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Abstract: This study carried out modeling of the contact between a pair of antagonist teeth with/
without individual mouthguards with different geometric configurations. Comparisons of the stress–
strain state of teeth interacting through a multilayer mouthguard EVA and multilayer mouthguards
with an A-silicon interlayer were performed. The influence of the intermediate layer geometry
of A-silicone in a multilayer mouthguard with an A-silicon interlayer on the stress–strain state of
the human dentition was considered. The teeth geometry was obtained by computed tomography
data and patient dental impressions. The contact 2D problem had a constant thickness, frictional
contact deformation, and large deformations in the mouthguard. The strain–stress analysis of
the biomechanical model was performed by elastoplastic stress–strain theory. Four geometric
configurations of the mouthguard were considered within a wide range of functional loads varied
from 50 to 300 N. The stress–strain distributions in a teeth pair during contact interaction at different
levels of the physiological loads were obtained. The dependences of the maximum level of stress
intensity and the plastic deformation intensity were established, and the contact parameters near the
occlusion zone were considered. It was found that when using a multilayer mouthguard with an
A-silicone interlayer, there is a significant decrease in the stress intensity level in the hard tissues of
the teeth, more than eight and four times for the teeth of the upper and lower teeth, respectively.

Keywords: mouthguard; occlusal contact; friction; teeth

1. Introduction
1.1. Problem Context

The dentofacial system is vital as its elements maintain various physiological processes,
such as respiration, digestion and speech [1]. Dental biomechanics issues have increased in
number over the past decade. These issues include the study of the heterogeneity of dental
tissues [2], modeling the teeth stress–strain state under orthodontic loads [3], orthodontics
problems to correct the occlusion [4] and numerical simulation of contact between teeth
and dental implants or mouthguards [5]. Furthermore, the condition of the dentofacial
system has a significant influence on physiological processes due to tooth injuries during
sports and hard physical labor as well psychoemotional stress [6,7].

Today, one of the most effective ways to avoid dental injuries is the use of a mouth-
guard [8]. As various mouthguard designs exist on the market, there is a need for computer
modeling of biomechanical behavior, both of the structures themselves and of the materials
from which they are made [9].

Research has been carried out on the following:

• Biomechanical analysis of the effect of the properties of mouthguard materials on the
deformation behavior of dental hard tissues [10,11];
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• Mathematical modeling of the contact interaction of mouthguards of different geomet-
ric configurations with a wide range of physiological loads [12,13];

• A comprehensive interdisciplinary study of the patterns of change in the stress–strain
state of the human dentofacial system when using mouthguards [14];

• The influence of the geometric configurations of the mouthguards on the stress–strain
state [15], etc.

Currently, there is a particular interest in studying the structural features of mouth-
guards on the elements of the dentofacial system in order to identify qualitative and
quantitative patterns of deformation behavior of teeth.

1.2. Research Objectives

The study objectives were formulated to evaluate the practical application of multi-
layer Eva mouthguards with an A-silicone interlayer. The research objectives are:

- To solve the problem of deformation of teeth during occlusion for a specific clinical
case, with/without mouthguards;

- To model the frictional contact in the area of teeth occlusion;
- To use an elastoplastic model of behavior on the base material of the EVA mouthguards;
- To model various configurations of mouthguards for a clinical case;
- To analyze the influence of the geometry and thickness of the A-silicone layer on the

system “mouthguard–teeth”.

1.3. Problem Description

Analysis of the influence of the geometric configuration of protective mouthguards
on their performance during teeth contact is presented in this study. In this case, the load
of the jaw compression is considered as the indentation force with consideration of the
friction between the contacting surfaces.

The paper presents a comparative analysis of the deformation behavior of a pair of
antagonist teeth during frictional contact interaction through mouthguards of different
geometric configurations.

The task was carried out on the basis of the clinical case data. The patients practiced
sports professionally. Figure 1 shows the components of a biomechanical unit for one of
the clinical cases: the upper jaw cast and CT (Computer tomography) image.
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Improving the performance of protective mouthguards by introducing additional
layers of materials has been considered by many scientific groups [16–18]. In [16], the novel
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idea of introducing an additional layer of A-silicone into the design of an ethylene–vinyl
acetate (EVA) mouthguard was proposed.

The influence of the geometric characteristics of mouthguards on the stress–strain
state of the hard tissues was carried out in Reference [19]. When analyzing the results, it
was found that the geometric configuration of the A-silicone interlayer of the mouthguard
has a significant effect on the deformation behavior of the dentition. However, in that work,
the canonical geometries of the teeth were considered in contact through an individually
adaptable mouthguard.

2. Materials and Methods
2.1. Design of the Experiment

In this work, an attempt was made to analyze the influence of the geometric config-
uration and the thickness of the interlayer on the deformation behavior of the elements
of the dentition. The peculiarity of the models is the use of data on the geometry of teeth
for a real clinical case. To fully evaluate the effectiveness of a multilayer mouthguard
with an A-silicone interlayer, the contact of a pair of antagonist teeth was simulated for a
clinical case (Figure 1) with and without the multilayer EVA of an individual protective
mouthguard.

Five numerical models of the contact of a pair of teeth, with and without protective
mouthguards of different geometries (Figure 2), were analyzed.
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Figure 2. Numerical scheme of the contact between upper (1) and lower (2) teeth with and without
a mouthguard: (a) case a without mouthguard; (b) case b with a multilayer EVA (3) mouthguard;
(c) case c with a multilayer EVA (3) mouthguard with an A-silicone interlayer (4) of different geome-
tries and thicknesses (A–C). (Sσ is the boundary where the loading is applied; SK is the boundary
where the contact occurs (for multilayered mouthguards SK= SK1 ∪ SK2 ); SU is the boundary where
displacements are set).

The geometric configuration of the teeth was based on clinical case data (Figure 1).
Mouthguard fit of the teeth geometry and frictional contact were considered. In case a,
frictional contact was taken into account in the area of teeth-antagonists occlusion. In cases
b, c-A, c-B, c-C, antagonist teeth were in contact with mouthguards.
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The maximum thickness of multilayer mouthguards in the area of teeth occlusion was
about 7 mm. All multilayer mouthguards were based on EVA layers. Contact interaction
between EVA layers was not considered (modeled as a solid). Multilayer mouthguards
with a layer of A-silicone were modeled within the framework of the frictional contact
between the layers of EVA and A-silicone.

To analyze the influence of mouthguard on the teeth deformation under contact, three
variants of the A-silicone interlayer were considered (Figure 2):

• Case c-A—the thickness of the A-silicone interlayer in the occlusion region was
1.6–1.9 mm (22.8–27.1% of the maximum thickness of the mouthguard);

• Case c-B—the thickness of the A-silicone interlayer in the occlusion region was
2.9–3.2 mm (41.4–45.7% of the maximum thickness of the mouthguard);

• Case c-C—the thickness of the A-silicone interlayer in the occlusion region was
2.2–3.2 mm (31.4–45.7% of the maximum thickness of the mouthguard).

For the first two variants of the geometric configuration of the A-silicone interlayer,
a slight change in thickness in the occlusion region of 10–15% is characteristic. The third
variant of the interlayer has a more significant change in thickness in the occlusion region
(more than 30%). It should also be noted that the interlayer thickness was adjusted to the
teeth geometry: for the area where the tooth has a smaller contact area, the interlayer was
selected to be the thinnest and vice versa.

2.2. Mechanical Properties of the Mouthguard Components

A multilayered mouthguard construction was studied. The mouthguard was from
EVA (Drufosoft, Dreve, Germany) with an embedded layer of A-silicone (UfiGelP, Voco,
Germany). UfiGelP is a base paste and a catalyst paste, which can be mixed in certain
ratios (in this case 1:1). Once cured, UfiGelP is a highly elastic polymer material. The
proportion of base and catalyst pastes in the manufacture of the splice tray was selected
empirically. Before solidification, the material is soft enough and easily adjusts to the
required shape. That allows you to form a layer of A-silicone in the mouthguard. The
properties of these materials were obtained from experimental studies performed by the
research team from Perm National Research Polytechnic University, Perm State Medical
University and Perm State National Research University [16,20]. The Young’s modulus E
and Poisson’s coefficient v are E = 17.3 MPa, v = 0.46 (EVA) and E = 0.3 MPa, v = 0.49 (A-
silicone). It was shown that EVA exhibits elastoplastic properties. The experimental plots
are presented in Reference [20]. To describe the EVA mechanical properties, the deformation
theory of elastoplasticity was chosen. A-silicone was shown to be an elastic material.

2.3. Loading and Boundary Conditions

The mathematical problem statement is described in Reference [20] and includes
equilibrium equations, physical and geometric relations, as well as contact boundary
conditions. When realizing the problem, the mathematical formulation was supplemented
by considering the possibility of the appearance of large deformations in the EVA. The
task was implemented as a 2D problem. The mathematical formulation of the problem
was supplemented by boundary conditions: a constant load varying from 50 to 300 N
(indentation force) was applied at the boundary Sσ; at the boundary Su, movement along
the vertical coordinate y was prohibited.

2.4. Numerical Finite Element (FE) Solution and Convergence

The numerical schemes were implemented in the ANSYS software package (version
11.0, ANSYS Inc., Canonsburg, PA, USA), by the finite element method using quadrangular
plane finite elements with Lagrangian approximation and two degrees of freedom at each
node. The basic procedures for constructing FE models are based on the use of the Galerkin
method procedure with the choice of basic functions with a compact support by the finite
element method.
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The analysis of the convergence of the results of the numerical solution of the problem
of contact interaction of a pair of teeth with and without a protective mouthguard from
the degree of discretization of the system was carried out in an earlier paper [21]. It was
found that a finite element mesh with a gradient concentration of elements to the contact
zones provides an optimal solution to the problem in terms of accuracy and computation
time: the maximum element size is 0.25 mm, the minimum element size is approximately
4 times less than the maximum one. The finite element subdivision of the biomechanical
units considered in this work was performed similarly to the previously selected mesh.

3. Results

The influence of the mouthguard geometry on the stress–strain state and the parame-
ters of the occlusion region was considered in our findings.

Figures 3 and 4 show the stress intensity distributions in the hard tissues of the teeth
with an indentation force of 250 N for the upper and lower teeth. As expected, the use of a
mouthguard leads to a significant decrease in the level of stress intensity.
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In the case of teeth contact without a mouthguard, the maximal stress intensity was
observed near the occlusion region. When using mouthguards, a significant decrease
in the level of stress intensity was observed. In most cases, the maximum stresses are
distributed over a larger area. For the multilayer EVA case, the mouthguard shifted the
zone of maximum stresses towards the neck of the tooth.



Materials 2021, 14, 7331 6 of 12Materials 2021, 14, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 4. The stress intensity in the lower dentition tooth at 250 N: (a) case a; (b) case b; (c) case c-A; (d) case c-B; (e) case 
c-C; I, II—zone of maximum stress intensity. 

 
Figure 5. Dependence of maximal stress intensity on indentation force for the teeth of the upper (a) and lower (b) dentition: 
1—case a; 2—case b; 3—case c-A; 4—case c-B; 5—case c-C. 

Figure 4. The stress intensity in the lower dentition tooth at 250 N: (a) case a; (b) case b; (c) case c-A; (d) case c-B; (e) case
c-C; I, II—zone of maximum stress intensity.

For multilayer mouthguards with an A-silicon interlayer, the maximum stress intensity
was observed in the contact zones, but removed from the tooth occlusion zone. When
using individual mouthguards, the intensity of stresses in the tooth of the upper dentition
decreased by 3.6 times when using a multilayer EVA mouthguard and on average by
6.2 times when using multilayer mouthguards with an A-silicon interlayer.

The greatest decrease in the level of stress intensity was observed when using a
mouthguard with an interlayer adjusted to the geometry of the elements of the dentition
(Figure 3e), maximal stress intensity was less by more than eight times.

The decrease in the maximum level of stress intensity in the hard tissues of the tooth
of the lower dentition when using a multilayer individual EVA mouthguard was found
to be much less than for the tooth of the upper dentition (Figure 4). The maximum stress
intensity decreased by only 1.9 times. In this case, the maximum stress intensity when
using a multilayer EVA mouthguard was localized near the edge of the contact area with
the mouthguard.

When using multilayer mouthguards in the tooth of the lower dentition, the greatest
decrease in the maximum level of stress intensity was observed on average four times more
without their localization near the contact surface. Of particular interest is the analysis
of the influence of the geometric characteristics of the mouthguard on the deformation
behavior of the elements of the dentition. Within the framework of a series of numerical
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experiments, the dependences of the maximum level of stress intensity on the force of
indentation in hard tissues of teeth were established for all variants of design schemes
(Figure 5). As expected, the dependence of the maximum level of stress intensity on the
indentation force between a pair of antagonist teeth without mouthguard usage was linear.
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When using a mouthguard, the dependence of the maximal stress intensity on the
indentation force was found to be close to linear. With an increase in the force of indentation,
an increase in the effect of reducing the intensity of stresses in the hard tissues of the teeth
was observed when using all types of mouthguards. In the tooth of the upper dentition, the
greatest decrease in the level of stress intensity was observed when using a mouthguard
with an interlayer adjusted to the geometry of the elements of the dentition.

The mouthguard use was shown to have a significant impact on the parameters
of contact interaction. With the contact of antagonist teeth without a mouthguard, the
maximum level of contact pressure and contact shear stress reached 78.6 and 7.19 MPa with
an indentation force of 250 N. Figure 6 shows a comparison of the maximum level of the
parameters of the contact zones when using individual dental mouthguards of different
geometric configurations.
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A significant decrease in the maximum level of contact pressure can be noted for all
types of dental mouthguards. The maximum level of contact shear stress decreased less
than the contact pressure in the zone of contact with the tooth of the upper dentition.

The maximum contact pressure was higher in the tooth of the lower dentition, and the
maximum contact shear stress was in the tooth of the upper dentition (Figure 6). As in the
case of stress intensity, the maximum decrease in the level of contact interaction parameters
was observed when using a mouthguard with an interlayer adjusted to the geometry of
the elements of the dentition (case c-C).

The dependence of the level of plastic deformations in the mouthguard was not linear
and did not exceed 30% at a maximum load.

4. Discussion
4.1. Limitation Statement

Within the framework of the study, the models of materials and objects of the study
had a number of limitations.

When modeling the EVA behavior model, it is possible to consider the viscosity of
the material. Additional studies of the deformation material and further clarification of
the constitutive relations are required. Friction coefficients of EVA-tooth material and
EVA-A-silicone are constant at 0.3; the coefficient of friction was taken from the reference
literature. Investigation of the friction of materials requires specialized equipment and an
original test procedure. Considering the experimentally obtained frictional properties of
materials will make it possible to obtain a better picture of deformation of the elements of
the dentition.

Within the framework of the task, the multilayered teeth were not considered, which
introduces an additional error into the model. The tooth is a composite structure. In further
studies, it is planned to consider the multilayered tooth with different properties of the
materials of the layers.

The 2D FEA problem was solved. The contact between the layers of the mouthguard
was considered, but the level of the parameters of the EVA-A-silicon contact zone was a
lower order of magnitude than in the occlusion area. No delamination of the interlayer
was observed during the simulation. Frictional contact with a previously unknown contact
area, and the nature of the distribution of contact state status zones was realized in the
zone of teeth closing.

The study of the influence of the geometry of the mouthguards on the deformation of
the elements of the dentition was carried out in the first approximation. Researchers have
a number of challenges that follow:

- Clarification of the physical, mechanical and frictional properties of the materials of
the biomechanical unit;

- Clarification of the models of teeth and analysis of the influence of their multilayerness
and the nature of the conjugation of layers on the deformation of the biomechanical
unit in flat and axisymmetric formulations;

- Clarification of the level and type of loads acting on the biomechanical unit;
- Transition to three-dimensional models.

Mouthguard thickness has a significant impact on the patient’s comfort. Recent stud-
ies considered an influence of the mouthguard’s thickness on its performance [22–24].
Westerman et al. [22] revealed that the rational thickness for an EVA mouthguard is 4 mm.
When a mouthguard’s thickness exceeds 4 mm, there are some negative effects on the
patient’s speech and breath. Bochnig et al. [23] studied various mouthguards with thick-
nesses ranging from 2 up to 11 mm. It was concluded that thickness increase by insertion
of additional layers results in protective properties of the construction. Sarac et al. [24]
obtained similar results.

We studied multilayer mouthguards with 7 mm thickness, including harder interme-
diate layers. The thickness of the mouthguard can have a number of limitations when
athletes use them.
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4.2. Main Results

Almost all studies in the field of sports dental medicine pay attention to the need to
use mouthguards to prevent dentofacial injuries during sport activities with a high and
moderate level of injury [17,25,26]. The effectiveness of mouthguards has been proven
in practice. The choice of mouthguards is wide [26]: from standard to individual, from
single-layer to multilayer, from ordinary to specialized, etc. Standard and thermoplastic
designs of protective mouthguards have a number of disadvantages [18]:

1. The loose fit, which leads to the need to hold the mouthguard, difficulty breathing
and distorted speech.

2. Adaptation to the dentition through heating and seating is similar to taking a dental
impression; this mouthguard fit on the teeth depends on the human factor, which is
often not ideal.

3. Fracture and creep can be observed with repeated heat treatment, as well as an
increase in the hardness of materials, which leads to its early failure and a negative
effect on the athlete’s body.

The most effective protective dental constructions are individual mouthguards [18,27].
Sousa et al. [27] consider different designs of mouthguards, highlighting individual mouth-
guards as more effective, including multilayer ones. The classic single-layer mouthguard
design reduces the maximum stress intensity in the teeth by a maximum of 54.4% [14].
The multilayer individual EVA mouthguard reduces the maximum stress intensity in teeth
by 72.2%, as shown in this work. The efficiency of the multilayer mouthguard is more
than 17% higher than that of the classic design. The use of a multilayer mouthguard from
relatively soft material changed the stresses distribution nature in the dentition elements
(Figures 3 and 4b). In this case, the maximum stress level was observed in the tooth neck.
The stress in the teeth decreased in general but increased in the tooth neck by 2.2–2.3 times.

Rationalization of mouthguard designs has been ongoing. The work is aimed at a
number of factors [28,29]: materials, production methods, and geometry, etc. The assump-
tion is considered that by introducing an intermediate layer made of a harder material
into a structure, it is possible to achieve a better effect in protecting the teeth [16,29,30].
The intermediate interlayer of A-silicone in mouthguards made it possible to maximally
reduce the stress intensity of the teeth by 87.6%, as shown in this work. Nevertheless,
the insertion of additional elements or layers into the structure of the mouthguards is
not always effective. For example, the mouthguard with an interlayer of a silica-nylon
mesh did not show an improvement in the mechanical reaction of teeth [28]. Mouthguards
with A-silicone interlayer reduced tooth stress significantly more than adaptive and mul-
tilayer EVA mouthguards, the study showed. At the same time, it was established that
the interlayer geometry significantly affects the performance of the biomechanical unit.
The maximum stress concentration in the upper tooth was observed, with an interlayer
thickness of 22.8–27.1% of the total mouthguard thickness, but not in the teeth closing zone.
The geometry of the A-silicone interlayer of the mouthguard affects the deformation of
the elements of the dentition. An improperly chosen interlayer shape can lead to a stress
concentration in the tooth, with further cracking.

Another feature of this work is the use of a nonlinear model of EVA material behavior.
Kerr et al. [17] revealed that when choosing and analyzing the operation of mouthguards,
it is necessary to consider the physical and mechanical properties of the materials from
which they are made. One of the most common materials in mouthguards is the EVA
polymer [28]. Currently, there is a significant amount of research devoted to the analysis of
the properties of EVA from different manufacturers [29,30]. The behavior EVA model is
nonlinear and reflects elastoplastic deformation. Many works consider the EVA material as
elastic, for example, Lokhov et al. [16]. Consideration of EVA in terms of elastic deformation
distorts the research results. The many effects and patterns were made noticeable due to
the nonlinear description of the EVA operation within this study.
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4.3. The Mouthguard Thickness Analysis

Standard thickness of EVA mouthguards is 3–4 mm. This work considered a multilayer
EVA kappa with a thickness of 7 mm. Of interest is the comparative analysis of the operation
of EVA mouthguards of standard thickness and mouthguards with a layer of A-silicone.
The stresses in the teeth in contact with EVA mouthguards of 3 and 4 mm thickness of a
load of up to 600 N are shown in Figure 7.
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It was found that with a standard thickness, the EVA aligner reduces the intensity of
stresses in the teeth to a level close to the aligners with a layer of A-silicone. The maximum
intensity of stresses in a mouthguard made of EVA with a thickness of 3–4 mm were
observed in the neck of the tooth.

At loads less than 250–350 N, EVA splints perform better than multilayer splints with
an A-silicone interlayer. Under heavy loads, the mouthguard with an interlayer adjusted
to the geometry of the elements of the dentition (case c-C) reduces tooth stress better than
all other aligners reviewed.

The geometry of the A-silicone interlayer has a significant effect on the deforma-
tion distributions.

5. Conclusions

A comparative analysis was carried out on the deformation behavior of a pair of
antagonist teeth during contact with and without mouthguards of different geometric
configurations, with a range of functional loads (50–300 N). Data were obtained on the
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intensity of stresses and deformations, the parameters of the contact zone, as well as the
dependence of the maximum level of deformation characteristics on the physiological load.

Analysis of the results of a series of numerical experiments established the follow-
ing conclusions:

- Mouthguards, with an additional intermediate layer of A-silicone, make it possible
to reduce the level of stress intensity in the hard tissues of the teeth by 15–25% more
than when using individual multilayer EVA mouthguards.

- There is no pronounced localization of zones of maximum stress intensity in the hard
tissues of the teeth, for all considered options for the geometry of the intermediate
layer of A-silicone, when using multilayer mouthguards with an A-silicon interlayer.

- The geometric configuration of the A-silicone interlayer has a significant effect on the
stress–strain state of a pair of antagonist teeth and a mouthguard.

- The greatest decrease in the level of deformation characteristics of the investigated unit
is observed when using a mouthguard with an interlayer, adjusted to the geometry of
the elements of the dentition.

The thickness of 7 mm multilayer mouthguards can lead to a number of limitations
when used by athletes. Additional practical research is required on the physical and
psychoemotional state of patients when they are using it.

Author Contributions: Conceptualization, A.K., A.G.K. and I.B.; methodology, A.K.; software, A.K.;
validation, A.K. and A.G.K.; writing—original draft preparation, A.K. and A.G.K.; writing—review
and editing, A.K., A.G.K. and I.B.; visualization, A.K.; funding acquisition, A.K. All authors have
read and agreed to the published version of the manuscript.

Funding: Anna Kamenskikh and Alex G. Kuchumov acknowledge the financial support of the
Ministry of Science and Higher Education of the Russian Federation in the framework of the program
of activities of the Perm Scientific and Educational Center “Rational Subsoil Use”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Prado, D.G.D.A.; Sovinski, S.R.P.; Nary, H.; Brasolotto, A.G.; Berretin-Felix, G. Oral motor control and orofacial functions in

individuals with dentofacial deformity Controle motor oral e funções orofaciais em indivíduos com deformidade dentofacial.
Audiol. Commun. Res. 2015, 20, 76–83. [CrossRef]

2. Liao, Z.; Chen, J.; Zhang, Z.; Li, W.; Swain, M.; Li, Q. Computational modeling of dynamic behaviors of human teeth. J. Biomech.
2015, 48, 4214–4220. [CrossRef]

3. Fedorova, N.V. The study of the stress-strain state of the dental ceramic implants depending on their shape and bone mineraliza-
tion degree. Russ. J. Biomech. 2019, 23, 388–394. [CrossRef]

4. Peck, C.C. Biomechanics of occlusion—Implications for oral rehabilitation. J. Oral Rehabil. 2016, 43, 205–214. [CrossRef] [PubMed]
5. Carvalho, V.; Soares, P.; Verissimo, C.; Pessoa, R.; Versluis, A.; Soares, C. Mouthguard Biomechanics for Protecting Dental Implants

from Impact: Experimental and Finite Element Impact Analysis. Int. J. Oral Maxillofac. Implant. 2018, 33, 335–343. [CrossRef]
6. Mills, S.; Canal, E. Prevention of Athletic Dental Injuries: The Mouthguard. In Modern Sports Dentistry; Spring: Berlin/Heidelberg,

Germany, 2018; pp. 111–133. ISBN 9783319444161.
7. Tribst, J.P.M.; Dal Piva, A.M.D.O.; Borges, A.L.S.; Bottino, M.A. Simulation of mouthguard use in preventing dental injuries

caused by different impacts in sports activities. Sport Sci. Health 2019, 15, 85–90. [CrossRef]
8. Khan, S.A.; Fatima, M.; Hassan, M.; Khalid, N.; Iqbal, A.; Raja, A.A.; Annas, M. MOUTHGUARDS. Prof. Med. J. 2018, 25,

1029–1033. [CrossRef]
9. Fasciglione, D.; Persic, R.; Pohl, Y.; Filippi, A. Dental injuries in inline skating? Level of information and prevention. Dent.

Traumatol. 2007, 23, 143–148. [CrossRef]
10. Westerman, B.; Stringfellow, P.M.; Eccleston, J.A. The effect on energy absorption of hard inserts in laminated EVA mouthguards.

Aust. Dent. J. 2000, 45, 21–23. [CrossRef] [PubMed]
11. Westerman, B.; Stringfellow, P.M.; Eccleston, J.A. Beneficial effects of air inclusions on the performance of ethylene vinyl acetate

(EVA) mouthguard material. Br. J. Sports Med. 2002, 36, 51–53. [CrossRef]

http://doi.org/10.1590/S2317-64312015000100001427
http://doi.org/10.1016/j.jbiomech.2015.10.019
http://doi.org/10.15593/RJBiomech/2019.3.10
http://doi.org/10.1111/joor.12345
http://www.ncbi.nlm.nih.gov/pubmed/26371622
http://doi.org/10.11607/jomi.5803
http://doi.org/10.1007/s11332-018-0488-4
http://doi.org/10.29309/TPMJ/18.4495
http://doi.org/10.1111/j.1600-9657.2005.00415.x
http://doi.org/10.1111/j.1834-7819.2000.tb00237.x
http://www.ncbi.nlm.nih.gov/pubmed/10846268
http://doi.org/10.1136/bjsm.36.1.51


Materials 2021, 14, 7331 12 of 12

12. Otani, T.; Kobayashi, M.; Nozaki, K.; Gonda, T.; Maeda, Y.; Tanaka, M. Influence of mouthguards and their palatal design on the
stress-State of tooth-periodontal ligament-bone complex under static loading. Dent. Traumatol. 2018, 34, 208–213. [CrossRef]

13. Gialain, I.O.; Coto, N.P.; Driemeier, L.; Noritomi, P.Y.; Dias, R.B.E. A three-dimensional finite element analysis of the sports
mouthguard. Dent. Traumatol. 2016, 32, 409–415. [CrossRef] [PubMed]

14. Kamenskikh, A.A.; Ustjugova, T.N.; Kuchumov, A.G. Modelling of the tooth contact through one-layered mouthguard. J. Phys.
Conf. Ser. 2018, 1129, 012014. [CrossRef]

15. Kamenskih, A.; Ustugova, T.; Kuchumov, A.G.; Taiar, R. Numerical evaluation of sport mouthguard application. Adv. Intell. Syst.
Comput. 2020, 1018, 581–585. [CrossRef]

16. Lokhov, V.A.; Kuchumov, A.G.; Merzlyakov, A.F.; Astashina, N.B.; Ozhgikhina, E.S.; Tropin, V.A. Experimental investigation of
materials of novel sport mouthguard design. Russ. J. Biomech. 2015, 19, 354–364. [CrossRef]

17. Kerr, I.L. Mouth Guards for the Prevention of Injuries in Contact Sports. Sport. Med. 1986, 3, 415–427. [CrossRef] [PubMed]
18. Ahn, H.-W.; Lee, S.-Y.; Yu, H.; Park, J.-Y.; Kim, K.-A.; Kim, S.-J. Force Distribution of a Novel Core-Reinforced Multilayered

Mandibular Advancement Device. Sensors 2021, 21, 3383. [CrossRef] [PubMed]
19. Kamenskikh, A. The Analysis of the Work of Materials of Mouthguard Designs during Biomechanical Deformation. Solid State

Phenom. 2018, 284, 1355–1360. [CrossRef]
20. Kamenskih, A.; Astashina, N.B.; Lesnikova, Y.; Sergeeva, E.; Kuchumov, A.G. Numerical and experimental study of the functional

loads distribution in the dental system to evaluate the new design of the sports dental splint. Ser. Biomech. 2018, 32, 3–15.
21. Kamenskikh, A.A.; Ustjugova, T.N.; Kuchumov, A.G. Comparative analysis of mechanical behavior of the tooth pair contacting

with different mouthguard configurations. IOP Conf. Ser. Mater. Sci. Eng. 2019, 511, 012003. [CrossRef]
22. Westerman, B.; Stringfellow, P.M.; Eccleston, J.A. EVA mouthguards: How thick should they be? Dent. Traumatol. 2002, 18, 24–27.

[CrossRef]
23. Bochnig, M.S.; Oh, M.J.; Nagel, T.; Ziegler, F.; Jost-Brinkmann, P.G. Comparison of the shock absorption capacities of di_erent

mouthguards. Dent. Traumatol. 2017, 33, 205–213. [CrossRef] [PubMed]
24. Sarac, R.; Helbig, J.; Dräger, J.; Jost-Brinkmann, P.-G. A Comparative Study of Shock Absorption Capacities of Custom Fabricated

Mouthguards Using a Triangulation Sensor. Materials 2019, 12, 3535. [CrossRef]
25. Ferrari, C.H.; Ferreira De Medeiros, J.M. Dental trauma and level of information: Mouthguard use in different contact sports.

Dent. Traumatol. 2002, 18, 144–147. [CrossRef] [PubMed]
26. Knapik, J.J.; Marshall, S.W.; Lee, R.B.; Darakjy, S.S.; Jones, S.B.; Mitchener, T.A.; delaCruz, G.G.; Jones, B.H. Mouthguards in Sport

Activities. Sport. Med. 2007, 37, 117–144. [CrossRef]
27. Sousa, A.M.; Pinho, A.C.; Messias, A.; Piedade, A.P. Present status in polymeric mouthguards. A future area for additive

manufacturing? Polymers 2020, 12, 1490. [CrossRef]
28. Tribst, J.P.M.; Dal Piva, A.M.D.O.; de Carvalho, P.C.K.; de Queiroz Gonçalves, P.H.P.; Borges, A.L.S.; de Arruda Paes-Junior, T.J.

Does silica–nylon mesh improves the biomechanical response of custom-made mouthguards? Sport Sci. Health 2020, 16, 75–84.
[CrossRef]

29. Takeda, T.; Ishigami, K.; Mishima, O.; Karasawa, K.; Kurokawa, K.; Kajima, T.; Nakajima, K. Easy fabrication of a new type of
mouthguard incorporating a hard insert and space and offering improved shock absorption ability. Dent. Traumatol. 2011, 27,
489–495. [CrossRef] [PubMed]

30. Matsuda, Y.; Nakajima, K.; Saitou, M.; Katano, K.; Kanemitsu, A.; Takeda, T.; Fukuda, K. The effect of light-cured resin with a
glass fiber net as an intermediate material for Hard & Space mouthguard. Dent. Traumatol. 2020, 36, 654–661. [CrossRef]

http://doi.org/10.1111/edt.12386
http://doi.org/10.1111/edt.12265
http://www.ncbi.nlm.nih.gov/pubmed/26948056
http://doi.org/10.1088/1742-6596/1129/1/012014
http://doi.org/10.1007/978-3-030-25629-6_90
http://doi.org/10.15593/RJBiomech/2015.4.07
http://doi.org/10.2165/00007256-198603060-00003
http://www.ncbi.nlm.nih.gov/pubmed/3538271
http://doi.org/10.3390/s21103383
http://www.ncbi.nlm.nih.gov/pubmed/34066273
http://doi.org/10.4028/www.scientific.net/SSP.284.1355
http://doi.org/10.1088/1757-899X/511/1/012003
http://doi.org/10.1034/j.1600-9657.2002.180103.x
http://doi.org/10.1111/edt.12324
http://www.ncbi.nlm.nih.gov/pubmed/28231638
http://doi.org/10.3390/ma12213535
http://doi.org/10.1034/j.1600-9657.2002.00017.x
http://www.ncbi.nlm.nih.gov/pubmed/12154770
http://doi.org/10.2165/00007256-200737020-00003
http://doi.org/10.3390/polym12071490
http://doi.org/10.1007/s11332-019-00575-9
http://doi.org/10.1111/j.1600-9657.2011.01029.x
http://www.ncbi.nlm.nih.gov/pubmed/21854544
http://doi.org/10.1111/edt.12560

	Introduction 
	Problem Context 
	Research Objectives 
	Problem Description 

	Materials and Methods 
	Design of the Experiment 
	Mechanical Properties of the Mouthguard Components 
	Loading and Boundary Conditions 
	Numerical Finite Element (FE) Solution and Convergence 

	Results 
	Discussion 
	Limitation Statement 
	Main Results 
	The Mouthguard Thickness Analysis 

	Conclusions 
	References

