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SYSTEMS, METHODS, AND DEVICES FOR PREDICTABLE ORTHODONTIC
TREATMENT

CROSS-REFERENCE

[0001] This application claims priority to U.S. Provisional Application No. 62/314,317, filed on

March 28, 2016, the entire disclosure of which is incorporated herein by reference.

BACKGROUND

[0002] 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, 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 according to a treatment plan.

[0003] In some instances, prior approaches may not account for patient-specific, tooth-specific,

and movement-specific physiological factors when determining a treatment plan for repositioning

teeth, which may be detrimental to the efficacy, safety, and predictability of treatment. Work in

relation to the present disclosure suggests that moving teeth with too little movement between

each stage of treatment can result in tooth movement that is somewhat irregular and less than

ideally predictable. For example, it may take several appliances before a tooth will receive

sufficient force to start moving. Further, moving a tooth too quickly can result in cell necrosis.

Also, prior systems which program one rate or velocity for every tooth in every direction can be

flawed, because such systems do not address the fact that the rate of tooth movement is

dependent on physiological factors, such as the type of tooth and type of movement. Some prior

approaches have used the tooth with the largest movement to determine the length of treatment

and the number of treatment stages, and slowed the movements of other teeth to match this

number of stages. This approach can be flawed and result in a less than ideal treatment plan

because the small amount of movement between stages can result in irregular and less predictable

tooth movement for at least some of the teeth. Further, a logical extension of this concept

suggests that large movements take place quickly and small movements take place slowly. This

conclusion, however, is not correct in orthodontics, and treatments based on this paradigm can

result in less than ideal treatments in at least some instances.

[0004] Thus, there is a need for improved orthodontic treatment planning and appliances.



SUMMARY

[0005] The present disclosure provides improved systems, methods, appliances and devices for

planning and effecting orthodontic treatment of a patient's teeth. In some embodiments,

movement velocities, such as directional target velocities, can be used to plan the movement

velocity of each tooth independently of other teeth, which produces a treatment plan with more

predictable orthodontic movement and treatment. The treatment plan can be configured in

accordance with the rates at which different types of teeth move readily, the appropriate

physiological rate of movement in the direction of movement for a type of tooth and the type of

tooth movement, so as to provide a treatment plan with a high probability of being achieved. The

treatment plan may comprise a plurality of movement stages. The treatment plan and

corresponding movement stages can be configured for each tooth to move with a corresponding

velocity and trajectory related to a maximum velocity that the tooth is capable of moving along

the trajectory, such as a velocity within about 25% of the maximum velocity. For each of the

teeth, a number of movement stages can be determined in response to the movement trajectory

and velocity along the trajectory for the tooth. The total number of movement stages for

treatment can be determined in response to the tooth having the greatest determined number of

stages. As some of the teeth will have a number of movement stages less than the total number

of treatment stages, some of movement stages may comprise no substantial movement velocity

for those teeth. This approach can provide staging and appliances that improve the reliability of

teeth movement by moving teeth at rates and trajectories for which movement is more

predictable, and by decreasing the use of velocities and trajectories that can result in irregular

tooth movement.

[0006] In some embodiments, an orthodontic treatment plan involves moving one or more teeth

from an initial tooth arrangement towards a target tooth arrangement. The appropriate movement

velocity for each tooth may vary, for example, according to patient- specific factors, tooth type,

the type of tooth movement, the direction of tooth movement, and/or additional treatment

considerations. The embodiments herein permit determining a target movement velocity for each

tooth independently, such that the rate and/or timing of repositioning can be customized for each

particular tooth, without necessarily being tied to the rate and/or timing of repositioning of any

other tooth. Moreover, in some embodiments, movement velocities can be independently

determined and applied for different directions of tooth movement, such that directional

components of the planned movement can be decoupled and may occur and conclude at different

times during treatment. Advantageously, this approach can be used to provide patient- specific

orthodontic treatment planning with improved control over tooth movements, efficacy, and

predictability.



[0007] In one aspect, a system for generating a treatment plan for repositioning a plurality of

teeth is provided. The system can comprise one or more processors and memory. The memory

can comprise instructions that, when executed by the one or more processors, cause the one or

more processors to receive a digital data set representing the plurality of teeth. The one or more

processors can determine a movement trajectory for repositioning each tooth of the plurality of

teeth from an initial position and orientation towards a target position and orientation. The

movement trajectory of at least one tooth of the plurality of teeth can comprise movement along a

plurality of different directions. The one or more processors can determine a movement velocity

for repositioning each tooth along the corresponding movement trajectory. The movement

velocity can be determined independently for each tooth of the plurality of teeth and for each

direction of the plurality of different directions.

[0008] Other objects and features of the present invention will become apparent by a review of

the specification, claims, and appended figures.

INCORPORATION BY REFERENCE

[0009] 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.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] 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:

[0011] FIG. 1 is an elevational diagram showing the anatomical relationship of the jaws of a

patient, in accordance with embodiments;

[0012] FIG. 2A shows in more detail the patient's lower jaw and provides a general indication of

how teeth may move, in accordance with embodiments;

[0013] FIG. 2B shows a single tooth from FIG. 2A and defines how tooth movement distances

can be determined, in accordance with embodiments;

[0014] FIG. 3A illustrates a tooth repositioning appliance, in accordance with embodiments;

[0015] FIG. 3B illustrates a tooth repositioning system, in accordance with embodiments;

[0016] FIG. 3C illustrates a method of orthodontic treatment using a plurality of appliances, in

accordance with embodiments;



[0017] FIG. 4 is a graph schematically illustrating a bell curve representing the relation between

programmed tooth velocity and achieved tooth movement, in accordance with embodiments;

[0018] FIG. 5 illustrates a model of a tooth, in accordance with embodiments;

[0019] FIG. 6 illustrates a model of a tooth movement, in accordance with embodiments;

[0020] FIGS. 7A through 7D illustrate determination of tooth movement type based on the axis

of rotation and axis of resistance, in accordance with embodiments;

[0021] FIG. 8 illustrates determination of tooth movement type based on a moment/force ratio,

in accordance with embodiments;

[0022] FIG. 9 illustrates movement directions for a tooth, in accordance with embodiments;

[0023] FIG. 10A illustrates a tooth movement with linearly interpolated directional movement

components, in accordance with embodiments;

[0024] FIG. 10B illustrates a tooth movement with decoupled directional movement

components, in accordance with embodiments;

[0025] FIG. 11 illustrates a method for generating a treatment plan for repositioning a plurality

of teeth, in accordance with embodiments;

[0026] FIG. 12 is a graph schematically illustrating tooth movement at different phases of

treatment, in accordance with embodiments;

[0027] FIG. 13 illustrates a method for generating a treatment plan for repositioning a tooth, in

accordance with embodiments;

[0028] FIG. 14 illustrates a method for generating a treatment plan for repositioning a tooth, in

accordance with embodiments;

[0029] FIG. 15 is a simplified block diagram of a data processing system, in accordance with

embodiments;

[0030] FIG. 16 illustrates two systems for numbering teeth, in accordance with embodiments;

[0031] FIG. 17 illustrates movement directions for teeth, in accordance with embodiments; and

[0032] FIG. 18 illustrates the movement stages for treating teeth with a plurality of appliances,

in accordance with embodiments.

DETAILED DESCRIPTION

[0033] Improved systems, methods, and devices for orthodontic treatment planning are provided.

In some embodiments, efficacy of tooth movements may be compromised if tooth movement is

planned without consideration of physiological factors that may influence the rate of orthodontic

tooth movement, such as tooth type, movement type, movement direction, and patient- specific

characteristics (e.g., rate of metabolism, bone density, etc.). The treatment planning approaches

described herein recognize and account for such physiological factors, thus providing more



physiologically accurate and patient- specific treatment planning. Additionally, in some

embodiments, treatment plans that do not permit asynchronous tooth movement (e.g., treatment

plans in which all teeth are moved simultaneously throughout the duration of treatment

regardless of the amount of planned movement) may result in relatively low forces applied to

teeth, which may also compromise movement efficacy. The various embodiments of the present

disclosure allow for movements of different teeth and/or movements along different directions to

be decoupled from each other and performed asynchronously, thus improving the flexibility,

predictability, and efficacy of orthodontic treatment.

[0034] In one aspect, a system for generating a treatment plan for repositioning a plurality of

teeth is provided. The system can comprise one or more processors and memory. The memory

can comprise instructions that, when executed by the one or more processors, cause the one or

more processors to receive a digital data set representing the plurality of teeth; determine a

movement trajectory for repositioning each tooth of the plurality of teeth from an initial position

and orientation towards a target position and orientation; and determine a movement velocity for

repositioning each tooth along the corresponding movement trajectory. The movement velocity

can be determined independently for said each tooth of the plurality of teeth. Alternatively or in

combination, the plurality of teeth can be categorized into a plurality of different subgroups (e.g.,

based on tooth type, tooth characteristics, location in the arch, etc.), and the movement velocity

can be determined independently for each subgroup of the plurality of different subgroups.

[0035] The movement velocity for each tooth can be determined in one or more of a variety of

ways. In some embodiments, the movement velocity is determined based on one or more

patient- specific characteristics. The one or more patient-specific characteristics can comprise

one or more of: age, metabolic rate, bone density, skeletal maturity, periodontal condition,

intraoral organism population, saliva composition, saliva characteristics, biomarker

concentrations, pregnancy status, obesity status, body mass index (BMI), or drug use status.

[0036] In some embodiments, the movement velocity for each tooth is determined based on a

tooth type of the tooth. The tooth type can comprise one or more of: an incisor, a canine, a

premolar, a molar, an anterior tooth, a posterior tooth, a central tooth, a lateral tooth, a single-

rooted tooth, a multi-rooted tooth, a primary tooth, a permanent tooth, a partially erupted tooth, a

fully erupted tooth, an ectopic tooth, a small-sized tooth, an average-sized tooth, a large-sized

tooth, a maxillary tooth, or a mandibular tooth.

[0037] In some embodiments, the movement velocity for each tooth is determined based on a

movement type of the corresponding movement trajectory. The movement type can comprise

one or more of: a rotational movement, a translational movement, a crown-based movement, a

root-based movement, a bodily movement, an uncontrolled tipping movement, a controlled



tipping movement, an uprighting movement, a torque movement, an inclination change

movement, a first order movement, a second order movement, or a third order movement.

[0038] In some embodiments, the movement velocity for each tooth is determined based on a

direction of movement of the tooth in the corresponding movement trajectory. The direction can

comprise one or more of: a mesial direction, a distal direction, a buccal direction, a lingual

direction, an intrusion direction, an extrusion direction, a rotational direction, a retraction

direction, a lateral direction, a transverse direction, a vertical direction, a facial direction, a

sagittal direction, an apical direction, or a coronal direction. The direction can comprise one or

more of: a crown mesial direction, a crown distal direction, a crown buccal direction, a crown

lingual direction, a root mesial direction, a root distal direction, a root buccal direction, a root

lingual direction, an intrusion direction, an extrusion direction, a positive rotation direction, or a

negative rotation direction.

[0039] In some embodiments, the movement velocity is selected from a set of movement

velocity values generated based on one or more of expert opinion or clinical data.

[0040] In some embodiments, the instructions further cause the one or more processors to use the

movement velocity to determine a number of movement stages for repositioning each tooth along

the corresponding movement trajectory. The number of movement stages can differ for at least

some of the plurality of teeth.

[0041] In some embodiments, the instructions further cause the one or more processors to

determine a distance between an axis of rotation and an axis of resistance of at least one tooth of

the plurality of teeth. For example, the movement velocity of the at least one tooth can be

determined based on the distance between the axis of rotation and the axis of resistance.

[0042] In some embodiments, the instructions further cause the one or more processors to modify

one or more of the movement velocity or the movement trajectory of at least one tooth of the

plurality of teeth. The modification can be based on one or more additional treatment

considerations, such as one or more of: improved aesthetics, clinical outcomes, collision

avoidance, a biological response to treatment, or feedback data from treatment.

[0043] In some embodiments, the instructions further cause the one or more processors to

determine a plurality of movement stages for repositioning each tooth, based on the

corresponding movement trajectory and the corresponding movement velocity. The one or more

processors can generate data for fabricating a plurality of orthodontic appliances based on the

plurality of movement stages.

[0044] In some embodiments, the number of movement stages differs among the plurality of

teeth, said each of the plurality of teeth comprising a determined number of movement stages.



[0045] In some embodiments, a total number of treatment stages is greater than the plurality of

movement stages for a portion of the plurality of teeth and wherein a difference between the

plurality of movement stages for each tooth of the portion and the total number of treatment

stages defines a number of stages with no substantial movement for said each tooth of the

portion.

[0046] In some embodiments, a number of movement stages for which said each tooth moves

along the movement trajectory is determined in response to said velocity and a distance along

said trajectory for said each tooth.

[0047] In some embodiments, a portion of the plurality of teeth is not moved substantially for a

part of the plurality of movement stages and is moved substantially for another part of the

plurality of movement stages.

[0048] In some embodiments, each of the plurality of teeth is capable of a maximum movement

velocity, the movement velocity comprising a substantial movement velocity corresponding to at

least about 30% of the maximum movement velocity, and wherein the plurality of movement

stages is arranged to selectively provide the substantial movement velocity or no substantial

movement velocity, wherein said no substantial movement velocity comprises no more than

about 0.1% of the maximum movement velocity.

[0049] In some embodiments, the plurality of movement stages is arranged so as not to define a

movement velocity within a range from about 0.1% of the maximum movement velocity to about

25% of the maximum movement velocity for said each of the plurality of teeth.

[0050] In some embodiments, no tooth of the plurality of teeth comprises a velocity within a

range from about 0.04% of the maximum velocity to about 40% of the maximum velocity for

said each of the plurality of teeth.

[0051] In some embodiments, a first tooth of the plurality of teeth comprises a substantial

velocity from a first movement stage to a last movement stage of the plurality of treatment stages

and a second tooth of the plurality of teeth comprises a substantial velocity for a portion of the

plurality of movement stages and an insubstantial velocity for another portion of the plurality of

movement stages.

[0052] In some embodiments, a portion of the plurality of teeth is selected from the group

consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth, and a lower

anterior the maximum velocity of the portion of plurality of teeth is within a range from about 0.5

mm per week to about 0 .15 mm per week.

[0053] In some embodiments, a portion of the plurality of teeth is selected from the group

consisting of a molar and a premolar and the maximum velocity of each of the portion of

plurality of teeth is within a range from about 0.03 mm per week to about 0.3 mm per week.



[0054] In some embodiments, a portion of the plurality of teeth is selected from the group

consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth and a lower

anterior the substantial velocity of the portion of the plurality of teeth is within a range from

about 0 .1 mm per week to about 0.4 mm per week.

[0055] In some embodiments, a portion of the plurality of teeth is selected from the group

consisting of molars and premolars and the substantial velocity of the portion of the plurality of

teeth is within a range from about 0.02 mm per week to about 0.25 mm per week.

[0056] In another aspect, a method for generating a treatment plan for repositioning a plurality of

teeth is provided. The method can comprise: receiving, using one or more processors, a digital

data set representing the plurality of teeth; determining, using the one or more processors, a

movement trajectory for repositioning each tooth of the plurality of teeth from an initial position

and orientation towards a target position and orientation; and determining, using the one or more

processors, a movement velocity for repositioning each tooth along the corresponding movement

trajectory. The movement velocity can be determined independently for each tooth of the

plurality of teeth. Alternatively or in combination, the plurality of teeth can be categorized into a

plurality of different subgroups (e.g., based on tooth type, tooth characteristics, location in the

arch, etc.), and the movement velocity can be determined independently for each subgroup of the

plurality of different subgroups.

[0057] The movement velocity for each tooth can be determined in one or more of a variety of

ways. In some embodiments, the movement velocity is determined based on one or more

patient- specific characteristics. The one or more patient-specific characteristics can comprise

one or more of: age, metabolic rate, bone density, skeletal maturity, periodontal condition,

intraoral organism population, saliva composition, saliva characteristics, biomarker

concentrations, pregnancy status, obesity status, body mass index (BMI), or drug use status.

[0058] In some embodiments, the movement velocity for each tooth is determined based on a

tooth type of the tooth. The tooth type can comprise one or more of: an incisor, a canine, a

premolar, a molar, an anterior tooth, a posterior tooth, a central tooth, a lateral tooth, a single-

rooted tooth, a multi-rooted tooth, a primary tooth, a permanent tooth, a partially erupted tooth, a

fully erupted tooth, an ectopic tooth, a small-sized tooth, an average-sized tooth, a large-sized

tooth, a maxillary tooth, or a mandibular tooth.

[0059] In some embodiments, the movement velocity for each tooth is determined based on a

movement type of the corresponding movement trajectory. The movement type can comprise

one or more of: a rotational movement, a translational movement, a crown-based movement, a

root-based movement, a bodily movement, an uncontrolled tipping movement, a controlled



tipping movement, an uprighting movement, a torque movement, an inclination change

movement, a first order movement, a second order movement, or a third order movement.

[0060] In some embodiments, the movement velocity for each tooth is determined based on a

direction of movement of the tooth in the corresponding movement trajectory. The direction can

comprise one or more of: a mesial direction, a distal direction, a buccal direction, a lingual

direction, an intrusion direction, an extrusion direction, a rotational direction, a retraction

direction, a lateral direction, a transverse direction, a vertical direction, a facial direction, a

sagittal direction, an apical direction, or a coronal direction. The direction can comprise one or

more of: a crown mesial direction, a crown distal direction, a crown buccal direction, a crown

lingual direction, a root mesial direction, a root distal direction, a root buccal direction, a root

lingual direction, an intrusion direction, an extrusion direction, a positive rotation direction, or a

negative rotation direction.

[0061] In some embodiments, the movement velocity is selected from a set of movement

velocity values generated based on one or more of expert opinion or clinical data.

[0062] In some embodiments, the method further comprises using the movement velocity to

determine a number of movement stages for repositioning each tooth along the corresponding

movement trajectory. The number of movement stages can differ for at least some of the

plurality of teeth.

[0063] In some embodiments, the method further comprises determining a distance between an

axis of rotation and an axis of resistance of at least one tooth of the plurality of teeth. The

movement velocity of the at least one tooth can be determined based on the distance between the

axis of rotation and the axis of resistance.

[0064] In some embodiments, the method further comprises modifying one or more of the

movement velocity or the movement trajectory of at least one tooth of the plurality of teeth. The

modification can be based on one or more additional treatment considerations. The one or more

additional treatment considerations can comprise one or more of: improved aesthetics, clinical

outcomes, collision avoidance, a biological response to treatment, or feedback data from

treatment.

[0065] In some embodiments, the method further comprises determining a plurality of movement

stages for repositioning each tooth, based on the corresponding movement trajectory and the

corresponding movement velocity; and fabricating a plurality of orthodontic appliances based on

the plurality of movement stages.

[0066] In another aspect, one or more non-transitory computer-readable media are provided. The

one or more non-transitory computer readable media can comprise instructions that, when

executed by one or more processors, cause the one or more processors to: receive a digital data



set representing the plurality of teeth; determine a movement trajectory for repositioning each

tooth of the plurality of teeth from an initial position and orientation towards a target position and

orientation; and determine a movement velocity for repositioning each tooth along the

corresponding movement trajectory. The movement velocity can be determined independently

for each tooth of the plurality of teeth. Alternatively or in combination, the plurality of teeth can

be categorized into a plurality of different subgroups (e.g., based on tooth type, tooth

characteristics, location in the arch, etc.), and the movement velocity can be determined

independently for each subgroup of the plurality of different subgroups.

[0067] In another aspect, a system for generating a treatment plan for repositioning a tooth is

provided. The system can comprise one or more processors and memory. The memory can

comprise instructions that, when executed by the one or more processors, cause the one or more

processors to: (a) receive a digital data set representing an initial position and orientation of the

tooth; (b) determine a movement trajectory for repositioning the tooth from the initial position

and orientation towards a target position and orientation, wherein the movement trajectory

comprises movement along a plurality of different directions; and (c) determine a movement

velocity for repositioning the tooth along each direction of the plurality of different directions,

wherein the movement velocity is determined independently for each direction.

[0068] In some embodiments, the plurality of different directions comprises two or more of: a

mesial direction, a distal direction, a buccal direction, a lingual direction, an intrusion direction,

an extrusion direction, a rotational direction, a retraction direction, a lateral direction, a

transverse direction, a vertical direction, a facial direction, a sagittal direction, an apical direction,

or a coronal direction. The plurality of different directions can comprise two or more of: a crown

mesial direction, a crown distal direction, a crown buccal direction, a crown lingual direction, a

root mesial direction, a root distal direction, a root buccal direction, a root lingual direction, an

intrusion direction, an extrusion direction, a positive rotation direction, or a negative rotation

direction.

[0069] In some embodiments, the movement velocities for at least some of the plurality of

different directions differ from each other.

[0070] In some embodiments, the movement velocity is further determined based on one or more

of: patient- specific characteristics, a tooth type of the tooth, or a movement type of the movement

trajectory.

[0071] In some embodiments, the movement velocity is selected from a set of movement

velocity values generated based on one or more of expert opinion or clinical data.

[0072] In some embodiments, the instructions further cause the one or more processors to use the

movement velocity to determine a number of movement stages for repositioning the tooth along



each direction. The number of movement stages can differ for at least some of the plurality of

different directions.

[0073] In some embodiments, the instructions further cause the one or more processors to repeat

steps (a) through (c) for each tooth of a plurality of teeth.

[0074] In some embodiments, the instructions further cause the one or more processors to: (d)

determine a movement schedule for repositioning the tooth along each direction of the plurality

of different directions. The movement schedule can comprise repositioning the tooth along at

least some of the plurality of different directions at different times.

[0075] In some embodiments, the instructions further cause the one or more processors to modify

one or more of the movement velocity or the movement trajectory of the tooth. The modification

can be based on one or more additional treatment considerations, such as one or more of:

improved aesthetics, clinical outcomes, collision avoidance, a biological response to treatment, or

feedback data from treatment.

[0076] In some embodiments, the instructions further cause the one or more processors to:

determine a plurality of movement stages for repositioning the tooth, based on the movement

trajectory and the movement velocity; and generate data for fabricating a plurality of orthodontic

appliances based on the plurality of movement stages.

[0077] In another aspect, a method for generating a treatment plan for repositioning a tooth is

provided. The method can comprise: (a) receiving, using one or more processors, a digital data

set representing an initial position and orientation of the tooth; (b) determining, using the one or

more processors, a movement trajectory for repositioning the tooth from the initial position and

orientation towards a target position and orientation, wherein the movement trajectory comprises

movement along a plurality of different directions; and (c) determining, using the one or more

processors, a movement velocity for repositioning the tooth along each direction of the plurality

of different directions, wherein the movement velocity is determined independently for each

direction.

[0078] In some embodiments, the plurality of different directions comprises two or more of: a

mesial direction, a distal direction, a buccal direction, a lingual direction, an intrusion direction,

an extrusion direction, a rotational direction, a retraction direction, a lateral direction, a

transverse direction, a vertical direction, a facial direction, a sagittal direction, an apical direction,

or a coronal direction. The plurality of different directions can comprise two or more of: a crown

mesial direction, a crown distal direction, a crown buccal direction, a crown lingual direction, a

root mesial direction, a root distal direction, a root buccal direction, a root lingual direction, an

intrusion direction, an extrusion direction, a positive rotation direction, or a negative rotation

direction.



[0079] In some embodiments, the movement velocities for at least some of the plurality of

different directions differ from each other.

[0080] In some embodiments, the movement velocity is further determined based on one or more

of: patient- specific characteristics, a tooth type of the tooth, or a movement type of the movement

trajectory.

[0081] In some embodiments, the movement velocity is selected from a set of movement

velocity values generated based on one or more of expert opinion or clinical data.

[0082] In some embodiments, the method further comprises using the movement velocity to

determine a number of movement stages for repositioning the tooth along each direction. The

number of movement stages can differ for at least some of the plurality of different directions.

[0083] In some embodiments, the method further comprises repeating steps (a) through (c) for

each tooth of a plurality of teeth.

[0084] In some embodiments, the method further comprises: (d) determining a movement

schedule for repositioning the tooth along each direction of the plurality of different directions.

The movement schedule can comprise repositioning the tooth along at least some of the plurality

of different directions at different times.

[0085] In some embodiments, the method further comprises modifying one or more of the

movement velocity or the movement trajectory of the tooth. The modification can be based on

one or more additional treatment considerations. The one or more additional treatment

considerations can comprise one or more of: improved aesthetics, clinical outcomes, collision

avoidance, a biological response to treatment, or feedback data from treatment.

[0086] In some embodiments, the method further comprises: determining a plurality of

movement stages for repositioning the tooth, based on the movement trajectory and the

movement velocity; and fabricating a plurality of orthodontic appliances based on the plurality of

movement stages.

[0087] In another aspect, one or more non-transitory computer-readable media are provided. The

one or more non-transitory computer-readable media can comprise instructions that, when

executed by one or more processors, cause the one or more processors to: (a) receive a digital

data set representing an initial position and orientation of the tooth; (b) determine a movement

trajectory for repositioning the tooth from the initial position and orientation towards a target

position and orientation, wherein the movement trajectory comprises movement along a plurality

of different directions; and (c) determine a movement velocity for repositioning the tooth along

each direction of the plurality of different directions, wherein the movement velocity is

determined independently for each direction.



[0088] In another aspect, a system for generating a treatment plan for repositioning a plurality of

teeth is provided. The system can comprise one or more processors and memory. The memory

can comprise instructions that, when executed by the one or more processors, cause the one or

more processors to: receive a digital data set representing the plurality of teeth; determine a

movement trajectory for repositioning each tooth of the plurality of teeth from an initial position

and orientation towards a target position and orientation, wherein the movement trajectory of at

least one tooth of the plurality of teeth comprises movement along a plurality of different

directions; determine a movement velocity for repositioning each tooth along the corresponding

movement trajectory. The movement velocity can be determined independently for each tooth of

the plurality of teeth. Alternatively or in combination, the plurality of teeth can be categorized

into a plurality of different subgroups (e.g., based on tooth type, tooth characteristics, location in

the arch, etc.), and the movement velocity can be determined independently for each subgroup of

the plurality of different subgroups. The movement velocity for the at least one tooth can be

determined independently for each direction of the plurality of different directions.

[0089] In another aspect, a method for generating a treatment plan for repositioning a plurality of

teeth is provided. The method can comprise: receiving, using one or more processors, a digital

data set representing the plurality of teeth; determining, using the one or more processors, a

movement trajectory for repositioning each tooth of the plurality of teeth from an initial position

and orientation towards a target position and orientation, wherein the movement trajectory of at

least one tooth of the plurality of teeth comprises movement along a plurality of different

directions; and determining, using the one or more processors, a movement velocity for

repositioning each tooth along the corresponding movement trajectory. The movement velocity

can be determined independently for each tooth of the plurality of teeth. Alternatively or in

combination, the plurality of teeth can be categorized into a plurality of different subgroups (e.g.,

based on tooth type, tooth characteristics, location in the arch, etc.), and the movement velocity

can be determined independently for each subgroup of the plurality of different subgroups. The

movement velocity for the at least one tooth can be determined independently for each direction

of the plurality of different directions.

[0090] In another aspect, one or more non-transitory computer-readable media are provided. The

one or more non-transitory computer-readable media can comprise instructions that, when

executed by one or more processors, cause the one or more processors to: receive a digital data

set representing the plurality of teeth; determine a movement trajectory for repositioning each

tooth of the plurality of teeth from an initial position and orientation towards a target position and

orientation, wherein the movement trajectory of at least one tooth of the plurality of teeth

comprises movement along a plurality of different directions; and determine a movement



velocity for repositioning each tooth along the corresponding movement trajectory. The

movement velocity can be determined independently for each tooth of the plurality of teeth.

Alternatively or in combination, the plurality of teeth can be categorized into a plurality of

different subgroups (e.g., based on tooth type, tooth characteristics, location in the arch, etc.), and

the movement velocity can be determined independently for each subgroup of the plurality of

different subgroups. The movement velocity for the at least one tooth is determined

independently for each direction of the plurality of different directions.

[0091] In another aspect, a system for repositioning teeth in a accordance with a treatment plan

comprises a plurality of polymeric shell appliances for repositioning the plurality of teeth in

accordance with the treatment plan. Each of the plurality of appliances corresponds to a

movement stage of the treatment plan, said each of the plurality of appliances comprising a

plurality of tooth receiving cavities to move said plurality of teeth in accordance with the

treatment plan. The plurality of appliances is arranged to move said each of the plurality of teeth

with an independent movement velocity along a corresponding movement trajectory for said each

tooth of the plurality of teeth.

[0092] In some embodiments, the plurality of appliances is arranged to selectively provide a

substantial movement velocity of at least about 25% of a maximum velocity or an insubstantial

movement velocity comprising no more than about 0.1% of the maximum velocity for said each

tooth.

[0093] In some embodiments, said each tooth does not comprise a velocity within a range from

about 0.1% of the maximum velocity to about 25% of the maximum velocity of teeth.

[0094] In some embodiments, no tooth of the plurality of teeth comprises a velocity within a

range from about 0.04% of the maximum velocity to about 40% of the maximum velocity of

teeth.

[0095] In some embodiments, a first tooth of the plurality of teeth comprises the first velocity

from a first movement stage to a last movement stage of the plurality of treatment stages and a

second tooth of the plurality of teeth comprises the first velocity and the second velocity from the

first movement stage to the last movement stage.

[0096] In some embodiments, a number of movement stages for which said each tooth moves

along the movement trajectory is determined in response to said velocity and a distance along

said trajectory for said each tooth and wherein the number of movement stages differs among the

plurality of teeth.

[0097] In some embodiments, a portion of the plurality of teeth is not moved substantially for a

part of the plurality of movement stages and is moved substantially for another part of the

plurality of movement stages.



[0098] In some embodiments, each of the plurality of teeth is capable of a maximum movement

velocity, the movement velocity comprising a substantial movement velocity corresponding to at

least about 25% of the maximum movement velocity, and wherein the plurality of movement

stages is arranged to selectively provide the substantial movement velocity or no substantial

movement velocity, wherein said no substantial movement velocity comprises no more than

about 0.1% of the maximum movement velocity.

[0099] In some embodiments, the plurality of movement stages is arranged so as not to define a

movement velocity within a range from about 0.1% of the maximum movement velocity to about

25% of the maximum movement velocity for said each of the plurality of teeth.

[00100] In some embodiments, no tooth of the plurality of teeth comprises a velocity

within a range from about 0.04% of the maximum velocity to about 40% of the maximum

velocity for said each of the plurality of teeth.

[00101] In some embodiments, a first tooth of the plurality of teeth comprises a substantial

velocity from a first movement stage to a last movement stage of the plurality of treatment stages

and a second tooth of the plurality of teeth comprises a substantial velocity for a portion of the

plurality of movement stages and an insubstantial velocity for another portion of the plurality of

movement stages.

[00102] In some embodiments, a portion of the plurality of teeth is selected from the group

consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth, and a lower

anterior the maximum velocity of the portion of plurality of teeth is within a range from about 0.5

mm per week to about 0 .15 mm per week and optionally wherein the portion comprises the

insubstantial movement velocity for a plurality of stages and the substantial movement velocity

for another plurality of stages.

[00103] In some embodiments, a portion of the plurality of teeth is selected from the group

consisting of a molar and a premolar and the maximum velocity of each of the portion of

plurality of teeth is within a range from about 0.03 mm per week to about 0.3 mm per week and

optionally wherein the portion comprises the insubstantial movement velocity for a plurality of

stages and the substantial movement velocity for another plurality of stages.

[00104] In some embodiments, a portion of the plurality of teeth is selected from the group

consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth and a lower

anterior the substantial velocity of the portion of the plurality of teeth is within a range from

about 0 .1 mm per week to about 0.4 mm per week and optionally wherein the portion comprises

the insubstantial movement velocity for a plurality of stages and the substantial movement

velocity for another plurality of stages.



[00105] In some embodiments, a portion of the plurality of teeth is selected from the group

consisting of molars and premolars and the substantial velocity of the portion of the plurality of

teeth is within a range from about 0.02 mm per week to about 0.25 mm per week and optionally

wherein the portion comprises the insubstantial movement velocity for a plurality of stages and

the substantial movement velocity for another plurality of stages.

[00106] In some embodiments, the insubstantial movement velocity comprises no more

than about 0.001 mm per week and optionally wherein the insubstantial movement velocity

comprises no more than about 0.00025 mm per week.

[00107] The methods, apparatus and appliances disclosed herein are well suited for use

with primary dentition, permanent dentition, implants and combinations thereof. Because each

of these types of teeth can move different rates, determining the movement of each tooth

independently and appliances manufactured in accordance with different rates of teeth movement

can improve treatment. The methods, apparatus and appliances disclosed herein can also be

configured to move teeth with a higher velocity in order to close an extraction site.

[00108] Turning now to the drawings, FIG. 1 shows a skull 10 with an upper jawbone 22

and a lower jawbone 20. The lower jawbone 20 hinges at a joint 30 to the skull 10. The joint 30

is called a temporomandibular joint (TMJ). The upper jawbone 22 is associated with an upper

jaw 101, while the lower jawbone 20 is associated with a lower jaw 100.

[00109] A computer model of the jaws 100 and 101 can be generated, and a computer

simulation models interactions among the teeth on the jaws 100 and 101. The computer

simulation can allow the system to focus on motions involving contacts between teeth mounted

on the jaws. The computer simulation can allow the system to render realistic jaw movements

which are physically correct when the jaws 100 and 101 contact each other. Further, the model

can be used to simulate jaw movements including protrusive motions, lateral motions, and "tooth

guided" motions where the path of the lower jaw 100 is guided by teeth contacts rather than by

anatomical limits of the jaws 100 and 101. Motions can be determined for one jaw, but may also

be determined for both jaws to represent the bite.

[00110] Referring now to FIG. 2A, the lower jaw 100 includes a plurality of teeth 102, for

example. At least some of these teeth may be moved from an initial tooth arrangement to a

subsequent tooth arrangement. As a frame of reference describing how a tooth has been moved,

an arbitrary centerline (CL) may be drawn through the tooth 102. With reference to this

centerline (CL), each tooth movement may be tracked in orthogonal directions represented by

axes 104, 106, and 108 (where 104 is the centerline). The tooth may be rotated about the axis

108 (angulation), axis 106 (proclination), and the axis 104 (rotation) as indicated by arrows 110,

111, and 112, respectively. Additionally, the tooth may be rotated about the centerline. Thus, all



possible free-form motions of the tooth can be tracked. These motions include translation (e.g.,

movement in one or more of the X-axis or Y-axis), rotation (e.g., movement about the Z-axis),

intrusion and extrusion (e.g., movement in the Z-axis), or tipping (e.g., movement about one or

more of the X-axis or Y-axis), to name a few. In addition to teeth movement, the movement of

the gum line 114 may also be tracked using models such as model 100. In some embodiments,

the model includes X-ray information of the jaw so that movements of the roots of the teeth can

be tracked as well.

[00111] FIG. 2B shows how the magnitude of any tooth movement may be defined in

terms of a maximum linear translation of any point P on a tooth 102. Each point P I may undergo

a cumulative translation as that tooth is moved in any of the orthogonal or rotational directions

defined in FIG. 2A. That is, while the point will usually follow a nonlinear path, there can be a

linear distance between any point in the tooth when determined at any two times during the

treatment. Thus, an arbitrary point P I may in fact undergo a true side-to-side translation as

indicated by arrow dl, while a second arbitration point P2 may travel along an arcuate path,

resulting in a final translation d2. Many aspects of the present disclosure may be defined in

terms of the maximum permissible movement of a point P I induced on any particular tooth.

Such maximum tooth movement, in turn, can be defined as the maximum linear translation of

that point P I on the tooth which undergoes the maximum movement for that tooth in any

treatment step. In embodiments where the orthodontic treatment includes a temporal series of

treatment steps, the tooth velocity can be defined as the maximum movement per treatment step.

Each treatment step can be defined as the duration each orthodontic appliance is worn (e.g., 1 to

2 weeks).

[00112] The present disclosure provides various orthodontic treatment procedures in

which tooth movement is achieved through placement of one or more orthodontic appliances on a

patient's teeth. Appliances having teeth receiving cavities that receive and reposition teeth, e.g.,

via application of force due to appliance resiliency, are generally illustrated with regard to FIG.

3A. FIG. 3A illustrates an exemplary tooth repositioning appliance or aligner 300 that can be

worn by a patient in order to achieve an incremental repositioning of individual teeth 302 in the

jaw. The appliance can include a 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 rapid prototyping fabrication

techniques, from a digital model of an appliance.



[00113] 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 (e.g., 3D printing, additive manufacturing), 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.

[00114] 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

some embodiments, some, most, or 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 304 on teeth 302 with corresponding

receptacles or apertures 306 in the appliance 300 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.

[00115] FIG. 3B illustrates a tooth repositioning system 310 including a plurality of

appliances 312, 314, 316. 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 310 can include a first appliance 312 corresponding to

an initial tooth arrangement, one or more intermediate appliances 314 corresponding to one or

more intermediate arrangements, and a final appliance 316 corresponding to a target

arrangement. A 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.

[00116] The various embodiments of the orthodontic appliances presented herein can be

fabricated in a wide variety of ways. As an example, some embodiments of 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 producing a positive or negative mold of the patient's dentition in a target

arrangement (e.g., by rapid prototyping, milling, etc.) and thermoforming one or more sheets of

material over the mold in order to generate an appliance shell. Alternatively or in combination,

some embodiments of the appliances herein may be directly fabricated, e.g., using rapid

prototyping, stereolithography, 3D printing, and the like.

[00117] 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



rapid prototyping such as 3D printing, etc.). The computer-based methods presented herein can

improve the accuracy, flexibility, and convenience of appliance fabrication.

[00118] In some embodiments, orthodontic appliances, such as the appliance illustrated in

FIG. 3A, impart forces to the crown of a tooth and/or an attachment positioned on the tooth at

one or more points of contact between a tooth receiving cavity of the appliance and received

tooth and/or attachment. The magnitude of each of these forces and/or their distribution on the

surface of the tooth can determine the type of orthodontic tooth movement which results. Tooth

movements may be in any direction in any plane of space, and may comprise one or more of

rotation or translation along one or more axes. Types of tooth movements include extrusion,

intrusion, rotation, tipping, translation, and root movement, and combinations thereof, as

discussed further herein. Tooth movement of the crown greater than the movement of the root

can be referred to as tipping. Equivalent movement of the crown and root can be referred to as

translation. Movement of the root greater than the crown can be referred to as root movement.

[00119] FIG. 3C illustrates a method 320 of orthodontic treatment using a plurality of

appliances, in accordance with embodiments. The method 320 can be practiced using any of the

appliances or appliance sets described herein. In step 330, 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 340, 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 320 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

time point, in sets or batches (e.g., at the beginning of one or more stages of the treatment), or

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 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.

[00120] The movement rate or velocity at which teeth are repositioned during orthodontic

treatment may be varied as desired. As used herein, the movement velocity of a tooth may be

defined with respect to the overall velocity of the tooth as a whole, the velocity of a portion of a

tooth (e.g., tooth crown or tooth root), and/or the velocity of a point on the tooth (e.g., a point on

the tooth crown or a point on the toot root). In some embodiments, some or all of a patient's

teeth may be repositioned at the same or similar velocities. Optionally, some or all of a patient's

teeth may be repositioned at different velocities. The movement velocity of a tooth throughout

the duration of the treatment may be constant. Alternatively, the velocity may vary over the

course of treatment (e.g., increasing, decreasing, etc.). In some embodiments, one or more of a

patient's teeth may be constrained to move at a certain velocity or within a certain velocity range,

e.g., less than a maximum velocity limit and/or greater than a minimum velocity limit.

[00121] The target movement velocity for a tooth during orthodontic treatment may be

determined in various ways. In some embodiments, the tooth with the largest planned movement

distance (the "leading" tooth) sets the maximum movement velocity (e.g., based on the

physiological velocity limit for tooth movement), and the movement velocities of all other teeth

are determined based on the maximum velocity value. For instance, the leading tooth may be set

to move a distance of about 0.25 mm to about 0.3 mm per treatment step, and the other teeth may

be constrained to move at velocities no greater than the velocity of the leading tooth. In such

embodiments, the movement velocities of the other teeth are set by and thus considered to be

"dependent" on the movement velocity of the leading tooth.

[00122] In alternative embodiments, the movement velocities for some or all of the

patient's teeth are determined independently. For instance, the target movement velocity for

each tooth may be determined independently, such that the velocity value for each tooth is not

influenced by or based upon the velocity value for any other tooth. Accordingly, the velocity for

each tooth can be customized based on the physiological considerations and planned movement

specific to that tooth, as discussed in further detail herein. It shall be appreciated that

independent determination of movement velocities as described herein does not require that each



tooth have a different target velocity, and may optionally result in two or more teeth having the

same target velocity, in some embodiments.

[00123] Alternatively or in combination, the patient's teeth may be categorized into a

plurality of different subgroups, and the movement velocities may be determined independently

for each subgroup. For instance, teeth of the same type (e.g., incisors, canines, premolars,

molars) may be grouped with each other. As another example, teeth having similar physiological

characteristics (e.g., number of roots, location in the arch, tooth diameter, root surface area, root

volume, root length, crown surface area, and/or crown volume) may be grouped with each other.

The target movement velocity for each subgroup of teeth can be determined independently, such

that the velocity value(s) for each tooth within the subgroup is not influenced by or based upon

the velocity values of teeth in other subgroups. The velocity values for each tooth within a

subgroup may be determined independently of other teeth within the same subgroup, or may

depend on (e.g., be the same as) the velocities of other teeth within the same subgroup, as

desired. It shall be appreciated that any description herein referring to independent determination

of velocities on a tooth-by-tooth basis can also be applied to independent determination of

velocities based on subgroups.

[00124] In some embodiments, the target movement velocity for a tooth is selected to

achieve efficient tooth movement while reducing the risk of patient complications. Moving teeth

at higher velocities can be advantageous in terms of improving treatment efficacy and reduce

overall treatment time. For example, in some embodiments, it can be difficult to accurately

fabricate orthodontic shell appliances programmed to move teeth at relatively low velocities,

since the movement distance between each successive tooth arrangement may fall within the

error range of manufacturing tolerances. Such inaccuracies in the fabricated appliances can

result in low or uncontrolled forces applied to the teeth that reduce the efficacy and predictability

of treatment. These shortcomings can be addressed by increasing the velocity of tooth

movement. However, excessively high velocities may elicit undesirable side effects such as

discomfort, pain, root resorption, or cell death.

[00125] FIG. 4 is a graph 400 schematically illustrating a bell curve 402 representing the

relation between programmed tooth velocity and achieved tooth movement, in accordance with

embodiments. The peak tooth movement corresponds to the maximum velocity that a tooth is

capable of achieving for a particular type of tooth movement, and each tooth can be programmed

to move with a target velocity corresponding to the peak movement. The programmed tooth

velocity can represent the velocity at which the tooth is intended to move during an orthodontic

treatment, and can correspond to the amount of programmed tooth movement per treatment step.

For example, in the context of orthodontic shell appliances, the programmed tooth velocity can



be defined by the distances between corresponding teeth-receiving cavities in successive

appliances. The minimum programmed velocity value, Vmi , represents the lower velocity

threshold for tooth movement. The maximum programmed velocity value, Vmax, represents the

upper velocity threshold at which cell death occurs. In some embodiments, the peak tooth

movement is achieved at a programmed target velocity value, VT, and decreases for programmed

tooth velocities greater or less than V . For instance, programmed tooth velocity values less than

the target velocity value (e.g., region 404) may result in decreased tooth movement due to low

efficacy, while programmed tooth velocity values greater than the target velocity value (e.g.,

region 406) may result in decreased tooth movement due to complications and side effects such

as root resorption. In some embodiments, the orthodontic treatment planning approaches

described herein preferentially reposition teeth at or near their target velocity values so as to

provide efficient movement while reducing the risk of patient complications.

[00126] As described in further detail herein, the preferred target movement velocity for

repositioning a tooth may be influenced by one or more factors, including but not limited to

patient- specific characteristics, tooth type, movement type, movement direction, treatment

considerations, or a combination thereof, as described further herein. In some embodiments, the

present disclosure provides methods for orthodontic treatment planning in which a target

movement velocity for a tooth is determined based on some or all of these factors. This approach

can be used to generate treatment plans in which teeth are repositioned at physiologically

appropriate velocities customized to the particular patient and malocclusion, thus improving

treatment efficacy and predictability.

[00127] In some embodiments, the velocity at which the teeth can be safely and efficiently

repositioned may vary from patient to patient, such that different movement velocities are

appropriate for different patient types. Accordingly, the present disclosure provides methods in

which a target movement velocity is independently determined for each tooth based at least in

part on one or more patient-specific characteristics, including but not limited to: age, metabolic

rate, bone density, skeletal maturity, periodontal condition, intraoral organism population, saliva

composition, saliva characteristics, biomarker concentrations, pregnancy status, obesity status,

body mass index (BMI), height, weight, drug use status, medical history, family medical history,

genetic factors, gender, ethnicity, or a combination thereof. For instance, patients having a

higher basal metabolic rate (e.g., pediatric and adolescent patients that are still growing and have

not yet reached skeletal maturity) may exhibit faster bone remodeling compared to patients with

lower basal metabolic rates (e.g., adult and geriatric patients that have attained skeletal maturity).

Thus, the target tooth movement velocities for patients with higher metabolic rates may be higher

than the velocities for patients with lower metabolic rates. A patient's basal metabolic rate can



be determined or estimated in various ways. For example, age can be used as a predictor of

metabolic rate. In some embodiments, patients are categorized into subgroups based on age (e.g.,

patients 17 years old or younger are assumed to have a higher metabolic rate, while patients older

than 17 years are assumed to have a lower metabolic rate). Alternatively or in combination, the

metabolic rate can be estimated based on patient data providing information regarding skeletal

maturity (e.g., lateral cephalogram, evaluation of maturation of the cervical vertebrae, evaluation

of maturation of the bones and cartilage of the hands and wrist), biomarker concentrations (e.g.,

from gingival crevicular fluid, saliva, blood, serum), age, height, weight, gender, indirect

calorimetry data, heart rate, and the like.

[00128] As another example, patient- specific characteristics relating to bone density (e.g.,

medical history or family medical history of osteoporosis, presence of tooth extraction sites, etc.)

may be used to determine the target movement velocity. For instance, a tooth moving into or

through an extraction site may have a higher movement velocity than a tooth that is not moving

into or through an extraction site. In yet another example, biomarker concentrations (e.g.,

measured from gingival crevicular fluid, saliva, blood, serum, etc.) can be measured and used to

determine the appropriate velocity for tooth repositioning. Examples of biomarkers that can be

used include but are not limited to: IL-la, IL- Ι β, PGE, ALP, MMPs, TNF-a, RANK, RANKL,

M-CSF, and GM-CSF. Other patient- specific factors that may be considered include whether the

patient is pregnant, whether the patient is obese, whether the patient is a smoker, and other

relevant medical considerations known to those of skill in the art.

[00129] Optionally, the target movement velocity may be determined based on the specific

characteristics (e.g., size, shape, location relative to extraction sites, etc.) of a patient's tooth. In

some embodiments, data indicative of the anatomy and/or physiology of the patient's teeth (e.g.,

intraoral scan data, CBCT data, ultrasound data, etc.) can be evaluated to determine whether any

of the teeth exhibit certain anatomical features or other characteristics that could influence the

velocity at which the teeth could be moved, and the target movement velocities for those teeth

can be adjusted accordingly. For instance, if CBCT data indicates that the patient's tooth

exhibits a hooked shape of the apex of the canine root, the target movement velocity for that

tooth can be slowed. Thus, the embodiments herein account for patient- specific and tooth-

specific characteristics in the velocity determination.

[00130] Alternatively or in combination, the velocity at which a tooth can be safely and

efficiently repositioned may vary based on the particular type of tooth, such that different

movement velocities are appropriate for different tooth types. The present disclosure provides

methods in which a target movement velocity is independently determined for each tooth based

at least in part on the tooth type. A tooth may be categorized according to one or more of the



following tooth types: an incisor, a canine, a premolar, a molar, an anterior tooth, a posterior

tooth, a central tooth, a lateral tooth, a single-rooted tooth, a multi-rooted tooth, a primary tooth,

a permanent tooth, a partially erupted tooth, a fully erupted tooth, an ectopic tooth, a small-sized

tooth, an average-sized tooth, a large-sized tooth, a maxillary tooth, or a mandibular tooth. Tooth

size may be quantified according to various metrics, including but not limited to tooth diameter,

root surface area, root volume, root length, crown surface area, and/or crown volume. In some

embodiments, the tooth size metrics described herein are measured directly from the specific

patient, while in other embodiments, the tooth size metrics are approximated based on population

averages. Tooth size may be evaluated relative to average values for the population (e.g., the

measurements for a "large-sized" tooth are greater than the average, and the measurements for a

"small- sized" tooth are smaller than the average).

[00131] In some embodiments, the target movement velocity for certain types of teeth

(e.g., more easily repositioned types, such as lower incisors, maxillary second premolars) may be

higher than the target movement velocity for other types of teeth (e.g., less easily repositioned

types, such as lower molars, maxillary first premolars). For example, single-rooted teeth (e.g.,

incisors, canines, premolars) may be moved at higher velocities than multi-rooted teeth (e.g.,

molars), since repositioning of single-rooted teeth may involve less bone remodeling compared

to multi-rooted teeth. Teeth having shorter roots (e.g., lateral incisors) may be moved at higher

velocities than teeth having longer roots (e.g., canines). As another example, the target

movement velocity for a tooth can be determined based on the tooth's resistance to movement,

also referred to herein as its "anchorage value." The anchorage value may be related to the root

surface area or periodontal ligament (PDL) area of the tooth, such that teeth having greater root

surface area and PDL area have larger anchorage values. In some embodiments, the target

movement velocity is higher for teeth having smaller anchorage values, and is lower for teeth

having larger anchorage values. In yet another example, the target movement velocity is greater

for relatively narrow and/or small teeth compared to relatively large and/or wide teeth.

[00132] Alternatively or in combination, the velocity at which a tooth can be safely and

efficiently repositioned may vary based on the type of tooth movement, such that different

movement velocities are appropriate for different movement types. The present disclosure

provides methods in which a target movement velocity is independently determined for each

tooth based at least in part on the movement type. Tooth movements can be categorized

according to one or more of the following movement types: a rotational movement, a

translational movement, a crown-based movement, a root-based movement, a bodily movement,

an uncontrolled tipping movement, a controlled tipping movement, an uprighting movement, a



torque movement, an inclination change movement, a first order movement, a second order

movement, or a third order movement.

[00133] In some embodiments, a first order movement is any movement within or parallel

to the occlusal plane; a second order movement is any type of movement along the archform such

as angulation; and a third order movement is any movement about the axis of the arch, such as

"incisor torque." For instance, in terms of an orthodontic archwire, first order can be in the plane

of the flat archwire, second order can be along the length of the archwire, and third order can be

rotation about the axis of the archwire. It shall be appreciated that "archwire" as used herein can

refer to a reference axis extending along the patient's archform, rather than an actual physical

archwire of a wire-and-bracket system, and that the embodiments herein can be practiced in

combination with orthodontic appliances that do not utilize any archwires.

[00134] As used herein, a "crown movement," "crown-based movement," or "crown-

limited movement" may refer to a tooth movement in which the movement of the tooth crown is

greater than the movement of the tooth root. As used herein, a "root movement," "root-based

movement," or "root-limited movement" may refer to a tooth movement in which the movement

of the tooth root is greater than the movement of the tooth crown. As used herein, a "bodily

movement" may refer to a tooth movement in which the tooth crown and root move by the same

amount, e.g., a purely translational movement. In some embodiments, movement of the tooth

crown is relatively fast compared to movement of the tooth root, since the tooth crown moves

through air while movement of the tooth root involves bone remodeling. Thus, the target

movement velocity for a crown movement may be greater than the target movement velocity for

a root movement.

[00135] The tooth movement type or type(s) associated with a planned tooth movement

can be determined in a variety of ways. A few exemplary approaches are discussed in greater

detail below. It shall be appreciated that these techniques, as well as others known to those of

skill in the art, can be used in combination with any embodiment of the orthodontic treatment

planning methods described herein in order to provide customized movement velocities.

[00136] FIG. 5 illustrates a model 500 of a tooth 502, in accordance with embodiments.

In the model 500, the tooth 502 is represented as a line segment 504 connecting a crown point

506 and a root point 508. The movement type can be determined by assessing the relative

movement velocities of the crown point 506 and root point 508. For example, in some

embodiments, a crown movement is associated with a higher relative movement velocity of the

crown point 506 versus the root point 508, while a root movement is associated with a higher

relative movement velocity of the root point 508 versus the crown point 506.



[00137] FIG. 6 illustrates a model 600 of a tooth movement, in accordance with

embodiments. In the model 600, a first line 602 is drawn through the long axis of a tooth in an

initial position and orientation 604, and a second line 606 is drawn through the long axis of the

tooth in a final position and orientation 608. The location of the intersection 610 between the

first line 602 and the second line 606 can be used to characterize the tooth movement type. For

instance, in some embodiments, the location of the intersection 610 indicates the proportion of

the movement that is a linear displacement versus a rotation. In some embodiments, this

proportion covers the entire continuum of possible tooth movements, and the movement types

described herein are based on the distinct movements within this continuum. The intersection

610 can represent the axis of rotation for the tooth movement, and the location of the axis of

rotation relative to the axis of resistance of the tooth can determine the movement type, as

described in detail below with respect to FIGS. 7A through 7D. If the lines 602, 606 do not

intersect, this can be indicative of a purely translational movement, for example.

[00138] FIGS. 7A through 7D illustrate determination of tooth movement type based on

the axis of rotation and axis of resistance, in accordance with embodiments. Although FIGS. 7A

through 7D illustrate the axis of rotation and axis of resistance in a single Cartesian direction, one

of ordinary skill in the art would appreciate that the techniques described herein can be applied to

all three Cartesian directions (x, y, and z) in order to characterize tooth movements in three

dimensions.

[00139] FIG. 7A illustrates a crown-limited movement 700 from a first position and

orientation 702 to a second position and orientation 704. The axis of rotation 706 of the tooth is

located above (proximally relative to) the axis of resistance 708 of the tooth, such that the

movement of the tooth crown is greater than that of the tooth root. The overall magnitude of the

movement can be determined based on the distance between the axis of rotation 706 and axis of

resistance 708. A crown-limited movement may be relatively fast compared to other types of

tooth movements and may vary inversely proportionally to the magnitude of the distance

between the axis of rotation and axis of resistance, in some embodiments.

[00140] FIG. 7B illustrates a root-limited movement 720 from a first position and

orientation 722 to a second position and orientation 724. The axis of rotation 726 of the tooth is

located below (distally relative to) the axis of resistance 728 of the tooth, such that the movement

of the tooth root is greater than that of the tooth crown. The overall movement type can be

determined based on the distance between the axis of rotation 726 and axis of resistance 728. A

root-limited movement may be relatively slow compared to other types of tooth movements, in

some embodiments.



[00141] FIG. 7C illustrates a crown- and root-limited movement 740 from a first position

and orientation 742 to a second position and orientation 744. The axis of rotation 746 of the

tooth coincides with the axis of resistance 748 of the tooth (zero distance between the axis of

rotation 746 and axis of resistance 748). In the depicted embodiment, the movement of the tooth

root is less than that of the tooth crown. A crown- and root-limited movement may be relatively

fast compared to other types of tooth movements, in some embodiments.

[00142] FIG. 7D illustrates a purely translational root-limited movement 760 from a first

position and orientation 762 to a second position and orientation 764, in which the movement of

the tooth root is equal to the movement of the tooth crown. Since there is no rotational

movement, the distance between the axis of rotation (not shown) and axis of resistance 768 of the

tooth is infinite. A purely translational root-limited movement may be relatively slow compared

to other types of tooth movements, in some embodiments.

[00143] In some embodiments, the distance between the axis of rotation and axis of

resistance is determined for each Cartesian direction (e.g., x, y, and z directions), and this

distance is used to calculate a rotational velocity value (e.g., maximum or minimum velocity

limit, or preferred velocity value) per treatment stage. For example, a small distance between the

axis of rotation and axis of resistance can correspond to large rotational velocity (e.g.,

uncontrolled tipping). A large positive distance (in the direction of the root apex) can correspond

to a small rotational velocity (e.g., controlled tipping). A large negative distance (in the direction

of the crown tip) can correspond to a small rotational velocity (e.g., root sweep). A very large

negative distance or very large positive distance can correspond to a small translational velocity

(e.g., bodily translation).

[00144] FIG. 8 illustrates determination of tooth movement type based on a moment/force

ratio, in accordance with embodiments. A force 800 can be applied to a crown of a tooth 802

(e.g., by an orthodontic appliance) in order to reposition the tooth. The force 800 results in a

moment (not shown) about the axis or center of resistance 804 of the tooth 802. A counter

moment 806 can be applied to the tooth in order to counter balance the moment produced by the

force 800. The ratio of the counter moment 806 to the force 800 can control the type of tooth

movement. For example, in some embodiments, application of the force 800 without any counter

moment 806 results in uncontrolled tipping, while application of the force 800 in combination

with a counter moment 806 results in controlled tipping. In some embodiments, if the counter

moment 806 balances the moment produced by the force 800, a translational (bodily) movement

is produced. In some embodiments, if the counter moment 806 is greater than the moment

produced by the force 800, a root-based movement is produced.



[00145] Alternatively or in combination, the velocity at which a tooth can be safely and

efficiently repositioned may vary based on the direction of tooth movement, such that different

movement velocities are appropriate for different movement directions. The present disclosure

provides methods in which a target movement velocity is independently determined for each

tooth based at least in part on the movement direction. A tooth can be moved with respect to up

to six degree of freedom (three in rotation, three in translation). For example, a tooth can be

moved along one or more of the following movement directions: a mesial direction, a distal

direction, a buccal direction, a lingual direction, an intrusion direction, an extrusion direction, a

rotational direction, a retraction direction, a lateral direction, a transverse direction, a vertical

direction, a facial direction, a sagittal direction, an apical direction, or a coronal direction.

[00146] FIG. 9 illustrates movement directions for a tooth 900, in accordance with

embodiments. The crown 902 of the tooth 900 can be moved along buccal, lingual, mesial,

and/or distal directions. Similarly, the root 904 of the tooth 900 can be moved along buccal,

lingual, mesial, and/or distal directions. Additionally, the entire tooth 900 can be moved along

an intrusion direction or extrusion direction. The tooth 900 can also be rotated in a positive

direction or negative direction (e.g., as defined according to the right hand rule).

[00147] In some embodiments, tooth movement velocities exhibit directional asymmetries,

in that tooth movements along different directions may occur at different rates. The target

movement velocity for a particular movement direction can be influenced by the physiological

considerations associated movement along that direction. For example, the target movement

velocity along an extrusion direction may be greater than the target movement velocity along an

intrusion direction due to greater bone remodeling involved in intrusive movement. In another

example, the target movement velocity along a mesial direction may be greater than the target

movement velocity along a distal direction. As another example, crown tipping movements may

be faster than translational movements, which in turn may be faster than root tipping movements.

In yet another example, the target movement velocity along a buccal direction may be greater

than the target movement velocity along a lingual direction.

[00148] The embodiments of the present disclosure allow movement velocities to be

independently determined for each tooth based on relevant physiological factors, such as the

examples described herein (e.g., patient-specific considerations, tooth type, movement type,

movement direction). Additionally, by decoupling the velocities of each tooth, movement of

each tooth along its respective planned trajectory can be completed independently and

asynchronously at different times during orthodontic treatment. In some embodiments, a

synchronous treatment plan involves moving all teeth throughout the entire duration of the

treatment, such that all teeth reach their final positions and orientations at the same treatment



stage (e.g., the final stage), and may be less than ideal for efficient and predictable tooth

repositioning. In some embodiments, an asynchronous treatment plan allows for different teeth

to be moved over different time periods, and not necessarily for the entire treatment duration,

such that different teeth may reach their final positions and orientations at different treatment

stages. Rather than synchronizing the movement timing and velocity of each tooth to the timing

and velocity of the leading tooth, the asynchronous treatment planning methods described herein

permit each tooth to be repositioned along its respective movement trajectory at the target

movement velocity for that tooth, thus allowing the tooth to reach its final position and

orientation as quickly as possible. Thus, faster and/or shorter tooth movements can be completed

earlier in the treatment without waiting for slower and/or longer tooth movements to finish. By

driving each tooth to its final position and orientation at an earlier treatment stage, the treatment

approaches herein provide additional time for resolving movement lag and/or allowing bone to

calcify around the final teeth positions and orientations, which can increase predictability of

treatment and improve the overall orthodontic outcome. Additionally, this approach could

provide a more efficient distribution of energy in the dental arch for initiating movement at the

beginning of treatment, and the embodiments herein permit greater force to be applied to more

teeth in the arch at the beginning of treatment. Moreover, in some embodiments, it may be

advantageous (e.g., based on clinical considerations) to move certain teeth prior to other teeth,

such as to create occlusal anchorage earlier in the treatment. The asynchronous approaches

described herein allow such considerations to be incorporated into the treatment plan.

[00149] In addition to decoupling the movement velocities of each tooth, the embodiments

herein also allow movement velocities to be independently determined for each directional

component of a planned tooth movement. In some embodiments, a planned movement trajectory

for a tooth involves movement along a plurality of different directions, e.g., two, three, four, five,

or more different directions. A tooth can be moved along any combination of the different

movement directions described herein. The embodiments herein can be used to determine a

target movement velocity for each directional component of movement. The target movement

velocity may be the same for some or all of the movement directions, or may differ for some or

all of the direction. In some embodiments, the target movement velocity is determined

independently for each direction, such that the velocity value for each direction is not influenced

by or based upon the velocity value for any other direction. Accordingly, the velocity for each

movement direction can be customized based on the specific physiological considerations

associated with that direction, as discussed herein. It shall be appreciated that independent

determination of directional movement velocities as described herein does not require that each



movement direction have a different target velocity, and may optionally result in two or more

movement directions having the same target velocity, in some embodiments.

[00150] Furthermore, by decoupling the movement velocities for each movement

direction, the embodiments herein allow a tooth to be moved along a plurality of different

directions independently and asynchronously at different times during treatment, rather than

requiring that the tooth be moved simultaneously along each direction. Thus, faster and/or

shorter directional movements can be completed earlier in the treatment without waiting for

slower and/or longer directional movements to finish, which can be advantageous for lag

resolution and treatment predictability as discussed herein. Additionally, in some embodiments,

it may be advantageous (e.g., based on clinical considerations) to move a tooth along certain

directions before moving the tooth along other directions. For instance, a tooth may be moved

along a retraction direction prior to moving along an intrusion direction. As another example, a

tooth may be moved along an extrusion direction before moving along a mesial direction. The

decoupled directional approaches described herein allow such considerations to be incorporated

into the treatment plan.

[00151] FIG. 10A illustrates a tooth movement 1000 with linearly interpolated directional

movement components, in accordance with embodiments. A tooth is moved from an initial

position and orientation 1002 to a final position and orientation 1004 along a linearly interpolated

movement trajectory 1006. In the depicted embodiment, the movement trajectory 1006 includes

movement along an intrusion direction and movement along a mesial direction. Both of these

movement components are initiated and completed at the same time, such that the tooth does not

arrive at its final position along the intrusion and mesial directions until the final treatment stage.

[00152] FIG. 10B illustrates a tooth movement 1050 with decoupled directional

movement components, in accordance with embodiments. A tooth is moved from an initial

position and orientation 1052 to a final position and orientation 1054 along a movement

trajectory having a first directional component 1056 and a second directional component 1058.

In the depicted embodiment, the first directional component 1056 includes movement along

mesial and intrusive directions, and the second directional component 1058 includes movement

along a purely mesial direction. The tooth can be moved along the first directional component

1056 before being moved along the second directional component 1058, such that these

movements are initiated and completed at different times.

[00153] The target movement velocities for the various factors described herein (e.g.,

patient type, tooth type, movement type, movement direction) can be determined in a variety of

ways. In some embodiments, target movement velocities are determined from expert opinion,

clinical data, literature values, simulation or modeling, or combinations thereof. For example,



clinical data of previously treated patients can be used to determine movement velocity values

appropriate for particular combinations of patient types, tooth types, movement types, and/or

movement directions. The determined movement velocity value can represent a velocity limit

(e.g., maximum or minimum velocity) or preferred velocity for a particular combination of

factors. Optionally, the movement velocity can provide a range of potential velocity values for

the specified combination. In some embodiments, the determined velocity values are stored in a

suitable data structure for use in the treatment planning methods described herein, including but

not limited to tables, charts, matrices, lists, data sets, databases, and the like. During treatment

planning, the data structure(s) can be accessed by a clinician or treatment planning system in

order to identify the appropriate velocity value for a particular patient type, tooth type, movement

type, and/or movement direction. In some embodiments, in describing the movement of a tooth

with discrete names for movement, there may be a loss of precision. Tooth movements in three-

dimensional space occur in along a continuum, and determination of axes of rotation and the

velocities about these axes can provides for a more precise tooth movement system.

[00154] In some embodiments, a matrix of velocity values is used. Although certain

embodiments herein are described with respect to information presented in a matrix format, it

shall be appreciated that the information contained in such matrices can alternatively be provided

as a chart, table, list, data set, database, or any other suitable data structure or combination

thereof. In an exemplary matrix, the rows can represent the tooth type (e.g., tooth identification

number according to a standard dental numbering system), the columns can represent the planned

movement direction (e.g., crown mesial, crown distal, crown buccal, crown lingual, root mesial,

root distal, root buccal, root lingual, intrusion, extrusion, positive rotation, negative rotation), and

each cell can provide a velocity value or values corresponding to the particular combination of

tooth type and movement direction. Alternatively, the rows may represent the movement type

and/or direction and the columns may represent the tooth type. In some embodiments, a matrix

includes data for any combination of 32 permanent teeth and 12 movement directions for a total

of 384 velocity values. In other embodiments, the teeth represented in a matrix are primary teeth.

Each velocity value can represent a velocity limit (e.g., maximum and/or minimum velocity)

associated with a tooth type and movement direction. The matrix can be used to look up the

appropriate velocity limit for a particular tooth type and planned movement direction, and the

target movement velocity can be determined based on the velocity limit. For instance, in

embodiments where the velocity limit represents a maximum velocity value, the target movement

velocity can be less than or equal to the velocity limit.

[00155] Although some embodiments herein provide velocity values based on tooth type

and movement direction, it shall be appreciated that the data structures such as a matrix can also



be used to represent other combinations of factors. For instance, rather than providing velocity

values based on tooth type and movement direction, the matrix can be modified to represent other

combinations, such as tooth type and movement type, patient type and movement direction, tooth

type and patient type, to name a few. Moreover, multi-dimensional matrices and other multi

dimensional data structures can be used to look up velocity values based on any combination of

two, three, four, or more of the factors described herein. For example, a three-dimensional

matrix of velocity values can enable selection of a velocity value based on tooth type, movement

type, and movement direction.

[00156] In some embodiments, a plurality of data structures (e.g., a plurality of matrices)

is used to represent velocity values for a corresponding plurality of patient types. As discussed

herein, different patient types can be differentiated based on patient- specific characteristics such

as age, metabolic rate, bone density, skeletal maturity, periodontal condition, intraoral organism

population, saliva composition, saliva characteristics, biomarker concentrations, pregnancy

status, obesity status, body mass index (BMI), drug use status, medical history, family medical

history, genetic factors, gender, ethnicity, or a combination thereof. Thus, each data structure can

represent a set of velocity values appropriate for a particular patient type. For instance, a first

matrix can provide velocity values for developing patients with relatively high metabolic rates

(e.g., pediatric, adolescent patients), and a second matrix can provide velocity values for mature

patients with relatively low metabolic rates (e.g., adult, geriatric patients). It shall be appreciated

that more any number of data structures of velocity values can be provided, depending on the

number of distinct patient types to be considered during treatment planning. In such

embodiments, a target movement velocity can be determined by first selecting the data structure

corresponding to the particular patient type, and then looking up the velocity value from the

selected data structure.

[00157] Alternatively or in combination, other methods can be used to incorporate patient-

specific characteristics into the velocity value data structure. For instance, a patient- specific

characteristic (e.g., age, metabolic rate, bone density, biomarker concentration, drug use status,

etc.) can be associated with a modifier value. The modifier value can be applied to some or all of

the values in a generalized velocity value data structure (e.g., by multiplication, or any other

suitable mathematical function) in order to obtain the patient- specific values. The appropriate

modifier value for a particular patient- specific characteristic can be determined based on expert

opinion, clinical data, literature values, simulation or modeling, or combinations thereof. The

modifier approach can be combined with the other methods herein to provide patient- specific

velocity values. For instance, a data structure (e.g., a matrix) corresponding to a first patient

characteristic (e.g., age) can be selected, and then a modifier corresponding to a second patient



characteristic (e.g., biomarker concentration) can be applied to the selected data structure to

generate velocity values specific for the particular combination of patient characteristics for each

individual tooth of that patient.

[00158] FIG. 11 illustrates a method 1100 for generating a treatment plan for

repositioning a plurality of teeth, in accordance with embodiments. The method can be

performed by any embodiment of the systems and devices described herein, and can be combined

with any embodiment of the methods described herein. For example, one or more steps of the

method 1100 can be performed by one or more processors of a treatment planning system. The

one or more processors can be operably coupled to the memory comprising executable

instructions for performing the steps of the method 1100.

[00159] In step 1110, a digital data set representing a plurality of teeth is received. The

digital data set can represent the patient's teeth in an initial arrangement, e.g., prior to orthodontic

treatment. In some embodiments, the digital data set includes 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.).

[00160] In step 1120, a movement trajectory for repositioning each tooth from an initial

position and orientation towards a target position and orientation is determined. For example, the

movement trajectory can be generated by determining the initial tooth arrangement indicated by

the digital data set, determining a target tooth arrangement, and determining movement

trajectories of one or more teeth in the initial arrangement to achieve the target tooth

arrangement. Each movement trajectory can be optimized, e.g., based on minimizing the total

distance moved, minimizing volume of bone remodeled, preventing collisions between teeth,

avoiding tooth movements that are more difficult to achieve, or any other suitable criteria. A

movement trajectory can include one or more of the tooth movement types described herein, and

can involve movement along one or more of the movement directions described herein. The

geometry of a tooth movement trajectory may be varied as desired. For example, a movement

trajectory may be linear or non-linear (e.g., curved), and may optionally include combination of

linear and non-linear segments.

[00161] In step 1130, a movement velocity for repositioning each tooth along the

corresponding movement trajectory is determined. As discussed above and herein, the

movement velocity can be determined independently for each tooth of the plurality of teeth.

Alternatively or in combination, the plurality of teeth can be categorized into a plurality of

different subgroups, and the movement velocity can be determined independently for each



subgroup. The movement velocity can be determined using any embodiment of the methods

described herein. For example, step 1130 can involve identifying one or more patient- specific

characteristics of the patient to be treated, a tooth type of the tooth to be repositioned, a

movement type of the movement trajectory, and/or movement direction of the movement

trajectory, and then determining the velocity based on the identified patient- specific

characteristic(s), tooth type, movement type, and/or movement direction. In some embodiments,

the movement velocity is retrieved from a matrix or other data structure representing target

velocity values generated from expert opinion, clinical data, literature values, simulation or

modeling, etc. as discussed herein.

[00162] In step 1140, movement stages for repositioning each tooth along the

corresponding movement trajectory are determined. The movement stages can be incremental

repositioning stages of an orthodontic treatment procedure designed to move the patient's teeth

from the initial tooth arrangement to the target arrangement. Each movement stage can

correspond to an intermediate tooth arrangement between the initial and target arrangements, and

the amount of tooth movement between each intermediate arrangement can be determined based

on the movement velocities obtained in step 1130. For instance, the movement velocities can be

used to determine the number of movement stages as well as the movement distance per stage for

repositioning each tooth. In some embodiments, different teeth are moved asynchronously at

different times during treatment, such that the number of movement stages for some or all of the

teeth may differ.

[00163] In step 1150, the movement trajectory, movement velocity, and/or movement

stages are modified based on additional treatment considerations. Examples of such additional

treatment considerations include but are not limited to: improved aesthetics, clinical outcomes,

collision avoidance, a biological response to treatment, or feedback data from treatment. For

instance, it may be desirable in some embodiments to move the patient's teeth into a more

aesthetic arrangement earlier in the treatment process. Accordingly, the movement trajectories,

velocities, and/or stages of one or more teeth may be altered in order to achieve improved

aesthetics. As another example, information from previous clinical outcomes may be considered

in scheduling the order of tooth movements (e.g., retraction before intruding, extruding before

mesializing, creating occlusal anchorage early in treatment), and the treatment plan may be

modified in view of such information. In another example, modifications to the movement

trajectories, velocities, and/or stages can be made in order to avoid collisions between teeth, e.g.,

by delaying, slowing, staggering, or round-tripping movements of one or more teeth.

[00164] In yet another example, the movement velocities of one or more teeth can be

adjusted based on the expected biological response of the patient's teeth to treatment. In some



embodiments, a patient's teeth may move at different velocities during different phases of

treatment. Tooth movements may be slower at the beginning of treatment prior to the initiation

of bone remodeling, for instance. Thus, it may be desirable in some embodiments to adjust the

determined movement velocities (e.g., using a multiplier or other modifier) to increase the

targeted velocities over time in order to reflect these physiological considerations.

[00165] FIG. 12 is a graph 1200 schematically illustrating tooth movement at different

phases of treatment, in accordance with embodiments. The graph 1200 includes a curve 1202

depicting the relation between tooth movement and time. In the depicted embodiment, the curve

1202 can be divided into four phases: an initial phase 1204, a lag phase 1206, a first post-lag

phase 1208, and a second post-lag phase 1210. A tooth may exhibit some movement during the

initial phase 1204 of treatment with an orthodontic appliance. Following the initial phase 1204,

the tooth may exhibit a lag phase 1206 in which the appliance produces little or no movement.

Once sufficient time has passed for the biological response to occur (e.g., bone remodeling), the

tooth may enter a first post-lag phase 1208, in which tooth movement occurs at a relatively slow

rate, and then a second post- lag phase 1210, in which tooth movement occurs at a relatively fast

rate. In some embodiments, the planned tooth movement velocities for the orthodontic treatment

are modified in order to correlate to the expected movement rates for each treatment phase. The

planned velocities may also be modified based on the patient response to treatment. For instance,

the clinician may adjust the duration each orthodontic appliance is worn in order to effectively

modify the movement velocity per time period.

[00166] In step 1160, orthodontic appliances are fabricated based on the movement stages.

In some embodiments, step 1160 involves generating data (e.g., fabrication instructions) for

fabricating a plurality of orthodontic appliances based on the plurality of movement stages, and

transmitting the data to a fabrication machine that performs the fabrication step. Any of the

orthodontic appliances described herein can be fabricated according to the method 1100. For

example, a set of appliances can be fabricated to be sequentially worn by the patient to

incrementally reposition the teeth from the initial arrangement to the target arrangement. Some

of the appliances can be shaped to accommodate a tooth arrangement specified by one of the

movement stages. Alternatively or in combination, some of the appliances can be shaped to

accommodate a tooth arrangement that is different from the target arrangement for the

corresponding movement stage. As another example, an appliance can be designed in order to

apply a specified force system on the teeth and may not have a geometry corresponding to any

current or planned arrangement of the patient's teeth.

[00167] Optionally, step 1150 can be repeated following step 1160 in order to modify the

planned movement trajectory, velocity, and/or stages based on feedback data from patient



treatment with the fabricated orthodontic appliances. For example, the planned movement

velocities for the teeth can be compared to the actual movement velocities achieved, and the

treatment plan can be revised and/or new appliances fabricated if substantial deviations are

observed. Furthermore, the feedback data can be used to update the data structures (e.g., matrix)

storing information on target movement velocities for use in future treatment planning.

[00168] Although the above steps show a method 1100 of generating an orthodontic

treatment plan in accordance with embodiments, a person of ordinary skill in the art will

recognize many variations based on the teaching described herein. Some or all of the steps may

comprise sub-steps. Some or all of the steps may be repeated. One or more steps of the method

1100 may be performed with any suitable treatment planning device or system, such as the

embodiments described herein. Some of the steps may be optional, such as one or more of steps

1140, 1150, and 1160. The order of the steps can be varied. For example, steps 1120, 1130,

1140, 1150, and 1160 may be performed in any suitable order.

[00169] FIG. 13 illustrates a method 1300 for generating a treatment plan for

repositioning a tooth, in accordance with embodiments. The method can be performed by any

embodiment of the systems and devices described herein, and can be combined with any

embodiment of the methods described herein (e.g., method 1100). For example, one or more

steps of the method 1300 can be performed by one or more processors of a treatment planning

system. The one or more processors can be operably coupled to the memory comprising

executable instructions for performing the steps of the method 1300.

[00170] In step 13 10, a digital data set representing an initial position and orientation of a

tooth is received. The digital data set can represent the tooth in a position and orientation prior to

orthodontic treatment. In some embodiments, the digital data set includes surface topography

data for the patient's intraoral cavity, as previously discussed with respect to step 1110 of the

method 1100.

[00171] In step 1320, a movement trajectory for repositioning the tooth from the initial

position and orientation towards a target position and orientation is determined. For example, the

movement trajectory can be generated by determining the initial tooth position and orientation

indicated by the digital data set, determining a target tooth position and orientation, and

determining a movement trajectory to achieve the target position and orientation. The movement

trajectory can be optimized, e.g., based on minimizing the total distance moved, minimizing

volume of bone remodeled, preventing collisions with other teeth, avoiding tooth movements that

are more difficult to achieve, or any other suitable criteria. A movement trajectory can include

one or more of the tooth movement types described herein, and can involve movement along one

or more of the movement directions described herein. The movement trajectory may be linear or



non- linear (e.g., curved), and may optionally include combination of linear and non- linear

segments. In some embodiments, the movement trajectory involves movement along a plurality

of different directions, e.g., two, three, four, five, or more different directions.

[00172] In step 1330, a movement velocity for repositioning the tooth along each direction

is determined. As discussed above and herein, the movement velocity can be determined

independently for each of the different directions. The movement velocity for each direction can

be determined using any embodiment of the methods described herein. For example, step 1330

can involve identifying each movement direction of the movement trajectory, and then

determining the target velocity based on the identified movement direction. In some

embodiments, the movement velocity is obtained from a matrix or other data structure

representing target velocity values generated from expert opinion, clinical data, literature values,

simulation or modeling, etc. Optionally, the movement velocity can also be determined based on

patient- specific characteristics, tooth type, and/or movement type of the planned movement

trajectory, as discussed above and herein.

[00173] In step 1340, movement stages for repositioning the tooth along the movement

trajectory are determined, as discussed above with respect to step 1140 of the method 1100. In

some embodiment, the movement velocities obtained in step 1330 are used can be used to

determine the number of movement stages as well as the movement distance per stage for

repositioning the tooth along each direction. Step 1340 can involve determining a movement

schedule for repositioning the tooth along each movement direction. In some embodiments, the

tooth is moved asynchronously along different directions at different times during treatment,

such that the number of movement stages for movement along some or all of the different

directions may differ.

[00174] In step 1350, the movement trajectory, movement velocity, and/or movement

stages are modified based on additional treatment considerations, as previously discussed with

respect to step 1150 of the method 1100.

[00175] In step 1360, orthodontic appliances are fabricated based on the movement stages,

as previously discussed with respect to step 1160 of the method 1100.

[00176] Although the above steps show a method 1300 of generating an orthodontic

treatment plan in accordance with embodiments, a person of ordinary skill in the art will

recognize many variations based on the teaching described herein. Some or all of the steps may

comprise sub-steps. Many of the steps may be repeated. For instance, steps 1310-1350 may be

repeated for each of a plurality of teeth in order to generate movement stages for each of the

teeth, and the generated movement stages can be used as a basis for fabricating orthodontic

appliances, as previously discussed with respect to step 1160 of the method 1100. One or more



steps of the method 1300 may be performed with any suitable treatment planning device or

system, such as the embodiments described herein. Some of the steps may be optional, such as

one or more of steps 1340, 1350, and 1360. The order of the steps can be varied. For example,

steps 1320, 1330, 1340, and 1350 may be performed in any suitable order.

[00177] In some embodiments, some or all of steps of the method 1300 can be combined

with some or all of the steps of the method 1100 and performed by a single system, thus

providing independent determination of movement velocities for each tooth and also for each

directional component of movement of each tooth. For example, step 1130 of the method 1100

(determining a movement velocity for repositioning each tooth along the corresponding

movement trajectory) can be combined with step 1330 of the method 1300 (determining a

movement velocity for repositioning a tooth along each direction), such that the movement

velocity of each tooth is decoupled and determined independently from other teeth, and the

directional velocities of each tooth are also decoupled and determined independently.

[00178] FIG. 14 illustrates a method 1400 for generating a treatment plan for

repositioning a tooth, in accordance with embodiments. The method can be performed by any

embodiment of the systems and devices described herein, and can be combined with any

embodiment of the methods described herein. For example, one or more steps of the method

1400 can be performed by one or more processors of a treatment planning system. The one or

more processors can be operably coupled to the memory comprising executable instructions for

performing the steps of the method 1300. One or more steps of the method 1400 can be

substituted for or performed in combination with one or more steps of the method 1100 or

method 1300.

[00179] In step 1410, the directional components of a planned tooth movement are

determined. The planned tooth movement can be defined as part of a planned tooth movement

trajectory, as previously described with respect to step 1120 of the method 1100. The directional

components can include any of the movement directions described herein, such as one or more of

a crown mesial component, a crown distal component, a crown buccal component, a crown

lingual component, a root mesial component, a root distal component, a root buccal component, a

root lingual component, an intrusion component, an extrusion component, a positive rotation

component, or a negative rotation component. Alternatively or in combination, the directional

components can be determined with respect to Cartesian coordinates (x, y, z) with up to six

degrees of freedom of movement.

[00180] In step 1420, a matrix of velocity values for different directional components is

provided. In alternative embodiments, other data structures providing a representation of

velocity values for different directional components can be used instead of a matrix, as



previously described. The values stored in the matrix (or other data structure) can be generated

based on expert opinion, clinical data, literature values, simulation or modeling, or combinations

thereof.

[00181] In step 1430, the matrix (or other data structure) is optionally modified based on

one or more patient- specific characteristics. For instance, the modification can be applied to the

velocity values in the matrix in order to account for patient age, metabolic rate, bone density,

biomarker concentration, or any other factor or combination of physiological factors discussed

herein. The modification can be implemented as a multiplier that is applied to the velocity values

in the matrix (or other data structure), for example.

[00182] In step 1440, a movement velocity is determined for each directional component

using the matrix (or other data structure). For example, the velocity values in the matrix can

indicate a maximum or minimum velocity limit, velocity range, or target velocity for tooth

movement along a specified directional component.

[00183] In step 1450, a number of movement stages is calculated for each directional

component, based on the movement velocity obtained in step 1440. As previously discussed,

each movement stage can correspond to an intermediate tooth arrangement for repositioning teeth

from an initial to a target position. In some embodiments, the time per movement stage is set to a

predetermined value (e.g., one to two weeks). Accordingly, the movement velocity can be used

to determine the movement distance per movement stage, and thus the total number of stages to

move the tooth from the initial to target position and/or orientation.

[00184] In step 1460, the movement velocity, movement stages, and/or movement

trajectory are modified based on additional treatment considerations, as previously discussed

with respect to step 1150 of the method 1100.

[00185] In step 1470, orthodontic appliances are fabricated based on the movement stages,

as previously discussed with respect to step 1160 of the method 1100.

[00186] Although the above steps show a method 1400 of generating an orthodontic

treatment plan in accordance with embodiments, a person of ordinary skill in the art will

recognize many variations based on the teaching described herein. Some or all of the steps may

comprise sub-steps. Many of the steps may be repeated. For instance, steps 1410-1450 may be

repeated for each of a plurality of teeth in order to generate movement stages for each of the

teeth, and the generated movement stages can be used as a basis for fabricating orthodontic

appliances, as previously discussed. One or more steps of the method 1400 may be performed

with any suitable treatment planning device or system, such as the embodiments described

herein. Some of the steps may be optional, such as steps 1420, 1430, 1460, and 1470. The order



of the steps can be varied. For example, steps 1410, 1420, and 1430 may be performed in any

suitable order.

[00187] FIG. 15 is a simplified block diagram of a data processing system 1500 that may

be used in executing methods and processes described herein. The data processing system 1500

typically includes at least one processor 1502 that communicates with one or more peripheral

devices via bus subsystem 1504. These peripheral devices typically include a storage subsystem

1506 (memory subsystem 1508 and file storage subsystem 1514), a set of user interface input and

output devices 1518, and an interface to outside networks 1516. This interface is shown

schematically as "Network Interface" block 1516, and is coupled to corresponding interface

devices in other data processing systems via communication network interface 1524. Data

processing system 1500 can include, for example, one or more computers, such as a personal

computer, workstation, mainframe, laptop, and the like.

[00188] The user interface input devices 1518 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.

[00189] Storage subsystem 1506 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

1506. Storage subsystem 1506 typically includes memory subsystem 1508 and file storage

subsystem 1514. Memory subsystem 1508 typically includes a number of memories (e.g., RAM

1510, ROM 1512, etc.) including computer readable memory for storage of fixed instructions,

instructions and data during program execution, basic input/output system, etc. File storage

subsystem 1514 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.



[00190] Scanner 1520 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 1521, 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 1500 for further processing. Scanner 1520 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 1500, for example, via a network interface 1524.

Optionally, system 1500 can include other input sources for obtaining patient data (e.g., CBCT

data, ultrasound data, etc.). Fabrication system 1522 fabricates appliances 1523 based on a

treatment plan, including data set information received from data processing system 1500.

Fabrication machine 1522 can, for example, be located at a remote location and receive data set

information from data processing system 1500 via network interface 1524.

[00191] FIG. 16 illustrates known jaw and dental numbering systems 1600 that can be

used to identity the teeth to be moved with movement stages as described herein. The numbering

systems can be applied to the teeth in the upper jaw or the maxilla 1610 and the teeth in the lower

jaw or the mandible 1620. The numbers located along the circumference of buccal surface 1630

are from the Palmer Notation Numbering System. The mouth of the patient is divided into four

quadrants: the right upper jaw 1650, the left upper jaw 1660, the left lower jaw 1670, and the

right lower jaw 1680. Numbers 1-8 are used to identify the teeth in each quadrant. Number 1 is

the incisor. The numbers may continue to the back up to tooth number 9, which is the third

molar (if present). An alternative dental numbering system is the Universal Numbering System.

The numbers located along the circumference of lingual surface 1640 (also demarcated by

parenthesis). Tooth number 1 is the tooth farthest back on the right side 1650 of the mouth.

Tooth number 16 is the tooth farthest back on the top left side 1660 of the mouth. Tooth number

17 is the tooth farthest back on the bottom left side 1670 of the mouth. Tooth number 32 is the

tooth farthest back on the bottom right side 1680 of the mouth. Reference is made to the Palmer

Notation Numbering System and the Universal Numbering System throughout the discussion

herein.

[00192] FIG. 17 illustrates the movement direction of and order teeth undergoing the

treatment as described herein. In some embodiments, it may be advantageous (e.g., based on

clinical considerations) to move certain teeth prior to other teeth, such as to create occlusal

anchorage earlier in the treatment. The asynchronous approaches described herein allow such

considerations to be incorporated into the treatment plan. The plurality of teeth moved in

accordance with the treatment plan may comprise a plurality of incisors 1710 and a plurality of



molars 1720. The plurality of molars 1720 can be moved along a plurality of trajectories 1730

from a first plurality of locations 1722 to a second plurality of locations 1724. The plurality of

incisors can be moved along a plurality of trajectories 1740 from a first plurality of locations

1712 to a second plurality of locations 1714. The distance of each of the plurality of trajectories

1730 of the molars can be less than the distance of each of the plurality of trajectories 1740 of the

incisors 1710. The smaller movements of the plurality of molars are completed prior to the

plurality of incisors, so as to provide occlusal anchorage. The larger movements of the

trajectories of the plurality of incisors are completed after the movements of the plurality of

molars. For each of the movements of the molars and incisors, the size of the movement and the

velocity of the movement are independent.

[00193] FIG. 18 illustrates the movement stages for treating teeth in accordance with

embodiments. The treatment plan comprises of a plurality of movements stages for each tooth of

the plurality of teeth. The initial position of each tooth corresponds to Stage 0 . Each of the

plurality of teeth moves at an individual velocity through the movement stages as described

herein. Each of the plurality of teeth can continue movement through a different number of

stages and can stop movement at its final position as determined by the treatment plan. The

number of stages required for complete the trajectory of the movement plan can be different for

each tooth. Therefore some of the teeth may comprise no substantial movement at some of the

stages and substantial movement at other stages as described herein. This use of treatments in

which each tooth has substantial movement or insubstantial movement for the plurality of

treatment stages can allow better control of tooth movement with more predictable treatment.

[00194] Each of the stages can be two weeks apart, and the amount of tooth movement

between each stage corresponding to the velocity of the tooth in mm per week. Alternatively, the

stages can be one week apart, 15 days apart, one month apart or any appropriate interval and the

differences in the locations and orientations of the plurality of teeth receiving cavities of each

appliance determined accordingly so as to provide the velocity along the trajectory as described

herein.

[00195] The total number of stages of the example of Fig. 18 comprises 9 movement

stages, corresponding to 9 treatment appliances. The number of movement stages for each tooth,

however, is determined based on the type of tooth, the movement trajectory, the maximum

velocity along the movement trajectory and other parameters as described herein. Each of the

plurality of teeth receiving cavities of each appliance is sized and shaped to provide the tooth

movement corresponding to the stage of treatment for the appliance. Tooth 7(2) undergoes 3

movement stages from stages 0 to stage 3. This tooth can be held in the position of stage 3 for

stages 4-9 and has no substantial movement at these 6 non-movement stages. Tooth 6(3)



undergoes 4 movement stages from stage 0 to stage 4 . This tooth can be held in the position of

stage 4 for stages 5-9 and has no substantial movement at these 5 non-movement stages. Tooth

4(5) undergoes 3 movement stages from stage 0 to stage 3 . This tooth can be held in the position

of stage 3 for stages 4-9 and has no substantial movement at these 6 non-movement stages.

Tooth 3(6) undergoes 5 movement stages from stage 0 to stage 5. This tooth can be held in the

position of stage 5 for stages 6-9 and has no substantial movement at these 4 non-movement

stages. Tooth 2(7) undergoes 6 movement stages from stage 0 to stage 6 . This tooth can be held

in the position of stage 6 for stages 7-9 and has no substantial movement at these 3 non-

movement stages. Tooth 1(8) undergoes 9 movement stages from stage 0 to stage 9 . Tooth 1(9)

undergoes 3 movement stages from stage 0 to stage 3 . This tooth can be held in the position of

stage 3 for stages 4-9 and has no substantial movement at these 6 non-movement stages. Tooth

2(10) undergoes 9 movement stages from stage 0 to stage 9. Tooth 3(11) undergoes 7 movement

stages from stage 0 to stage 7 . This tooth can be held in the position of stage 7 for stages 8-9 and

has no substantial movement at these 2 non-movement stages. Tooth 4(12) undergoes 3

movement stages from stage 0 to stage 3 . This tooth can be held in the position of stage 3 for

stages 4-9 and has no substantial movement at these 5 non-movement stages. Tooth 6(14)

undergoes 6 movement stages from stage 0 to stage 6 . This tooth can be held in the position of

stage 6 for stages 7-9 and has no substantial movement at these 3 non-movement stages. Tooth

7(15) undergoes 3 movement stages from stage 0 to stage 3. This tooth can be held in the

position of stage 3 for stages 4-9 and has no substantial movement at these 6 non-movement

stages. Staging for tooth 5(13) is not shown because this tooth has been extracted in this

example. A person of ordinary skill in the art will recognize that the staging shown in Fig. 18

pertains to specific staging of teeth by way of example, and that the specific staging can be varied

based on individual parameters and types of tooth movement. For example, some of the teeth

can be moved in different orders, some of the teeth can be moved after other teeth as described

herein. Some of the teeth can comprise different types of movement in sequence, for example

tipping followed by intrusion or extrusion.

[00196] The treatment plan for each of a plurality of teeth comprises a plurality of

movement stages. The plurality of teeth receiving cavities of the plurality of movement stages

can be arranged to selectively provide a first velocity of at least about 25% of the maximum

velocity or a second velocity of no more than about 0.1% of the maximum velocity for each

tooth. In some embodiments, each tooth of a plurality of teeth does not comprise a velocity

within a range from about 0.1% of the maximum velocity to about 25% of the maximum

velocity, for example. In some embodiments, each tooth of a plurality of teeth does not comprise



a velocity within a range from about 0.04% of the maximum velocity to about 40% of the

maximum velocity, and this range may comprise a range of excluded velocities.

[00197] One of ordinary skill in the art will understand teeth can be moved at varying

velocities in accordance with the type of tooth and type of movement as described herein. The

target velocity of the tooth may comprise a maximum velocity that the tooth is capable of being

moved as described herein. A portion of the plurality of teeth can be selected from the group

consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth and a lower

anterior and the maximum velocity within a range from about 0 .15 mm per week to about 0.5

mm per week. A portion of the plurality of teeth can be selected from the group consisting of

molars and premolars and the maximum velocity is within a range from about 0.03 mm per week

to about 0.3 mm per week, for example. Tooth velocities that can be used in accordance with

embodiments and modeling of tooth velocities suggest that the independent target velocity of the

tooth can be within range from about 0 .15 to about 0.35 mm per week for a tooth selected from

the group consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth and a

lower anterior the maximum velocity, for example. The independent target velocity of a tooth

can be within a range from about 0.02 mm per week to about 0.25 mm per week for a posterior

tooth selected from the group consisting of a molar and a premolar, for example. The

insubstantial movement velocity may comprise no more than about 0.001 mm per week, and may

comprise no more than about 0.00025 mm per week, for example.

[00198] The staging can be configured so as to selectively provide a substantial movement

velocity or an insubstantial movement velocity among the plurality of stages for a given tooth.

This approach may have the advantage of not utilizing movement velocities that can result in less

than ideal tooth movement. For example, the substantial tooth movement velocity can be

programmed with a portion of the plurality of stages and insubstantial movement velocity (e.g.,

no movement velocity) programmed for another portion of the plurality of stages. The velocity

of each tooth can be programmed to move the tooth at an appropriate rate for the tooth for a

plurality of stages and then substantially stop movement for a plurality of stages. Alternatively or

in combination, the tooth can be programmed to move with no substantial velocity for a first

portion of the plurality of stages and to move with the substantial velocity for the second portion

of the plurality of stages. Appropriate appliances can be manufactured with teeth receiving

cavities shaped and positioned so as to move the teeth with the programmed movements.

[00199] 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.



[00200] While preferred embodiments of the present disclosure 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.



CLAIMS

WHAT IS CLAIMED IS:

1. A system for generating a treatment plan for repositioning a plurality of teeth, the

system comprising:

one or more processors; and

memory comprising instructions that, when executed by the one or more

processors, cause the one or more processors to:

receive a digital data set representing the plurality of teeth;

determine a movement trajectory for repositioning each tooth of the

plurality of teeth from an initial position and orientation towards a target position and orientation;

and

determine a movement velocity for repositioning said each tooth along the

corresponding movement trajectory, wherein the movement velocity is determined independently

for said each tooth of the plurality of teeth.

2 . The system of claim 1, wherein the movement velocity is determined based on

one or more patient-specific characteristics.

3 . The system of claim 2, wherein the one or more patient- specific characteristics

comprise one or more of: age, metabolic rate, bone density, skeletal maturity, periodontal

condition, intraoral organism population, saliva composition, saliva characteristics, biomarker

concentrations, pregnancy status, obesity status, body mass index (BMI), or drug use status.

4 . The system of claim 1, wherein the movement velocity for each tooth is

determined based on a tooth type of the tooth.

5 . The system of claim 4, wherein the tooth type comprises one or more of: an

incisor, a canine, a premolar, a molar, an anterior tooth, a posterior tooth, a central tooth, a lateral

tooth, a single-rooted tooth, a multi-rooted tooth, a primary tooth, a permanent tooth, a partially

erupted tooth, a fully erupted tooth, an ectopic tooth, a small-sized tooth, an average-sized tooth,

a large-sized tooth, a maxillary tooth, or a mandibular tooth.

6 . The system of claim 1, wherein the movement velocity for each tooth is

determined based on a movement type of the corresponding movement trajectory.

7 . The system of claim 6, wherein the movement type comprises one or more of: a

rotational movement, a translational movement, a crown-based movement, a root-based

movement, a bodily movement, an uncontrolled tipping movement, a controlled tipping

movement, an uprighting movement, a torque movement, an inclination change movement, a first

order movement, a second order movement, or a third order movement.



8. The system of claim 1, wherein the movement velocity for each tooth is

determined based on a direction of movement of the tooth in the corresponding movement

trajectory.

9 . The system of claim 8, wherein the direction comprises one or more of: a mesial

direction, a distal direction, a buccal direction, a lingual direction, an intrusion direction, an

extrusion direction, a rotational direction, a retraction direction, a lateral direction, a transverse

direction, a vertical direction, a facial direction, a sagittal direction, an apical direction, or a

coronal direction.

10. The system of claim 1, wherein the movement velocity is selected from a set of

movement velocity values generated based on one or more of expert opinion or clinical data.

11. The system of claim 1, wherein the instructions further cause the one or more

processors to use the movement velocity to determine a number of movement stages for

repositioning each tooth along the corresponding movement trajectory.

12. The system of claim 11, wherein the number of movement stages differs for at

least some of the plurality of teeth.

13. The system of claim 1, wherein the instructions further cause the one or more

processors to determine a distance between an axis of rotation and an axis of resistance of at least

one tooth of the plurality of teeth, wherein the movement velocity of the at least one tooth is

determined based on the distance between the axis of rotation and the axis of resistance.

14. The system of claim 1, wherein the instructions further cause the one or more

processors to modify one or more of the movement velocity or the movement trajectory of at

least one tooth of the plurality of teeth, wherein the modification is based on one or more

additional treatment considerations.

15. The system of claim 14, wherein the one or more additional treatment

considerations comprises one or more of: improved aesthetics, clinical outcomes, collision

avoidance, a biological response to treatment, or feedback data from treatment.

16. The system of claim 1, wherein the instructions further cause the one or more

processors to:

determine a plurality of movement stages for repositioning each tooth, based on

the corresponding movement trajectory and the corresponding movement velocity; and

generate data for fabricating a plurality of orthodontic appliances based on the

plurality of movement stages.

17. The system of claim 16, wherein the number of movement stages differs among

the plurality of teeth, said each of the plurality of teeth comprising a determined number of

movement stages.



18. The system of claim 17 and wherein a total number of treatment stages is greater

than the plurality of movement stages for a portion of the plurality of teeth and wherein a

difference between the plurality of movement stages for each tooth of the portion and the total

number of treatment stages defines a number of stages with no substantial movement for said

each tooth of the portion.

19. The system of claim 16, wherein a number of movement stages for which said

each tooth moves along the movement trajectory is determined in response to said velocity and a

distance along said trajectory for said each tooth.

20. The system of claim 19, wherein a portion of the plurality of teeth is not moved

substantially for a part of the plurality of movement stages and is moved substantially for another

part of the plurality of movement stages.

21. The system of claim 16, wherein each of the plurality of teeth is capable of a

maximum movement velocity, the movement velocity comprising a substantial movement

velocity corresponding to at least about 30% of the maximum movement velocity, and wherein

the plurality of movement stages is arranged to selectively provide the substantial movement

velocity or no substantial movement velocity, wherein said no substantial movement velocity

comprises no more than about 0.1% of the maximum movement velocity.

22. The system of claim 21, wherein the plurality of movement stages is arranged so

as not to define a movement velocity within a range from about 0.1% of the maximum movement

velocity to about 25% of the maximum movement velocity for said each of the plurality of teeth.

23. The system of claim 22, wherein no tooth of the plurality of teeth comprises a

velocity within a range from about 0.04% of the maximum velocity to about 40% of the

maximum velocity for said each of the plurality of teeth.

24. The system of claim 21, wherein a first tooth of the plurality of teeth comprises a

substantial velocity from a first movement stage to a last movement stage of the plurality of

treatment stages and a second tooth of the plurality of teeth comprises a substantial velocity for a

portion of the plurality of movement stages and an insubstantial velocity for another portion of

the plurality of movement stages.

25. The system of claim 21, wherein a portion of the plurality of teeth is selected from

the group consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth and a

lower anterior the maximum velocity is within a range from about 0 .15 mm per week to about

0.5 mm per week.

26. The system of claim 21, wherein a portion of the plurality of teeth is selected from

the group consisting of molars and premolars and the substantial velocity is within a range from

about 0.03 mm per week to about 0.3 mm per week.



27. The system of claim 21, wherein a portion of the plurality of teeth is selected from

the group consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth and a

lower anterior the substantial velocity is within a range from about 0 .1 mm per week to about 0.4

mm per week.

28. The system of claim 21, wherein a portion of the plurality of teeth is selected from

the group consisting of molars and premolars and the substantial velocity is within a range from

about 0.02 mm per week to about 0.25 mm per week.

29. The system of claim 16, wherein the instructions cause the one or more processors

to generate manufacturing data defining a plurality of appliances corresponding to the plurality of

movement stages, each of the plurality of appliances corresponding to a movement stage of the

plurality of movement stages, and wherein said each of the plurality of appliances comprises a

plurality of teeth receiving cavities sized and shaped to move each of the plurality of teeth in

accordance with said movement velocity of said corresponding movement stage.

30. A method for generating a treatment plan for repositioning a plurality of teeth, the

method comprising:

receiving, using one or more processors, a digital data set representing the

plurality of teeth;

determining, using the one or more processors, a movement trajectory for

repositioning each tooth of the plurality of teeth from an initial position and orientation towards a

target position and orientation; and

determining, using the one or more processors, a movement velocity for

repositioning each tooth along the corresponding movement trajectory, wherein the movement

velocity is determined independently for each tooth of the plurality of teeth.

31. The method of claim 30, wherein the movement velocity is determined based on

one or more patient-specific characteristics.

32. The method of claim 31, wherein the one or more patient- specific characteristics

comprise one or more of: age, metabolic rate, bone density, skeletal maturity, periodontal

condition, intraoral organism population, saliva composition, saliva characteristics, biomarker

concentrations, pregnancy status, obesity status, body mass index (BMI), or drug use status.

33. The method of claim 30, wherein the movement velocity for each tooth is

determined based on a tooth type of the tooth.

34. The method of claim 33, wherein the tooth type comprises one or more of: an

incisor, a canine, a premolar, a molar, an anterior tooth, a posterior tooth, a central tooth, a lateral

tooth, a single-rooted tooth, a multi-rooted tooth, a primary tooth, a permanent tooth, a partially



erupted tooth, a fully erupted tooth, an ectopic tooth, a small-sized tooth, an average-sized tooth,

a large-sized tooth, a maxillary tooth, or a mandibular tooth.

35. The method of claim 30, wherein the movement velocity for each tooth is

determined based on a movement type of the corresponding movement trajectory.

36. The method of claim 35, wherein the movement type comprises one or more of: a

rotational movement, a translational movement, a crown-based movement, a root-based

movement, a bodily movement, an uncontrolled tipping movement, a controlled tipping

movement, an uprighting movement, a torque movement, an inclination change movement, a first

order movement, a second order movement, or a third order movement.

37. The method of claim 30, wherein the movement velocity for each tooth is

determined based on a direction of movement of the tooth in the corresponding movement

trajectory.

38. The method of claim 37, wherein the direction comprises one or more of: a mesial

direction, a distal direction, a buccal direction, a lingual direction, an intrusion direction, an

extrusion direction, a rotational direction, a retraction direction, a lateral direction, a transverse

direction, a vertical direction, a facial direction, a sagittal direction, an apical direction, or a

coronal direction.

39. The method of claim 30, wherein the movement velocity is selected from a set of

movement velocity values generated based on one or more of expert opinion or clinical data.

40. The method of claim 30, further comprising using the movement velocity to

determine a number of movement stages for repositioning each tooth along the corresponding

movement trajectory.

41. The method of claim 40, wherein the number of movement stages differs for at

least some of the plurality of teeth.

42. The method of claim 30, further comprising determining a distance between an

axis of rotation and an axis of resistance of at least one tooth of the plurality of teeth, wherein the

movement velocity of the at least one tooth is determined based on the distance between the axis

of rotation and the axis of resistance.

43. The method of claim 30, further comprising modifying one or more of the

movement velocity or the movement trajectory of at least one tooth of the plurality of teeth,

wherein the modification is based on one or more additional treatment considerations.

44. The method of claim 43, wherein the one or more additional treatment

considerations comprises one or more of: improved aesthetics, clinical outcomes, collision

avoidance, a biological response to treatment, or feedback data from treatment.

45. The method of claim 30, further comprising:



determining a plurality of movement stages for repositioning each tooth, based on

the corresponding movement trajectory and the corresponding movement velocity; and

fabricating a plurality of orthodontic appliances based on the plurality of

movement stages.

46. One or more non-transitory computer-readable media comprising instructions that,

when executed by one or more processors, cause the one or more processors to:

receive a digital data set representing the plurality of teeth;

determine a movement trajectory for repositioning each tooth of the plurality of

teeth from an initial position and orientation towards a target position and orientation; and

determine a movement velocity for repositioning each tooth along the

corresponding movement trajectory, wherein the movement velocity is determined independently

for each tooth of the plurality of teeth.

47. A system for generating a treatment plan for repositioning a tooth, the system

comprising:

one or more processors; and

memory comprising instructions that, when executed by the one or more

processors, cause the one or more processors to:

(a) receive a digital data set representing an initial position and orientation

of the tooth;

(b) determine a movement trajectory for repositioning the tooth from the

initial position and orientation towards a target position and orientation, wherein the movement

trajectory comprises movement along a plurality of different directions; and

(c) determine a movement velocity for repositioning the tooth along each

direction of the plurality of different directions, wherein the movement velocity is determined

independently for each direction.

48. The system of claim 47, wherein the plurality of different directions comprises

two or more of: a mesial direction, a distal direction, a buccal direction, a lingual direction, an

intrusion direction, an extrusion direction, a rotational direction, a retraction direction, a lateral

direction, a transverse direction, a vertical direction, a facial direction, a sagittal direction, an

apical direction, or a coronal direction.

49. The system of claim 47, wherein the movement velocities for at least some of the

plurality of different directions differ from each other.



50. The system of claim 47, wherein the movement velocity is further determined

based on one or more of: patient- specific characteristics, a tooth type of the tooth, or a movement

type of the movement trajectory

51. The system of claim 47, wherein the movement velocity is selected from a set of

movement velocity values generated based on one or more of expert opinion or clinical data.

52. The system of claim 47, wherein the instructions further cause the one or more

processors to use the movement velocity to determine a number of movement stages for

repositioning the tooth along each direction.

53. The system of claim 52, wherein the number of movement stages differs for at

least some of the plurality of different directions.

54. The system of claim 47, wherein the instructions further cause the one or more

processors to repeat steps (a) through (c) for each tooth of a plurality of teeth.

55. The system of claim 47, wherein the instructions further cause the one or more

processors to: (d) determine a movement schedule for repositioning the tooth along each

direction of the plurality of different directions.

56. The system of claim 55, wherein the movement schedule comprises repositioning

the tooth along at least some of the plurality of different directions at different times.

57. The system of claim 47, wherein the instructions further cause the one or more

processors to modify one or more of the movement velocity or the movement trajectory of the

tooth, wherein the modification is based on one or more additional treatment considerations.

58. The system of claim 57, wherein the one or more additional treatment

considerations comprises one or more of: improved aesthetics, clinical outcomes, collision

avoidance, a biological response to treatment, or feedback data from treatment.

59. The system of claim 47, wherein the instructions further cause the one or more

processors to:

determine a plurality of movement stages for repositioning the tooth, based on the

movement trajectory and the movement velocity; and

generate data for fabricating a plurality of orthodontic appliances based on the

plurality of movement stages.

60. A method for generating a treatment plan for repositioning a tooth, the method

comprising:

(a) receiving, using one or more processors, a digital data set representing an

initial position and orientation of the tooth;



(b) determining, using the one or more processors, a movement trajectory for

repositioning the tooth from the initial position and orientation towards a target position and

orientation, wherein the movement trajectory comprises movement along a plurality of different

directions; and

(c) determining, using the one or more processors, a movement velocity for

repositioning the tooth along each direction of the plurality of different directions, wherein the

movement velocity is determined independently for each direction.

61. The method of claim 60, wherein the plurality of different directions comprises

two or more of: a mesial direction, a distal direction, a buccal direction, a lingual direction, an

intrusion direction, an extrusion direction, a rotational direction, a retraction direction, a lateral

direction, a transverse direction, a vertical direction, a facial direction, a sagittal direction, an

apical direction, or a coronal direction.

62. The method of claim 60, wherein the movement velocities for at least some of the

plurality of different directions differ from each other.

63. The method of claim 60, wherein the movement velocity is further determined

based on one or more of: patient- specific characteristics, a tooth type of the tooth, or a movement

type of the movement trajectory

64. The method of claim 60, wherein the movement velocity is selected from a set of

movement velocity values generated based on one or more of expert opinion or clinical data.

65. The method of claim 60, further comprising using the movement velocity to

determine a number of movement stages for repositioning the tooth along each direction.

66. The method of claim 65, wherein the number of movement stages differs for at

least some of the plurality of different directions.

67. The method of claim 60, further comprising repeating steps (a) through (c) for

each tooth of a plurality of teeth.

68. The method of claim 60, further comprising: (d) determining a movement

schedule for repositioning the tooth along each direction of the plurality of different directions.

69. The method of claim 68, wherein the movement schedule comprises repositioning

the tooth along at least some of the plurality of different directions at different times.

70. The method of claim 60, further comprising modifying one or more of the

movement velocity or the movement trajectory of the tooth, wherein the modification is based on

one or more additional treatment considerations.



71. The method of claim 70, wherein the one or more additional treatment

considerations comprises one or more of: improved aesthetics, clinical outcomes, collision

avoidance, a biological response to treatment, or feedback data from treatment.

72. The method of claim 60, further comprising:

determining a plurality of movement stages for repositioning the tooth, based on

the movement trajectory and the movement velocity; and

fabricating a plurality of orthodontic appliances based on the plurality of

movement stages.

73. One or more non-transitory computer-readable media comprising instructions that,

when executed by one or more processors, cause the one or more processors to:

(a) receive a digital data set representing an initial position and orientation of the

tooth;

(b) determine a movement trajectory for repositioning the tooth from the initial

position and orientation towards a target position and orientation, wherein the movement

trajectory comprises movement along a plurality of different directions; and

(c) determine a movement velocity for repositioning the tooth along each direction

of the plurality of different directions, wherein the movement velocity is determined

independently for each direction.

74. A system for generating a treatment plan for repositioning a plurality of teeth, the

system comprising:

one or more processors; and

memory comprising instructions that, when executed by the one or more

processors, cause the one or more processors to:

receive a digital data set representing the plurality of teeth;

determine a movement trajectory for repositioning each tooth of the

plurality of teeth from an initial position and orientation towards a target position and orientation,

wherein the movement trajectory of at least one tooth of the plurality of teeth comprises

movement along a plurality of different directions; and

determine a movement velocity for repositioning each tooth along the

corresponding movement trajectory, wherein the movement velocity is determined independently

for each tooth of the plurality of teeth, and wherein the movement velocity for the at least one

tooth is determined independently for each direction of the plurality of different directions.

75. A method for generating a treatment plan for repositioning a plurality of teeth, the

method comprising:



receiving, using one or more processors, a digital data set representing the

plurality of teeth;

determining, using the one or more processors, a movement trajectory for

repositioning each tooth of the plurality of teeth from an initial position and orientation towards a

target position and orientation, wherein the movement trajectory of at least one tooth of the

plurality of teeth comprises movement along a plurality of different directions; and

determining, using the one or more processors, a movement velocity for

repositioning each tooth along the corresponding movement trajectory, wherein the movement

velocity is determined independently for each tooth of the plurality of teeth, and wherein the

movement velocity for the at least one tooth is determined independently for each direction of the

plurality of different directions.

76. One or more non-transitory computer-readable media comprising instructions that,

when executed by one or more processors, cause the one or more processors to:

receive a digital data set representing the plurality of teeth;

determine a movement trajectory for repositioning each tooth of the plurality of

teeth from an initial position and orientation towards a target position and orientation, wherein

the movement trajectory of at least one tooth of the plurality of teeth comprises movement along

a plurality of different directions; and

determine a movement velocity for repositioning each tooth along the

corresponding movement trajectory, wherein the movement velocity is determined independently

for each tooth of the plurality of teeth, and wherein the movement velocity for the at least one

tooth is determined independently for each direction of the plurality of different directions.

77. A system for repositioning a plurality of teeth in accordance with a treatment plan,

the system comprising:

a plurality of polymeric shell appliances for repositioning the plurality of teeth in

accordance with the treatment plan, each of the plurality of appliances corresponding to a

movement stage of the treatment plan, said each of the plurality of appliances comprising a

plurality of tooth receiving cavities to move said plurality of teeth in accordance with the

treatment plan, wherein the plurality of appliances is arranged to move said each of the plurality

of teeth with an independent movement velocity along a corresponding movement trajectory for

said each tooth of the plurality of teeth.

78. The system of claim 77, wherein the plurality of appliances is arranged to

selectively provide a substantial movement velocity of at least about 25% of a maximum velocity

or an insubstantial movement velocity comprising no more than about 0.1% of the maximum

velocity for said each tooth.



79. The system of claim 78, wherein said each tooth does not comprise a velocity

within a range from about 0.1% of the maximum velocity to about 25% of the maximum velocity

of teeth.

80. The system of claim 78, wherein no tooth of the plurality of teeth comprises a

velocity within a range from about 0.04% of the maximum velocity to about 40% of the

maximum velocity of teeth.

81. The system of claim 78, wherein a first tooth of the plurality of teeth comprises

the first velocity from a first movement stage to a last movement stage of the plurality of

treatment stages and a second tooth of the plurality of teeth comprises the first velocity and the

second velocity from the first movement stage to the last movement stage.

82. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein a number of movement stages for which said each tooth moves

along the movement trajectory is determined in response to said velocity and a distance along

said trajectory for said each tooth and wherein the number of movement stages differs among the

plurality of teeth.

83. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein a portion of the plurality of teeth is not moved substantially for a

part of the plurality of movement stages and is moved substantially for another part of the

plurality of movement stages.

84. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein each of the plurality of teeth is capable of a maximum movement

velocity, the movement velocity comprising a substantial movement velocity corresponding to at

least about 25% of the maximum movement velocity, and wherein the plurality of movement

stages is arranged to selectively provide the substantial movement velocity or no substantial

movement velocity, wherein said no substantial movement velocity comprises no more than

about 0.1% of the maximum movement velocity.

85. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein the plurality of movement stages is arranged so as not to define a

movement velocity within a range from about 0.1% of the maximum movement velocity to about

25% of the maximum movement velocity for said each of the plurality of teeth,

86. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein no tooth of the plurality of teeth comprises a velocity within a

range from about 0.04% of the maximum velocity to about 40% of the maximum velocity for

said each of the plurality of teeth.



87. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein a first tooth of the plurality of teeth comprises a substantial

velocity from a first movement stage to a last movement stage of the plurality of treatment stages

and a second tooth of the plurality of teeth comprises a substantial velocity for a portion of the

plurality of movement stages and an insubstantial velocity for another portion of the plurality of

movement stages.

88. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein a portion of the plurality of teeth is selected from the group

consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth, and a lower

anterior the maximum velocity of the portion of plurality of teeth is within a range from about 0.5

mm per week to about 0 .15 mm per week and optionally wherein the portion comprises the

insubstantial movement velocity for a plurality of stages and the substantial movement velocity

for another plurality of stages.

89. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein a portion of the plurality of teeth is selected from the group

consisting of a molar and a premolar and the maximum velocity of each of the portion of

plurality of teeth is within a range from about 0.03 mm per week to about 0.3 mm per week and

optionally wherein the portion comprises the insubstantial movement velocity for a plurality of

stages and the substantial movement velocity for another plurality of stages.

90. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein a portion of the plurality of teeth is selected from the group

consisting of an upper incisor, a lower incisor, a canine, an upper anterior tooth and a lower

anterior the substantial velocity of the portion of the plurality of teeth is within a range from

about 0 .1 mm per week to about 0.4 mm per week and optionally wherein the portion comprises

the insubstantial movement velocity for a plurality of stages and the substantial movement

velocity for another plurality of stages.

91. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein a portion of the plurality of teeth is selected from the group

consisting of molars and premolars and the substantial velocity of the portion of the plurality of

teeth is within a range from about 0.02 mm per week to about 0.25 mm per week and optionally

wherein the portion comprises the insubstantial movement velocity for a plurality of stages and

the substantial movement velocity for another plurality of stages.

92. The system, method, tangible medium or plurality of appliances as in any one of

the preceding claims, wherein the insubstantial movement velocity comprises no more than about



0.001 mm per week and optionally wherein the insubstantial movement velocity comprises no

more than about 0.00025 mm per week.
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