Scientific and Physics-Based Examination of Force and Moment:

Interactions to Bone Remodeling for
Orthodontic Tooth Movement

Orthodontic tooth movement results from the combined effects of forces and moments
applied to a tooth. The nature and direction of these forces and moments dictate the
type of movement achieved, whether it is translation, tipping, rotation, or torque. Here’s
a more scientific explanation with precise mathematical descriptions.

1. Force and Moment Definitions
Force (F):

A force is a vector quantity that causes linear motion. The magnitude and direction of
the force determine its impact on the tooth.

Moment (M):

A moment is a measure of the rotational effect of a force about a specific point, such as
the center of resistance (CoR). Mathematically, the moment is expressed as:

M=rXxF
where:
e Mis the moment vector.
e ris the position vector from the center of resistance to the point of force
application.

« F is the force vector.

The magnitude of the moment is:

where:

o F is the magnitude of the applied force.
e dis the perpendicular distance from the center of resistance to the line of action
of the force.



2. Center of Resistance (CoR)

The center of resistance is the point where a force applied through it causes pure
translation without rotation. For a single-rooted tooth, the center of resistance is thought
to be located about one-third of the distance from the apex to the alveolar crest.

o Forces passing through the CoR:
M=0
Result: Pure translation.

e Forces applied away from the CoR:

M=+0

Result: A combination of translation and rotation.

3. Moment-to-Force Ratio (%)

The moment-to-force ratio (M /F) determines the type of movement:

M/F = Moment/Force

Types of Movement Based on the value of M/F :

1. Tipping:
M
o Alow i ratio results in tipping, where the crown moves more than the
root.
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2. Translation (Bodily Movement):
o Achieved when the crown and root move equally in the same direction.
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o A high %ratio leads to root movement while keeping the crown relatively
stationary.
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4. Rotation:
o Pure rotation occurs when a couple consisting of equal , parallel and
opposite forces is applied. A couple generates a pure moment but no net
translation force.

M=F-d and Fnet=0

4. Mathematical Model of Tooth Movement

When a force F is applied at a distance r from the CoR, the resulting motion is a
combination of translation and rotation. The total displacement is determined by the net
force (F) and the moment-to-force ratio.

Resulting Movement:

The displacement x of the tooth can be expressed as the sum of translational (xtrans)
and rotational (xrot) components:

|x | = |xtrans| + |xrot]|
1. Translational Displacement:

F

xtrans = —
k

where K is a constant representing the stiffness of the periodontal ligament and
dentoalveolar bone .

2. Rotational Displacement:

. M
Xrot = —
krot

where Kot represents the rotational spring constant or the rotational stiffness. The
higher the Ko, the higher the moment necessary to get rotation,



6. Biological Considerations

The forces and moments must remain within a biologically acceptable range to prevent
damage to the roots, periodontal ligament and alveolar bone.

o Optimal force range per tooth: F = 0.5 — 1.0 N or 50 to 100grs.

The surface unit of each root from a group of teeth such as incisors, canines, premolars
and molars also play a significant role on force dissipation.

o Maximum “safe” moment: M=10Nmm ( arbitrary measurement obtained from the
Force of 100gr multiplied by the distance 10). Not applicable for root torque
application

Orthodontic tooth movement arises from the combined effects of forces (F) and
moments (M), modulated by the moment-to-force ratio (M /F . Aligners and attachments
must be engineered to apply precise forces and moments, achieving controlled tooth
movements such as translation, tipping, torque, extrusion, intrusion and rotation.
Mathematical modeling of these interactions allows for precise treatment planning,
ensuring predictable and effective outcomes.

7. What about the bone and soft tissues?

Incorporating the rate of bone remodeling into a tooth movement algorithm requires
integrating biomaterial and biomechanical principles to the biological responses. Bone
remodeling is driven by mechanical stress and biological processes, primarily regulated
by the periodontal ligament (PDL) and osteoclast/osteoblast activity depending on the
type of bone remodeling taking place. The primary bone remodeling which is present
when almost physiological forces are applied is mainly driven by periodontal ligament
remodeling while the secondary bone remodeling cause by excessive stress is
governed by sterile necrosis and second intention healing.

Conceptual Basis
1. Force-Driven Bone Remodeling: Theory

Orthodontic forces create pressure and tension in the PDL, stimulating
osteoclast activity (bone resorption) on the pressure side and osteoblast
activity (bone formation) on the tension side.

2. Biochemical Mediators and Signaling Pathways
Orthodontic force triggers the release of cytokines, prostaglandins,
RANK/RANKL/OPG signaling molecules, and growth factors in the PDL. These
molecules orchestrate the activity of osteoclasts and osteoblasts (cells
responsible for bone resorption and deposition, respectively).



o RANKL/OPG balance: RANKL promotes osteoclast formation — bone
resorption. OPG is a “decoy receptor” that inhibits RANKL — reduces
osteoclast activity.

o These mediators are influenced by the magnitude, duration, and type of
force—more than just whether it is “pressure” or “tension.”

o Role of PDL Fluid Dynamics
Fluid flow within the PDL is also crucial. Orthodontic forces alter
microcirculation and fluid pressure in the ligament space, affecting
mechanotransduction pathways in PDL cells (e.g., fibroblasts, osteocytes).

o Inflammatory and Immune Components
The remodeling process involves an orchestrated, low-grade inflammatory
response. This inflammatory aspect helps regulate the activity of osteoclasts
and osteoblasts.

o Three-Dimensional Force Systems
In real clinical settings, forces are rarely simple “pressure” or “tension.” Teeth
often experience complex 3D loadings (rotational, intrusive, extrusive, etc.).
Modeling and remodeling patterns can vary along different parts of the tooth
root and supporting structures.

. Bone Remodeling Rate:

o The rate of bone remodeling (Rvone) is proportional to the mechanical
strain (€) and modulated by biological factors (Bf), such as patient age,
periodontal condition, metabolic health, and cellular response.

Rpone = Ky - € Bf
where:

o Ruone: This typically stands for a rate (or “amount per unit time”) at which
bone is formed, resorbed, or otherwise remodeled. The exact meaning
depends on the context:

1. Bone formation rate (how quickly new bone matrix is deposited).
2. Bone remodeling rate (overall turnover rate, which might include
both formation and resorption components)

o Kr: Remodeling constant (related to the material properties of bone and
PDL). A constant of proportionality or a rate constant that translates how
strongly a given stimulus (mechanical, biological, etc.) affects the bone’s
remodeling response.

o €: Strain in the PDL due to orthodontic forces.

o Brs: Biological factor accounting for patient variability.



4. PDL Strain (¢):
o Strain is the deformation per unit length caused by applied forces and
moments. It is somewhat proportional to the stress in the PDL:

o
€= ——
Epp.

where:

o 0: Stress in the PDL.
o EppL: Elastic modulus of the PDL.

Algorithm for Tooth Movement Incorporating Bone Remodeling
Seral Inputs must be considered:

F: Force applied to the tooth.

M: Moment applied to the tooth.

App_: Cross-sectional area of the PDL.

EpoL : Elastic modulus of the PDL.

Br Biological factor based on patient characteristics.
At: Time step for simulation.

Kr : Remodeling constant.

Ma: Tooth mass.

Initial tooth position(xy, 0,).

Steps:

1. Calculate PDL Stress:

2. Calculate PDL Strain:

3. Determine Bone Remodeling Rate:

Rpone = kr 'E'Bf



4. Update Tooth Displacement (Translation): Translational acceleration (a) is
proportional to the net force (F) and inversely proportional to the tooth's mass
(Ma)-Newton’s second law.

F

“=a

Translational displacement over time step At:

1
Ax=v-At+§a-At2

5. Update Tooth Rotation (Torque-Induced): Angular acceleration (a) is
proportional to the applied moment (M):

O(=7

where | is the moment of inertia of the tooth.

Angular displacement:
1 2
AB =u)-At+§a-At

6. Adjust for Bone Remodeling:
1. Modify displacement based on Ryge:
1. Translation Displacement:

Xadj = Ax - (1 + Rpone - At)
2. Angular Displacement
ABaqi = A6 - (1 + Rpone - At)
7. Update Tooth Position: New position (x,0):
Xnew = Xold T AXagjX

Onew = Boid + AB4q;



8. lterate: Repeat steps for each time step At to simulate tooth movement over
time.

Conclusion

This algorithm integrates mechanical and biological principles to model tooth movement
influenced by bone remodeling. It calculates displacement and rotation based on
orthodontic forces and moments while adjusting for the remodeling rate driven by strain
and biological factors. This approach enables precise simulation and prediction of
orthodontic outcomes while accounting for patient-specific variability.



Effect of Aligner Thickness on Force Application in
Orthodontics

The thickness of an orthodontic aligner significantly affects the magnitude and
distribution of forces applied to the teeth. This relationship can be explained
scientifically using principles from material mechanics and biomechanics.

Aligner Systems and Force-Moment Interaction

Clear aligners apply forces and moments through attachments, to enhance their ability
to control complex movements. The aligner exerts forces F and moments M ton the
crown and through strategically placed attachments.

Factors Affecting Interaction:

1. Attachment Shape and Position:

o Attachments increase the moment arm (d) and help generate higher
moments.

o Beveled or rectangular attachments direct forces to create the desired
torque or rotation.

2. Material Properties of the Aligner:

o Aligners made of “elastic” materials must maintain consistent force over
time.

o The stiffness (E) and viscoelastic properties affect the magnitude of F and
M.

3. Treatment Planning:

o Digital tools attempt to optimize M/F ratios for each tooth movement by
simulating forces and moments. They achieve this task but using a
displacement system where small increments of movements are build in
stages and are “transferred” into biomechanical forces by elastic
deformation of the aligners. Basically, linear and rotational deformation are
transformed into mechanical energy.

Material Stiffness and Elastic Modulus
The aligner material's ability to resist deformation is characterized by its stiffness,

which is proportional to its elastic modulus (E) and its thickness (t). The bending
stiffness (D) of the aligner can be expressed as:

D xE-t3

o E: Elastic modulus of the aligner material.
o t: Thickness of the aligner.



This cubic dependence on thickness indicates that even small increases in aligner
thickness lead to substantial increases in its stiffness, thereby affecting the force
application.

Force Generation

Aligners apply forces (pressure) through elastic deformation. When an active aligner is
placed over a tooth, its deformation generates restorative forces that attempt to return

the aligner to its original shape. The force (F) exerted by the aligner can be estimated

using Hooke’s Law:

F =k -Ax
where:

o F: Force exerted by the aligner.

« k: Stiffness constant of the aligner, which depends on material properties and
thickness.

o Ax: Amount of displacement between the activated aligner and the tooth surface.

o T is the thickness of the aligner material

The stiffness k is proportional to t3 so the force generated can be expressed as:

F o t3- Ax

F is proportional to the cube of t multiplied by Ax meaning that increasing thickness
even slightly significantly increases the stiffness of a thermoformed aligner because
of this cubic relationship.

Thus, an increase in thickness significantly amplifies the force applied to the tooth.

Stress Distribution

The stress (o) exerted on the tooth by the aligner is related to the force and the contact
area (A):

o =-
A

Since the force F increases with t3, a thicker aligner generates higher stress for the
same contact area, potentially affecting tooth movement or patient comfort.



4. Biomechanical Implications
Effect on Tooth Movement:

e Thicker Aligners:
o Apply greater forces, which may accelerate tooth movement if forces
remain within the biologically acceptable range (50-100 grams per tooth).
o May cause excessive pressure if the thickness is too high, leading to
discomfort or adverse effects on periodontal health.
e Thinner Aligners:
o Generate smaller forces, which may be insufficient for effective tooth
movement if the thickness is too low.

Patient Comfort:

« Thicker aligners may feel more rigid and cause higher initial discomfort, whereas
thinner aligners may feel more flexible but may not provide adequate control.

5. Optimization of Thickness
To optimize aligner performance, manufacturers often vary aligner thickness:

o Uniform Thickness: Aligners with a consistent thickness generate predictable
forces.

o Variable Thickness: Strategic areas of increased thickness (e.g., around
attachments) amplify force application for complex movements like root torque or

extrusion.

Conclusion

The thickness of an aligner directly influences its ability to apply force to the teeth due to
its cubic relationship with stiffness. Thicker aligners generate higher forces and stress,
making them more effective for challenging tooth movements but potentially less
comfortable. Optimal aligner design involves balancing thickness to achieve effective
forces within the biologically safe range, ensuring both treatment efficacy and patient
comfort.



Aligner Systems and Force-Moment Interaction

Clear aligners apply forces and moments through attachments, to enhance their ability
to control complex movements. The aligner exerts forces F and moments M ton the
crown and through strategically placed attachments.

Factors Affecting Interaction:

4. Attachment Shape and Position:

o Attachments increase the moment arm (d) and help generate higher
moments.

o Beveled or rectangular attachments direct forces to create the desired
torque or rotation.

5. Material Properties of the Aligner:

o Aligners made of “elastic” materials must maintain consistent force over
time.

o The stiffness (E) and viscoelastic properties affect the magnitude of F and
M.

6. Treatment Planning:

o Digital tools attempt to optimize M/F ratios for each tooth movement by
simulating forces and moments. They achieve this task but using a
displacement system where small increments of movements are build in
stages and are “transferred” into biomechanical forces by elastic
deformation of the aligners. Basically, linear and rotational deformation are
transformed into mechanical energy.



