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Abstract. Obstructive sleep apnea syndrome (OSAS) is a sleep disorder that
causes pauses in breathing or periods of shallow breathing during sleep. Mandibu-
lar advancement devices (MADs) represent a non-invasive treatment for OSAS
that has had the highest development in recent years. Nevertheless, literature has
not primarily investigated the effects of mandibular advancement. This paper
presents a finite element method numerical simulation model for evaluating the
stress/strain distribution on the temporomandibular joint (TMJ) and periodontal
ligaments caused by advancement devices used for the treatment of OSAS. Results
highlight that the mandible lift phase generates significant stress values on TMJ,
which cannot be neglected for extended usage of MADs. Furthermore, mandible
molar teeth are more loaded than incisor ones.
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1 Introduction and Literature Review

Repeated episodes of complete (apnea) or partial (hypopnea) obstruction of the upper
airway during sleep characterize the obstructive sleep disorders. The obstructive sleep
apnea syndrome (OSAS) may affect the general health of a large percentage of the
population, with a defined prevalence of approximately 6% for men and 4% for women,
with data increasing in the last few years [1].

Oral Appliances represents a non-invasive alternative treatment for OSAS that had
the most considerable development in recent years, and medical literature has demon-
strated their effectiveness in reducing the number of respiratory events and in decreasing
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symptoms [2]. Mandibular advancement devices (MAD) are nocturnal intraoral appli-
ances that stabilize the upper airways and increase their diameters, reducing pharynx
collapsibility. These devices must be used every night and necessarily have some short-
term side effects (e.g., sialorrhea or xerostomia, headache, temporomandibular joints
discomfort, dental soreness, and occlusal changes upon awakening). In the long term,
on the other hand, there may be overjet and overbite reduction and decrease in the
quantity and intensity of posterior occlusal contacts.

In the past, the finite element method (FEM) was used mainly for simulating stress
and strain distribution on the temporomandibular joint (TMJ). The masticatory system
under normal occlusal loads [3], the mandibular protrusion and opening were the typical
configurations analysed. FEM also permits to evaluate periodontal ligaments (PDL)
effects on mandibular stiffness [4], on teeth movement [5], or in case of bone loss [6].
Concerning OSAS, Brunzini et al. [7] and Crivellin et al. [8] respectively presented a
simulation model toward the study of the effects caused by different MADS and the
strength distribution on TMJ using MADs. However, the presented virtual prototype is
only a preliminary result that deserves further improvement.

This paper presents a numerical simulation model for studying the stress/strain dis-
tribution on TMJ and PDL caused by MADs used for treating OSAS. The simulation
model was used to characterize a specific patient and related MAD. This research work
that can be intended as a protocol is a step toward understanding and evaluating the
side effects of MADs. Results achievable by employing the presented simulation model
on a more significant number of patients and MADs will permit practitioners to gain
knowledge for improving the current golden rules for prescribing such devices.

2 Materials and Methods

The development of the numerical simulation model consisted of a combination of
(i) the 3D anatomical model of TMJ and PDL, (ii) the materials, and (iii) the boundary
conditions (Fig. 1). Thefirst step of themethodology consisted of gathering computerized
tomographic (CT) images of an OSAS affected patient, anatomical atlas (specific for
TMJ and PDL), a physical prototype of a MAD, and the plasters casts of the mandibular
and maxillary dental arches of the same patient. Such information allowed authors to
build the complete 3D geometry of the simulation model. The second step consisted in
defining the boundary conditions of the system, strictly related to the mandible roto-
translation caused by the MAD. The third step aimed at establishing the constitutive
equations of the material to be assigned to the anatomical geometry of the model. After
having meshed the model (fourth step), the simulation model was ready to be used.

2.1 Anatomical Model

The 3D geometry reconstruction of the anatomical model followed different techniques.
Temporal bone, mandible, and teeth weremodelled employing an image processing soft-
ware for 3D design and modelling of geometries from CT images of the patient’s skull.
Soft tissues (articular disc, joint capsule, anterior ligament, retrodiscal tissue, spheno-
mandibular (SPL), and stilomandibular (STL) ligaments), which cannot be univocally
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Fig. 1. The methodology used for developing the numerical simulation model.

determined from CT images, were modelled considering anatomical atlas and scientific
papers (e.g., [9]). PDL ligamentswere shaped by offsetting teeth roots of a constant value
(i.e., 0.3 mm). The mandibular MAD splint was modelled through a reverse engineering
process because such devices are custom-made and handcrafted by practitioners, and
the 3D CAD model is commonly unavailable. To be noted that, since the symmetry of a
human skull, only half side of the geometry was modelled. Furthermore, the simulation
model contains only the mandibular splint; the maxillary one is beyond the scope of this
research.

Fig. 2. Complete anatomical model. Frontal view of the 3D model (a), sagittal view of PDL (b),
sagittal view TMJ (c), and sagittal view of SPL an STL (d).

2.2 Materials

Various materials were used for simulating the anatomical geometry. Materials models
were retrieved from the literature. In particular, the articular disc, joint capsule, and
all the TMJ ligaments were modelled using a Neo-Hookean material model [10]. In
contrast, the 2nd order Ogden model was adopted to model the PDLs [11]. The teeth and
the mandible have been modelled as linear elastic, isotropic, and homogeneous [12].
MAD is a stratified element of three different materials. It consists of a thin inner layer
in contact with the teeth and made of soft material (TPU), a middle between the inner
and outer layers made of rigid material (PETG), and an outer layer of rigid material
(PMMA). Such materials were modelled using a linear elastic model.

2.3 Boundary Conditions

The simulationmodel aims to evaluate the effects caused by themandible roto-translation
when inserting the MAD into the mouth (Fig. 3). First of all, it was necessary to assess
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the mandible translation, measured in “lift” and “advancement” according to a reference
system based on the mandibular occlusal plane (defined when the mandible is resting).
Lift is related to the mandible opening required when dressing the MAD. Advancement,
instead, refers to the mandible protrusion caused by the MAD adjustment during the
OSAS treatment (measured on the occlusal plane). Mandible rotation (Fig. 3c) is the
angle between the occlusal plane of the mandible in the resting state and the same plane
of the protruded jaw (Fig. 3b).

Fig. 3. Procedure for evaluating the mandible roto-translation. Teeth plaster casts in the rest
position (a), teeth plaster casts combined with mandibular and maxillary MAD splints (b), and
calculation of the mandible roto-translation, lift, advancement, and rotation (c).

Three types of joints were used for connecting anatomical elements: (i) bonded:
no sliding or separation between surfaces is allowed, (ii) frictionless: sliding between
surfaces without friction and (iii) frictional: surfaces can transmit shearing loads up
to a specific value, before sliding. Bonded was used for almost all the ligaments apart
between the articular disc and glenoid fossa (frictionless) and articular disc and joint
capsule (frictional). Moreover, the following contacts were set between these interfaces:
(i)MAD and teeth, (ii) teeth andPDL, and (iii)PDL andmandible. Regarding the analysis
settings, an iterative solver was selected before running the simulation.

2.4 Meshing

The whole model consists of about 120000 10-nodes tetrahedral elements. The element
size was adjusted for each geometry for an accurate meshing. The Skewness and the
Orthogonal Quality mesh metrics criteria reported an average value q = 0.29 (standard
deviation 0.19) and q = 0.71 (standard deviation 0.19), respectively, resulting in an
excellent mesh quality.

3 Results and Discussions

Themethod presented in Fig. 1 was adopted for characterizing stress, strain, deformation
and loads of a specific patient’s TMJ, PDL, teeth, and MAD (Fig. 4a). The simulation
model allowed authors to understand the deformation of the articular disc and joint
capsule (Fig. 4b). For a high value of advancement, the articular disc clashes against the
joint capsule, and this behaviour determines a higher stress value on the anterior area
of the latter (Fig. 4c). SPL and STL ligaments are homogeneously stressed along their
axes (Fig. 4d). While the most stressed and displaced teeth are the molars (Fig. 4e and
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Fig. 4f). To be noted that practitioners are mainly interested to the stress distribution
rather than exact values: this is the reason why Fig. 4 does not contain a scale.

Fig. 4. MAD shape (a), TMJ deformation (b), TMJ stress (c), SPL and STL ligaments stress (d),
teeth von-Mises stress (e) and teeth displacement (f).

Results also allowed to analyse the trend of TMJ stress (Fig. 5a) and SPL-STL force
reaction (Fig. 5b) vs. The mandible roto-translation. It is worth noting that the TMJ
stress gets the maximum stress approximately at 50% of roto-translation. Concerning
the second set of simulation, mandible molar teeth are the most loaded, while mandible
incisors are the least ones (Fig. 5c).

Fig. 5. TMJ stress (a) and SPL-STL force reaction (b) vs. Mandible roto-translation, PDL force
reaction (c).

4 Conclusions

The paper presented a numerical simulation model for evaluating the effects caused by
mandibular advancement devices, used for treating OSAS, on the temporomandibular
joint and periodontal ligaments. The simulation model was used for characterising a
specific patient and MAD (maxillary and mandibular splints connected through two
symmetric metallic rods). The results highlight that the mandible lift phase generates
significant stress values on TMJ, which cannot be neglected for prolonged usage of
MADs. For this specific MAD, mandibular molars are more loaded than incisors.

For the feature, authors are going to analyse also the maxillary splint and arch.
Furthermore, the authors will analyse the relationships among MADs (e.g., different
materials, advancement system, geometry), patients (e.g., different apnea-hypopnea
index - AHI), and the results presented in this paper (i.e., TMJ-PDL stress and teeth
load/stress/displacement). By increasing the number of results, it will be possible to
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improve the current best-practices in prescribing MADs. Practitioners will be capable
of advising MADs according to the patient’s skeleton and AHI to minimize side-effects
of such devices.
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adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
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the copyright holder.
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