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Abstract

for the orthodontist design optimal force system.

The human teeth face a variety of ways to move during orthodontic treatment. The types of orthodontic tooth
movements have linked to the moment to force (M/F) ratio. This paper aims to determine the precise M/F ratios
that generate different types of movements for the models with and without bracket, and the M/F ratios are
compared between the force systems applied in buccal-lingual and distal-mesial direction for the mandible canine
by using finite element method (FEM). A segment of mandible canine obtained from autopsy had been scanned
with microcomputed tomography, and two finite element models with and without brackets were established.
Each canine model was subjected to a force of 100 cN and varied M/F ratios from 0 ~ 12 in buccal-lingual and
distal-mesial directions. We find that the model with a bracket required larger M/F ratio compared to the model
without a bracket for the same tooth movement. For the different directions, the value of M/F ratio is larger in the
buccal-lingual than in the distal-mesial direction. The geometry of the tooth and the PDL are gained from a regular
patient. Therefore, the results are applicable to any canine, and the precise M/F values provide a theoretical basis

Keywords: M/F ratios, Tooth movement, Bracket, Finite element analysis

1 Introduction

Tooth movement occurs due to the changes in the
strain-stress distribution within the periodontal ligament
(PDL) after the application of a force system to the
bracket. The types of tooth movements can be summa-
rized as follows: tipping, translation, rotation, and root
movement. In addition, tipping can be further classified
into uncontrolled tipping and controlled tipping. As an
important parameter, the moment to force (M/F) ratio
plays a key role in determination of the type of tooth
movement [1, 2].

According to the classic theory, Burstone et al. [3]
studied the localization of the center of resistance (CRe)
at an approximate of 40% from the apex to the measured
length between the alveolar crest and the tooth root
based on a mathematical model. Moreover, the center of
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rotation (CRot) can be calculated by the Burstone’s the-
oretical formula (y = 0.068 #* (F/M)), where 4 is the dis-
tance between apex and the alveolar crest and y denotes
the distance from the CRe to the CRot. Provatidis CG
[4] validated the formula through the finite element
method (FEM). Christiansen [5] confirmed that the CRot
is related to the M/F ratio by application of different
force levels on maxillar central incisors, but the CRot
seemed to be positioned more inclined to apical direc-
tion by FEM compared to mathematical calculation.
These results are confirmed by many clinical cases. The
different locations of CRe between theoretically calcu-
lated and experimental results can be attributed mainly
to the limitation of the model, 2D model established and
the assumption of linear behavior for the PDL using
FEM.

In recent years, numeric methods have been widely
used to calculate the stress/strain in the PDL, and FEM
has been the choice of orthodontic researchers
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frequently. Some previous literatures [6, 7] confirmed
the limitations on the finite element (FE) results due to
the complexity of shape and composition of the peri-
odontal tissue. Many attempts on the relationship be-
tween the force system and tooth movement have been
made as well as the reaction of the surrounding tissues
have been made; however, it is still an open question.
Cattaneo et al. [8] simulated the pure translation of the
tooth with an M/F ratio of 10 and 12 respectively for
premolar and canine. Athicha et al. [9] suggested that
bodily movement of incisor happened when the ratio is
11.65 at zero inclination. Zhipeng Liao et al. [10] pro-
posed that an M/F ratio of approximately 10.2, 9.7, and
8.8 can generate the bodily movements of maxilla ca-
nine, incisor, and first premolar. Cai et al. [11] attempted
to find appropriate M/F ratio for translation and con-
trolled tipping movement. However, they neglected the
influence of a bracket and the direction of external force
on the M/F ratio. In quantitative analysis, the influences
can help the orthodontist design ideal orthodontic force
system for different patients.

Application of FEM fitted to a dental biomechanic
commenced in the mid 1970s. This technology has par-
ticularly attracted a number of orthodontic investigators
since they can establish an elaborate 3D model, simulate
tooth movement accurately when subjected to various
orthodontic  forces, and provide an excellent
visualization profile of the displacement and stress fields
that occur in the PDL and surrounding tissues. In finite
element (FE) analysis, each material component is subdi-
vided into a large number of elements. An accurate
tooth model including the physical properties and geom-
etry of the component is required for calculation. As an
important connective soft tissue, the PDL transmits
orthodontic force from the tooth to the alveolar bone,
resulting in tooth movement. Even though the PDL is
known to represent a nonlinear viscoelastic behavior,
many literatures [12—15] assumed a linear elastic behav-
ior for the PDL in FE analysis. The hyperelastic, visco-
elastic, and biphasic poroelastic behaviors are also
adopted to descript the mechanical properties of the
PDL under different loading conditions [16—19]. The
PDL’s nonlinear viscoelastic behavior can be considered
as an instantaneous elastic and time-dependent nonlin-
ear viscous behavior, while a hyperelastic model [17] can
describe the short-term instantaneous behavior.

Orthodontic treatment is a long-term process with re-
peated occurrences and even side effects (if you do not
expect to have tooth movement). The reason for this is
that the orthodontists can not accurately control the
orthodontic force. Studying orthodontics and the way
the tooth moves can help orthodontists to develop a
more rational orthopedic plan and design to ultimately
improve orthodontic treatment efficiency. Previous
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studies have focused on teeth movements when a force
or moment is applied to the tooth directly, the effect of
bracket, and the direction of the force on the M/F ratios
based on suitable material assumption for the PDL
which are rarely performed in orthodontics. The aim of
this study is to determine the precise M/F ratio that can
generate uncontrolled tipping, controlled tipping, and
translation movements for the mandible canine models
with and without brackets, as well as the force systems
applied in buccal-lingual and distal-mesial directions.

2 Material and methods

To achieve more precise model, the mandible canine
model has been constructed based on CT images from a
16-year-old female patient with a resolution of approxi-
mately 0.25 mm/pixel. First, 3D outline shapes of the al-
veolar bone and tooth, which consist of cloud points, are
established using an image-processing software (Mimics
10.1). Afterward, the point cloud data are imported to
the CATIA P3 V5R21 software to create the solid model.
Finally, all completed solid models were imported in
ABAQUS 6.1 for finite element analysis. The model is
composed of a tooth, PDL, and a section of the alveolar
bone. The canine length is 25.6 mm of which the root
length is 13.5 mm, with a distal-mesial diameter of
7.0 mm and a buccal-lingual diameter of 7.9 mm. To
simplify, the PDL tissue is modeled with an average
thickness of 0.2 mm between the root of the tooth and
the alveolar bone. For the FE models, the tooth and alveo-
lar bone are meshed by an eight-node tetrahedral (C3D8)
element and the PDL is meshed by an eight-node tetrahe-
dra (C3D8H) element; the bracket is meshed by an
eight-node hexahedra (C3D8) element. A mesh conver-
gence study for each component is completed in accord-
ance with that reported in literature [20], and the results
are shown in Table 1. This produced approximately
1,431,400 nodes with 1, 135,200 elements.

As mentioned earlier, the alveolar bone deformation is
caused by the stresses/strains in PDL. In reality, the PDL
is likely to react after the force was exerted to the
bracket and transmit the force to the alveolar bone,
resulting in bone resorption and apposition [21]. Hence,
the tooth movement is associated with the material
properties of the PDL. The model contains four mate-
rials: the bone, dentin, PDL, and stainless steel. Elastic
modulus and Poisson’s ratio as the parameters of mater-
ial properties have assigned to the model component in
the FE software. Due to the elastic modulus of the tooth
and bone are 1000-3000 times of the PDL, the variation

Table 1 The results of mesh convergence
Tooth

0.2 mm

Bracket PDL

0.2 mm

Components Alveolar bone

Element size 0.2 mm 0.1 mm
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of material property settings for them have a minimal ef-
fect on the FE result of the PDL. All the materials except
the PDL are assumed to be linear elastic and homoge-
neous for the analyses as acceptability in existing litera-
ture [21]. The parameter of material properties are
obtained from published data [22, 23] as list in Table 2.
Due to the PDL is considered as a nonlinear material, a
nonlinear stress-strain curve from Wei ZG et al. [24] has
adopted to fit by a hyperelastic model, namely a
second-order Ogden model is given as follows.
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where U is the strain energy per unit of reference
volume, a; and y; (i=2) are the material parameters.
A = J/3); are the deviatoric principal stretches. These
parameters are obtained (Table 3) through Abaqus ma-
terial evaluator.

Different M/F ratios are applied to the model to simu-
late orthodontic tooth movements. In accordance with
previous literature, a force of 100 ¢cN on the model with
bracket and without bracket acted in the buccal-lingual
direction for the canine [25]. The chosen value is corre-
sponded to the force level used in clinical practice [5].
The force is kept constant while the M/F ratios vary
from 0 (uncontrolled tipping) to 12 (pure translation).
The same force system has applied to the model in
distal-mesial direction (Fig. 1). The interface between
the tooth and the PDL, alveolar bone and the PDL as
well as between tooth and bracket are defined as “tie”
connection. For the boundary conditions, the constraint
in all directions is applied for the nodes located at the
base of the alveolar bone. Several typical tooth move-
ments and the location of CRot have been performed.
For each analysis, the displacements of the crown and
apex are calculated.

3 Results

For the model with bracket, the results that varied M/F
ratios resulting in different tooth movements are shown
in Fig. 2 (the shaded represents undeformed shape and
substance represents deformed shape). It can be seen
that uncontrolled tipping is obtained when the M/F ratio
is 0. With the increased of M/F ratio, the location of
CRot moves gradually to the apex of the root until pro-
duced controlled tipping. When an M/F ratio of 10.6 is

Table 2 Mechanical property of four materials
Tooth  PDL
18,600 Hyperelastic

Material Alveolar bone  Bracket
13,700 21%10°

Poisson’s ratio 03 - 03 03

Elastic modulus (MPa)
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Table 3 Parameters of the Ogden model
Parameters alO,(MPa) a,(MPa) Uy (MPa) U>(MPa)
Value 19.20265 —4.8886 0.01107 0.03175

applied to the bracket, the CRot is situated infinitely far
from the root of canine. The canine’s pure translation
can be observed; we can see a relative large deformation
in central of the tooth and a minor deformation in the
zone of cusp and root. Similar change trends have ap-
peared for another FE simulation (Fig. 3).

Apart from the position of the CRot, the displace-
ments of the crown and apex are also important basis to
determine the types of the tooth movements. Figure 4
displays the results of the displacements of the crown
and apex for the models with and without bracket in
buccal-lingual direction when the varied M/F ratios have
applied to the model (positive represents lingual direc-
tion and negative represents buccal direction). During
uncontrolled tipping (M/F = 0), the crown of the canine
with and without bracket are displaced 0.0114 and
0.0152 cm buccally, respectively, whereas the apex of ca-
nines are moved 0.0025 and 0.0033 cm lingually for the
models with and without bracket, respectively. With the
M/F ratio increasing, both the displacements of the
crown and apex gradually decreases until the movement
of the apex tended to zero, and then the controlled tip-
ping occurred, where the values of the M/F ratio now
are 6.4 and 7.3 for the models with and without bracket,
respectively. As further increasing the M/F ratio, the
apex started moving in opposite directions. When the
crown and apex move the same distance along the force
direction, pure translation occurred for the two models.
For the model with bracket, both crown and apex moved
lingually 0.000078 cm when the M/F ratio is 10.6. Mean-
while, for the model without bracket, both crown and
apex move lingually 0.000112 cm when the M/F ratio is
11.5. After that, the movement of the crown tends to be
zero, and the canine exhibits root movement.

F.

Mesial
Lingual

Buccal
Distal

Fig. 1 A constant force and varied moments applied to the models

with bracket and without bracket
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Fig. 2 Several types of tooth deformation enlarged by a factor of 500, the force systems applied in buccal-lingual direction. a Uncontrolled
tipping(M/F = 0). b Controlled tipping(M/F = 6.4). ¢ Pure translation (M/F =10.6)
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The same force systems are applied to the model in
distal-mesial direction. Figure 5 displayed a similar ten-
dency compared to buccal-lingual direction (positive
represents mesial direction and negative represents distal
direction), but there are some differences in displace-
ments and M/F ratios. For the model without bracket,
the crown and apex of the canine are displaced
0.00620 cm mesially and 0.00159 cm distally during

With bracket Without bracket
a b
24
201
16/
: B-L
12
8F
4F :
A
i]8 -
L}
| K-<1 W co
c d
'
24
20
16— D-M
121
af
r L]
L ° )
1k A
t M/F=9.6 M
0 MP=11.2 .
s o
Fig. 3 Location of Cro related to the M/F ratio varied from 0 to 12
for the models. B-L represents buccal-lingual direction; D-M
represents distal-mesial direction

uncontrolled tipping movement (M/F = 0). With the M/
F ratios increase to 5.8 and 10.2, controlled tipping and
pure translation occurred, the crown is displaced
0.00185 cm mesially (apex was nearly zero), and the
crown and apex are displaced 0.00074 cm. On the other
hand, for the model with bracket, the displacements of
the crown and apex are 0.00221 cm mesially and
0.000484 cm distally during uncontrolled tipping (M/F =
0). Controlled tipping can occurred when the M/F ratio
is 5.2, and an M/F ratio of approximately 9.6 generates
the translational movement.

The M/F ratios in buccal-lingual and distal-mesial di-
rections for the two models are summarized in Table 4.
For generating a same tooth movement, more M/F ra-
tios are always needed for the model without bracket
compared to the model with bracket. Furthermore, more
M/F ratios are also required in buccal-lingual direction
than in distal-mesial direction when the same tooth
moving is simulated.

The relationships between the maximum and mini-
mum principal stresses in the PDL and the M/F ratio for
the model with bracket have been plotted in Fig. 6. The
locations of the maximum principal stresses for each M/
F ratio and the ratio produced from the different types
of canine movements are also shown (Fig. 6). It has been
found that all values of maximum principal stresses are
positive and the values are negative for minimum princi-
pal stresses, so they can be called as maximum tensile
stress and maximum compressive stress, respectively.
The maximum tensile and compressive stress occurred
at midroot on buccal and lingual sides, respectively.
When the M/F ratio is low (0-5.6), both the maximum
tensile and compressive stress concentrate on apex.
With the M/F ratio increased (6—12), the locations of
maximum tensile and compressive stress move from the
cervical area to the midroot area on buccal and lingual
sides. Figure 7 shows the stress distribution of maximum
and minimum principal stresses for the PDL during the
uncontrolled tipping (M/F = 0), It is found that there is
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= = Apex with bracket
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= = Apex without bracket
0.1 \

M/F ratio

=3
[3%]
T

from 1 to 12

Fig. 4 Buccal-lingual displacements of the crowns and apices of the mandible canine, a force of 100 cN and the values of M/F ratio is increased

M/F ratio

no significant difference for the stress distribution of the
PDL between the two models.

Orthodontists usually apply orthodontic force and mo-
ment to the bracket. The orthodontic force system is
mostly derived from arch wire, elastic rubber, bands, or
various screws and so on. On the other hand, more and
more people are inclined to use invisible appliance with-
out bracket. The results of this study can lay a theoret-
ical foundation for medical researchers to design more
individualized orthodontic tools.

4 Discussion

The target of orthodontic treatment is to shift maloc-
cluded teeth a predetermined distance in a prescribed
direction. The accuracy of M/F ratios and the location of
the CRe are the two key factors to obtain satisfaction
treatment result. Many researchers reported that CRe is
located at 24 to 50% of the distance from the alveolar
crest to the apex based on mathematical calculation and
FEM [26-28]. Nevertheless, in reality, clinicians pre-
ferred to employ M/F ratios for a specific type of tooth

0.7

N

e
=
o

-

Displacement (10 cm)
o o
[3) W
T T

Crown with bracket

= = Apex with bracket
= Crown without bracket
= = Apex without bracket

-2

Displacement (10"2cm)

-0.04

from 1 to 12

M/F ratio

Fig. 5 Distal-mesial displacements of the crowns and apices of the mandible canine, a force of 100cN and the values of M/F ratio is increased
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Table 4 The types of canine movements correspond to the M/F ratios

M/F ratio

Buccal-lingual direction

Distal-mesial direction

With bracket

Without bracket

With bracket Without bracket

Uncontrolled tipping 0~56
Controlled tipping 6.2 73
Translational 10.6 1.5

0~68

0~42 0~49
52 58
9.6 10.2

movement because of clinical experience, without fully
understanding the precise location of CRe for a tooth. It
is difficult for the orthodontists to determine the exact
location of CRe by mathematical deduction and FE cal-
culation. However, the relationship between M/F ratios
and the type of tooth movement remains inaccurate at-
tributing to the difference form patient to patient, re-
peated visits to orthodontists for adjustment of
orthodontic force system have to be necessitated.

The aim of this study is to determine the precise value
of M/F ratios that generate different types of tooth
movements and compare the M/F ratios between the
models with bracket and without bracket, as well as dif-
ferent directions (buccal-lingual and distal-mesial direc-
tions). A patient-specific canine has chosen as the model
to study. For the same type of tooth movement, the
value of M/F ratio is larger for the model without
bracket than for the model with bracket. In additional,
the displacement amplitude is lower for the model with
bracket. This can be explained that the bracket model
has larger area to sustain orthodontic force. By looking
at the force system applied in different directions, one
can notice that the displacements of the crown and the
apex for the models in distal-mesial direction are far less
than for the models in buccal-lingual direction. More
M/F ratios are needed for the models in buccal-lingual
direction (Figs. 4 and 5). There are principal results of

two causes, in which there is a smaller contact area of
the canine at the lingual side compared to the mesial
side (Fig. 3) and the force system did not pass though
the CRe when the force system applied to the models in
buccal-lingual direction.

A number of studies have been investigating the influ-
ence of different factors on the position of the CRot. An
FEM conducted by Provatidis [4], concluded that the
position of the CRot is linked not only to root length
but also the root diameter, the material properties of the
PDL, as well as its thickness. D. Vollmer et al. [23] com-
pared the difference of position of CRot between an
upper human canine and idealized tooth model. By ap-
plying a range of values of M/F ratio, Cattaneo, P. M
[29] found that the position of the CRot of premolar and
canine gradually approaches to the apex with an in-
crease of M/F value (before translational movement
occurred) applied to the model, which is correspond-
ing with this study. Fig. 3 displays the relationship be-
tween the position of CRot and the M/F ratio for the
models with and without bracket when the force sys-
tem applied in buccal-lingual and distal-mesial direc-
tion. The position of CRot is highest for the model
without bracket, followed by the model with bracket,
and is higher in buccal-lingual than in distal-mesial
direction when equal force system is applied to the
models (uncontrolled tipping).

—A~— Maximum principal stress
3- —e— Minimum pricipal stress

Lingual Buccal

Stress (10°MPa)
(=]

locations of maximum compressive and tensile stress

0 2 4 6 8 10 12
1]
—0-09—
o el
24 _o—0—%
o—0—"*
-3 4 ®  Compression
A Tension
o]
M/F ratio

Fig. 6 Relationships between the M/F ratio(buccal-lingual direction) and principal stress for the model with bracket. Diagrams on the right show
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With bracket

S, Max. Principal
(Avg: 75%)
+2.275e-02
- +2.086e-02
+1.896e-02
+1.707e-02
+1.518e-02
+1.328e-02
- +1.139%e-02
+9.495e-03
+7.602e-03
+5.709e-03
+3.815e-03
+1.922e-03
- +2.874e-05

S, Min. Principal
(Avg: 75%)
-1.012e-04
- -2.118e-03
-4.134e-03
-6.151e-03
-8.167e-03
-1.018e-02
-1.220e-02
-1.422e-02
-1.623e-02
- -1.825e-02
-2.027e-02
-2.228e-02
-2.430e-02

-

Fig. 7 The nephogram of maximum and minimum principal stresses distribution for the PDL (M/F = 0)

Without bracket

S, Max. Principal
(Avg: 75%)
+2.827e-02
+2.592e-02
+2.357e-02
+2.122e-02
- +1.886e-02
+1.651e-02
- +1.416e-02
+1.181e-02
+9.453e-03
+7.100e-03
+4.748e-03
+2.395e-03
+4.251e-05

S, Min. Principal
(Avg: 75%)

-1.308e-04
- -2.470e-03
-4.809e-03
-7.148e-03
-9.487e-03
-1.183e-02
-1.417e-02
-1.650e-02
-1.884e-02
- -2.118e-02
-2.352e-02
-2.586e-02
- -2.820e-02

One limitation of this study is that the FE results are
conducted based on one human sample. However, the
difference of tooth movement linked to M/F ratio be-
tween the models with and without bracket, as well as in
the buccal-lingual and distal-mesial direction, this
method is applicable to any canine. In additional, the re-
sults have not compared with clinic experiments. We as-
sume the PDL as a uniform thickness of 0.2 mm that
represents the average thickness. In reality, the PDL’s
thickness range from 0.15 to 0.38 mm [30], and it ex-
hibits anisotropic and nonuniform character. Toms SR
[31] suggests the stress distributions of the PDL are dif-
ferent for the uniform and nonuniform models. This
paper has studied how the bracket and orthodontic force
influence M/F ratio and the way of tooth movement.
Further research is to investigate what will happen to
M/F ratio and the way of tooth movement when we
exert orthodontic force system on different position of
tooth crown.

5 Conclusions

This study revealed the influences of bracket and force
system from different directions on M/F ratios, which
led to various tooth movements. The M/F ratios of 0~
5.6, 6.2, and 10.6 which are generally accepted for un-
controlled tipping, controlled tipping, and translation
movements of mandible canine, respectively. These
values are smaller for the canine model without bracket,

and are larger in buccal-lingual direction than in
distal-mesial direction. Therefore, a universal M/F ratio
is not recommended. The results of this study have
guiding significances for the orthodontist formulate cor-
rect therapeutic plan to deal with different situations.
Due to the orthodontic forces derived from bracket,
wires, and elastic band, it is expected that future tools
for orthodontic treatment may be based on the FE
results.
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