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Abstract
Mandibular advancement devices (MADs) are widely used treatments for obstructive sleep apnea. MADs function by advanc-
ing the lower jaw to open the upper airway. To increase patient comfort, most patients allow the mouth to be opened. However,
not all systems maintain the lower jaw in a forward position during mouth opening, which results in the production of a retru-
sion that favors the collapse of the upper airway. Furthermore, the kinematic behavior of the mechanism formed by the
mandible-device assembly depends on jaw morphology. This means that, during mouth opening, some devices cause lower
jaw protrusion in some patients, but cause its retraction in others. In this study, we report the behavior of well-known devices
currently on themarket. To do so, we developed a kinematic model of the lower jaw device assembly. This model was validated
for all devices analyzed using a high-resolution camera system. Our results show that some of the devices analyzed here did
not produce the correct behavior during patient mouth opening.
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Introduction

Sleep apnea is a disorder in which breathing is interrupted
while a person sleeps [1, 2]. The most common type of sleep
apnea is obstructive sleep apnea (OSA),which involves a par-
tial or complete collapse of the airway during sleep. Patients
suffering from sleep apnea can suffer from excessive daytime
sleepiness and are at a high risk of developing cardiovascu-
lar diseases including arrhythmias, heart failure, and stroke
[3–5].

To solve this problem, specialists recommend using three
different treatments: the use of continuous positive air pres-
sure (CPAP) machines, the use of mandibular advancement
devices (MADs), and surgery. CPAP machines are devices
that produce a constant positive air pressure in the upper
airway via a nose or face mask, thereby preventing its col-
lapse. MADs cause the forward displacement of the lower
jaw, which induces stretching of muscles that support the
upper airway, thereby preventing its collapse. For the proper
function of MADs, the lower jaw must remain in a for-
ward position with the mouth closed and open. Compared to
CPAP devices, MADs are easier to transport, do not produce
noise, do not require electrical power to operate, and overall
have a higher adherence rate [6]. One recent comprehen-
sive study [7] compared different types of MADs, including
both monoblock devices that restrict the mouth opening and
two-piece devices which are categorized by their connec-
tion position (i.e., lateral or frontal). The findings of this
study indicated that monoblock devices were more effective
in reducing the average number of apneas and hypopneas dur-
ing sleep, as measured by the apnea hypopnea index (AHI),
than connected two-piece devices were. However, frontally
connected devices showed the greatest reduction in AHI.
However, instead of considering only the connection posi-
tion, the linking mechanism should be considered to analyze
the movements it induces during the opening of the mouth.
This is since mandibular retrusion occurs in some cases,
whereas in others, mandibular protrusion increases. Obvi-
ously, if the mouth cannot be opened, the initial protrusion
is guaranteed to be maintained.

There are a large number of MADs currently on the mar-
ket. Most are composed of two dental splints joined by
different elements, such as rigid bars, telescopic bars, elastic
straps, and flaps or cams [8]. The use of MADs is known
to reduce the degree of freedom of the lower jaw and limit
bothmouth opening and lateralmotion.However,many users
prefer models that permit a wider range of mouth opening
and/or lateral movement of the lower jaw. The two dental
splints mentioned above are mounted on the upper (maxilla)
and lower (mandible) dental arches. Their relativemovement
depends on three aspects: the mechanism by which they
are joined to the two splints, the temporomandibular joint,
and the patient’s morphology. Therefore, each of these three

aspects is necessary to determine whether a MAD will func-
tion correctly in a given patient when opening the mouth [9].
Moreover, this may explain why the effectiveness of MADs
can vary depending on the patient [10, 11].

Furthermore, to the best of our knowledge, only oneMAD
currently available on the market is manufactured after con-
sidering the morphology of each patient and the kinematics
of his/her lower jaw movement [12], and involves the use of
a cam-follower mechanism. Lower jaw kinematics has been
used in other fields, including robotics and the modeling of
mastication processes [13–18], in order to design mecha-
nisms and robots that adjust to movements performed by the
lower jaw. Determining these movements and their limits is
fundamental for the development of any device, mechanism,
or robot that attempts to control or reproduce the movement
of the lower jaw.

One of the first researchers to study mandible kinematics
was Posselt, who studied the border movements of the lower
incisor in the sagittal, frontal, and lateral planes [19]. Posselt
concluded that the lower jawmovement in the sagittal plane is
a characteristic that is specific to each individual. This move-
ment defines an area with three borders that are described by
the trajectory of the tip of the lower incisor when moving
the mandible from the most retruded to the most protruded
positions with the mouth closed (upper border), maintaining
maximum protrusion when opening the mouth to its maxi-
mum (anterior border), and closing the mouth while keeping
themandible in themost retruded position possible (posterior
border). Many research groups have attempted to reproduce
these diagrams using devices mounted on dental arches, and
these studies have contributed to achieving a better knowl-
edge of lower jaw movement [20–23].

In this work, we conduct a complete study of the most
representative mandibular advancement devices currently on
the market and analyze their behavior in a specific patient.
To do so, we track the movement of the mechanical assem-
bly formed by the mandible and each device in the sagittal
plane, and analyze the degrees of freedom of the resulting
mechanism and its kinematic joints. By obtaining estimate
of mandibular movement during use of a MAD, it is possi-
ble to predict whether the device will behave correctly in the
patient under study.

The contributions of this work are as follows:

• Develop a kinematic model of themandible when a patient
uses a certain mandibular advancement device. This study
will be conducted in the sagittal plane because this motion
determines the correct or incorrect functioning of the
device.

• Validate the kinematic model using camera measurements
of lower jaw movement for each of the different MADs
analyzed.
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• Determine the lower incisor trajectory for each device. We
answer the question: why do some devices move the lower
jaw backward during patient mouth opening?

• Discuss solutions to device malfunctioning.

Accordingly, this work is organized as follows. In the
“Methods” section, we describe the methodology used to
characterize the complete jaw movement for the most com-
mon mandibular advancement devices. We then present
generalized coordinates and equations that solve the kine-
matics of each model. In the “Results” section, the kinematic
models are validated using a camera measurement system
and a trihedron with markers. The results obtained from
the real tests are then compared with those obtained by the
proposed kinematic models. Discussion of these results is
provided in the “Discussion” section. Finally, conclusions
are drawn in the “Conclusions” section.

Methods

Tomodel the kinematic behavior of themandible when using
a mandibular advancement device, we used the following
procedure (Fig. 1a):

• A lateral X-ray or scan of the patient was taken parallel to
the sagittal plane.

• A mathematically defined shape of the glenoid fossa was
fitted to a series of points marked on an X-ray or scan.

• The trajectory of the geometric center of the condyle was
identified from the lateral X-ray. For this purpose, we
assumed that the distance from the glenoid curve obtained
in the previous step is constant.

• The mandibular advancement device was placed on the
patient’s mandible and maxilla.

Once these steps were performed, we obtained an equiv-
alent mechanism that replicates lower jaw movement in the
sagittal plane when the patient uses a given MAD (Fig. 1b).
Analysis of this mechanism allows us to obtain the spe-
cific curve created by the tip of the patient’s lower incisor
when opening the mouth. This will thus verify whether the
mandible protrudes or recedes.

Device deformation was not considered since the MADs
studied in this work use class II-a biocompatible materials,
which have a high degree of stiffness [24].

Mechanism for a MADwith bars

The mechanical system of a MADwith bars (Fig. 1) consists
of the following kinematic pair and the resulting system has
one degree of freedom:

• A rotational kinematic pair formed by the maxilla, a MAD
bar, and a hinge at point O2.

• A rotational kinematic pair including the bar, mandible,
and a hinge at point A.

• A prismatic kinematic pair formed by a slider and the
glenoid fossa, which simulates the movement of the
condyle center along a path parallel to the glenoid fossa.

• A rotational kinematic pair consisting of the mandible, the
slider used to achieve the movement of the condyle, and a
hinge at point B.

This equivalentmechanismhas one degree of freedomand
can be modeled using the following generalized coordinates
[25]:

q = {xA, yA, xB , yB , xC , yC , γ }. (1)

Here, (xA, yA), (xB, yB), and (xC , yC) are coordinates in the
sagittal plane of points A, B, and C, respectively, and γ is the
angle between the bar and the X axis.

Since there are seven coordinates and the mechanism has
one degree of freedom, six constraint equations are needed:

(
xO2 − xA

)2 + (
yO2 − yA

)2 − L2
O2A = 0, (2)

(xA − xB)2 + (yA − yB)2 − L2
AB = 0, (3)

(xB − xC )2 + (yB − yC )2 − L2
BC = 0, (4)

(xC − xA)2 + (yC − yA)2 − L2
CA = 0, (5)

yB −
(
ax3B + bx2B + cxB + d

)
= 0, (6)

(
xA − xO2

) − LO2A cos γ = 0. (7)

Equation (2) defines the rigid solid condition of the bar,
given that its length LO2A and the position of point O2 are
known. Equations (3)–(5) define the rigid solid condition of
the mandible, and here lengths LAB, LBC , and LCA are known
since they can be measured by X-ray. Equation (6) indicates
that point B must lie on the curve of the trajectory of the
center of the condyle which is fitted by a third-degree poly-
nomial with parameters a, b, c, and d known. Finally, Eq. (7)
defines the angle between the bar and the X axis. Once all
constraints are defined, a Newton–Raphson iterative process
is used to solve the position of the mechanism using the fol-
lowing equation:

Φq(q) · (qi+1 − qi ) = −Φ(q). (8)

Here, q is the set of natural coordinates defined in Eq. (1),
Φ(q) is the set of constraints defined in Eqs. (2)–(7), and
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Fig. 1 Methodology for
mechanistic modeling of the
assembly formed by the lower
jaw and a MAD: a patient scan
with a sketch of the mounted
MAD; b equivalent mechanism
reproducing the movement of the
lower jaw with a MAD with bars.
MAD: mandibular advancement
device

Fig. 2 Equivalent mechanism that replicates the kinematic behavior of
the lower jaw using a telescopic bar device.MAD:mandibular advance-
ment device

Φq(q) is the Jacobian of the set of constraints with respect to
the coordinates. To solveEq. (8),we introduce an initial value
set for the coordinates, qi = {

xiA, y
i
A, x

i
B , y

i
B , x

i
C , y

i
C

}
,

with angle γ as the input value of the degree of free-
dom of the mechanism. We then obtain, using an itera-
tive process, the final value of the coordinates, qi+1 ={
xi+1
A , yi+1

A , xi+1
B , yi+1

B , xi+1
C , yi+1

C

}
. This procedure can

then be carried out with all input angles γ , determining the
movement of any point on the lower jaw. Next, we analyze
the movement of point C (tip of the lower incisor) since its
trajectory is used to determine whether mandible retrusion
or protrusion occurs when a patient opens his/her mouth.

Mechanisms with telescopic bars

The mechanical system formed by the telescopic bar device
and the lower jaw in the sagittal plane has two degrees of
freedom (Fig. 2). In this case, the generalized coordinates

required to model the mechanism are:

q = {xA, yA, xB , yB , xC , yC , xD , yD , s, γ }. (9)

Since there are 10 coordinates and twodegrees of freedom,
eight constraint equations are required to define constraint set
Φ(q):

(xA − xC )2 + (yA − yC )2 − L2
AC = 0, (10)

(xA − xB)2 + (yA − yB)2 − L2
AB = 0, (11)

(xB − xC )2 + (yB − yC )2 − L2
BC = 0, (12)

(xA − xD)2 + (yA − yD)2 − L2
AD = 0, (13)

(
xD − xO2

)(
yA − yO2

) − (
yD − yO2

)(
xA − xO2

) = 0,
(14)

yB −
(
ax3B + bx2B + cxB + d

)
= 0, (15)

(
xA − xO2

) − (s + L AD) cos γ = 0, (16)

(
xD − xO2

) − s

LO2A

(
xA − xO2

) = 0. (17)

As in the previous case, Eqs. (10)–(12) define the rigid solid
condition of the lower jaw. Equation (13) defines the rigid
solid condition of link 3 (rod) of theMADmechanism,where
LAD is known. Equation (14) establishes the sliding condi-
tion between link 3 (rod) and link 2 (tube). Equation (15)
establishes the condition that point B must be in the center
of the path of the condyle, which is defined by the known
parameters a, b, c, and d. Equation (16) establishes angle γ

between link 2 and the X axis. Finally, Eq. (17) establishes
linear displacement s between links 2 and 3.
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Fig. 3 Equivalent mechanism for
devices with straight fins:
a vertical profile (ProSomnus
EVO); b angled profile
(SomnoDent Flex). MAD:
mandibular advancement device

As in the previous case, the movement of the mecha-
nism was obtained by using an iterative process and solving
Eq. (8). However, in this case, the system has two degrees
of freedom, so two new input variables (i.e., γ and s) are
included in the system.

Mechanisms with straight fins

Two mechanisms that include fins (shown in Fig. 3) are the
most common on themarket and have one degree of freedom.
In both cases, cams with a straight profile defined by points A
and D are used, with O1 being the point of contact between
the fin that is attached to the lower jaw and the fin that is
attached to the maxilla.

The generalized coordinates used for devices with straight
fins are:

q = {xA, yA, xB , yB , xC , yC , xD , yD , s}. (18)

As in the previous cases, we first define the set of constraints
Φ(q), represented using the following equations:

(xA − xB)2 + (yA − yB)2 − L2
AB = 0, (19)

(xA − xC )2 + (yA − yC )2 − L2
AC = 0, (20)

(xB − xC )2 + (yB − yC )2 − L2
BC = 0, (21)

(xD − xA) − λ(xB − xA) − μ(xC − xA) = 0, (22)

(yD − yA) − λ(yB − yA) − μ(yC − yA) = 0, (23)

(xD − xA)
(
yO1 − yA

) − (yD − yA)
(
xO1 − xA

) = 0, (24)

yB −
(
ax3B + bx2B + cxB + d

)
= 0, (25)

(
xD − xO1

) − s

L AD
(xD − xA) = 0. (26)

Here, Eqs. (19)–(21) define the rigid solid condition of the
lower jaw when the lengths LAB, LAC , and LBC are known.
Equations (22) and (23) define the position of point D in a
plane defined by points A, B, and C, and λ and μ are param-
eters with known values. Equation (24) specifies that point
O1 always lies on straight line AD. Equation (25) establishes
the condition that point B must always lie on the trajectory
of the condyle, defined by the known parameters a, b, c, and
d. Finally, Eq. (26) establishes the contact length of the cam.

Mechanisms with curved fins

We analyzed a curved fin device called OrthoapneaNOA that
uses a curved cam profile designed with a protrusive trajec-
tory for the tip of the patient’s lower incisor when the mouth
is opened [12]. By considering the specific morphology of
each patient, the cam profile is different for each device. The
curve of this profile is defined by a Bezier curve with four
control points. These control points represent the start and
end points of profiles A and D, in addition to points F and E
(Fig. 4).

Here, the coordinates needed to define the kinematics of
the mechanism are:

q = {
xA, yA, xB , yB , xC , yC , xD , yD , xE , yE , xF ,

yF , xG , yG , t , s
}
. (27)

Because the mechanism has one degree of freedom, 15 con-
straint equations are needed:

(xA − xB)2 + (yA − yB)2 − L2
AB = 0, (28)

(xA − xC )2 + (yA − yC )2 − L2
AC = 0, (29)
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Fig. 4 Equivalent mechanism for a device with fins (Orthoapnea NOA).
MAD: mandibular advancement device

(xB − xC )2 + (yB − yC )2 − L2
BC = 0, (30)

(xD − xA) − λ1(xB − xA) − μ1(xC − xA) = 0, (31)

(yD − yA) − λ1(yB − yA) − μ1(yC − yA) = 0, (32)

(xE − xA) − λ2(xB − xA) − μ2(xC − xA) = 0, (33)

(yE − yA) − λ2(yB − yA) − μ2(yC − yA) = 0, (34)

(xF − xA) − λ3(xB − xA) − μ3(xC − xA) = 0, (35)

(yF − yA) − λ3(yB − yA) − μ3(yC − yA) = 0, (36)

(
xG − xO1

)2 + (
yG − yO1

)2 − L2
O1G = 0, (37)

yB −
(
ax3B + bx2B + cxB + d

)
= 0, (38)

xG −
(
ax t

3 + bx t
2 + cx t + xA

)
= 0, (39)

yG −
(
ayt

3 + byt
2 + cyt + yA

)
= 0, (40)

(
xG − xO1

)
ϑx +

(
yG − yO1

)
ϑy = 0, (41)

(
xA − xO1

) − s

L AD
(xD − xA) = 0. (42)

Equations (28)–(30) define the rigid solid condition of the
lower jaw, as for previous cases. Equations (31) and (32)
define the positions of the cam and point D in plane ABC.

Similarly, Eqs. (33)–(36) define the positions of the con-
trol points of the cam curve, F and E, in the same plane.
Moreover, parametersλi andμi are known (i= 1, 2, 3). Equa-
tion (37) indicates the rigid solid condition of the follower.
Equation (38) specifies that point Bmust always remain on a
curve alongwhich the center of the condylemoves, as defined
by the known parameters a, b, c, and d. Equations (39) and
(40) state that the position of point G must be located on the
Bezier curve of the cam profile, which is defined by points
A,D, F, and E. Here, parameters ax , bx , cx , ay, by, and cy are
known and depend on the coordinates of points A, D, F, and
E. Equation (41) states that vector O1G and a tangent vector
to the Bezier curve (ϑ) at point of contact G have perpendic-
ular directions. Finally, Eq. (42) establishes the cam contact
length.

Results

Once we established kinematic models for the most com-
mon mandibular advancement devices, we then analyzed
their behavior in a patient according to the previously devel-
oped methodology. For all mandibular advancement devices
shown in Fig. 5, we determined the curve followed by the tip
of the lower incisor experimentally, and then compared this
to the curve calculated using the kinematic model. A com-
parison of these two curves was then performed to validate
the mathematical model presented in this work.

The trajectory followed by the tip of a patient’s lower
incisor during mouth opening was recorded while using each
device (Fig. 5). The recording system used here included two
Baumer VCXU-124C cameras and UV-A lamps (Fig. 6a).
Two trihedrons with three markers each were attached to the
upper and lower dental arches of each mandibular advance-
ment device. The trihedrons were used to obtain the incisor
trajectory, and were painted with a UV-fluorescent paint to
simplify visualization under ultraviolet (UV) light (Fig. 6b).
The trajectory was obtained using a self-developed image
analysis program, so that the coordinates of the upper and
lower trihedral markers were detected in each frame. With
these coordinate data, we first obtained data characterizing
the movement of the center of coordinates for each trihedron
(i.e., pointsOS andOI). Next, using the method developed in
Ref. [26], we determined the relativemovement of the incisor
with respect to the maxilla.

Devices with rigid bars

Figure 7 shows the movement sequence of the Panthera D-
SAD device in which the trajectory of the lower incisor
is visualized for the individual studied. This sequence was
obtained for all devices analyzed here.

123



Bio-Design and Manufacturing (2024) 7:637–650 643

Fig. 5 Mandibular advancement devices examined in this study

Fig. 6 Experimental MAD
movement test: a real test;
b frame obtained during patient
test performance. MAD:
mandibular advancement device

The results obtained for mandibular advancement devices
with bars are shown in Figs. 8 and 9. In each figure, Posselt’s
patient diagram is represented in blue. This diagram shows
the limits of the relative movement of the lower incisor with
respect to the maxilla. The two borders that are most rel-
evant to this study are: 1–2, since this specifies where the
mandible moves forward while the mouth is closed without

rotating, from themost retracted position (point 1) to themost
advanced position (point 2); and 2–3 which shows where the
mandible rotates when the condyle is located in the most
advanced position.

As shown in Fig. 8, the trajectory of the lower incisor
obtained mathematically for the MAD Panthera D-SAD
model (shown in red) was compared with experimental data

123



644 Bio-Design and Manufacturing (2024) 7:637–650

Fig. 7 Movement sequence of the
Panthera D-SAD device

Fig. 8 Panthera D-SAD results. MAD:mandibular advancement device

obtained using the camera system (shown in gray). This com-
parison showed a high degree of similarity indicating good
model performance. For the first bar device, the trajectory
followed by the incisor when opening the mouth deviated
slightly from a vertical line passing through the starting point
(i.e., 60% of the distance 1–2 for all devices). This verti-
cal line represents the limit of movement from which the
mandible begins to retract. Therefore, for the MAD Panthera
D-SAD device, when the patient opens his/her mouth, the
mandible retracts slightly with respect to its initial position.

For the other MADs with bars, we performed the same
tests and the results are shown in Fig. 9. Figure 9a shows
the results for the Narval CC device. As for the MAD Pan-
thera D-SAD device, our mathematical model of Narval
CC movement matched the experimental data closely, and
a slight retrusion during opening the mouth was observed.
Figures 9b and 9c show the results for the SomnoDent Avant

Fig. 9 Results for the following MADs with bars: a Narval CC;
bSomnoDentAvant; cOrthoapneaClassic.MAD:mandibular advance-
ment device

and Orthoapnea Classic devices, respectively. In both cases,
themathematicalmodelmatched experimental data properly.
Taken together, these results show that these two devices
work properly during patient mouth opening, and that the
mandible protrudes until the incisor reaches the anterior bor-
der of Posselt’s diagram. It should be noted that since each of
the four bar mechanisms analyzed has different positions for
the joints of the kinematic pairs (i.e.,O2 and A) and different
bar lengths (O2A) (Table 1 and Fig. 10), themaximum degree

123



Bio-Design and Manufacturing (2024) 7:637–650 645

Table 1 Dimensions of the
mechanism formed by the
mandible and mandibular
advancement devices (MADs)
with bars

MAD XO2 (mm) YO2 (mm) LO2A (mm) LBC (mm) LCA (mm) LAB (mm)

Panthera
D-SAD

0 0 30.62 97.62 41.92 57.41

Narval CC 0 0 27.80 97.62 39.64 60.00

SomnoDent
Avant

0 0 53.11 97.62 31.44 74.12

Orthoapnea
Classic

0 0 8.61 97.62 5.93 91.92

Fig. 10 MADs with bars: a Panthera D-SAD; b Narval CC; c SomnoDent Avant; d Orthoapnea Classic. MAD: mandibular advancement device

of mouth opening differs greatly. For example, the opening
allowed by the Orthoapnea Classic device was the smallest
(Fig. 9c), whereas that of the Panthera D-SAD device was
the largest (Fig. 8).

Devices with telescopic bars

Next, mathematically determined trajectories of the lower
incisor when the patient uses the Herbst device are shown in
Fig. 11. The experimental results are not shown because the
mechanism has two degrees of freedom, the lower incisor did
not always follow the same trajectory, and therefore, themea-
surements differed among tests. For this test, when the patient
opened his/her mouth while using this MAD, the telescopic
bar can rotate a given angle γ and at the same time change its
length (LO2A). Therefore, the movement of the lower incisor
is not limited to one trajectory but to an area enclosedbetween
two boundary trajectories. A more backward trajectory can
be achieved by opening the mouth while maintaining the bar
at its minimum length, i.e., bymaintaining the initial value of
variable s (Fig. 2). The most forward trajectory is described
by lengthening the bar (i.e., LO2A) as much as possible for
each angular position. Figure 11 shows in red the trajectory
of the lower incisor obtained mathematically during mouth
opening, keeping the initial value of variable s constant. Paths

Fig. 11 Results for MADs with telescopic bars. MAD: mandibular
advancement device
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indicated by black arrows represent two possible trajectories
for the incisor during mouth opening by increasing the val-
ues of variable s in two different ways that correspond to the
two degrees of freedom. Accordingly, the incisor can move
within the gray area shown in Fig. 11. This area is limited by a
posterior border corresponding to the trajectory of the lower
incisor while maintaining the minimum LO2A distance, and
by a lower border characterized by the position of the incisor
when the patient moves the lower jaw forward up to the max-
imum degree of mouth opening allowed by the device. The
anterior and superior borders coincidewith those of Posselt’s.

Therefore, the operation of this device does not prevent
retrusion of the mandible when the patient opens his/her
mouth. This could lead to airway collapse, especially dur-
ing sleep. To avoid retrusion, the patient should consciously
control his/her position by increasing the value of variable s.

Devices with straight fins

Finally, we also obtained results for the most commonly
used MADs with fins. Figure 12 shows results obtained
for the SomnoDent Flex and ProSomnus EVO devices. The
mathematically generated trajectory is shown in red, and
the experimentally measured trajectory is shown in gray.
Again, both trajectories show a strong match, indicating a
high degree of model accuracy.

In both devices, the mandible recedes when the patient
opens his/her mouth. Mandibular retraction was more pro-
nounced in the SomnoDent Flex device (Fig. 12a) than in the
ProSomnus EVO device (Fig. 12b). In addition, both devices
have an opening limit position beyond which the lower fin is
no longer in contact with the upper fin. This allows the patient
to move his/her mandible freely. To avoid this problem, these
devices are usually supplied with elastic straps that make it
difficult to open the mouth.

Devices with curved fins (cams)

Figure 13 shows results for two Orthoapnea NOA devices
designed from two different advancement curves. These
devices, as mentioned above, are designed considering the
specific morphologies of individual patients and the pro-
trusive advancement curve predefined by the specialist. In
other words, starting from the desired trajectory for the lower
incisor, the cam is synthesized considering the mechanical
system formed by the mandible and the device such that the
lower incisor follows a specified trajectory.

Figure 13 shows, as for all previous cases, that the curve
generated by our mathematical model (shown in red) closely
matches experimentally measured data (shown in gray). This
figure shows both anOrthoapneaNOAdevice designed using
a curve with less protrusion when the mouth is opened,
thereby allowing a large mouth opening (Fig. 13a), and

another device with a larger protrusion and a correspond-
ingly smaller mouth opening (Fig. 13b).

Discussion

Toavoid variability in the trajectory of the condyle center dur-
ing protrusion, retrusion, opening, and closing movements
of the mandible, some authors proposed using the kinematic
center as a reference point to reproduce the movement of
the condyle [27]. However, the position of this point varies
among individuals, and its precise location is not easy to
obtain [28]. To simplify data collection and model develop-
ment, the kinematic models presented in this paper calculate
mandibular motion using the trajectory of the geometric cen-
ter of the condyle and the rotation of themandible around that
point. From a kinematic point of view, this is rather simple,
since planar movements of any object can be decomposed
into the motion of a specific point plus the rotation of a
body around that point. However, the computational identifi-
cation of the trajectory of the geometric center of the condyle
remains controversial. In this study, this center was consid-
ered to move with a trajectory whose distance to the glenoid
fossa remained constant.

To test the impact of condyle motion variability on the
kinematic model developed here, the trajectories of the lower
incisor were calculated using different paths of the center of
the condyle. We considered extreme cases, including where
the condyle came into contact with the fossa or when the
initial distance between the condyle and the fossa increased
by more than 100%. Using these premises, we calculated
the trajectories of the lower incisor for a variety of devices.
The dispersion due to variation in the path of the center of
the condyle was found not to be significant, and the kine-
matic model proposed here allowed us to determine the
performance of each MAD in different individuals with an
acceptable degree of accuracy. That is, we were able to deter-
mine whether the trajectory of the patient’s incisor during
mouth opening when using a given MAD was protrusive or
retrusive, as well as to what degree. This was verified in the
previous section, where we showed that the movement cal-
culated for the lower incisor (point C) coincided with the
movement measured experimentally in all cases (Figs. 8, 9,
11, 12, and 13).

After validation of the mathematical models, the trajec-
tory of the incisor of any patient can be calculated using any
device. This makes it possible to determine the kinematic
behavior of a device depending on the patient’s morphology
before the start of treatment; such information can provide
fundamental knowledge that can be used to improve the
design of MADs.

All bar-based devices, such as those shown in Figs. 8 and
9, have similar mechanisms in which length LBC depends on
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Fig. 12 a SomnoDent Flex;
b ProSomnus EVO MicrO2

Fig. 13 Orthoapnea NOA MAD
results: a less protruding curve;
b more protruding curve. MAD:
mandibular advancement device

the patient’s morphology. Because in this work the behavior
of all devices was studied using the same patient, the length
LBC did not vary among the analyzed mechanisms. For the
same reason, the trajectory of the center of the condyle (point
B) is the same for all cases because the curve of the glenoid
fossa also did not vary. On the other hand, lengths LAB, LCA,
and LO2A were different among different device trials, since
these measurements depend on the design of each specific
device (Table 1, Fig. 10). This is the reason why the differ-
ent devices show different kinematic behaviors, even if they
share equivalent mechanisms. In the case of the Panthera D-
SAD and Narval CC models, when the patient opens his/her
mouth, themandible recedes (Figs. 8 and 9a), whereas for the
SomnoDent Avant and Orthoapnea Classic models, opening
causes the patient’s mandible to protrude (Figs. 9b and 9c).

In general, if it is desirable that initial protrusion is main-
tained or even increased during opening of themouth to avoid
collapse of the upper airway when using a bar device, it is

necessary to determine the length of the LO2A bar and the
positions of pointsO2 and A for each patient. This is because
the same device used for different patients causes the tra-
jectory of the tip of the incisor to be different. In addition
to the fact that the shape and position of the glenoid fossa
differ among patients, the assembly formed by the mandible
and the device has different LBC , LAB, and LCA distance val-
ues. Differences in trajectories are shown in Fig. 14, which
compares incisor movement curves during mouth opening
for two different patients when using the Narval CC device.

The Herbst telescopic rod device has two degrees of free-
dom, and therefore allows for multiple trajectories of the
lower incisor during mouth opening. Thus, even if the device
was designed considering the specificmorphology of an indi-
vidual patient, it is not possible to ensure that the incisor
would have the same forward trajectory under all circum-
stances. Furthermore, when the patient is asleep, he/she is
unable to control either the length of the bar (variable s) or
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Fig. 14 Incisor trajectories of two different patients using the Narval
CC MAD. MAD: mandibular advancement device

the mouth opening angle (variable γ ). Therefore, regardless
of the design of the device, in this device there will always
be a retrusion of the mandible when opening the mouth, as
shown in Fig. 11.

For devices with straight fins (Figs. 12 and 13), we first
studied the SomnoDent Flex and ProSomnus EVO devices,
which are among the most commonly used to treat sleep
apnea.Moreover, due to the design of the fin profile (Fig. 12),
they permit retrusion of the mandible when patients open
their mouths. In addition, when the mouth opening reaches
the limit of the fin, themandible will move back to the resting
position, since this is the most comfortable natural position
for the patient. It should also be noted that these two devices
do not consider individual patient morphologies. Therefore,
the degree of lower jaw retraction when the mouth is opened
can be more or less pronounced depending on the patient-
specific morphological differences.

In the case of the Orthoapnea NOA device with curved
cams, the design process ensures that the lower jaw does
not retract when the mouth is opened. The design of the
cam profile is done using a reverse process. That is, first, the
specialist determines the desired advancement curve for the
incisor within the borders of Posselt’s envelope; next, using
the patient’smorphology data and the position of the follower
in the upper splint, the exact profile of the cam can then be
determined. In this way, control of lower jaw advancement
can be achieved when patients open their mouths [11]. As

shown in Fig. 13, the behavior of this device has been mod-
eled using two different cam profiles, i.e., one that causes the
mandible to barely advance during mouth opening (Fig. 13a)
and the other that permits a more pronounced advancement
(Fig. 13b).

Given these results, we can answer the question raised at
the beginning of this paper, namely, if the purpose of these
devices is to avoid upper airway collapse by keeping the
mandible in a forward position, why do some devices move
the mandible backward when patients open their mouths?
We first note that specialists determine the degree of initial
protrusion that is convenient for each patient when his/her
mouth is closed (Fig. 8). Therefore, we can state that all
devices are equally effective with the mouth closed, and that
any problem appears when opening the mouth. For this rea-
son, some devices mount vertical elastic bands between the
upper and lower splints to minimize the degree of mouth
opening. Moreover, many investigations have examined the
influence of limiting mouth opening on treatment outcomes.
In some cases, no appreciable difference has been found
between limiting mouth opening and not mouth opening
[29]. However, others have concluded thatminimizingmouth
opening enhances treatment outcomes [30]. The explanation
for this disparity is simple. In the first case, the Narval CC
device was used, which barely retracts the mandible dur-
ing mouth opening (Fig. 9a). In contrast, in the second case,
the MAD used was a Somnodent model, which produces a
very significant retrusion (Fig. 12a). The only customiza-
tion common to all MADs considers the initial protrusion
and dental arches. From there, each device has a mechanical
solution to control lower jaw movement that is applicable to
all patients. However, a complete design must consider that
the mandible is part of the mechanical system. Therefore,
the mandible must be considered along with the coupling
system between the splints. Most devices have one degree
of freedom. Therefore, the mechanical assembly formed by
the jaw and the device mechanism completely determines
the trajectory of the incisor. However, because the mechani-
cal assembly depends on an individual patient’s morphology,
a mechanism that advances the mandible in one individual
during mouth opening may actually retract it in another. To
solve this problem, the authors propose studying the com-
plete mechanical assembly of the jaw together with theMAD
and performing a dimensional synthesis process, inwhich the
tip of the lower incisor is the follower that has to move on a
trajectory predefined by the specialist. Moreover, for MADs
with fins, this process has been performed in another study
by the authors of this work [11], and has permitted the design
of the Orthoapnea NOA device.
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Conclusions

In this study, the kinematics of the mandible when using a
mandibular advancement device was studied. The kinematic
model of the mechanisms used by different common MADs
was then validated using experimental tests. Our results
established the importance of considering patient morphol-
ogy for optimal MAD design, and addressed how some
devices work improperly when patients open their mouths.
As demonstrated here, although all MADs studied work cor-
rectly when the patient’s mouth is closed, some perform
inadequately when the mouth is open. An obvious solution is
to use monoblock MADs that prevent the mouth from open-
ing; however, these devices are uncomfortable and have a
high rate of rejection by patients relative to devices that allow
mouth opening.

Given the importance of two-piece mandibular advance-
ment devices for treating sleep apnea, it is important that they
are designed correctly. In general, it is necessary to consider
the specific morphological differences of patient mandibles
and to use this information to more effectively model the
kinematic pairs of the MAD.
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