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1. Introduction

Orthodontic treatments are based on a prolonged
application of mechanical forces on the teeth through
orthodontic appliances, leading to tooth movement
due to the remodeling of the surrounding bone. Bone
response is dependent on the biological reactions
occurring in the periodontal ligament (PDL) and
more specifically on those related to vascular changes
(Pavlin and Gluhak-Heinrich 2001). Hence, optimal
forces and moments are required to obtain the
desired tooth displacements without generating dele-
terious effects. Although the biological events occur-
ring during orthodontic tooth movement are
nowadays better understood, the correlation between
orthodontic force systems, desmodontal reactions and
bone remodeling is not well established (Meikle
2005). Little is known about the forces and moments
developed on more than two adjacent teeth (Badawi
et al. 2009).

In this work, we focus our analysis on a buccal upper
right canine in infraclusion and extract the experimental
measurements of the mechanical forces developed onto
the complete dental arch. These are then transferred into
a numerical finite element (FE) model to determine the
PDL deformation and hence, through a theoretical
numerical model, quantify the cellular mechanobiologi-
cal reactions at the root of orthodontic bone remodeling.

2. Methods

2.1. Experiments

An experimental setup was developed in order to
quantify the developed mechanical forces in 3D on
each tooth of a maxillary dental arch when inserting
an initial 0.014” Nickel Titanium orthodontic arch-
wire within the brackets (Wagner et al. 2017a). Once
the forces were measured, static equilibrium of the
dental arch was considered to obtain the moments
developed at the center of each bracket (Wagner et al.
2017b). In parallel, histological studies were carried
out to extract the cellular distribution and densities
within the PDL and adjacent bone (Wagner et al.
2018). These information’s made possible correlations
between mechanical forces and cellular activations.

2.2. Numerical modeling

A 3D FE model (FE1) was developed (Figure 1) to pre-
dict the reaction forces applied on the teeth in a real
clinical situation, based on the superelastic constitutive
law of the orthodontic wire. This work also accounted
for friction between wire and brackets which was deter-
mined through the experimental setup.

The mechanical force system applied onto the teeth
induces a deformation of the PDL. In the compres-
sion area, the PDL vascularization is partially
occluded causing a decrease in oxygen concentration
which is known to increase the proliferation of osteo-
clasts (Utting et al. 2006). On the other hand, in the
tensile zone, the oxygen concentration will increase

Figure 1. 3D FE model of a full maxillary arch upon insertion
of the first archwire within the brackets.
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due to PDL stretching, which is the cause of prolifer-
ation of osteoblasts (Arnett et al. 2003). These key
factors are assumed to be at the origin of the bone
remodeling phenomena in orthodontics. With this
understanding of the PDL physiological behavior, the
impact of the oxygen effect on the cells’ evolutions is
highlighted (George et al. 2018). The phenomena are
integrated within a second FE model (FE2) (Spingarn
et al. 2018), accounting for the mechanobiological
coupling between mechanical forces and cellular acti-
vation, in order to determine the initiation of the
bone remodeling phenomena and tooth movements.

3. Results and discussion

From the applied displacements on the developed experi-
mental setup, forces were measured on three teeth,
namely the upper first right premolar, the upper right
canine, and the upper right lateral incisor. Once these
were extracted, the FE1 model allowed us to define in 3D
the forces applied on all teeth of the maxillary arch. Using
simple static equilibrium, moments were subsequently cal-
culated for all teeth of the dental arch. The results are pre-
sented in Table 1 for the three teeth of interest.

Once the forces and moments were quantified,
they were integrated in the second FE model (FE2) to
predict the oxygen variation within the PDL and
quantify the cells’ multiplication and migration. The
preliminary results show, through a multiphysics algo-
rithm, the initial mechanisms of tooth displacement
and preliminary bone remodeling.

4. Conclusion

A simplified theoretical numerical model was devel-
oped for the prediction of orthodontic bone remodel-
ing in a case of an orthodontic alignment of a buccal
infraoccluded upper right canine. The models were
implemented using experimental data of forces and
moments measured on an in house developed setup,
coupled with histological data of the PDL. Results
show preliminary bone remodeling during the initial
alignment stage of the orthodontic treatment. More
work is still needed to predict long term tooth dis-
placement for practical applications.
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Table 1. Developed forces and moments in 3D on the upper first right premolar, upper right canine, and
upper right incisor as determined from experiments and by the FE1 numerical model.
Tooth Upper 1st right premolar Upper right canine Upper right lateral incisor

Displacement x;y;z (mm) 1;�1.2;0.5 3.6;1.2;0.5 3.3;0.5;0.5
Force Fx (N) 0.0 2.55 1.13
Force Fy (N) 0.0 �1.59 �0.74
Force Fz (N) 0.0 0.00 0.56
Moment Mx (N.mm) 0.0 0.02 0.82
Moment My (N.mm) 0.0 0.03 �0.68
Moment Mz (N.mm) 0.0 2.67 0.95
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