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Abstract

Background: In orthodontic treatment, the combination of an activator with a headgear is commonly used in treat-
ment of the hyperdivergent Class II malocclusion. However, the distribution of stresses transmitted to the maxilla
by these appliances has been little studied. This study aimed to compare the biomechanical effects of stresses trans-
mitted to the maxilla and teeth by a Teuscher activator (TA) for different lines of action of extraoral force, using
finite element analysis.

Material and Methods: A tridimensional finite element model of the maxilla and teeth was created based on the true
geometry of a human skull. The (TA) and the face bow were designed in 3D computer-aided design and fixed in
the maxilla model. To study the effects of mechanical stress transmitted to the maxilla in the treatment of hyperdi-
vergent Class II malocclusion with (TA) combined with extraoral forces, five different finite element models were
used, considering the centers of resistance of the maxilla and dentition.

Results: The results showed that stresses increased progressively when the force line of action moved in posteroan-
terior direction. Von Mises equivalent stress was lower in Model 1 (0°) than in Model 5 (60°). In Models 1 (0°) and
2 (15°), molars suffered greater distal displacement and incisors showed extrusion. In Model 3 (30°), the force line
of action promoted a distal displacement of molars and incisors. In Models 4 (45°) and 5 (60°), the whole maxillary
anterior sector showed counterclockwise displacement.

Conclusions: Different force lines of action influence the intensity and distribution of orthodontic and orthopedic
forces in the maxilla. The extraoral force’s line of action used in Model 3 (30°) is the most compatible with the
objectives of the hyperdivergent Class II malocclusion treatment in growing patients.

Key words: Class II, Headgear, Early treatment, FEA.
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Introduction

Class II malocclusion may be caused by dental or skele-
tal maxillary protrusion or both. Patients with Class II
malocclusion and the hyperdivergent phenotype usually
suffer a variable combination of skeletal and dentoal-
veolar changes in the three spatial planes. They also
have retrognathic mandibles, long posterior and anterior
dentoalveolar facial heights, increased gonial angles and
mandibular planes, among other changes (1,2).

The most common and least invasive approach in the
early treatment of this condition has been using high pull
extraoral force when maxillary displacement restriction,
distalization, and maxillary molar intrusion are impor-
tant goals for sagittal and vertical correction and facial
profile improvement (3-11).

Nevertheless, several studies have reported unwanted
effects of using functional appliances combined with
extraoral forces for vertical control, namely, the partial
restriction of the maxilla’s anterior displacement, increa-
sed anteroinferior facial height, and posterior rotation of
the mandible however, those studies are not consensual
(8,12-14).

In hyperdivergent Class II malocclusion treatment,
understanding the tridimensional (3D) effects of bio-
mechanical stress transmitted to the maxilla, namely
to teeth and mid-facial skeletal structures, is crucial to
identify the best force line of action for better vertical
control at the maxillary level.

Few studies focused on explaining the effects of the
dissipation of biomechanical stress transmitted to the
maxilla by functional appliances combined with extrao-
ral forces used in hyperdivergent Class II malocclusion
treatment (15,16).

The use of finite element analysis FEA has been a use-
ful tool in the evaluation of biomechanical effects, such
as displacements, strains and stresses induced in living
structures by external forces and is considered an asset
in predicting the effects of orthodontic treatment (17-
20).

Therefore, this study aimed to use finite element analy-
sis FEA to compare, in these patients, the biomechanical
effects of stresses transmitted to the maxilla by a Teus-
cher activator (TA) with different directions of the ex-
traoral force.

Material and Methods

-Model Configurations: Maxilla and Teeth

A 10-year-old female patient with Class II, division 1
malocclusion and a hyperdivergent Class II skeletal pat-
tern was selected for this study. She had not been subjec-
ted to any previous orthodontic treatment. A dentulous
human maxilla obtained from the Grab CAD database
was used as a reference.

A 3D computer-aided design (CAD) model of the pa-
tient’s maxilla, including teeth, was created based on
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images of the patient obtained from DICOM (digital
imaging and communication in medicine) data in com-
puted tomography (CT) format. The use of these images
to create the model was approved by the Ethics Commi-
ttee of the Faculty of Dental Medicine of the Porto on
May 5, 2018, under registration number 527. The model
had to be adjusted to the patient’s dimensions for agree-
ment between the numerical model and the clinical case.
Measurements were made on the physical model using a
dial-caliper (Absolute Digimatic, Mitutoyo).

The model was then processed using the CAD softwa-
re SolidWorks® (Dassault Systems SolidWorks Corp.,
Concord, MA, EUA), and all CAD data were adapted
to the patient’s anatomy. This study focused on the
maxillary region, limited superiorly by the orbital floor
and posteriorly by the pterygomaxillary suture. The fi-
nal model was composed of the maxilla, the skull base
(zygomatic, nasal, and sphenoid), the incisors, and the
maxillary first molars. Due to the patient’s age, the per-
manent premolars were absent at treatment onset.
-Model Configurations: Teuscher Activator and Face
Bow

A (TA) combined with a face bow was incorporated in
the maxillac and teeth’ anatomical model to represent
clinical conditions. A 3D model of the (TA) and face
bow was developed using the SolidWorks® software,
based on images of the physical model and measure-
ments obtained with the dial-caliper.

The (TA) consists of an acrylic monobloc that surrounds
the whole occlusal and palatal aspects of teeth up to the
distal level of the maxillary first molar and about 2 mm
of their buccal aspect. Superiorly, at the palate level, it
has a Coffin spring made of steel wire (diameter: 0.09
mm). Its anterior maxillary portion has four springs
made of steel wire (diameter: 0.08 mm) to offer torque
to the maxillary incisors and some retention to the (TA)
when inserted in the dental arch. Laterally, at the level of
the primary second molar, two metallic tubes attached to
the TA’s acrylic accommodate the face bow’s inner bow.
The face bow consists of a stainless-steel arch (diame-
ter: 1.1 mm) with two bows: the inner bow and the ou-
ter bow. The inner bow enters a metallic tube laterally
attached to the TA’s acrylic at the level of the primary
second molar.

In our model, the outer bow assumed different angula-
tions, taking into account the center of resistance of the
maxilla (CResM) and dentition (CResD), and five diffe-
rent lines of action of extraoral force were applied.

The (TA) was modeled as a simple acrylic bloc, and each
incisal edge and cusp of the teeth was well inserted into
the acrylic. The outer bow’s geometry, where force is
applied (hooks), was modeled. However, to simplify the
numerical simulation, hooks were not considered.
Numerical studies were conducted using FEA simula-
ted in Abaqus® in the static time step regime to assess
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stress distribution. The maxilla’s anatomical model and
the (TA) with the face bow were imported to the FEA
model and five (finite element) models were created to
simulate the application of five different force lines of
action (Fig. 1).
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and modeled as a single unit. Rigid bodies are particu-
larly effective for modeling relatively rigid parts of a
model in Abaqus®, especially when the tissues’ mecha-
nical properties are significantly inferior to those of the
materials that compose them.

MODEL 1 (0°)

MODEL 2 (15°)

MODEL 3 (30°)

CResDe

PCResM @
»

Fig. 1: Finite element model where the force lines of action used for each of the five models are indicated (M1 (0°), M2 (15°), M3

(30°), M4 (45°) and M5 (60°).

The finite element mesh included a total number 0f 37.326
and 150.781 nodes and elements, respectively. In which
145.313 linear tetrahedral elements of type C3D4, 4018
linear quadrilateral elements of type S4R and 1.290 linear
triangular elements of type S3 built the mesh.

-Materials’ Boundary Conditions and Properties

The mechanical properties of each part of the model
were defined using young’s modulus and Poisson’s co-
efficient. Every material was assumed as homogeneous,
isotropic, and linearly elastic. The boundaries of the bo-
ne’s cortical and cancellous layers, enamel, and dentin
were not considered in this study to facilitate the crea-
tion of the finite element mesh and simplify the model.
Thus, a single value was used to represent both proper-
ties. The mechanical properties used for the teeth, bone,
and (TA) have been reported in the literature (21) and
are summarized in Table 1.

The (TA) and the face bow were considered a rigid body

Table 1: Mechanical properties of the materials: Young's modulus
and Poisson’s coefficient.

X Young’s Poisson’s
Material
Modulus (GPa) Ratio
Bone 10 0.3
Teeth 20 0.3
Teuscher Appliance 200 0.33

The force’s magnitude was selected based on clinical si-
tuations, according to the literature (16). A 4.4N (450 g)
load was applied on each side of the geometric model,
creating five models to simulate five different force lines
of action (Model 1 (0°), Model 2 (15°), Model 3 (30°),
Model 4 (45°), and Model 5 (60°) (Fig. 1).

The model’s boundary conditions were set according to the
junction between the maxilla and the cranial bone struc-
tures. Accordingly, the geometric model was fixed on the
maxillary (skull base) and posterior (pterygoid pillar) surfa-
ces, hence preventing displacement or rotation in any direc-
tion. Tight contact was assumed in the interfaces between
the different parts of the model. Stress distribution in the
five models studied was estimated by linear static analysis.
A mesh convergence study was conducted based on the
von Mises stresses (23). Von Mises stress results, esti-
mated at an approximate midpoint of the maxilla and in
a uniform-stress region, converged as the mesh density
increased. Considering the geometric complexity, the
mesh convergence study allows evaluating the quality
of the approximation obtained (Fig. 2).

Results

The objective of creating a maxillary biomechanical mo-
del to simulate Class II malocclusion treatment using a
(TA) combined with a face bow was achieved. Von Mi-
ses equivalent stress was selected as the parameter for
outcome evaluation (23).
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A color scale was used, where red colors indicate areas
subjected to a high-stress peak, while blue colors re-
flect stress levels close to zero. The main focus of the
results was the concentration of stress transmitted to
the maxilla by the (TA) with five different force lines
of action (Fig. 1).

The results showed that different force lines of action
interfered with stress distribution in the bone structures
(Table 2). In every model tested, the highest stress con-
centration was found in the frontal region. The maxilla’s
anterior region, near the incisor foramen, showed slight
stress dissipation through the palate in the anteroposte-
rior direction. This stress distribution pattern was found

L rs

Fig. 2: Finite element model: A. Mesh. B. Applied loads. C. Boundary conditions.

in every model, but the maximum stress intensity varied
(Fig. 3, Table 2).
Model 5 (60°) induced the highest stress concentration,

Table 2: Maximum von Mises stress values.

Maximum von Mises stress values (MPa)
Teeth Maxilla
Model 1 (0°) 0.18310 0.22400
Model 2 (15°) 0.14285 0.43779
Model 3 (30°) 0.13956 0.59886
Model 4 (45°) 0.14307 0.72114
Model 5 (60°) 0.16438 0.80412

MODEL 1 (0°)

MODEL 2(15°)

MODEL 3 (30°)

MODEL 4 (45°)

Fig. 3: Von Mises stress distributions obtained from different models by FEM, values are in MPa.
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as observed in (Fig. 3). Conversely, stress concentration
was lowest in Model 1 (0°). Stress increased progressi-
vely when the force line of action moved in a posteroan-
terior direction. Model 1 (0°) showed that stress concen-
tration was highest at the molars, the nasal bone (nasal
septum and pyriform aperture limits), and the pterygoid
fossa. Despite showing the lowest stress concentration,
this model showed increased stress distribution in an
anteroposterior direction. In Model 2 (15°), the highest
stress concentration occurred at the molars, and stress at
the incisors was higher than in Model 1 (0°). However,
stress concentration at the nasal septum was lower. In
Model 3, stress concentration was highest at the molars.
Stress at the incisors was higher than in the previous
models and was distributed in the frontal region. Mo-
dels 4 (45°) and 5 (60°) had similar stress distribution
areas, but Model 5 (60°) showed the greatest distribution
area and the highest stress levels compared to the other
models. Due to force application, stress distribution was
more similar between Models 1 (0°) and 2 (15°) and be-
tween Models 4 (45°) and 5 (60°), (Fig. 3).

Regarding individual dentoalveolar tooth behavior, re-
sults show higher stress at the incisors and molars than
at the support region.

Although the applied force’s magnitude was similar in
every model, in Models 1 (0°) and 2 (15°), molars su-
ffered greater distal displacement and incisors showed
extrusion. In Model 3 (30°), the force line of action
promoted distal displacement of molars and incisors. In
Models 4 (45°) and 5 (60°), the whole maxillary anterior
sector showed counterclockwise displacement (Fig. 4).
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Discussion

FEA is based on a mathematical model whose geometry
and boundary conditions are similar to the structure’s
ones and considers the mechanical properties of each
component of the model. It is basically a numerical cal-
culation tool that divides continuous bodies into discrete
elements — finite elements, with mechanical properties
close to those of the tissues they represent. The results’
approximation depends inversely on the size and num-
ber of elements, which is why the convergence analysis
was conducted von Mises. FEA may be useful to opti-
mize oral structures and predict orthodontic treatments
since in-vivo studies are difficult, time-consuming, and
expensive. Moreover, numerical simulation has been re-
ported as an effective tool for assessing the effects of
different orthodontic appliances (17,18,20).

Force application in the maxilla creates differential stres-
ses that may influence maxillary growth, thus being con-
sidered a valid approach for growing hyperdivergent pa-
tients with Class Il malocclusion and associated maxillary
protrusion (11,13,24). The effects of stress transmitted to
the maxilla in this type of hyperdivergent Class Il maloc-
clusion treatment are extremely important but have been
little studied. Thus, this study implemented FEA to assess
the distribution of stress transmitted to the maxilla (teeth
and maxillofacial complex) by a (TA) combined with five
different lines of action of extraoral force.

Some parameters, including the force’s magnitude, point
of application, and line of action, must be considered for
obtaining excellent results when using extraoral forces
(25,26-28).

MODEL 1 (0°)

MODEL 2(15°)

MODEL 3 (30°)
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Bowden ef al., (25) in 1978, confirmed the importance
of knowing the point of force application to better un-
derstand changes in palatal plane inclination. If the force
vector passes through the maxilla’s center of resistance,
no momentum is created, and the maxilla should not ro-
tate. However, if the force vector does not coincide with
the maxilla’s center of resistance, the maxilla is expec-
ted to rotate. In that case, the direction and the momen-
tum created will depend on the shortest perpendicular
distance between the force vector and the corresponding
center of resistance.

In 1986, Teuscher showed that, when a high - pull force
whose line of action coincides with the maxilla’s cen-
ter of resistance (CResM) and the maxillary dentition’s
center of resistance (CResD) is used, no rotations are ex-
pected, either by the maxilla or the maxillary dentition.
However, if that force line of action passes between the
CResM and the CResD, the maxilla rotates clockwise,
and the maxillary dentition rotates counterclockwise. On
the other hand, if the force line of action passes below
the CResM and the CResD, both the maxilla and the
maxillary dentition rotate clockwise (27).

In our study, a 4.4-N (450 g) force was applied on each
side of the model with five different lines of action to
identify the one that better suited the maxillary vertical
and sagittal control in hyperdivergent Class II malocclu-
sion treatment of a growing patient (26,27,29).

Using the extraoral force combined with the (TA) is
particularly important because the forces are dissipated
not only to the teeth but to every structure covered by
the TA’s acrylic, contrary to what happens when the ex-
traoral force is applied directly on the bands placed on
maxillary molars.

In our study, despite all the maxillary dentitions being
covered by the TA’s acrylic, the highest stress concentra-
tion was found at the level of the incisors and first molars.
Some previous studies using FEA focused only on the
application of high - pull extraoral forces directly on the
maxillary first molars and showed some areas of stress on
the root surface of the maxillary first molar (15,16,30).

A study conducted by Maruo et al., (16) modeled the
maxilla, the maxillary teeth, and the headgear but did
not consider the activator. They detected the highest
displacement of the maxillary first molars with the low
(cervical) pull, followed by the horizontal pull and the
high pull. They also obtained greater intrusion of the
maxillary first molar with the high pull, contrary to what
was observed in our study (16). However, in our study,
the (TA) was also modeled, besides the bone and every
tooth, at treatment onset. Overall, the dynamics of the
structures represented in that study do not intimately
coincide with those presented in our models.

The materials’ properties considered in our study repre-
sent mean values that do not take into account the pa-
tient’s individual differentiation, age, gender, and diet.
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Moreover, the periodontal ligament was not considered
to avoid any inconsistency and imprecision associated
with modeling due to the differences between the perio-
dontal ligament and the bone’s mechanical properties.
Despite these limitations, the results obtained in this
study are extremely useful due to providing pertinent
information for orthodontists and allowing the optimi-
zation of clinical procedures. In fact, the impact the di-
fferent force lines of action have on the clinical effect
highlights the importance of this precise control to reach
the results set in the treatment planning.

In our study, Model 3 (30°) was the most consistent with
the clinical objectives of hyperdivergent Class Il maloc-
clusion treatment in a growing patient due to the pos-
terior displacement of the teeth and the nasomaxillary
complex. Thus, anterior and inferior displacements were
limited due to normal growth, contributing to the correc-
tion of the skeletal discrepancy because of promoting
maxillomandibular differential growth.

In Models 1 (0°), and 2 (15°), the force application re-
sulted in a clockwise displacement of the whole maxi-
llary complex, which is not desirable in hyperdiver-
gent Class II malocclusion treatment since it results in
undesirable increased anteroinferior facial height. In
Models 4 (45°) and 5 (60°) the maxillary complex ro-
tated counterclockwise with a posterior dental extrusion
effect, which is not desirable in hyperdivergent Class 11
malocclusion treatment, as it promotes a posterior rota-
tion of the mandible or, conversely, a need for condylar
distraction inside the joint to allow for adaptative dental
intercuspidation.

We hope that the present study promotes further studies
that assess the effects of extraoral forces’ biomechanical
stresses on both the maxilla and the mandible.

Conclusions

In this study, a finite element model was built to simula-
te the TA’s effects on hyperdivergent Class II malocclu-
sion treatment. The model was created based on a real
anatomical geometry obtained by CT and the tissues’
mechanical properties reported in the literature. The tis-
sues were considered homogeneous and isotropic, and
the analysis was conducted exclusively based on a linear
elastic behavior. Considering the model’s limitations,
the FEA allowed obtaining results consistent with the
clinical practice ones. The same model was used to si-
mulate five situations of extraoral force application, and
the comparative analysis of the results allows some im-
portant conclusions:

* Different lines of action of extraoral force combined
with the Teuscher activator influence stress intensity
and orthodontic and orthopedic force distribution in the
maxilla.

* Stresses increased progressively when the force line of
action moved in a posteroanterior direction.
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* The extraoral force’s line of action used in Model 3
(30°) is the most compatible with the objectives of
the hyperdivergent Class II malocclusion treatment in
growing patients because it promotes displacement of
the teeth and maxillary complex, promoting vertical
control.
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