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Abstract
Mandibular advancement devices (MADs) are one of the treatments used for Obstructive sleep apnea (OSA). MADs try to
maintain the mandible in an advanced position to keep the upper airways open when sleeping. To achieve this goal, most
current MADs limit the mouth opening to a few millimetres. The study of the kinematic behaviour of the patient’s jaw is
essential in order to design devices that allow greater aperture ranges. For this purpose, a 3Dmultibody model that reproduces
jawmovement has been developed in this work. To this end, the movement of the lower incisor has been determined by means
of a vision system and reflective markers. In addition, the kinematics of the temporomandibular joint has been modelled.
Next, the device is designed and printed using a cam–follower mechanism. This way, the cam profiles and the followers are
optimally designed and positioned for each patient depending on the physiognomy of the jaw and the opening and advancing
movement prescribed by the specialist.

Keywords Mandibular advancement device · 3D mandible kinematics · Cam–follower mechanism · 3D printed devices

Introduction

Sleep apnea is a serious disorder in which patients stop
breathing for short periods of time when they are asleep [1,
2]. This disorder leads to fatigue and sleepiness during the
day and it is also associated to a higher risk of developing car-
diovascular problems such as arrhythmias, strokes and heart
attacks [3–5].

The most common type of sleep apnea is the obstructive
sleep apnea (OSA). OSA is a chronic disease in which the
upper airway is repeatedly, partially or completely obstructed
while sleeping. This disorder requires treatment in order to
alleviate its effects [6]. Themain existing treatments are con-
tinuous positive air pressure (CPAP), Oral Appliances (OA)
and surgery. CPAP is a machine connected to the patient
while sleeping that maintains a positive air pressure in the
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upper airways by means of a face mask. The main problems
reported by patients are related to the noise produced by the
machine and the excessive dryness of the upper airways. In
those cases presenting mild to moderate OSA, an alternative
to CPAP are theMandibular Advancement Devices (MADs),
which are a type of OA [7]. MADs are designed to keep the
mandible in an advanced position so that the upper airway
is open and does not collapse when the patient sleeps [2, 8,
9]. These devices are composed of two pieces that fit into
the dental arches and force the jaw to remain in a protruded
position [10, 11]. Compared to CPAP, MADs are not noisy
and they are much more economical, easy to use and do not
require a power system.

There is currently awide variety ofMADmodels,with dif-
ferent strategies to keep the jaw in an advanced position [12].
Several methods are used to connect the two pieces that com-
pose a MAD. These methods include the use of bars, elastic
straps, springs, telescopic rods, tube connectors and lateral
fins among others [13]. The use of this type of mechanism
reduces the degrees of freedom of the jaw and limits mouth
opening and lateral motion. However, users prefer models
that allow wider ranges of mouth opening and lateral move-
ment of the jaw [7].Other valued features aremaximumspace
for the tongue and no metallic parts. In this sense, devices
using lateral fins or cams are a feasible solution that fulfils
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the previous demands. On one hand, there are nomoving ele-
ments, such as bars or springs and, on the other hand, there
are no metal parts in contact with the tongue. In addition,
devices based on the use of cams can be designed to allow
lateral movement of the jaw. All these devices do not take
into account the kinematics of the patient’s mandible. There-
fore, the movement of the jaw when the device is used is not
known a priori andmay cause the device to lose effectiveness
when the patient opens the mouth.

For this reason, the study of the patient’s jaw move-
ment is required to design customized devices. This way,
some research works related to the kinematic and dynamic
behaviour of the jaw have been conducted [14, 15]. These
works focus on the behaviour of the jaw in mastication
processes. Similarly, several robots that try to imitate jaw
movements in chewing have been studied [16–19]. These
results are used to propose rehabilitation methods and to
study the behaviour of muscles and forces involved in mas-
tication processes.

Biomimetic engineering can be used for the development
of these robots and mechanisms. This way, the movement
of the jaw is studied and recorded. Next, these devices
are designed to reproduce this movement as faithfully as
possible. Related to this, there are works that measure the
movements of the mandible. One of the first researchers to
study the jawkinematicswasPosselt,where the bordermove-
ments in the sagittal, frontal and lateral planes of the lower
incisor were described [20]. Many research groups have
tried to reproduce these diagrams using devices mounted on
the dental arches [21–24]. These works have contributed to
achieving a better knowledge of the movements of the jaw
and, thus, a more accurate determination of its border move-
ments. The study of mandible motion can be used to detect
problems in the temporomandibular joint and establishmove-
ment patterns that help to design robots and mechanisms,
among other applications.

To the best of our knowledge, only one paper has been
devoted to describing a method to design personalized
devices based on the use of lateral fins or cams depending on
the patient’s jaw kinematic [25]. Not taking into account the
movement of patient’s jaw can cause MADs to be ineffective
when opening the mouth and poor performance which may
cause the patient to drop out of treatment.

In a previous work developed by this research group, a
kinematic model of the jaw with two degrees of freedomwas
described [25]. However, only the movement in the sagittal
plane was considered. This methodology yields to a sym-
metrical design of the cams in the MAD. As a result, the left
side cam profile was exactly the same as the right side one
and both cams were in the same relative position. While the
proposed methodology in the cited work performed prop-
erly in most patients, it may cause the device to malfunction
in patients with temporomandibular joint asymmetry and

malformations. To cope with this lacks, this work has been
developed to improve the design of MADs, allowing their
personalization bymeans of a 3Dkinematicmodel that repro-
duces the movement of patients’ mandibles considering the
two temporomandibular joints separately and their possible
asymmetry.

Therefore, the aim of this study is to obtain an accurate
kinematic model of the mandible and temporomandibular
joint of a patient. To achieve this goal, a system that records
jaw movements in 3D by means of infrared cameras and
markers at different points of the mandible has been used.
Once the model of the jaw has been obtained, the design
of the mandibular advancement device can be carried out.
The proposed MAD is composed of two different parts. The
lower part consists of a splint with two cams, one on each
side of the splint. This lower splint is designed to be joined
to the mandible. Similarly, the upper part is a splint with two
followers, one on each side, which is positioned in the max-
illa. The followers have a semicircular profile. They contact
the cams with their front side. This way, the movement of
the followers, and therefore of the jaw, are determined by
the profiles of the cams. The final design guarantees that the
mandible does not move backwards at any time while open-
ing the mouth. The design also takes into account factors
that help to improve the comfort level such as high lateral
movement, free tongue space, non-metallic pieces and non-
intrusive cam design.

Therefore, the main contributions of this paper are the
following:

• To develop a 3D kinematicmodel of themandibular move-
ment.

• Todetail themethodology to accuratelymeasure themove-
ment of the mandible using a new camera/vision-based
measurement system.

• To describe the methodology to design customized
mandibular advancement devices for patients with asym-
metries in the jaw movement.

• To apply this new approach to a real case and compare the
results obtained with a previously proposed method.

This paper has been structured as follows. In “Three-di-
mensional mandibular movement recording system” section,
the three-dimensional system used to record jaw motion
is described. Once the movement of the lower incisor has
been determined, the procedure to obtain the kinematics of
the temporomandibular joint is developed in “Mathemati-
cal model to obtain condyle trajectories” section. Then, in
“Design of a mandibular advancement device” section, nat-
ural coordinates are used to create a 3D multibody model
of the mandible based on previous results. The methodology
to design the mandibular advancement device personalized
for each patient is also included in this section. Finally, the
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Fig. 1 a Vicom infrared camera system. b Trihedrons with markers to record mandible movements

conclusions of this work are drawn in “Final considerations”
section.

Three-dimensional mandibular movement
recording system

Accurate measurement of the patient’s jaw movement is
required to properly design customized devices. In a previ-
ous work, a patient’s scanner or X-Ray was used to measure
the mandibular length, the condyle radius and the x–y coor-
dinates of the maximum and minimum points of the articular
fossa curve [25]. The rest of the neededvalues, such as protru-
sion (Pr), retrusion (Re) and mouth opening (MO), could be
measured by an orthodontist or a dentist. It has been observed
that this methodology is not adequate for patients with asym-
metries in the jaw movement. In these cases, it is required to
determine the movement of the trajectories of both condyles.
This way, a 3D Vicon system (Oxford Metrics®, Oxford,
UK)with four infrared cameraswas used to determine the jaw
movement in this paper. To this end, two trihedrons with six
markers were manufactured and inserted between the lower
and upper dental arches of a patient with a splint (see Fig. 1).

The design of the trihedrons was carried out using Solid-
works®. The design was transferred to a Stratasys® 3D
printer, model Objet350 Connex3™. The material used to
manufacture the trihedrons was VeroDentTM. This material
was selected due to its strength and durability. The combi-
nation of a 3D printing accuracy of up to 200 microns and
the use of the aforementioned material allows high-quality
details and an accurate manufacturing process.

The movement of the upper and lower incisor and, con-
sequently, the border movement of the lower incisor can be
obtained with this system. To do so, the specialist indicates
the required movements to the patient to determine the limits

of mouth opening and protrusion, retrusion and lateral move-
ment of the mandible. All these movements are recorded by
the system at a frequency of 100 Hz and subsequently pro-
cessed to obtain the model of the mandibular movement. The
jaw model and the markers that have been used to determine
the positions of the upper and lower incisor and the right and
left condyle are shown in Fig. 2.

It has to be noted that protrusion decreases with the open-
ing of the mouth [26]. Therefore, there is a slight influence
on the maximum protrusion value due to the thickness of the
splint. However, the finalmanufacturedmandibular advance-
ment device has the same splint thickness as the trihedron
splint. This way, the protrusion caused during the measure-
ment process is the same as the one generated when the
patient uses the device.

Fig. 2 3D model of the jaw with markers to determine incisor and
condyle movements
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Mathematical model to obtain condyle
trajectories

A 3D mathematical model is required to determine the tra-
jectories of both condyles. The use of a 2D model cannot
accurately reproduce the trajectory of both condyles in case
of patients with malfunctions of the jaw. This way, this
section is devoted to describing a procedure to obtain the
movement of the incisors and condyles using a 3D model.
First, the position of two reference points on the lower and
upper incisor (Isup and I inf) are obtained from the coordi-
nates of each of the trihedron marks (A, B and C) during the
prescribed movements (see Fig. 3).

Once the positions of each of the trihedron marks of the
mandible and maxilla have been measured, the position of
the lower and upper incisor can be obtained at each instant. In
addition, the rest position of the right and left condyle can also
beobtained.Todo so, twomarkers are placedon the outer part
of each condyle. Knowing the position of the condyle with
respect to the mark, the distance between the two condyles
(LCRCL) and the distances from them to the reference point
of the lower incisor (LCRI and LCLI) are determined by con-
ducting a stationary test in the resting position of the jaw. The
accuracy of these values depends on the correct positioning
of the condyle mark.

These distances can also be measured on an X-ray or scan
of the patient. This way, the positions of the lower incisor and
right and left condyle with respect to a reference system fixed
to the upper incisor are obtained (see Fig. 4). This method
allows a direct and accurate measurement of LCRCL, LCRI
and LCLI lengths. However, the main disadvantage is that the
patient needs to be X-rayed.

The first step is to obtain the position of the origin of the
coordinate system defined by the lower and upper trihedrons,
OI andOS , respectively. To this end, the following system of
equations has been used:

Fig. 3 Upper and lower trihedrons joined, respectively, to the upper and
lower incisors. a Trihedron model. b Detail of the joining between the
splints and the incisors

uSB × uSA � uSC , (1)

uI A × uI B � uIC , (2)

where
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where lT is the distance between the origin of the coordinate
system and the markers of each trihedron. From the posi-
tions of reference points A, [(xIA,yIA,zIA), (xSA, ySA, zSA)],
B, [(xIB,yIB,zIB), (xSB, ySB, zSB)] and C, [(xIC ,yIC ,zIC), (xSC ,
ySC , zSC)], the coordinates of pointsOI (xOI ,yOI ,zOI ) andOS

(xOS ,yOS ,zOS) can be obtained using Eqs. (1) and (2).Once
the locations of the trihedron origins are known, the coordi-
nates of the upper and lower incisors (I inf, Isup) in the global
reference system can be calculated from Eqs. (5) and (6):
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⎡

⎣
xIi
yIi
z Ii

⎤

⎦

0

�
⎡

⎣
xO I

yO I

zO I

⎤

⎦ − lI X ·
⎡

⎣
uxI B
uy
I B

uzI B

⎤

⎦ − lI Z ·
⎡

⎣
uxI A
uy
I A

uzI A

⎤

⎦,

(5)

I 0sup �
⎡

⎣
xIs
yIs
z Is

⎤

⎦

0

�
⎡

⎣
xOS

yOS

zOS

⎤

⎦ − lSX ·
⎡

⎣
uxSB
uy
SB

uzSB

⎤

⎦ − lSZ ·
⎡

⎣
uxSA
uy
SA

uzSA

⎤

⎦,

(6)

where distances lIX , lSX , lIZ , y lSZ are defined in Fig. 3. Next,
the model shown in Fig. 5 is used to obtain the movement of
the condyles.

In this model, the coordinates of the lower incisor in
the reference system linked to the upper incisor I Sinf �{
xIi , yIi , zIi

}
and the unit vectors �w and �u, parallel to the tri-

hedron vectors �uI B and �uIC , respectively, are known. Angles
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Fig. 4 Lateral and frontal X-ray of the patient with coordinates of the points of interest

Fig. 5 Model of the jaw to obtain coordinates of the condyle

α, β and γ and distances LCRI, LCLI and LCRCL are also
known, since these values can be obtained using the markers
located in the condyle or using a frontal and lateral X-ray
oriented in the �w and �u direction, respectively, as explained
before. Therefore, the coordinates of the movement of the
lower incisor are (see Fig. 6):

�R0
I � �R0

S + �r0rel, (7)

�r0rel � �R0
I − �R0

S �
⎡
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⎤
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0
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I Sinf �
⎡
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⎡

⎣
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(9)

Fig. 6 Upper and lower incisive movement with respect to the absolute
reference frame

Once these data have been obtained, the following equa-
tions provide the position of the condyles with respect to the
reference point of the lower incisor:

(
xCR − xIi

)2 +
(
yCR − yIi

)2 +
(
zCR − zIi

)2 − L2
CRI � 0,

(10)
(
xCL − xIi

)2 +
(
yCL − yIi

)2 +
(
zCL − zIi

)2 − L2
CLI � 0,

(11)

(xCR − xCL)
2 + (yCR − yCL)

2 + (zCR − zCL)
2 − L2

CRCL � 0,

(12)

(13)

(
xIi − xCR

) · wx +
(
yIi − yCR

) · wy

+
(
zIi − zCR

) · wz − LCRI · cosα � 0,

(14)

(
xIi − xCL

) · wx +
(
yIi − yCL

) · wy

+
(
zIi − zCL

) · wz − LCLI · cosβ � 0,
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Fig. 7 Condyle movements.
a 3D model. b Adjustment of
condyle curves in the sagittal
plane

Table 1 Patient’s biometric values

LCRI (mm) LCLI (mm) LCRCL
(mm)

α (°) β (°) γ (°)

106.27 109 100.77 144.44 145.62 2.18

(yCR − yCL) · uz − (zCR − zCL) · uy −ux · LCRCI · sin γ � 0,

(15)

(zCR − zCL) · ux − (xCR − xCL) · uz −uy · LCRCI · sin γ � 0,

(16)

(xCR − xCL) ·uy − (yCR − yCL) ·ux −uz · LCRCI · sin γ � 0.

(17)

The coordinates of the condyles CR � {xCR, yCR, zCR}
and CI � {xC I , yC I , zC I } are calculated from the previous
set of equations, Eqs. (10) to (17).Note that the coordinates of
the position of the lower incisor used in the equations are not
referred to the global system [Eq. (5)] but to the coordinate
system linked to the upper incisor. This way, it is possible
to determine the movement of the jaw with respect to the
maxilla even when the latter is moving (see Fig. 6).

Once the coordinates of the position of the condyle with
respect to the reference system linked to the upper incisor
have been obtained, two third-order polynomial curves are
fitted to reproduce the trajectory of the left and right condyles,
respectively (see Fig. 7). These curves (see Fig. 7b) are
obtained using the patient’s data shown in Table 1. It can
be seen that the trajectories followed by the right and left
condyles are different. While the use of a 2D jaw model per-
forms well in many cases, the use of the proposed 3D model
allows obtaining a more precise description of the movement
of both condyles. As it is shown in Fig. 7b, only the trajec-
tory of the condyle during the mouth opening and protrusion

movements in Posselt’s diagramhas been fitted. These curves
are used to design a customized MAD in the next section.

Design of amandibular advancement device

Three points are defined to model the solid that reproduces
the jaw. These three points are located in the condyles and in
the lower incisor (see Fig. 8). The reference axes are defined
with the origin of the coordinate system located on the upper
incisor that remains fixed to the skull. Therefore, the set of
natural coordinates [27] are:

q � {
xCR, yCR, zCR, xCL, yCL, zCL, xIi , yIi , zIi

}
. (18)

The joint of the condyle with the mandibular fossa is a
kinematic pair with 5 degrees of freedom (DOF). The move-
ment of the condyle in a perpendicular direction to the fossa
shape, due to the deformation of the joint disk, is considered
negligible. Therefore, the mandible model has 4 DOF. Thus,
the coordinate set is not free and 5 restriction equations are
introduced:

(
xCR − xIi

)2 +
(
yCR − yIi

)2 +
(
zCR − zIi

)2 − L2
CRI � 0,

(19)
(
xCL − xIi

)2 +
(
yCL − yIi

)2 +
(
zCL − zIi

)2 − L2
CLI � 0,

(20)

(xCR − xCL)
2 + (yCR − yCL)

2 + (zCR − zCL)
2 − L2

CRCL � 0,

(21)

zCR −
(
aR · y3CR + bR · y2CR + cR · yCR + dR

)
� 0, (22)

zCL −
(
aL · y3CL + bL · y2CL + cL · yCL + dL

)
� 0. (23)
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Fig. 8 Multibody model of the mandible

Equations (19) to (21) define the rigid solid condition of
pointsCR,CLand I. Equations (22) and (23) set the condition
for themovement of the condyles in the curves defined by the
glenoid fossas. These curves were calculated in the previous
section. Thus, the condyles can move on a surface where the
yCR and zCR coordinates of the right condyle and the yCL
and zCL coordinates of the left condyle change according to
Eqs. (22) and (23). In the case of the xCR and xCL coordinates,
these are established by the restrictions in our model and the
movement of the jaw. Therefore, a surface parallel to the YS

ZS plane is defined for the movement of the condyles (see
Fig. 8).

In order to reproduce the mandibular movement when a
patient uses theMAD, 4 restrictions for the 4 DOF of the jaw
are introduced. In this paper, the following data are used:

• The positions of the lower incisor I Sinf � {
xIi , yIi , zIi

}

for the correct functioning of the device when patients’
open their mouth. These positions are points on the desired
trajectory for the lower incisor prescribed by the specialist
to ensure that the jaw is kept in a protruded position. In
the example developed in this paper 9 positions have been
used.

• The coordinate {xCR} of the right condyle. This restricts
the lateral movement of the jawwhen designing the device
cams. However, this movement will be allowed in the final
design of the device, allowing patients to move their jaw
laterally as we will see later.

An iterative process is proposed to solve the kinematics
of the model in Eq. (24):

�q(q) · (
qi+1 − qi

) � −�(q), (24)

where q is the set of natural coordinates defined in (18), �

(q) is the set of constraints defined in Eqs. (19) to (23) and

�q(q) is the Jacobian of the set of constraints with respect
to the coordinates. Once the system (24) has been solved for
all input positions, the movement of any point on the jaw can
be obtained.

If the position of any singular point during jaw movement
has to be known, the generalized set of coordinates has to be
increased with the coordinates of that point [Eq. (25)]. This
is used to know the positions of two followers of the cams of
the device (see Fig. 8).

q �
{
xCR, yCR, zCR, xCL, yCL, zCL, xIi , yIi , zIi , xFR, yFR, zFR,

xFL, yFL, zFL

}

,

(25)

(26)

(
xFR − xIi

) − αFR · (
xCR − xIi

) − βFR

· (
xCL − xIi

) − γFR · (xCR − xCL) � 0,

(27)

(
yFR − yIi

) − αFR · (
yCR − yIi

) − βFR

· (
yCL − yIi

) − γFR · (yCR − yCL) � 0,

(28)

(
zFR − zIi

) − αFR · (
zCR − zIi

) − βFR

· (
zCL − zIi

) − γFR · (zCR − zCL) � 0,

(29)

(
xFL − xIi

) − αFL · (
xCR − xIi

) − βFL

· (
xCL − xIi

) − γFL · (xCR − xCL) � 0,

(30)

(
yFL − yIi

) − αFL · (
yCR − yIi

) − βFL

· (
yCL − yIi

) − γFL · (yCR − yCL) � 0,

(31)

(
zFL − zIi

)
+ αFL · (

zCR − zIi
) − βFL

· (
zCL − zIi

) − γFR · (zCR − zCL) � 0.

Using Eqs. (19) to (23) and (26) to (31), the movements of
the centre of each follower are obtained and, consequently,
the path they have to follow to ensure that the lower incisor
moves along the trajectory established by the specialist to
guarantee of the MAD.

Equations (26) to (31) provide the points of the right and
left follower with respect to the base formed by points CR,
CL and I inf. Parameters αFR, βFR, γ FR, αFL, βFL, and γ FL

are determined by the position that the designer determines
to be appropriate for the followers.

Figure 9 shows the mandible movement sequence of a
patient whose data are given in Table 1 (see Online Resource
1). The data for the position of the followers and the coef-
ficients of the condyle curves for this example are exposed
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Fig. 9 Mandible movement sequence with cams and followers

Table 2 Parameters to obtain the position of the followers and the condyle curves

αFR βFR γ FR aR bR cR dR

− 90.0778 90.3106 90.3660 − 0.00746 − 1.548 − 106.97 − 2417.91

αFL βFL γ FL aL bL cL dL

− 17.2905 17.5261 17.2628 − 0.00462 − 0.908 − 59.56 − 1255.97

Table 3 X, Y and Z coordinates of the condyles and lower incisor

x (mm) y (mm) z (mm) x (mm) y (mm) z (mm) x (mm) y (mm) z (mm)

Ii1 1.36 5.97 − 3.14 CR1 44.86 − 76.66 45.13 CL1 − 55.80 − 73.25 48.73

Ii2 − 1.30 5.65 − 5.55 CR2 44.86 − 75.98 44.44 CL2 − 55.79 − 72.37 48.06

Ii3 − 1.24 5.45 − 7.69 CR3 44.86 − 75.24 43.86 CL3 − 55.78 − 71.42 47.50

Ii4 − 1.19 5.38 − 9.65 CR4 44.86 − 74.38 43.37 CL4 − 55.77 − 70.35 47.05

Ii5 − 1.13 5.46 − 11.53 CR5 44.86 − 73.31 43.00 CL5 − 55.76 − 69.06 46.71

Ii6 − 1.07 5.71 − 13.43 CR6 44.86 − 71.88 42.81 CL6 − 55.75 − 67.42 46.50

Ii7 − 1.01 6.16 − 15.43 CR7 44.86 − 69.88 42.94 CL7 − 55.76 − 65.31 46.41

Ii8 − 0.96 6.82 − 17.63 CR8 44.86 − 67.27 43.24 CL8 − 55.78 − 62.78 46.25

Ii9 − 0.90 7.72 − 20.13 CR9 44.86 − 64.57 42.92 CL9 − 55.79 − 60.14 45.54
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Fig. 10 Profile of the right cam linked to the maxilla

Table 4 X, Y and Z coordinates of the centre of the followers

x
(mm)

y
(mm)

z
(mm)

x
(mm)

y
(mm)

z
(mm)

FR1 14.97 − 13.46 7.90 FL1 − 16.97 − 12.61 9.18

FR2 15.02 − 13.56 5.90 FL2 − 16.92 − 12.63 7.19

FR3 15.06 − 13.55 4.12 FL3 − 16.88 − 12.56 5.42

FR4 15.10 − 13.42 2.49 FL4 − 16.83 − 12.36 3.82

FR5 15.15 − 13.12 0.96 FL5 − 16.79 − 11.98 2.30

FR6 15.19 − 12.60 − 0.54 FL6 − 16.74 − 11.40 0.80

FR7 15.23 − 11.80 − 2.03 FL7 − 16.70 − 10.56 − 0.76

FR8 15.28 − 10.68 − 3.62 FL8 − 16.66 − 9.46 − 2.50

FR9 15.32 − 9.36 − 5.59 FL9 − 16.62 − 8.15 − 4.60

in Table 2. As shown in Fig. 9, the cams are attached to the
maxilla and the followers to the mandible in this example.
This is done by means of two splints with the dental impres-
sion of the patient. The trajectories of the condyles when the
lower incisor follows the nine prescribed positions are shown
in Table 3.

The trajectories of the centre of the followers in the sagittal
plane (yFR, zFR, yFL, zFL) are determined to design the profile
of the cams, as mentioned above. Knowing the radius of
the followers, the cam profiles are determined by finding
the contact points in each position between the cam and the
follower (see Fig. 10) [25].

For the sake of clarity, only the profile of the right cam
has been drawn in Fig. 10. However, it has to be emphasized
that the trajectories of the centre of the followers are not
symmetrical with respect to the sagittal plane (see Table 4).
Therefore, the position of the left cam can be different from
the right one in the sagittal plane.

The methodology proposed in this paper has been com-
pared to the methodology described in the previous work

[25]. To this end, two MADs have been designed. The first
MAD has been obtained using the measurement system and
3D jaw model described in this paper. Next, a second MAD
has been designed using the previous methodology. Fig-
ure 11 shows the result of this comparison. It can be seen
that the trajectory followed by the lower incisor with the new
approach allows awidermouth opening (19.7mm) compared
to the one obtained with the previous method (11.8 mm). As
expected, the cam profile obtained with the previousmethod-
ology yields to a lower incisor movement being restricted to
the sagittal plane. On the contrary, the new device allows a
3D movement of the lower incisor. As we can see in Fig. 11,
if the specialist prescribes a MAD able to provide a vertical
opening of the mouth of 17 mm, the trajectory followed by
the lower incisor in the 3D case is correct and the advance-
ment when the patient opens the mouth is always positive
(Fig. 11b). However, the advancement is negative and the
device loses effectiveness when using the device designed
with the 2D model.

As it has been shown, the methodology proposed in this
paper can cope with irregularities in the temporomandibular
joints and in the trajectory followed by the condyles. Per-
sonalized MAD’s obtained with this approach have better
performance compared to previous methodologies since the
cam profiles in the designed devices allow a wider range
of mouth opening. Thus, this methodology allows designing
devices for patients with asymmetries in the jaw movement.

The result of the comparison of devices obtained with 2D
and 3D models suggests that the use of a 3D model will lead
to designing better fitted cam devices according to patients’
requirements. However, this comparison has been conducted
with only one patient. This claim should be validated with
tests on a wider range of patients to confirm the benefits of
the proposed methodology.

In the model developed above, the cam is fixed to the
maxilla and the follower moves with the mandible. However,
when the cam is attached to the mandible and the follower
fixed to the maxilla, the same relative motion is obtained
[25]. The latter is the configuration used in the device shown
in Fig. 12. It can also be seen that there is a lateral space
between the upper splint and the cams, which allows lateral
movement of the jaw.

The final device (Fig. 12b) was printed in a Formiga P
110 Velocis by EOS GmbH (Germany) 3D printer using
selective laser sintering technology (SLS). A biocompatible
material, Polyamide 12 powder with trade name PA2200,
manufactured by EOS GmbH, was used. This way, an accu-
rate position of the cams and followers, ensuring the correct
functioning of the device and contributing to a perfect fit in
the patient’s dental arches, was achieved.
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Fig. 11 3D-model versus 2D-model comparative study. a Posselt’s diagrams in the sagittal plane. b Posselt’s diagrams in the horizontal plane

Fig. 12 Final design of MAD. a CAD/CAM model device. b Real
device printed in 3D®

Final considerations

This paper presents a methodology to accurately obtain and
reproduce the 3D movement of the jaw in order to design
customizedMADs. The use of 2D jawmodels performs well
in many cases. However, the proposed 3D model yields to a
more accurate description of themovement of both condyles.
Consequently, it is possible to take into account asymme-
tries or malformations in the temporomandibular joints in
the design stage of MADs.

This way, a 3D multibody model that reproduces the jaw
movement has been described in this work. The movement
of the human jaw has been studied and the appropriate move-
ment restrictions of the jaw in the temporomandibular joint
have been defined to obtain the 3D model. Thus, the move-
ment of the lower incisor has been obtained by means of a
vision systembased on the use of infrared cameras and reflec-

tive markers. These data have made it possible to obtain the
movement of the condyles.

Once the 3D model is developed, the movement of the
jaw can be obtained when using a MAD. To this end, the
desired trajectory of the lower incisor has to be previously
defined. This trajectory is prescribed by a specialist to ensure
the appropriate mandible advancement throughout its open-
ing movement. This way, it is possible to accurately model
the movement of the jaw and therefore obtain the trajectory
of any other point attached to the mandible, such as the two
followers of the MAD. Finally, the trajectories of the follow-
ers determine the design of the cams.

The development of a 3D model of the mandible makes
it possible to obtain a more precise profile of the cam and
its positioning in the splint. This is important since most
patients do not have symmetrical jaws with respect to the
sagittal plane. Therefore, a 3D study of the movement is
necessary to ensure that the movement of the patient’s jaw
is natural and comfortable when using the device even if
the patient suffers from problems in the temporomandibular
joints.With thiswork, these problems can be detected and the
designof themandibular advancement device canbeproperly
addressed. However, further works will be devoted to the
study of MADs specifically designed for patients who suffer
from serious problems in the temporomandibular joints in
which specialists report poor performance of current devices.
In addition, the comparison between cam designs obtained
using 2D and 3D models will be conducted with a wider
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sample of patients to confirm the claimed advantages of the
use of a 3D model in the design of cams.
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