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Abstract: Mandibular Advancement Devices (MADs) are therapeutic tools frequently used
for the treatment of Obstructive Sleep Apnoea Syndrome (OSAS). Patients suffering from
OSAS show repeated phenomena of oropharynx obstruction during sleep, which alter the
airway volume and the breathing airflow. By advancing the mandible, MAD increases the
airway volume and allows the patient to breathe better and consequently to sleep better.
However, the use of MAD, forcing the mandible forward, causes the development of not
negligible stresses on temporomandibular joint (TMJ).
The main goal of this study is to analyse the stress distribution on temporomandibular
joint by means of finite elements simulations.
The 3D reconstruction of TMJ begins with the extraction of anatomical 3D models
from the CT images of the patient’s skull. The 3D meshes of the mandible and temporal
bones are then smoothed, defeatured and transformed in NURBS surface models by mean of
reverse engineering techniques. Soft tissues (articular disc and ligaments), which cannot be
identified from CT images, are modelled according to anatomical atlas and by using
geometric reconstruction tools of specific CAD software.
The roto-translation of the mandible, due to the use of MAD, is experimentally
determined from the scans of the moulds of dental arches (closed mouth) with and without
MAD.
The mechanical properties for each component of the mandibular system are derived
from previous studies. Simulations are conducted by imposing two different displacements
(by advancing the lower plate of MAD) and without imposing external loads.
Preliminary results show the qualitative stress distribution on condyle, ligaments and
articular disc. Quantitative results are comparable to those obtained in literature with
simulations of non-pathological normal joint. The proposed simulation model will allow to
compare the stress distribution on soft and hard tissues, due to the use of different MAD. For
this reason, future work will include the design of MAD and periodontal ligament, in order to
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study the tensile state of the anatomical parts, on the basis of different MAD’s materials and
fulcrum positioning.
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INTRODUCTION

Obstructive Sleep Apnoea Syndrome (OSAS) consists in recurrent partial or total obstruction
episodes in the airways during the sleep, characterized by apnoea and hypopnoea [1]. The
severity of OSAS is estimated through the apnoea-hypopnoea index (AHI) that considers the
total number of apnoea (complete airways obstructions) and hypopnoea (partial breathing
obstructions) per hour of sleep. OSAS is diagnosed when the AHI is higher than 15 without
any other associated symptom, and when AHI > 5 with daytime sleepiness and other
symptoms.
Although nowadays the gold standard treatment for OSAS is the C-PAP method (Continuous
Positive Airway Pressure) [2, 3], Mandibular Advancement Devices (MADs) are increasingly
used by patients with a mild or moderate syndrome [4, 5]. Several kind of MADs are
commercially available. These ones differ in materials, shape and fulcrum placement but all
of them produce the same effect on the upper airways: the increment of the airways volume
(and thus that of the airflow) through the mandibular advancement [6].
Nevertheless, by advancing the mandible, each device produces not negligible stress on the
temporomandibular joint (TMJ) and, consequently, some patients report soreness or pain in
the TMJs or jaw muscles during orthodontic treatment, especially at the awakening.
For this reason, although the use of MADs in OSAS patients is encouraged by last literature
review on oral device [7], their effects on TMJ deserve a more in-depth investigation since
their use is not limited to short periods but often it is a lifelong therapy.
Moreover, the anterior and inferior mandibular reposition during treatment can leads small
adaptive changes inducing condylar remodelling. For this reason, in case of use of MAD, the
load distribution on condyle and articular disc has a great importance.
The objective of this paper is the assessment of the stress distribution on TMJ in case of
MAD usage, through the Finite Element Method (FEM). The simulation model presented in
this paper includes jawbone, glenoid fossa (i.e. temporal bone), articular disc and TMJ
ligaments (temporomandibular, sphenomandibular and stylomandibular). In future works,
authors will model also dental arches, periodontal ligaments and mandibular advancement
devices.
Several authors proposed finite elements models of TMJ in order to study the physiological
stress/strain behaviour of the masticatory system under normal occlusal loads [8, 9] and
during mandibular lateral excursions [10] or protrusion [11, 12]. Some papers evaluated also
the effect of abnormal loading, such as awake and asleep bruxism [13] or prolonged
clenching [14], but the effects of MADs have not be still investigated.
The TMJ virtual prototype proposed in this paper is the start point for exploring the effects of
different MADs on such joint.
2 MATERIALS AND METHODS
2.1 Anatomical 3D reconstruction
The anatomical 3D reconstruction of TMJ begins with the extraction of 3D models of bones
from computed tomography images of the patient’s skull [15, 12], as shown in Fig.1.
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Thanks to the symmetry of the skull across the sagittal plane, it is suitable to reconstruct only
half cranium consisting in one condyle, half mandible and one partial temporal bone with the
glenoid fossa, in order to lighten and simplify the simulation model.

Fig.1: 3D models of skull and mandible, extracted from CT images
In order to repair defects and irregularities, the meshes of half mandible (with condyle) and
temporal bone (with glenoid fossa) are smoothed, defeatured and transformed in NURBS
surface models by means of reverse engineering techniques.
Articular disc and TMJ ligaments cannot be reconstructed from CT images because
computed tomography does not allow the visualization of soft tissues. For this reason, the
reconstructed surfaces of mandible and temporal bone are imported in a 3D CAD software,
where soft elements have been modelled based on anatomical atlas. The 3D model of TMJ is
shown in Fig.2.

a)

b)

Fig.2: a) posterior view of TMJ 3D model and (b) condyle detail. Articular disc (green) and
temporomandibular (yellow), sphenomandibular (gold), stylomandibular (cyan) ligaments.
The articular disc has been designed by extracting the upper surface of the condyle toward
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the glenoid fossa, as in [16].
Regarding the modelling of ligaments, this paper presents a step forward compared to the
literature. Indeed in [16], ligaments are introduced as virtual linear springs and in [10, 13]
only collaterals and temporomandibular ligaments have been modelled. In this work, in order
to improve the model accuracy, all the three main TMJ ligaments have been considered,
because sphenomandibular and stylomandibular ligaments have an important biomechanical
role on mandible opening [17].
Therefore temporomandibular, sphenomandibular and stylomandibular ligaments have been
modelled through 3D reconstruction tools according to anatomical drawings and medical
literature. Ligaments length, origin and insertion points have been identified as explained in
[18], where angles of inclination between the principal axis of the ligaments and the inner
surface of the mandible are illustrated.
2.2 Determination of mandibular displacement
The roto-translation of the mandible wearing a MAD is specific of each device because it
depends on the MAD mechanism. The mandible displacement caused by a specific MAD has
been experimentally determined from the scans of the moulds of dental arches with and
without MAD. Firstly, the two moulds of dental arches have been scanned in rest condition
(closed mouth, Fig.3a) and then, assembled with the upper and lower plates of the MAD,
they have been scanned again (Fig.3b). In this second 3D acquisition, the advancement
imposed by the lower plate of MAD to mandible was equal to 2 mm. By overlapping the two
scans (a and b) and by matching the upper, maxillary parts it is possible to calculate the rototranslation of the mandible imposed by MAD (Fig.3c).

Fig.3: a) Scan of the teeth moulds in rest position; b) Scan of the teeth moulds with MAD; c)
Scans overlapping for determining mandible roto-translation.
The same procedure has been followed to calculate the roto-translation of the mandible with
a further advancement of the MAD lower plate of 3 mm, thus forcing the mandible 5 mm
forward.
2.3 Analysis Setup
Starting from the 3D TMJ model previously defined, a Finite Element virtual prototype has
been realised in Ansys Workbench 15.0. The development of a simplified simulation model
4

Agnese Brunzini, Marco Mandolini, Steve Manieri, Michele Germani, Alida Mazzoli

(half cranium without teeth) allows to importantly decreasing the computing effort.
The materials models used for simulating the anatomical components of the mandibular
system are isotropic, linear, elastic [11, 12, 17, 19] and the mechanical properties for each
component, listed in Table 1, have been derived from previous studies [11].

Table 1: Mechanical properties of anatomical components
Elastic Modulus (E),
MPa

Poisson’s Ratio (v)

Mandible (Compact bone)

13˙700.00

0.30

Glenoid Fossa (Compact bone)

13˙700.00

0.30

Articular disc

10.00

0.40

Stylomandibular ligament

0.49

0.49

Sphenomandibular ligament

0.49

0.49

Temporomandibular ligament

0.49

0.49

The boundary conditions have been defined as follows:
 Fixed: ground to temporal bone
 Bonded: condyle to articular disc
 Frictionless: articular disc to glenoid fossa
 Bonded: temporomandibular ligament to temporal bone
 Bonded: temporomandibular ligament to mandible
 Bonded: sphenomandibular ligament to temporal bone
 Bonded: sphenomandibular ligament to mandible
 Bonded: stylomandibular ligament to temporal bone
 Bonded: stylomandibular ligament to mandible
The temporal bone has been fixed in order to avoid rigid movement of the anatomical parts.
‘Bonded’ contact does not allow relative motion (nor sliding nor separation) between the
surfaces involved, while ‘frictionless’ contact allows separation and sliding of the surfaces
involved. Therefore, the ‘bounded’ contact between condyle and articular disc is necessary
for avoiding ‘rigid body motion’ errors during the simulation, while, thanks to the
‘frictionless’ contact, the disc is free to slide on the glenoid fossa and separate from it.
The mesh has been developed using tetrahedral elements because this type of element best
suits freeform surfaces as bones and ligaments. The simulation model consists of about
20˙000 elements (Fig.4).
Simulations have been conducted without imposing external loads. The tensile state derives
from the two different roto-translations previously calculated and imposed to the mandible.

5

Agnese Brunzini, Marco Mandolini, Steve Manieri, Michele Germani, Alida Mazzoli

Fig.4: Tetrahedral mesh of the model

3 RESULTS AND DISCUSSION
This section presents the preliminary results related to the stress distribution on condyle,
articular disc and ligaments (Fig.5, Fig.6 and Fig.7). Quantitative results of load analysis are
comparable to those obtained in literature with simulations of non-pathological normal joint
in standard occlusion.

a)

b)

Fig.5: Von-Mises stress on mandible condyle with a MAD lower plate advancement of 2 mm
(a) and 5 mm (b)
As shown in Fig.5, the pick stress value on the condyle for a mandibular advancement of 2
mm is about 5MPa; this value raise until about 10Mpa for an advancement of 5 mm,
involving a wider area. These results are comparable with those found by Citarella et al. in
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[8] where stress distribution was evaluated simulating a standard loading action performed by
the masticatory muscles in centric occlusion.

a)

b)

Fig.6: Von-Mises stress on articular disc (transversal section) with a MAD lower plate
advancement of 2 mm (a) and 5 mm (b)
The tensile state of the articular disc is comparable with those one found by Shrivastava in
[12]. Fig.6 highlights that, in both cases, the roto-translation of the mandible causes a
maximum stress on the central area of the disc, confirming its role in spreading functional
load and preventing articular disease.
Different authors investigated the load that articular disc, formed for the 80% of type I
collagen fibres, can stand for its mechanical characteristics. Resistance values of the type I
collagen fibres of the disc present a resistance to deformation ranging between 20-35MPa
and 50MPa for the tension [20, 21]. These values are significantly higher than maximum
Von-Mises stress obtained in this study (equal to 6,4Mpa in the first case and to 8,9Mpa in
the second case). Therefore, slight mandibular advancement can be considered a safe
procedure even for the long period.
Lastly, Fig.7 shows the tensile state of TMJ ligaments: the temporomandibular one is the less
stressed. The stylomandibular ligament is mainly stressed close to its connection with the
mandible, while the pick stress value of the sphenomandibular ligament is located in the
middle of its length, where the section is smaller.
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a)

b)

Fig.7: Von-Mises stress on temporomandibular, sphenomandibular and stylomandibular
ligaments with a MAD lower plate advancement of 2 mm (a) and 5 mm (b)
4

CONCLUSIONS

This study demonstrates that, although deformation and load values induced by MAD
increase with the mandibular advancement, these are lower than physiological limits of the
anatomical parts evaluated. Therefore, slight mandibular advancement can be considered a
safe procedure even for the long period and should not cause permanent side effects.
Respect to other works in literature, the model proposed in this paper will allow to precisely
comparing the movement imposed by different MADs, and thus the consequent stress
distribution on soft and hard tissues.
In order to overcome the limitations of the presented simulation model, future works will
regard:
 The shape of the disc: it should be extended in its surface, for more enveloping the
condyle and reducing computational problems during the simulation;
 The material model: it should be more complex, such as nonlinear and anisotropic
models;
 The boundary conditions: contact models must be improved according to limitations.
Moreover, future work will include also the design of teeth, periodontal ligaments and MAD,
in order to study the tensile state of the anatomical parts, due to different MAD’s materials
and fulcrum positioning. By analysing such results and combining them with clinical
analyses, clinicians can extract useful rules for prescribing the best fitting MAD according to
the severity of OSAS.
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