and/or fabrication of an orthodontic appliance, and perhaps a particular orthodontic
treatment, may include use of a representation of the patient’s teeth (e.g., receive a digital
representation of the patient’s teeth 3910), followed by design and/or fabrication of an
orthodontic appliance based on a representation of the patient’s teeth in the arrangement
represented by the received representation.

[00342] Optionally, some or all of the steps of the method 3900 are performed locally at
the site where the patient is being treated and during a single patient visit, referred to herein as
“chair side manufacturing.” Chair side manufacturing can involve, for example, scanning the
patient’s teeth, automatically generating a treatment plan with treatment stages, and immediately
fabricating one or more orthodontic appliance(s) to treat the patient using a chair side direct
fabrication machine, all at the treating professional’s office during a single appointment. In
embodiments where a series of appliances are used to treat the patient, the first appliance may be
produced chair side for immediate delivery to the patient, with the remaining appliances
produced separately (e.g., off site at a lab or central manufacturing facility) and delivered at a
later time (e.g., at a follow up appointment, mailed to the patient). Alternatively, the methods
herein can accommodate production and immediate delivery of the entire series of appliances on
site during a single visit. Chair side manufacturing can thus improve the convenience and speed
of the treatment procedure by allowing the patient to immediately begin treatment at the
practitioner’s office, rather than having to wait for fabrication and delivery of the appliances at a
later date. Additionally, chair side manufacturing can provide improved flexibility and
efficiency of orthodontic treatment. For instance, in some embodiments, the patient is re-
scanned at each appointment to determine the actual positions of the teeth, and the treatment plan
is updated accordingly. Subsequently, new appliances can be immediately produced and
delivered chair side to accommodate any changes to or deviations from the treatment plan.
[00343] FIG. 40 is a simplified block diagram of a data processing system 4000 that may
be used in executing methods and processes described herein. The data processing system 4000
typically includes at least one processor 4002 that communicates with one or more peripheral
devices via bus subsystem 4004. These peripheral devices typically include a storage subsystem
4006 (memory subsystem 4008 and file storage subsystem 4014), a set of user interface input
and output devices 4018, and an interface to outside networks 4016. This interface is shown
schematically as “Network Interface” block 4016, and is coupled to corresponding interface

devices in other data processing systems via communication network interface 4024. Data
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processing system 4000 can include, for example, one or more computers, such as a personal
computer, workstation, mainframe, laptop, and the like.

[00344] The user interface input devices 4018 are not limited to any particular device, and
can typically include, for example, a keyboard, pointing device, mouse, scanner, interactive
displays, touchpad, joysticks, etc. Similarly, various user interface output devices can be
employed in a system of the invention, and can include, for example, one or more of a printer,
display (e.g., visual, non-visual) system/subsystem, controller, projection device, audio output,
and the like.

[00345] Storage subsystem 4006 maintains the basic required programming, including
computer readable media having instructions (e.g., operating instructions, etc.), and data
constructs. The program modules discussed herein are typically stored in storage subsystem
4006. Storage subsystem 4006 typically includes memory subsystem 4008 and file storage
subsystem 4014. Memory subsystem 4008 typically includes a number of memories (e.g., RAM
4010, ROM 4012, etc.) including computer readable memory for storage of fixed instructions,
instructions and data during program execution, basic input/output system, etc. File storage
subsystem 4014 provides persistent (non-volatile) storage for program and data files, and can
include one or more removable or fixed drives or media, hard disk, floppy disk, CD-ROM,
DVD, optical drives, and the like. One or more of the storage systems, drives, etc may be
located at a remote location, such coupled via a server on a network or via the internet/World
Wide Web. In this context, the term “bus subsystem™ is used generically so as to include any
mechanism for letting the various components and subsystems communicate with each other as
intended and can include a variety of suitable components/systems that would be known or
recognized as suitable for use therein. It will be recognized that various components of the
system can be, but need not necessarily be at the same physical location, but could be connected
via various local-area or wide-area network media, transmission systems, etc.

[003406] Scanner 4020 includes any means for obtaining a digital representation (e.g.,
images, surface topography data, etc.) of a patient's teeth (e.g., by scanning physical models of
the teeth such as casts 4021, by scanning impressions taken of the teeth, or by directly scanning
the intraoral cavity), which can be obtained either from the patient or from treating professional,
such as an orthodontist, and includes means of providing the digital representation to data
processing system 4000 for further processing. Scanner 4020 may be located at a location
remote with respect to other components of the system and can communicate image data and/or
information to data processing system 4000, for example, via a network interface 4024,

Fabrication system 4022 fabricates appliances 4023 based on a treatment plan, including data set
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information received from data processing system 4000. Fabrication machine 4022 can, for
example, be located at a remote location and receive data set information from data processing
system 4000 via network interface 4024.

[00347] The data processing aspects of the methods described herein can be implemented
in digital electronic circuitry, or in computer hardware, firmware, software, or suitable
combinations thereof. Data processing apparatus can be implemented in a computer program
product tangibly embodied in a machine-readable storage device for execution by a
programmable processor. Data processing steps can be performed by a programmable processor
executing program instructions to perform functions by operating on input data and generating
output. The data processing aspects can be implemented in one or more computer programs that
are executable on a programmable system, the system including one or more programmable
processors operably coupled to a data storage system. Generally, a processor will receive
instructions and data from a read-only memory and/or a random access memory. Storage
devices suitable for tangibly embodying computer program instructions and data include all
forms of nonvolatile memory, such as: semiconductor memory devices, such as EPROM,
EEPROM, and flash memory devices; magnetic disks such as internal hard disks and removable
disks; magneto-optical disks; and CD-ROM disks.

[00348] While preferred embodiments of the present invention have been shown and
described herein, it will be obvious to those skilled in the art that such embodiments are provided
by way of example only. Numerous variations, changes, and substitutions will now occur to
those skilled in the art without departing from the invention. It should be understood that various
alternatives to the embodiments of the invention described herein may be employed in practicing
the invention. Numerous different combinations of embodiments described herein are possible,
and such combinations are considered part of the present disclosure. In addition, all features
discussed in connection with any one embodiment herein can be readily adapted for use in other
embodiments herein. It is intended that the following claims define the scope of the invention
and that methods and structures within the scope of these claims and their equivalents be covered

thereby.
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CLAIMS

WHAT IS CLAIMED IS:
1. A method for fabricating an orthodontic appliance comprising an integrally

formed component, the method comprising;

determining a movement path to move one or more teeth from an initial
arrangement to a target arrangement;

determining an appliance geometry for an orthodontic appliance comprising a
shell and one or more integrally formed components, wherein the shell comprises a plurality of
teeth receiving cavities shaped to move the one or more teeth from the initial arrangement to the
target arrangement; and

generating instructions for direct fabrication of the orthodontic appliance, wherein
the instructions are configured to cause direct fabrication of the shell using a first material and
direct fabrication of the one or more integrally formed components using a second, different

material.

2. The method of claim 1, wherein the first material differs from the second material
with respect to one or more of the following: stiffness, elastic modulus, hardness, thickness,
strength, compressibility, stress relaxation, hydrophobicity, hydrophilicity, Poisson ratio, strain

rate, viscoelasticity, or polarity.

3. The method of claim 1, further comprising:
determining a first material composition for the shell, the first material
composition comprising the first material; and
determining a second material composition for the integrally formed component,

the second material composition comprising the second material.

4, The method of claim 1, wherein the direct fabrication technique comprises an

additive manufacturing technique.
5. The method of claim 4, wherein the additive manufacturing technique comprises

one or more of: vat photopolymerization, material jetting, binder jetting, material extrusion,

powder bed fusion, sheet lamination, or directed energy deposition.
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6. The method of claim 1, wherein the direct fabrication technique comprises a

subtractive manufacturing technique.

7. The method of claim 1, wherein the one or more integrally formed components

comprise or are designed to substitute for an elastic, a wire, or a spring.

8. The method of claim 1, wherein the one or more integrally formed components

comprise or are designed to substitute for an arch expander, a palatal expander, or a palatal bar.

9. The method of claim 1, wherein the one or more integrally formed components
comprise or are designed to substitute for a twin block, an occlusal block, a bite ramp, an

advancement structure, or a bite plate.

10. The method of claim 1, wherein the one or more integrally formed components

are shaped to couple between a first portion and a second portion of the shell.

11. The method of claim 1, wherein the shell is shaped to be worn on a jaw of the
patient and the one or more integrally formed components are shaped to couple to an appliance

worn on an opposing jaw of the patient.

12. The method of claim 1, wherein the one or more integrally formed components

comprise one or more mounting features shaped to couple to an auxiliary component.

13. A system for fabricating an orthodontic appliance comprising an integrally
formed component, the system comprising:
one or more processors configured with instructions to:

determine a movement path to move one or more teeth from an initial
arrangement to a target arrangement;

determine an appliance geometry for an orthodontic appliance comprising
a shell and one or more integrally formed components, wherein the shell comprises a plurality of
teeth receiving cavities shaped to move the one or more teeth from the initial arrangement to the
target arrangement; and

generate instructions for direct fabrication of the orthodontic appliance,
wherein the instructions are configured to cause direct fabrication of the shell using a first
material and direct fabrication of the one or more integrally formed components using a second,

different material.
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14.  The system of claim 13, wherein the first material differs from the second
material with respect to one or more of the following: stiffness, elastic modulus, hardness,
thickness, strength, compressibility, stress relaxation, hydrophobicity, hydrophilicity, Poisson

ratio, strain rate, viscoelasticity, or polarity.

15.  The system of claim 13, wherein the one or more processors are further
configured with instructions to:
determine a first material composition for the shell, the first material composition
comprising the first material; and
determine a second material composition for the integrally formed component, the

second material composition comprising the second material.

16. The system of claim 13, wherein the direct fabrication technique comprises an

additive manufacturing technique.

17. The system of claim 16, wherein the additive manufacturing technique comprises
one or more of: vat photopolymerization, material jetting, binder jetting, material extrusion,

powder bed fusion, sheet lamination, or directed energy deposition.

18. The system of claim 13, wherein the direct fabrication technique comprises a

subtractive manufacturing technique.

19. The system of claim 13, wherein the one or more integrally formed components

comprise or are designed to substitute for an elastic, a wire, or a spring.

20. The system of claim 13, wherein the one or more integrally formed components

comprise or are designed to substitute for an arch expander, a palatal expander, or a palatal bar.

21.  The system of claim 13, wherein the one or more integrally formed components
comprise or are designed to substitute for a twin block, an occlusal block, a bite ramp, an

advancement structure, or a bite plate.

22. The system of claim 13, wherein the one or more integrally formed components

are shaped to couple between a first portion and a second portion of the shell.
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23. The system of claim 13, wherein the shell is shaped to be worn on a jaw of the
patient and the one or more integrally formed components are shaped to couple to an appliance

worn on an opposing jaw of the patient.

24, The system of claim 13, wherein the one or more integrally formed components

comprise one or more mounting features shaped to couple to an auxiliary component.

25. A method for fabricating an orthodontic appliance for treating a patient’s teeth, the

method comprising:

determining a movement path to move one or more teeth from an initial
arrangement to a target arrangement;

determining a force system to move the one or more teeth along the movement
path;

determining an appliance geometry and material composition of an appliance
configured to produce the force system, wherein the appliance comprises two or more of a
heterogeneous thickness, a heterogeneous stiffness, or a heterogeneous material composition;
and

generating instructions for fabricating the appliance with the appliance geometry

and the material composition using a direct fabrication technique.

26. The method of claim 25, wherein the direct fabrication technique comprises an

additive manufacturing technique.

27. The method of claim 2, wherein the additive manufacturing technique comprises one
or more of: vat photopolymerization, material jetting, binder jetting, material extrusion, powder

bed fusion, sheet lamination, or directed energy deposition.

28. The method of claim 25, wherein the direct fabrication technique comprises a

subtractive manufacturing technique.
29. The method of claim 25, wherein the appliance comprises the heterogeneous

thickness, and wherein thicker portions of the appliance are configured to exert a different force

on the one or more teeth than thinner portions of the appliance.

-85-



WO 2017/007964 PCT/US2016/041391

30. The method of claim 29, further comprising determining locations and geometries for

the thicker portions and the thinner portions.

31. The method of claim 25, wherein the appliance comprises the heterogeneous
stiffness, and wherein stiffer portions of the appliance are configured to exert a different force on

the one or more teeth than more elastic portions of the appliance.

32. The method of claim 31, further comprising determining locations and geometries for

the stiffer portions and the more elastic portions.

33. The method of claim 31, wherein the stiffer portions comprise a different material

composition than the more elastic portions.

34. The method of claim 31, wherein the stiffer portions comprise a different degree of

photopolymerization than the more elastic portions.

35. The method of claim 31, wherein the appliance comprises an increased stiffness along
a targeted tooth movement direction and a decreased stiffness away from the targeted tooth

movement direction.

36. The method of claim 31, wherein the appliance comprises a plurality of relatively
stiff segments joined to each other by one or more relatively elastic portions so as to isolate the

forces generated by the plurality of relatively stiff segments from each other.

37. The method of claim 25, wherein the appliance further comprises one or more of: a
heterogeneous elastic modulus, a heterogeneous hardness, a heterogeneous strength, a
heterogeneous compressibility, a heterogeneous stress relaxation, a heterogeneous
hydrophobicity, a heterogeneous hydrophilicity, a heterogeneous Poisson ratio, a heterogeneous

strain rate, a heterogeneous viscoelasticity, or a heterogeneous polarity.
38. A system for fabricating an orthodontic appliance for treating a patient’s teeth, the

system comprising:

one or more processors configured with instructions to:
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determine a movement path to move one or more teeth from an initial
arrangement to a target arrangement;

determine a force system to move the one or more teeth along the
movement path;

determine an appliance geometry and material composition of an
appliance configured to produce the force system, wherein the appliance comprises two or more
of a heterogeneous thickness, a heterogeneous stiffness, or a heterogeneous material
composition; and

generate instructions for fabricating the appliance with the appliance

geometry and the material composition using a direct fabrication technique.

39. The system of claim 38, wherein the direct fabrication technique comprises an

additive manufacturing technique.

40. The system of claim 39, wherein the additive manufacturing technique comprises one
or more of: vat photopolymerization, material jetting, binder jetting, material extrusion, powder

bed fusion, sheet lamination, or directed energy deposition.

41. The system of claim 38, wherein the direct fabrication technique comprises a

subtractive manufacturing technique.

42. The system of claim 38, wherein the appliance comprises the heterogeneous
thickness, and wherein thicker portions of the appliance are configured to exert a different force

on the one or more teeth than thinner portions of the appliance.

43. The system of claim 42, wherein the one or more processors are further configured
with instructions to determine locations and geometries for the thicker portions and the thinner

portions.
44. The system of claim 38, wherein the appliance comprises the heterogeneous stiffness,

and wherein stiffer portions of the appliance are configured to exert a different force on the one

or more teeth than more elastic portions of the appliance.
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45. The system of claim 44, wherein the one or more processors are further configured
with instructions to determine locations and geometries for the stiffer portions and the more

elastic portions.

46. The system of claim 44, wherein the stiffer portions comprise a different material

composition than the more elastic portions.

47. The system of claim 44, wherein the stiffer portions comprise a different degree of

photopolymerization than the more elastic portions.

48. The system of claim 44, wherein the appliance comprises an increased stiffness along
a targeted tooth movement direction and a decreased stiffness away from the targeted tooth

movement direction.

49. The system of claim 44, wherein the appliance comprises a plurality of relatively stiff
segments joined to each other by one or more relatively elastic portions so as to isolate the forces

generated by the plurality of relatively stiff segments from each other.

50. The system of claim 38, wherein the appliance further comprises one or more of: a
heterogeneous elastic modulus, a heterogeneous hardness, a heterogeneous strength, a
heterogeneous compressibility, a heterogeneous stress relaxation, a heterogeneous
hydrophobicity, a heterogeneous hydrophilicity, a heterogeneous Poisson ratio, a heterogeneous

strain rate, a heterogeneous viscoelasticity, or a heterogeneous polarity.

51. An appliance for placement on teeth of a patient, the appliance comprising;
a plurality of power arms;
a connecting structure coupled to the plurality of power arms to apply a first force
to the plurality of power arms; and
a counter-force connector coupled to the plurality of power arms to apply a

second force to the plurality of power arms opposing the first force.

52. The appliance of claim 51, wherein the connecting structure comprises a rest length
and the counter-force connector comprises a length different than the rest length of the

connecting structure.
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53. The appliance of claim 52, wherein the length of the counter-force connector is
shorter than the rest length of the connecting structure such that the connecting structure is

compressed when the counter-force connector is coupled to the plurality of power arms.

54. The appliance of claim 52, wherein the length of the counter-force connector is
longer than the rest length of the connecting structure such that the connecting structure is

stretched when the counter-force connector is coupled to the plurality of power arms.

55. The appliance of claim 51, wherein the connecting structure is an elastic spring

structure.

56. The appliance of claim 51, wherein the plurality of power arms each comprise an

attachment shaped for bonding to a surface of a respective tooth.

57. The appliance of claim 51, further comprising a shell comprising a plurality of tooth-

receiving cavities, wherein the plurality of power arms is coupled to the shell.

58. The appliance of claim 57, wherein the plurality of power arms is integrally formed

with the shell by direct fabrication.

59. The appliance of claim 51, wherein the plurality of power arms is integrally formed

with one or more of the connecting structure or the counter-force connector by direct fabrication.

60. A method for treating a patient’s teeth, the method comprising:
placing the appliance of claim 51 on the patient’s teeth; and
removing the counter-force connector from the appliance, such that the first force
applied by the connecting structure to the plurality of power arms is transmitted to the patient’s

teeth.

61. A method of fabricating an orthodontic appliance, the method comprising:
determining a movement path to move one or more teeth from an initial

arrangement to a target arrangement;
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determining an appliance geometry for an orthodontic appliance configured to
produce movement of the one or more teeth from the initial arrangement to the target
arrangement, the orthodontic appliance comprising a plurality of power arms; and

generating instructions for direct fabrication of the orthodontic appliance

comprising the plurality of power arms.

62. The method of claim 61, wherein the orthodontic appliance further comprises a
connecting structure coupled to the plurality of power arms to apply a first force to the plurality

of power arms.

63. The method of claim 62, wherein the orthodontic appliance further comprises a
counter-force connector coupled to the plurality of power arms to apply a second force to the

plurality of power arms opposing the first force.

64. The method of claim 63, wherein the connecting structure comprises a rest length and
the counter-force connector comprises a length different than the rest length of the connecting

structure.

65. The method of claim 64, wherein the length of the counter-force connector is shorter
than the rest length of the connecting structure such that the connecting structure is compressed

when the counter-force connector is coupled to the plurality of power arms.

66. The method of claim 64, wherein the length of the counter-force connector is longer
than the rest length of the connecting structure such that the connecting structure is stretched

when the counter-force connector is coupled to the plurality of power arms.

67. The method of claim 63, wherein the instructions are configured to cause a
fabrication machine to integrally form the plurality of power arms with the connecting structure

and the counter-force connector.

68. The method of claim 61, wherein the plurality of power arms each comprise an

attachment shaped for bonding to a surface of a respective tooth.
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69. The method of claim 61, wherein the orthodontic appliance further comprises a shell

comprising a plurality of tooth-receiving cavities, and wherein the plurality of power arms is

coupled to the shell.

70. The method of claim 69, wherein the instructions are configured to cause a

fabrication machine to integrally form the plurality of power arms with the shell.
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