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Abstract: A mandibular advancement device (MAD) is a commonly used treatment modality for
patients with mild-to-moderate obstructive sleep apnea. Although MADs have excellent therapeutic
efficacy, dental side effects were observed with long-term use of MADs. The aim of this study was to
analyze the force distribution on the entire dentition according to the materials and design of the
MADs. Three types of MADs were applied: model 1 (single layer of polyethylene terephthalate glycol
(PETG)), model 2 (double layer of PETG + thermoplastic polyurethane (TPU)), and model 3 (core-
reinforced multilayer). In the maxilla, regardless of the model, the incisors showed the lowest force
distribution. In most tooth positions, the force distribution was lower in models 2 and 3 than in model
1. In the mandible, the mandibular second molar showed a significantly lower force in all models. The
mandibular incisors, canines, and molars showed the highest force values in model 1 and the lowest
values in model 3. Depending on the material and design of the device, the biomechanical effect on
the dentition varies, and the core-reinforced multilayered MAD can reduce the force delivered to the
dentition more effectively than the conventional single- or double-layer devices.

Keywords: mandibular advancement devices; core-reinforced; multilayer; force distribution; dental
side effects

1. Introduction

Obstructive sleep apnea (OSA) is a common sleep disorder characterized by repeated
obstruction of the upper airway during sleep, and it is highly prevalent in the elderly
population [1]. Continuous positive airway pressure (CPAP) is the first-line treatment for
adult patients with moderate-to-severe OSA. Despite its benefits, a significant proportion
of patients are unable to tolerate CPAP [2]. Currently, mandibular advancement devices
(MADs) are widely used to treat OSA patients with mild-to-moderate symptoms who
are unable to tolerate CPAP therapy [3–6]. According to the clinical guidelines of the
American Academy of Sleep Medicine (AASM) in 2015 [7], the improvement in quality of
life by customized and titratable MADs is not inferior to that reported with CPAP therapy.
Similarly, long-term study showed that both CPAP and MAD therapy demonstrated good
and stable treatment effects over a 10-year follow-up [8]. As the therapeutic value of
MADs became important, the role of dentists in dealing with MADs is being increasingly
emphasized. A qualified dentist should have the skill to choose the appropriate MAD and
make necessary modifications to accommodate patients.

The working principle of MADs is fundamentally similar to that of the functional
appliances used for the correction of skeletal Class II discrepancies [4]. The MAD leads to
protrusion of the mandible, which increases the upper airway caliber, especially regarding
the volume of the velopharynx. They are anchored mainly onto the dentition rather
than the mucosa for retention [9,10]; the mandible moves into a protrusive position as
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clinically determined, and the device generates reciprocal forces on the dentition and the
mandible [11–16].

The working mechanism of MADs inevitably results in several side effects compared
with CPAP use. Short-term side effects of MADs include temporomandibular joint (TMJ)
pain, discomfort in the mandibular musculature, tooth pain, excessive salivation, dry
mouth, gum irritation, and a sensation of altered dental occlusion [11–16]. These mild and
transient effects decrease with time and most patients can tolerate them [17]. In contrast,
the long-term side effects include TMJ repositioning, or irreversible occlusal changes such
as a reduction in overbite and overjet, mesial shift of the mandibular molars, and a decrease
in the occlusal contact area (OCA) around the molar and premolar regions [10,12,18–20].
MADs induce anterior repositioning of TMJ [20], and as the mandible attempts to return
to its original position during muscle relaxation, the labially directed forces are transmit-
ted to the lower incisors and the lingually directed forces are transmitted to the upper
incisors [9,17]. Ueda et al. [18] reported that for 45 OSA patients treated with MADs, a
significant change in total OCA was identified in 87% of patients. They showed a tendency
for a decrease in OCA on the first molar area, whereas there was an increase on the second
molar area. The authors’ explanation for these changes in the OCA was mesial tipping of
the second molar.

Few studies attempted to determine the predictors of long-term dental side effects be-
cause of the prolonged use of MADs [3,10,21]. To minimize the adverse effects of the device
and increase patient compliance, MADs with various configurations and materials were
introduced. Fritsch et al. [12] found no differences in the orthodontic side effects between
the Herbst two-piece appliances and the hard acrylic mono-block type. Marklund et al. [21]
compared the dental side effects of elastomeric devices with those of hard acrylic devices.
They reported that soft elastomeric devices reduced dental side effects during the treatment
of sleep apnea. Ahn et al. [22] designed a multilayered hybrid device, which included an
outer layer of polyethylene terephthalate glycol (PETG), a middle layer of thermoplastic
polyurethane (TPU), and an inner layer of the reinforced resin core. This multilayer device
had enhanced durability and fracture resistance.

An analysis of the force system applied to the dentition should precede the anticipation
of the direction and extent of tooth movement after the use of MADs. Recently, Lee et al. [23]
analyzed the biomechanical effect of different protrusion positions of a MAD on the teeth
and facial bones using finite element analysis (FEM). According to their results, both the
incisors and mandibular molars, especially the buccal surface of second molars, were
subjected to high stress, which caused lingual inclination of the molars.

So far, there were few studies on whether there is a difference in force distribution
according to the individual tooth position or depending on the materials and design of the
MADs. The aim of this study was to analyze the biomechanical effects of a new type of core-
reinforced multilayered MAD on the maxillary and mandibular dentition. The hypothesis
of our study is that core-reinforced multilayered MADs lower the forces delivered to the
dentition better than the single- or double-layer MADs.

2. Materials and Methods
2.1. Study Design & Protocol

This in vitro study was designed using a dentiform (Nissin dental model, D16DP-
500A.MF, Japan) and artificial teeth. The maxillary dentiform was fixed on an acrylic
plate, and the mandibular dentiform was protruded to a prefixed position with three
different MADs (as illustrated in Figure 1). The posterior restorative force produced from
the relaxation of the mandibular muscles was represented by the restoring force of the
spring. The posterior restorative force on the mandible is primarily caused by stretching
of the two masticatory muscles, the deep masseter and posterior temporal muscle [23].
The spring tension stiffness values of these two muscles were 16.35 N/mm and 13 N/mm,
respectively [24], and the force values generated by the MADs were approximately 100 gF
for each millimeter of advancement [25]. According to Cohen–Levy’s in vivo study [26],
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the force generated by MADs was 1.18 N/mm. Considering that the general mandibular
advancement is 4–6 mm [9,19,21], we set the restorative force of the spring to 700 gF in
this study.

Figure 1. (A) Force sensor (FlexiForce sensor A-201, Tekscan, Boston, MA, USA) used in this study.
(B) A development board showing measured force. (C) Activated state by applying MAD.

2.2. Force Sensor

The FlexiForce sensor (FlexiForce sensor A-201, Tekscan, Boston, MA, USA) was
used, which is very thin (0.2 mm thick), flexible, and easy to manipulate (as illustrated in
Figure 1). The sensor diameter is 9.53 mm and can be adjusted by cutting out the margin
with scissors. The measurable force ranged from 0–25 pounds (110 N). All the force values
were measured using a single sensor. The value measured from the sensor was digitalized
by a development board and reported by an arbitrary unit (as illustrated in Figure 1). The
sensor was attached to the tooth surface using a double-sided tape (ScotchTM, 3M), as
recommended by the manufacturer.

The force delivered to the upper and lower dentition with three different MADs was
measured 30 times. To minimize the measurement error, the force was measured separately
for each target tooth. The subject tooth surfaces were cut uniformly to the thickness of the
sensor (0.2 mm). The force sensed by the sensor was calibrated, and no adjustments were
made before the spring was activated.

2.3. Fabrication of the Three Types of Mandibular Advancement Devices (MADs)

In this study, one-piece MADs were used to minimize the error caused by the intra-
device hinge movement of two-piece MADs. Three types of MADs, named models 1, 2, and
3, were used according to the material and design (as illustrated in Figure 2). All MADs
were fabricated under the same construction bite, with 6 mm protrusion and a vertical
opening of 4 mm at the molar and 6 mm at the incisor region. Model 1 was a single-layer
device made of a hard thermoplastic polymer (polyethylene terephthalate glycol (PETG))
with a thickness of 2 mm. Model 2 comprised a double layer: an inner soft thermoplastic
polymer (thermoplastic polyurethane (TPU), 1 mm) surrounded by PETG (1 mm). Model
3 had a triple layer, including an inner most reinforced resin core surrounded by a soft
TPU and a hard PETG layer, which constituted the outermost layer. The resin core was
selectively located at the incisal edge and lingual surface of the maxillary incisors and
canines, incisal edge, and labial surface of the mandibular incisors and canines, and fossa
area of the premolars and first molars (as illustrated in Figure 2).
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Figure 2. Three types of one-piece mandibular advancement devices (MADs) used in this study. They
were made of different materials and compositions; however, the overall configuration and thickness
of the device was controlled. (A) Model 1, a single-layer MAD (thickness 4 mm, PETG); (B) model 2,
a double-layer MAD (thickness 4 mm, outer: PETG/ inner: TPU); (C) model 3, a triple-layer MAD
(thickness 4–4.5 mm, inner: reinforced resin core/ middle: TPU/ outer: PETG); (D) resin core area in
model 3. PETG, polyethylene terephthalate glycol; TPU, thermoplastic polyurethane; Mx, maxilla;
Mn, mandible.

2.4. Subject Teeth

The subject teeth were the maxillary (Mx) and mandibular (Mn) incisors (I), canines
(C), second premolars (P), and second molars (M). The sensing point for the maxillary
incisors was set on the labial surface at the middle of the right and left central incisors
because the maxillary incisor becomes palatally inclined after the use of the MAD. In
contrast, the sensing point for the mandibular incisors was set on the lingual surface,
considering the force vector of the MAD. The buccal surfaces were chosen as the sensing
points for other teeth.

2.5. Statistical Analysis

Each variable was measured 30 times by a single examiner (S–Y.L.). Descriptive
variables were described as means and standard deviations. The Shapiro–Wilk test could
not confirm the normality of data distribution in some variables. The comparison between
models in each tooth or the comparison between tooth positions in each model were
performed using the Kruskal–Wallis test in maxillary and mandibular dentition, separately.
Post hoc comparison was performed using the Bonferroni test. Regression analysis was
done to interpret the interaction between models and tooth position using generalized
linear model (GLM).

Statistical significance was set at p < 0.05, and the hypothesis analysis was two-sided
for all tests. Analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Overall Force Distribution According to the Tooth Site in Each Model

Comparing the forces applied to the maxillary and mandibular teeth in each model,
there was a significant difference in the force distribution depending on the tooth posi-
tion (as illustrated in Figure 3). In model 1, the measured force decreased in the order
of the maxillary second molar, mandibular second premolar, maxillary second premolar,
mandibular incisor and canine, maxillary canine, mandibular second molar, and maxillary
incisor (p < 0.0001). In model 2, the force value decreased in the order of the mandibular ca-
nine, mandibular incisor, maxillary second molar and second premolar, mandibular second
premolar, maxillary canine, mandibular second molar, and maxillary incisor (p < 0.0001).
For model 3, maxillary and mandibular second premolar showed the highest force values,
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followed by the maxillary canine, mandibular incisor, mandibular canine, maxillary and
mandibular second molar, and maxillary incisor (p < 0.0001).

Figure 3. Overall force distribution according to tooth site in each model. Model 1, single-layer
MAD; model 2, double-layer MAD; model 3, core-reinforced multilayered MAD; I, incisor; C, canine;
P, second premolar; M, second molar; Mx, maxillary; Mn, mandibular. One-way ANOVA test and
posthoc Games–Howell test were performed. The data regarding force values are described in
Tables 1 and 2.

Table 1. Force distribution on maxillary dentition according to tooth site and MADs.

Site Incisors Canines Premolars Molars Comparison
between Site

Model Mean SD Mean SD Mean SD Mean SD p-Value †

model 1 1.33 0.76 22.63 3.94 41.20 1.63 51.53 5.24 <0.0001 M > P > C > I
model 2 2.33 0.76 3.40 1.48 8.70 1.53 9.80 1.65 <0.0001 M, P > C > I
model 3 0.27 0.45 7.73 1.34 16.43 1.28 4.00 0.74 <0.0001 P > C > M > I

Comparison between
models p-value †

2 > 1 > 3 1 > 3 > 2 1 > 3 > 2 1 > 2 > 3
<0.0001 <0.0001 <0.0001 <0.0001

Model 1, single-layer MAD; model 2, double-layer MAD; model 3, core-reinforced multilayer MAD; †, Kruskal–Wallis test and post hoc
Bonferroni test were performed; p < 0.05, significant difference. I, incisor; C, canine; P, premolar; M, molar.

Table 2. Force distribution on mandibular dentition according to tooth site and MADs.

Site Incisors Canines Premolars Molars between Site

Model Mean SD Mean SD Mean SD Mean SD p-Value †

Model 1 28.27 5.43 28.17 2.04 47.90 2.32 11.23 2.05 <0.0001 P > I, C > M
Model 2 11.07 1.55 16.93 1.82 7.53 1.07 2.70 0.92 <0.0001 C > I > P > M
Model 3 7.30 1.06 4.07 0.91 8.60 1.04 0.70 0.60 <0.0001 P > I > C > M

between models
p-value †

1 > 2 > 3 1 > 2 > 3 1 > 3> 2 1 >2 > 3
<0.0001 <0.0001 <0.001 <0.0001

Model 1, single-layer MAD; model 2, double-layer MAD; model 3, core-reinforced multilayer MAD; †, Kruskal–Wallis test and post hoc
Bonferroni test were performed; p < 0.05, significantly different. I, incisor; C, canine; P, premolar; M, molar.
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Regardless of the type of model, the mandibular incisors showed higher force values
than the maxillary incisors and the force value of the maxillary second molars was higher
than that of the mandibular second molars. In all three models, the maxillary incisors and
mandibular second molars showed the lowest force values.

3.2. Force Distribution in the Maxillary Dentition
3.2.1. Comparison between Models

For the maxillary central incisors, the greatest force was observed in model 2, followed
by that in model 1 and model 3 (p < 0.0001, as illustrated in Table 1). The maxillary canine
and premolar areas had a similar force distribution pattern between the models, and model
1 showed the greatest force, while model 2 showed the lowest (model 1 > model 3 > model 2,
p < 0.0001, as illustrated in Table 1). In the second molar area, model 1 had the highest force
value, followed by model 2 and model 3 (p < 0.0001, Table 1) (as illustrated in Figure 4).

Figure 4. Force distribution in maxilla according to tooth position and models. Model 1, single-layer
MAD; model 2, double-layer MAD; model 3, core-reinforced multilayered MAD; Mx, maxillary; I,
incisor; C, canine; P, second premolar; M, second molar; Statistically significant (** p < 0.0001).

There were two variables in this study: tooth position and device material (models).
When we compared model 3 with the other models in terms of compensation for the tooth
position, only model 2 showed a significant difference (p = 0.0003, as illustrated in Table 3).

3.2.2. Comparison between Tooth Positions

Regardless of the model, the maxillary incisors showed the lowest force among the
different tooth types. In model 1, the measured force decreased in the following order:
molar, premolar, canine, and incisor (p < 0.0001, Table 1). Model 2 showed a tendency
similar to that of model 1; however, there was no significant difference between the molar
and premolar areas (p < 0.0001, as illustrated in Table 1). In model 3, the premolars showed
higher force values than those of canines, followed by the molars, and the incisor area had
the lowest value (p < 0.0001, as illustrated in Table 1).

The maxillary canines, premolars, and molars revealed significant differences com-
pared to the maxillary incisors when compensating for MAD materials (all, p < 0.0001, as
illustrated in Table 3).
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Table 3. The generalized linear model for model, tooth position, and interaction term between model
and tooth position in the maxillary dentition.

Variable Multivariable Generalized Linear Model (Dep = Value) in Mx

Estimate 95% CI p-Value

model
1 1.07 −0.05 2.19 0.0617
2 2.07 0.95 3.19 0.0003 **
3 0.00 . . .

number

1 (I) 0.00 . . .
3 (C) 7.47 6.35 8.59 <0.0001 ***
5 (P) 16.17 15.05 17.29 <0.0001 ***
7 (M) 3.73 2.61 4.85 <0.0001 ***

model (1) × number (1) 0.00 . . .
model (1) × number (3) 13.83 12.25 15.42 <0.0001 ***
model (1) × number (5) 23.70 22.12 25.28 <0.0001 ***
model (1) × number (7) 46.47 44.88 48.05 <0.0001 ***
model (2) × number (1) 0.00 . . .
model (2) × number (3) −6.40 −7.98 −4.82 <0.0001 ***
model (2) × number (5) −9.80 −11.38 −8.22 <0.0001 ***
model (2) × number (7) 3.73 2.15 5.32 <0.0001 ***
model (3) × number (1) 0.00 . . .
model (3) × number (3) 0.00 . . .
model (3) × number (5) 0.00 . . .
model (3) × number (7) 0.00 . . .

Mx, maxilla; I, incisor; C, canine; P, premolar; M, molar; statistically significant differences: ** p < 0.001,
*** p < 0.0001.

3.3. Force Distribution in the Mandibular Dentition
3.3.1. Comparison between Models

Except for the premolar area, all mandibular teeth showed the same tendency of force
distribution. Model 3 showed the lowest force value in the mandibular incisors, canines,
and molars, whereas the highest force values were observed in model 1 (model 1 > model 2
> model 3, all, p < 0.0001, as illustrated in Table 2). The force values of model 2 were lower
than those of the other models only in the premolar area (model 1 > model 3 > model 2,
p < 0.0001, Table 2) (as illustrated in Figure 5).

Figure 5. Force distribution of mandible according to tooth position and models. Model 1, single-layer
MAD; model 2, double-layer MAD; model 3, core-reinforced multilayered MAD; Mn, mandibular; I, incisor;
C, canine; P, second premolar; M, second molar; Statistically significant difference (* p < 0.001; ** p < 0.0001).
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When the variables for tooth position were corrected, model 3 showed a significant
difference from models 1 and 2, respectively (both, p < 0.0001, as illustrated in Table 4).

Table 4. Generalized linear model for model, tooth position, and interaction term between model
and tooth position in mandibular dentition.

Variable
Multivariable Generalized Linear Model (Dep = Value) in Mn

Estimate 95% CI p-Value

Model
1 20.97 19.89 22.05 <0.0001 ***
2 3.77 2.69 4.85 <0.0001 ***
3 0.00 . . .

Number

1 (I) 0.00 . . .
3 (C) −3.23 −4.31 −2.15 <0.0001 ***
5 (P) 1.30 0.22 2.38 0.0184 *
7 (M) −6.60 −7.68 −5.52 <0.0001 ***

model (1) × number (1) 0.00 . . .
model (1) × number (3) 3.13 1.61 4.66 <0.0001 ***
model (1) × number (5) 18.33 16.81 19.86 <0.0001 ***
model (1) × number (7) −10.43 −11.96 −8.91 <0.0001 ***
model (2) × number (1) 0.00 . . .
model (2) × number (3) 9.10 7.57 10.63 <0.0001 ***
model (2) × number (5) −4.83 −6.36 −3.31 <0.0001 ***
model (2) × number (7) −1.77 −3.29 −0.24 0.0235 *
model (3) × number (1) 0.00 . . .
model (3) × number (3) 0.00 . . .
model (3) × number (5) 0.00 . . .
model (3) × number (7) 0.00 . . .

Mx, maxilla; I, incisor; C, canine; P, premolar; M, molar; statistically significant differences: * p < 0.05, *** p < 0.0001.

3.3.2. Comparison between Tooth Positions

In all models, the mandibular second molars showed a significantly lower force than
that shown by other teeth. In models 1 and 3, the force delivered to the tooth surface
decreased in the following order: premolar, incisor, canine, and molar (model 1, p < 0.0001;
model 3, p < 0.0001, as illustrated in Table 2). Model 2 showed a different pattern compared
to other models, with the force decreasing in the following order: canine, incisor, premolar,
and molar (p < 0.0001, as illustrated in Table 2). Similar to the maxillary dentition, the
mandibular canines, premolars, and molars revealed significant differences compared to
that of the mandibular incisors when compensating for MAD materials (p < 0.0001 for the
canine and molar, and p < 0.05 for the premolar, as illustrated in Table 4).

4. Discussion

The efficacy of MADs depends on several factors including the severity of OSA, design
of MADs, and degree of mandibular protrusion [27]. Regarding the design of MADs, most
studies focused on the features of mono-bloc versus duo-bloc or custom-made versus
prefabricated. There is no definite consensus on which design is the most effective, and a
wide variety of vertical dimension of MADs were reported ranging from 1–14 mm [27,28].
The amount of bite opening should be minimized in the aspect of patient tolerance and
treatment efficiency. Mayoral et al. [28] evaluated 4 levels of vertical opening from 2 mm
to 11 mm and showed that increase of vertical dimension caused retrusive position of the
mandible. Similarly, a recent meta-analysis showed that the mono-bloc type showed a
greater reduction in apnea/hypopnea index (AHI), and an increase in oxygen saturation
compared to the effects of the duo-bloc type [29]. Mono-bloc MADs generally allow lower
vertical increase and less clockwise rotation of the mandible than duo-bloc MADs; therefore,
we selected mono-block designs with similar thicknesses in this experiment. In terms of
fabrication methods, the appropriate fit of MADs is an important prerequisite for treatment
success. Traditionally, MADs were individually fabricated by a dental technician from
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plaster casts and construction bites obtained by the dentist. Recently, various prefabricated
thermoplastic MADs appeared on the market, and these boil and bite devices are likely
not to fit intimately with teeth. They showed more compliance failure mainly because
of insufficient overnight retention and turned out to be less effective than custom-made
devices [30].

Little is known about the impact of the design of MADs on the side effects. Pépin et al. [31]
reported that heat-molded prefabricated MADs showed early adverse effects, such as dental
pain, temporomandibular pain, and muscular pain after two months of use. However,
no study was conducted on the critical long-term side effects of dental changes. We first
introduced multiple layers into the MADs and compared them with existing materials.
Combining materials with different physical properties will maximize the advantages of
each material.

Most retrospective studies on the dental side effects of MADs focused mainly on the
changes in the inclination of incisors, overjet, overbite, and width of the arch [9,12,32,33].
The anterior teeth are particularly susceptible to side effects because the root surface of
the anterior teeth is the smallest of the whole dentition. In addition, the mandible moves
antero-posteriorly when a MAD is applied, so the restorative force is directly transmitted
to the anterior teeth. However, recent FEM studies [23,34] showed that load concentration
induced by MADs was greater on the posterior teeth than on the anteriors; therefore,
it is necessary to evaluate force distribution on the overall dentition as well as on the
anterior teeth.

The maxillary incisors showed the least force in the maxillary dentition throughout the
models, whereas in the case of the mandibular dentition, the molars showed the least force
regardless of the model. This was the main difference between maxillary and mandibular
dentitions. The other teeth in the upper and lower dentition showed inconsistent results
depending on the device type. When wearing a MAD, the mandibular masticatory muscles
pull the protruded mandible back [9,17], and this force is then directly transmitted to the
mandibular incisors. The mandibular molars are aligned in the direction of the mandible
move back and therefore can resist this force. However, the anterior teeth may be exposed to
significant forces because they are aligned perpendicular to the direction of the restorative
force of the mandible. This may explain why the molars showed lower force values than
the incisors in the mandibular dentition. On the other hand, the situation was different in
the maxillary dentition. Unlike the mandible, the force value on the maxillary molars was
higher than that on the maxillary incisors. The reason for this is not clear; however, the
maxilla is fixed and attached to the cranial base, so it is presumed that the force from the
MADs is transferred indirectly to the maxillary dentition.

Our results also highlighted that attention should be paid to the transverse dimension
of the posterior teeth during the long-term use of MADs, as well as the anteroposterior
movements of the incisors. Previously, Lee et al. [23] showed the highest force value in
the mandibular second molar; therefore, it is likely to be inclined lingually. In contrast,
in our study, the mandibular second molar indicated had the lowest force value. If the
mandibular second molar is inclined lingually, the mandibular intermolar width would
decrease. However, Pliska et al. [16] reported significant increases in the mandibular
intercanine and intermolar width as a consequence of the long-term use of MADs. In
addition, the use of functional appliance, which has similar mechanism of action with
MADs, also showed that mandibular premolar and molar widths were increased [35,36].

Model 1 consists of a single-layer PETG MAD. PETG is a noncrystallizing amorphous
copolymer of polyethylene terephthalate (PET) and has good mechanical properties, forma-
bility, optical qualities, fatigue resistance, and dimensional stability [37,38]. Therefore,
PETG is widely used to make orthodontic clear retainers or clear aligners. PETG is a
relatively hard material, and it is suitable for the maintenance of the orthodontic treatment
results. However, when used in the fabrication of MADs, it transfers the mandibular
restorative force to the dentition rather than absorbing the force. In our study, model 1
showed higher force values than the other models in almost every tooth position. Accord-
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ing to Ahn et al.’s study [39] on the aging procedure of PETG in an intraoral environment,
the ultimate tensile strength and elastic modulus of PETG increased after six months of
intraoral use. Because MADs are usually worn on a long-term basis, MADs made of
PETG can undergo changes in their physical characteristics, which can make a difference
regarding the force distribution on the dentition [40].

Model 2 was a double-layered MAD consisting of an outer PETG and inner TPU layer.
TPU is one of the most versatile engineering thermoplastics with elastomeric properties [41].
TPU has several favorable properties, including excellent physical properties, chemical
resistance, abrasion resistance, adhesion characteristics, and ease of processing [42,43].
Model 2 showed lesser force distribution than model 1 in all tooth positions except for the
maxillary incisors, which may be because TPU is an elastic material, so it is more likely to
deform and attenuate the applied forces [44]. However, delamination between the layers is
frequent during the long-term use of double-layered MADs. Therefore, care must be taken
in the clinical setting.

Model 3, which consisted of a core-reinforced multilayered MAD, an inner most
reinforced resin core surrounded by a soft TPU and a hard PETG layer, had the lowest force
values in the maxillary incisor and molar area. In the case of the mandibular dentition,
model 3 showed the lowest force in all tooth positions except for the premolars. Because
the only difference between models 2 and 3 was the presence of a resin core, the resin
core is thought to have a critical role in reducing the forces applied by the device. It
was selectively located at the incisal edge and palatal surface of the maxillary incisors,
incisal edge and labial surface of the mandibular incisors, and fossa area of the posterior
segment considering the vector of tooth movement when wearing a MAD. In addition, core
integration contributes to the dimensional stability. The lateral wall of the appliance is well
maintained without distortion or expansion, and thus, the arch width can be stabilized [45].
This may be the reason for the low force distribution of model 3 in our study.

The multilayered devices are inevitably thicker than the monolayer devices, and the
vertical dimensions may influence the force distribution. Therefore, we tried to control
the thickness and vertical dimensions of the three MADs. When designing the location of
the resin core in the molar area, the fossa area was selected, and the thickness and vertical
dimensions were similar to those of models 1 and 2. Considering that the interocclusal
space at the physiological rest position is 2–4 mm from tooth contact, a 4 mm thickness is
acceptable for most patients [46,47]. The total thickness of our MADs was 4–4.5 mm, which
is assumed to be within the physiological range.

One shortcoming of our study was the lack of simulation of the periodontal ligament
(PDL). The PDL has viscoelastic properties, and this causes a force decay under in vivo
conditions [48]. In addition, thermoplastic polymers are highly viscoelastic materials, and
temperature and humidity have significant effects on their mechanical properties [49].
Therefore, the mechanical characteristics may differ between intraoral and extraoral envi-
ronments at room temperature. Since the clinical importance of multilayered MADs was
confirmed, future studies are necessary to modify the core design depending on various
malocclusion types. For example, in patients with deep bite, the core covering the incisal
edge could be eliminated.

5. Conclusions

MADs exerted different force according to the tooth site, therefore it is necessary to
understand overall force distribution on both entire arches.

The core-reinforced multilayered MADs reduced the force delivered to the dentition
more effectively than conventional single-or double-layer devices, which would contribute
to reducing long-term dental side effects of MADs.



Sensors 2021, 21, 3383 11 of 13

Author Contributions: Conceptualization, H.-W.A. and S.-J.K.; methodology, S.-Y.L.; validation,
H.Y.; formal analysis, J.-Y.P.; investigation, S.-Y.L.; resources, H.-W.A.; data curation, S.-Y.L.; writing—
original draft preparation, S.-Y.L.; writing—review and editing, H.-W.A.; visualization, K.-A.K.;
supervision, S.-J.K.; funding acquisition, H.-W.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by Institute for Information & communications Technology
Promotion (IITP) grant funded by the Korea government (MSIP) (No. 2020-0-02108).

Data Availability Statement: Data sharing not applicable.

Acknowledgments: This research article was partly from one of the authors’ (S.-Y.L.) PhD thesis.

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

References
1. Franklin, K.A.; Lindberg, E. Obstructive sleep apnea is a common disorder in the population-a review on the epidemiology of

sleep apnea. J. Thorac. Dis. 2015, 7, 1311–1322. [PubMed]
2. Francis, C.E.; Quinnell, T. Mandibular Advancement Devices for OSA: An Alternative to CPAP? Pulm. Ther. 2020. [CrossRef]
3. Martinez-Gomis, J.; Willaert, E.; Noques, L.; Somoza, M.; Monasterio, C. Five years of sleep apnea treatment woth a mandibular

advancement device. Side effects and technical complications. Angle Orthod. 2010, 80, 30–36. [CrossRef] [PubMed]
4. Chan, A.S.; Sutherland, K.; Schwab, R.J.; Zeng, B.; Petocz, P.; Lee, R.W.; Darendeliler, M.A.; Cistulli, P.A. The effect of mandibular

advancement on upper airway structure in obstructive sleep apnoea. Thorax 2010, 65, 726–732. [CrossRef] [PubMed]
5. Lim, J.; Lasserson, T.J.; Fleetham, J.; Wright, J. Oral appliances for obstructive sleep apnoea. Cochrane Database Syst. Rev. 2006,

25, CD004435. [CrossRef] [PubMed]
6. Cantore, S.; Ballini, A.; Farronato, D.; Malcangi, G.; Dipalma, G.; Assandri, F.; Garagiola, U.; Inchingolo, F.; De Vito, D.; Cirulli, N.

Evaluation of an oral appliance in patients with mild to moderate obstructive sleep apnea syndrome intolerant to continuous
positive airway pressure use: Preliminary results. Int. J. Immunopathol. Pharmacol. 2016, 29, 267–273. [CrossRef] [PubMed]

7. Ramar, K.; Dort, L.C.; Katz, S.G.; Lettieri, C.J.; Harrod, C.G.; Thomas, S.M.; Chervin, R.D. Clinical practice guideline for the
treatment of obstructive sleep apnea and snoring with oral appliance therapy: An update for 2015. J. Clin. Sleep Med. 2015,
11, 773–827. [CrossRef]

8. Uniken Venema, J.A.M.; Doff, M.H.J.; Joffe-Sokolova, D.; Wijkstra, P.J.; van der Hoeven, J.H.; Stegenga, B.; Hoekema, A. Long-
term obstructive sleep apnea therapy: A 10-year follow-up of mandibular advancement device and continuous positive airway
pressure. J. Clin. Sleep Med. 2020, 16, 353–359. [CrossRef]

9. Rose, E.C.; Staats, R.; Virchow, C., Jr.; Jonas, I.E. Occlusal and skeletal effects of an oral appliance in the treatment of obstructive
sleep apnea. Chest 2002, 122, 871–877. [CrossRef]

10. Pantin, C.C.; Hillman, D.R.; Tennant, M. Dental side effects of an oral device to treat snoring and obstructive sleep apnea. Sleep
1999, 22, 237–240. [CrossRef]

11. Shadaba, A.; Battagel, J.M.; Owa, A.; Croft, C.B.; Kotecha, B.T. Evaluation of the Herbst mandibular advancement splint in the
management of patients with sleep-related breathing disorders. Clin. Otolaryngol. Allied. Sci. 2000, 25, 404–412. [CrossRef]

12. Fritsch, K.M.; Iseli, A.; Russi, E.W.; Bloch, K.E. Side effects of mandibular advancement devices for sleep apnea treatment.
Am. J. Respir. Crit. Care Med. 2001, 164, 813–818. [CrossRef]

13. O’sullivan, R.A.; Hillman, D.R.; Mateljan, R.; Pantin, C.; Finucane, K.E. Mandibular advancement splint: An applicance to treat
snoring and obstructive sleep apnea. Am. J. Respir. Crit. Care Med. 1995, 151, 194–198. [CrossRef]

14. de Almeida, F.R.; Lowe, A.A.; Tsuiki, S.; Otsuka, R.; Wong, M.; Fastlicht, S.; Ryan, F. Long-term compliance and side effects of
oral appliances used for the treatment of snoring and obstructive sleep apnea syndrome. J. Clin. Sleep Med. 2005, 1, 143–152.
[CrossRef]

15. Marklund, M.; Franklin, K.A. Long-term effects of mandibular repositioning appliances on symptoms of sleep apnoea. J. Sleep Res.
2007, 16, 414–420. [CrossRef]

16. Pliska, B.T.; Nam, H.; Chen, H.; Lowe, A.A.; Almeida, F.R. Obstructive sleep apnea and mandibular advancement splint: Occlusal
effects and progression of changes associated with a decade of treatment. J. Clin. Sleep Med. 2014, 10, 1285–1291. [CrossRef]

17. Eckhart, J.E. Comparisons of oral devices for snoring. J. Calif. Dent. Assoc. 1998, 26, 611–623.
18. Ueda, H.; Almeida, F.R.; Lowe, A.A.; Ruse, N.D. Change in occlusal contact area during oral appliance therapy assessed on study

models. Angle Orthod. 2008, 78, 866–872. [CrossRef] [PubMed]
19. Marklund, M.; Franklin, K.A.; Persson, M. Orthodontic side-effects of mandibular advancement devices during treatment of

snoring and sleep apnoea. Eur. J. Orthod. 2001, 23, 135–144. [CrossRef] [PubMed]
20. Summer, J.D.; Westesson, P.L. Mandibular repositioning can be effective in treatment of reducing TMJ disk displacement. A

long-term clinical and MR imaging follow-up. Cranio 1997, 15, 107–120. [CrossRef]
21. Marklund, M. Predictors of long-term orthodontic side effects from mandibular advancement devices in patients with snoring

and obstructive sleep apnea. Am. J. Orthod. Dentofac. Orthop. 2006, 129, 214–221. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/26380759
http://doi.org/10.1007/s41030-020-00137-2
http://doi.org/10.2319/030309-122.1
http://www.ncbi.nlm.nih.gov/pubmed/19852636
http://doi.org/10.1136/thx.2009.131094
http://www.ncbi.nlm.nih.gov/pubmed/20685749
http://doi.org/10.1002/14651858.CD004435.pub3
http://www.ncbi.nlm.nih.gov/pubmed/16437488
http://doi.org/10.1177/0394632015590949
http://www.ncbi.nlm.nih.gov/pubmed/26684627
http://doi.org/10.5664/jcsm.4858
http://doi.org/10.5664/jcsm.8204
http://doi.org/10.1378/chest.122.3.871
http://doi.org/10.1093/sleep/22.2.237
http://doi.org/10.1046/j.1365-2273.2000.00411.x
http://doi.org/10.1164/ajrccm.164.5.2003078
http://doi.org/10.1164/ajrccm.151.1.7812552
http://doi.org/10.5664/jcsm.8978
http://doi.org/10.1111/j.1365-2869.2007.00615.x
http://doi.org/10.5664/jcsm.4278
http://doi.org/10.2319/100107-470.1
http://www.ncbi.nlm.nih.gov/pubmed/18298224
http://doi.org/10.1093/ejo/23.2.135
http://www.ncbi.nlm.nih.gov/pubmed/11398551
http://doi.org/10.1080/08869634.1997.11746000
http://doi.org/10.1016/j.ajodo.2005.10.004
http://www.ncbi.nlm.nih.gov/pubmed/16473713


Sensors 2021, 21, 3383 12 of 13

22. Ahn, H.W.; Kim, K.A.; Kim, S.H. A new type of clear orthodontic retainer incorporating multi-layer hybrid materials.
Korean J. Orthod. 2015, 45, 268–272. [CrossRef] [PubMed]

23. Lee, J.S.; Choi, H.I.; Lee, H.; Ahn, S.J.; Noh, G. Biomechanical effect of mandibular advancement device with different protrusion
positions for treatment of obstructive sleep apnoea on tooth and facial bone: A finite element study. J. Oral. Rehabil. 2018,
45, 948–958. [CrossRef] [PubMed]

24. Antic, S.; Vukicevic, A.M.; Milasinovic, M.; Saveljic, I.; Jovicic, G.; Filipovic, N.; Rakocevic, Z.; Djuric, M. Impact of the lower
third molar presence and position on the fragility of mandibular angle and condyle: A Three-dimensional finite element study.
J. Craniomaxillofac. Surg. 2015, 43, 870–878. [CrossRef]

25. Graber, T.M. Functional appliance. In Orthodontics, Current Principles and Techniques; Graber, T.M., Swain, B.F., Mosby, C.V., Eds.;
Neumann: St. Louis, MO, USA, 1984; pp. 369–404.

26. Cohen-Levy, J.; Pételle, B.; Pinguet, E.; Fleury, B. Forces created by mandibular advancement devices in OSAS patients: A pilot
study during sleep. Sleep Breath. 2013, 17, 781–789. [CrossRef]

27. Ahrens, A.; McGrath, C.; Hägg, U. A systematic review of the efficacy of oral appliance design in the management of obstructive
sleep apnoea. Eur. J. Orthod. 2011, 33, 318–324. [CrossRef]

28. Mayoral, P.; Lagravère, M.O.; Míguez-Contreras, M.; Garcia, M. Antero-posterior mandibular position at different vertical levels
for mandibular advancing device design. BMC Oral. Health. 2019, 19, 85. [CrossRef]

29. Bartolucci, M.L.; Bortolotti, F.; Corazza, G.; Incerti Parenti, S.; Paganelli, C.; Alessandri Bonetti, G. Effectiveness of different
mandibular advancement device designs in obstructive sleep apnoea therapy: A systematic review of randomised controlled
trials with meta-analysis. J. Oral. Rehabil. 2021, 48, 469–486. [CrossRef]

30. Vanderveken, O.M.; Devolder, A.; Marklund, M.; Boudewyns, A.N.; Braem, M.J.; Okkerse, W.; Verbraecken, J.A.; Franklin, K.A.;
De Backer, W.A.; Van de Heyning, P.H. Comparison of a custom-made and a thermoplastic oral appliance for the treatment of
mild sleep apnea. Am. J. Respir. Crit. Care Med. 2008, 178, 197–202. [CrossRef]

31. Pépin, J.L.; Raymond, N.; Lacaze, O.; Aisenberg, N.; Forcioli, J.; Bonte, E.; Bourdin, A.; Launois, S.; Tamisier, R.; Molinari, N.
Heat-moulded versus custom-made mandibular advancement devices for obstructive sleep apnoea: A randomised non-inferiority
trial. Thorax 2019, 74, 667–674. [CrossRef]

32. Robertson, C.J. Dental and skeletal changes associated with long-term mandibular advancement. Sleep 2001, 24, 531–537.
[CrossRef]

33. Fransson, A.M.; Tegelberg, A.; Svenson, B.A.; Lennartsson, B.; Isacsson, G. Influence of mandibular protruding device on airway
passates and dentofacial characteristics in obstructive sleep apnea and snoring. Am. J. Orthod Dentofac. Orthop. 2002, 122, 371–379.
[CrossRef]

34. Park, S.M.; Park, S.; Shin, S.; Lee, H.; Ahn, S.J.; Kim, L.; Lee, S.H.; Noh, G. Designing a mandibular advancement device with
topology optimization for a partially edentulous patient. J. Prosthet. Dent. 2020, 123, 850–859. [CrossRef]

35. Ghafari, J.; Jacobsson-Hunt, U.; Markowitz, D.L.; Shofer, F.S.; Laster, L.L. Changes of arch width in the early treatment of Class II,
division 1 malocclusions. Am. J. Orthod. Dentofac. Orthop. 1994, 106, 496–502. [CrossRef]

36. Ramirez-Yañez, G.; Sidlauskas, A.; Junior, E.; Fluter, J. Dimensional changes in dental arches after treatment with a prefabricated
functional appliance. J. Clin. Pediatr. Dent. 2007, 31, 279–283. [CrossRef]

37. Dupaix, R.B.; Boyce, M.C. Finite strain behavior of poly(ethylene terephthalate) (PET) and poly(ethylene terephthalate)-glycol
(PETG). Polymer 2005, 46, 4827–4838. [CrossRef]

38. Gorlier, E.; Haudin, J.M.; Billon, N. Strain-induced crystallization in bulk amorphous PET under uniaxial loading. Polymer 2001,
42, 9541–9549. [CrossRef]

39. Ahn, H.W.; Ha, H.R.; Lim, H.N.; Choi, S. Effects of aging procedures on the molecular, biochemical, morphological, and
mechanical properties of vacuum-formed retainers. J. Mech. Behav. Biomed. Mater. 2015, 51, 356–366. [CrossRef]

40. Pascual, A.L.; Beeman, C.S.; Hicks, E.P.; Bush, H.M.; Mitchell, R.J. The essential work of fracture of thermoplastic orthodontic
retainer materials. Angle Orthod. 2010, 80, 554–561. [CrossRef]

41. Zhang, N.; Bai, Y.; Ding, X.; Zhang, Y. Preparation and characterization of thermoplastic materials for invisible orthodontics.
Dent. Mater. J. 2011, 30, 954–959. [CrossRef]

42. Frick, A.; Rochman, A. Characteriation of TPU-elstomers by thermal analysis (DSC). Polym. Test. 2004, 23, 423–427. [CrossRef]
43. Lu, Q.W.; Macosko, C.W. Comparing the compatibility of various functionalized polypropylenes with thermoplastic polyurethane

(TPU). Polymer 2004, 45, 1981–1991. [CrossRef]
44. Alexandropoulos, A.; Al Jabbari, Y.S.; Zinelis, S.; Eliades, T. Chemical and mechanical characteristics of contemporary thermo-

plastic orthodontic materials. Aust. Orthod. J. 2015, 31, 165–170. [PubMed]
45. Kim, K.Y.; Ahn, H.W.; Kim, S.H.; Nelson, G. Effects of a new type of clear overlay retainer on occlusal contacts. Korean J. Orthod.

2017, 47, 207–212. [CrossRef]
46. Westernman, B.; Stringfellow, P.M.; Eccleston, J.A. EVA mouthguards: How thick should they be? Dent. Traumatol. 2002, 18, 24–27.

[CrossRef]
47. Waked, E.J.; Caputo, A.A. Thickness and stiffness characteristics of custom-made mouthguard materials. Quintessence Int. 2005,

36, 462–466.

http://doi.org/10.4041/kjod.2015.45.5.268
http://www.ncbi.nlm.nih.gov/pubmed/26445722
http://doi.org/10.1111/joor.12709
http://www.ncbi.nlm.nih.gov/pubmed/30125965
http://doi.org/10.1016/j.jcms.2015.03.025
http://doi.org/10.1007/s11325-012-0765-4
http://doi.org/10.1093/ejo/cjq079
http://doi.org/10.1186/s12903-019-0783-8
http://doi.org/10.1111/joor.13077
http://doi.org/10.1164/rccm.200701-114OC
http://doi.org/10.1136/thoraxjnl-2018-212726
http://doi.org/10.1093/sleep/24.5.531
http://doi.org/10.1067/mod.2002.125993
http://doi.org/10.1016/j.prosdent.2019.05.023
http://doi.org/10.1016/S0889-5406(94)70072-9
http://doi.org/10.17796/jcpd.31.4.d7p31201572n72h2
http://doi.org/10.1016/j.polymer.2005.03.083
http://doi.org/10.1016/S0032-3861(01)00497-9
http://doi.org/10.1016/j.jmbbm.2015.07.026
http://doi.org/10.2319/042809-232.1
http://doi.org/10.4012/dmj.2011-120
http://doi.org/10.1016/j.polymertesting.2003.09.013
http://doi.org/10.1016/j.polymer.2003.12.077
http://www.ncbi.nlm.nih.gov/pubmed/26999889
http://doi.org/10.4041/kjod.2017.47.3.207
http://doi.org/10.1034/j.1600-9657.2002.180103.x


Sensors 2021, 21, 3383 13 of 13

48. Nakamura, Y.; Noda, K.; Shimoda, S.; Oikawa, T.; Arai, C.; Nomura, Y.; Kawasaki, K. Time-lapse observation of rat periodontal
ligament during function and tooth movement, using microcomputed tomography. Eur. J. Orthod. 2008, 30, 320–326. [CrossRef]

49. Ryokawa, H.; Miyazaki, Y.; Fujishima, A.; Miyazaki, T.; Maki, K. The mechanical properties of dental thermoplastic materials in a
simulated intraoral environment. Orthod. Waves. 2006, 65, 64–72. [CrossRef]

http://doi.org/10.1093/ejo/cjm133
http://doi.org/10.1016/j.odw.2006.03.003

	Introduction 
	Materials and Methods 
	Study Design & Protocol 
	Force Sensor 
	Fabrication of the Three Types of Mandibular Advancement Devices (MADs) 
	Subject Teeth 
	Statistical Analysis 

	Results 
	Overall Force Distribution According to the Tooth Site in Each Model 
	Force Distribution in the Maxillary Dentition 
	Comparison between Models 
	Comparison between Tooth Positions 

	Force Distribution in the Mandibular Dentition 
	Comparison between Models 
	Comparison between Tooth Positions 


	Discussion 
	Conclusions 
	References

