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Abstract

Purpose Due to recurring doubts by athletes regarding the effectiveness of mouthguards (MG), this study evaluated the
stress distribution in the skull and teeth as a consequence of different impacts.

Methods Two human skulls were created using modeling software: one in maximum intercuspidal position and the other
with a MG. Next, a boxing glove was allocated into each of the coordinate axes (x, y and z) to represent a boxing punch
(1000N): Jab (x), Cross (y) or Uppercut (z). The six models were imported to the analysis software and the geometries were
subdivided into a specific number of elements. The bonded contacts simulated a situation in which the athlete would not
lose their MG during impact. The system constriction was in the foramen magnum region. The results were presented in
stress maps and graphs.

Results A higher stress concentration in teeth was shown for the model without a MG under direct impact on the upper
central incisors. According to von Mises stress, each punch resulted in stress being produced in distinct areas of the skull.
The displacement was proportional to the Maximum Principal Stress result. MG use decreased the jaw movement relative
to the maxilla and reduced the stress magnitude during impact in all situations.

Conclusions MG use is beneficial for all simulated impacts and assists in dampening the generated stresses. Direct impacts
on tooth regions showed the higher stress values and the most efficacy in protection was evidenced when using a MG.

Keywords Dental trauma - Mouthguard - Sports dentistry - Craniomandibular complex - Finite element analysis - Shock
absorption

Introduction

Basketball, football, hockey, martial arts, and boxing
carry the highest risk of dental injuries [1]. Thus, the use
of mouthguards during sports is a commonly encouraged
procedure by dental surgeons and sports technicians [2, 3].
Ninety percent (90%) of facial injuries affect the maxillary
region [4], putting the integrity of dental tissues at risk and
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causing severe trauma which can lead to tooth loss. Despite
this, mouthguards can modify an athlete’s breathing [5].
Mouthguard thickness and the choice of an appropriate
elastic material during its manufacture is directly related to
its capacity to absorb the impacts caused by accidents [6].
However, in situations where the impact does not directly
affect the maxillo-mandibular region, there are still doubts
about whether it really is beneficial to use a mouthguard
regarding the mechanics of dissipating the injurious impact
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[7, 8]. Therefore, mouthguard use aims to attenuate stresses
in the facial region [9].

One of the methodologies used to verify generated stress
is finite element analysis, in which a numerical computa-
tional simulation takes into account the geometry, elastic
modulus and boundary conditions of specific situations and
demonstrates the possible mechanical behavior of the system
[9, 10]. Despite the wide use of this mathematical method in
simulating situations involving mouthguards, there are still
no reports on the influence of different impact directions on
the stress generated on an athlete who is using or not using
a mouthguard. Thus, physical activity that involves differ-
ent areas of possible impact may generate doubts about the
benefit in using a mouthguard [11].

Therefore, the aim of this study was to analyze the influ-
ence of different impact regions on the skull in using or
not using an individualized mouthguard through finite ele-
ment method. In order to approximate a simulation of a real
situation in which an athlete can receive impact to differ-
ent areas of the face during a single activity, a boundary
condition of three different boxing punches was selected.
Each evaluated punch is located on a distinct axis from the
Cartesian coordinate system in space. The present biome-
chanical study investigated the beneficial effect of using a
mouthguard while being submitted to facial/head impacts
in a sport where the mouthguard use is mandatory. To the
scope, three different stress criteria were used. The hypoth-
eses of the study were that there would be a benefit in using
mouthguards independent of the impact region, and that
there would be a difference in the stress magnitude values
between the different simulated impacts.

Methods

The impact simulation herein was performed using the 3D
finite element analysis methodology. For this, a skull model
was created in computer aided design software (Rhinoceros
4.0—SR9 McNeil North America) based on the Sao Paulo
State University database (Unesp). The upper and lower
teeth were then shaped and inserted into the alveolus. Next,
the final models (in a volumetric geometry) were replicated
totaling two human skull models: one in the maximum inter-
cuspidal position (clenched teeth/jaw, closed mouth) and the
other with a 3 mm mouth opening (free functional space).
The second model was created in a relaxed muscular posi-
tion with the absence of occlusal contacts, and received an
anatomical mouthguard with 4 mm thickness [12]. In order
to represent an impacting object, a professional boxing glove
was modeled following the manufacturer’s dimensions (Box-
ing Gloves, Everlast Pro Style Training, 12 Oz, 800 g). The
glove was allocated to each of the coordinate axes (Fig. 1) to
represent a specific punch in a boxing match, and the value
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of 1000 N was assumed as unidirectional loading [13]. The
load was applied on three different axes according to the
evaluated punch: a Jab punch on the upper central incisor
(X axis), a Cross punch on the zygomatic arch (Y axis) and
an Uppercut punch on the mandibular symphysis (Z axis).

The models were imported into the computer-aided
analysis software and complex geometries were subdivided
into a specific number of finite elements based on the mesh
convergence test (10%) to reduce numerical errors during
the results processing [14]. A bonded contact interface was
used between all contacts, simulating a situation in which
the athlete would not lose their mouthguard during impact.
The system constriction was in the foramen magnum region,
simulating insertion of the vertebral column, but allowing
movement of the skull base to the sides and back during the
test. Von Mises stresses (integration of all stress components
into an equivalent value) were used as an indication for the
stress energy generated during impact for qualitative analy-
sis. Thus, tensile stress was analyzed as a failure criteria of
friable structures such as simulated hard tissues [15]. Skull
displacement was also analyzed in the different situations.
Finally, the highest stress peak values (maximum principal
stress from the upper incisors buccal face) in the teeth were
plotted in scatter plots to better visualize the mouthguard’s
influence on the system’s mechanical behavior. The mechan-
ical properties used in the simulation are summarized in
Table 1 [16-19].

Results

Stress can be visualized using a linear color scale where
blue indicates the lowest stress values, and red represents
the highest stress values. The results in the dental structures
were determined by the maximal principal stress criteria,
discriminating tensile areas and demonstrating higher con-
centration for the model not using mouthguard in the Jab
punch situation (a direct impact on the upper central inci-
sors), followed by an Uppercut punch (impact in the chin
region), and finally a Cross punch in the zygomatic arch
region (Fig. 2a).

Von Mises stress distributions in the models after
impact are shown in Fig. 2b. The majority of stress in
all models was in the dental structures, demonstrat-
ing that the ease of a trauma to affect these elements is
greater than causing fracture in one of the facial bones.
Each punch showed stress resulting in distinct areas
of the skull. Thus, the displacement was proportional
to the maximum principal stress result. The use of the
mouthguard decreased the mandible movement rela-
tive to the maxilla in all simulated situations (Fig. 2c).
The stress peaks, according to the picture of the den-
tal arches (Fig. 2a), were plotted in a linear scatter plot
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Fig.1 1000 N load applica-
tion through different boxing
punches

Table 1 Mechanical properties of each material and structure used in
the simulation

Material Elastic modulus Poisson’s ratio
(GPa)

Mouthguard (EVA) [16] 18 0.30

Polyurethane [17] 3.6 0.30

Human bone tissue [18] 13.7 0.3

Human teeth [19] 2.07x10* 0.3

for quantitative analysis (Fig. 3), and demonstrate that
mouthguard use was significantly beneficial in all the
simulated impacts. The higher tensile stress peaks (nodes
4 and 15 in Fig. 3) were observed in the cervical region
of the right and left central upper incisors, respectively,
during the Jab punch.

Discussion

Several sports activities suggest using a mouthguard as an
accessory for the athlete’s individual protection [2, 3, 8,
11, 13]. However, the use of this apparatus is not unani-
mous among physical exercise practitioners, since doubt
and acknowledgement for this preventive method have not
been given due importance [11, 20]. The results of this study
show that there is a difference in stress distribution during
physical activity as a function of the affected region and
mouthguard use, thus accepting the hypothesis of this study.
It is possible to observe that using a mouthguard is beneficial
in all evaluated situations (Figs. 2, 3).

Using a mouthguard is more capable to reduce the stress
when the impact region is nearer to the dental structures.
Therefore, the further the impact region on the skull is
from the mouth, the less influence the device has on stress
dissipation. However, its use is essential and its benefits
are not only restricted to directly preventing damage to
the teeth. Thus, it is correct to assume that fracture cases
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Fig.2 The generated stress in the dental structures according to the punch and the stress criteria used
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Fig. 3 Linear scatter plot of the stress peaks in each model with and without mouthguard according to the different boxing punches

could present worse prognosis if the athlete was not using  with this information, since this is one of the main reasons
a mouthguard [3, 8, 21-23]. It is hoped that doubts by ath-  reported for this apparatus not being used during sports
letes about the benefits of using a mouthguard diminish  practice [20, 24].
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It is important to note that the simulated mouthguards had
4 mm thickness, which is described as an ideal preparation
condition [12], so that thinner mouthguards may have differ-
ent results [12]. In addition, the simulated mouthguard was
customized, respecting the 3D model anatomy and closely
related to the hard facial tissues. Thus, the results of the pre-
sent study should be carefully extrapolated to risk situations
that involve the use of stock or thermoplastic mouthguards
[25].

Facial fractures were related to various sports which
included baseball (34.3%), rugby (16.1%), soccer (12.1%),
softball (8.9%), golf (4.0%), hockey (11.3%), and others
(11.7%) [26]. Despite this, a boxing simulation is not a
methodology restriction, but a way to perform unidirectional
loading on distinct axes from the spatial coordinates without
escaping from the reality of a physical activity practitioner.
According to the national collegiate athletic association’s
handbook (USA), mouthguard use is mandatory when ath-
letes are participating in several sports, such as field hockey,
football, ice hockey, and women’s and men’s lacrosse [27].
In addition, sports mouthguards are also mandatory in Can-
ada for most minor hockey players, amateur football, ama-
teur rugby, karate, tackwondo, lacrosse and amateur boxing.
The only professional sport where sports mouthguards are
mandatory is boxing [28].

Mechanical evaluation of mouthguards is generally per-
formed with spherical objects fired at a controlled speed.
This method is perfectly valid to study the variables of
geometry and mouthguard material [7, 9, 10, 12, 25]. Never-
theless, since finite element analysis is a computational sim-
ulation in which a 3D model is defined in a design software,
it is possible to simulate a complex condition with greater
control over the environmental variables [9]. Thus, when
analyzing damage generated during sports performance,
we can guarantee that the impact will be accurate regarding
force, speed, and direction, all controlled by the computer.

Von Mises stress enables a view of the total energy dis-
sipation involved during impact on the face [12]. The com-
pression and tensile zones result in a colorimetric map pro-
portional to the exerted damage. In a frontal impact directed
on the teeth, almost all stress is concentrated on the anterior
dental elements. When using a mouthguard, the stress fields
of the same region present less magnitude and concentration.
As the fracture of the dental elements occurs by tensile stress
[15], the maximum principal stress result only in the teeth
allows us to observe that the roots are also affected upon the
same type of impact, and the resulting mechanical von Mises
stress behavior is similar. Finally, this can be explained by
system displacement [14], since less energy will be dissi-
pated along the skull when using the mouthguard (in occlu-
sion, keeping the inferior teeth in contact with the device).
The same interpretation is repeated for the impacts from an
uppercut, and to a lesser extent for the cross punch.

Although using mouthguards is widely recommended and
defined as an important way of preventing facial injuries
[20], this device cannot overcome the damage generated to
the face. Even when using mouthguards, all models herein
presented impact stress in all structures. Despite the capac-
ity of mouthguards to reduce stress during impact, some
athletes report difficulties in breathing and speaking, nausea,
oral dryness and some kind of uncomfortable perception
[5, 29]. Also, the athletes’ cardiopulmonary capacity can
be negatively influenced when a stock mouthguard is used,
while a custom-made device does not seem to have negative
effects during its use [29]. Therefore, we simulated a cus-
tom-made mouthguard according to teeth anatomy. Future
studies evaluating the biomechanical response according to
the mouthguard design should be performed.

When a mouthguard is in the mouth, the displacement
field between the mouthguard and buccal tissues can be
considered continuous [9]. Thus, it was assumed that the
mouthguard will not move during any of the applied forces.
Moreover, removing the mouthguard could alter the protec-
tion capacity of the apparatus, dissipating part of the impact
energy and resulting in different stress field regions [9, 10].
In this way, it is important to emphasize that the finite ele-
ment method is a theoretical computational analysis. Simpli-
fications were required in the 3D model for its performance
such as absent musculature, soft tissues of the head and
mouth, and the presence of anisotropic bone containing tra-
becular bone [9, 10]. However, the results are important, and
in association with the current literature can demonstrate the
benefit of using a mouthguard, regardless of the impact on
the head region, thus justifying the mandatory mouthguard
use in some types of sports with appropriate interventions by
sports federations. Our principal biomechanical novelty was
to use three different stress criteria to show the beneficial
effect of wearing a mouthguard in three facial/head impacts
received while practicing a sport where its use is mandatory.
Future three-dimensional investigations evaluating the effect
of an impact in different faces (eg, broad and narrow), den-
tal Classes, genders, ages, mouthguard design and material
(with and without reinforcement), should be performed to
obtain more detailed information regarding the mouthguard
biomechanics. Furthermore, a detailed analysis of the soft
tissues stresses should be added.

Conclusions

Within the limitations of this study, it is possible to conclude
that using an individualized/customized mouthguard allevi-
ates tensile stresses in the face, independent of the initial
injury/impact site. Direct impacts on tooth regions showed
the most aggressive stress values, and using a mouthguard
(versus not) evidenced the most protective efficacy.
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