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the available devices have taken into account the kinematic behavior of each patient’s
mandible. This work presents a customized MAD for the treatment of OSA. A study of the

ﬁzﬁz;ﬁar advancement device mandible kinematics is carried out to determine the relationship between mouth opening
Cam synthesis and mandible advancement. The device includes two cams, one on each side, to make the
Evolutionary algorithms mandible move forward. The cam profile is designed using a Bezier cubic curve that is op-
Mandible kinematics timized by means of an evolutionary algorithm. The kinematics of each patient’s mandible

is taken into account to ensure that the jaw does not move backwards at any time while
opening the mouth. A real case study is presented to validate the proposed methodology.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Sleep apnea is a common disorder in which a person stops breathing while sleeping [1,2]. It is a leading cause of ex-
cessive daytime sleepiness. The most common type of sleep apnea is Obstructive Sleep Apnea (OSA). Untreated sleep apnea
increases the risk of developing cardiovascular diseases such as arrhythmias, heart failure and stroke [3-5].

OSA is a chronic disorder that requires long-term treatment [6]. Apart from lifestyle changes, the main treatment options
are Continuous Positive Air Pressure (CPAP), Oral Appliances (OA) and surgery. A CPAP machine is a pump connected to a
face or nose mask that forces air into the nasal passages at mild pressure to keep the upper airways continuously open. Oral
appliances open the upper airway, either by mandibular repositioning or by keeping the tongue forward with respect to its
resting position. The most used OA are Mandibular Advancement Devices (MAD). Their main advantages compared to CPAP
are that they are soundless, economic, manageable and do not require power supply.

Sutherland et al. [7,8] compiled the results of different works that confirmed that most patients preferred using OA to
CPAP treatment. Moreover, the effectiveness of OA has been validated in numerous studies [9-14].

There is a great variety of MAD models [7]. There are one-piece and two-piece devices. The first ones are manufactured
for a predefined protrusion value while most two-piece devices can achieve different protrusion levels [15]. Both of them
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Fig. 1. Different systems used to couple the two plates of two-piece devices: (a) Fin or Cam (b) Bar or rod (c) Screw.

can be either prefabricated or custom-made. The splint of the latter is adapted to the patient’s dentition in coordination with
the dentist. It shows better results, mainly because of its improved overnight retention and protrusion control in contrast
with the prefabricated devices [16].

There are different systems used to couple the two plates of two-piece devices, such as bars, elastic straps, springs,
telescopic rods, tube connectors and lateral fins among others [17] (see Fig. 1). More than 70 oral appliances exist that
have been approved by the FDA (U.S. Food & Drug Administration), each with their own advantages and disadvantages. The
differences between the designs affect comfort and effectiveness. Customers prefer models with high freedom of mandibular
movement (vertical and lateral) and maximum tongue space. Most patients do not feel comfortable with pieces occupying
space in their mouth or metallic parts being in contact with their tongue. Devices with lateral fins (or cams) offer more
comfort than other systems because they maximize tongue space, allow opening the mouth (to breathe, drink or talk) and
permit mandibular lateral movement.

Comparative effectiveness studies for different MAD models have been accomplished by numerous researches
[7,8,13,15,18-20]. These works have demonstrated that the effectiveness mainly depends on mandibular protrusion. Although
the initial protrusion can be adjusted in all the studied models, protrusion varies in each model in a different way when
patients open their mouth. Lawton et al. [18] affirmed that one of the patients’ main complaints was that they woke up dur-
ing the night and that their mandible had “slipped back”. Although this problem was associated to a specific MAD model,
it remarked the importance of the device design. The devices should not allow the jaw to move backwards at any time
while opening the mouth. Other technical disadvantages of most two-piece adjustable devices are breakages and frequent
adjustments [14,18]. These last problems are quite common in devices with bars, rods and connectors and less frequent in
those designed with fins. This is mainly due to the fact that they do not have moving metallic parts.

To date, none of the existing devices have been manufactured considering each patient’s mandibular kinematics, hence
operating differently in each individual. Bloch et al. [15] stated in their work that the effect of a device might vary among
different patients. Yow [21] assured that some factors needed to be studied to reach optimal long-term effectiveness. The
device design and patients’ characteristics stood out among these factors. According to Yow, it is essential to consider each
patient’s individual requirements. Texeira et al. also pointed out differences in individual responses to OA therapy [22].

Focusing on devices with lateral fins or cams being used nowadays, none of them can guarantee that the mandible does
not move backward when opening the mouth. This is due to the fact that they use straight lines for the profiles of the fin
(in the mandible) and the follower (in the maxilla). Some of these MADs try to mitigate this limitation by adding lateral
elastic hoods to close the mouth during the night.

MAD design can be improved by using cams with an optimized profile to assure that the jaw does not move backwards
while opening the mouth. Numerous studies have presented different approaches for either kinematic or dynamic cam
optimization [23-35]. Some of them have proposed the use of genetic algorithms [25,28,32] or evolutionary techniques
[31]. Other methods are based on a unified optimization strategy, including a single objective optimization procedure for
kinematics and a dynamic model for the cam-follower mechanism [34,35]. The cam design for a MAD does not need to take
into account dynamic behavior. The cam profile can be optimized to guarantee that a point of the jaw follows a predefined
path. Sahu et al. [36] reviewed the basic curves and splines used to design cam profiles by different researchers in the last
twenty years. Bezier curves have frequently been used when dealing with non-complex curves that can be represented with
a low number of precision points [24,30].

In this research the design of a customized two-piece MAD that contemplates patients’ mandible kinematic behavior
is presented. The protrusion control is assured by means of two cams, one at each side of the device. A deep study of
mandible kinematics is carried out to establish the relationship between mouth opening and protrusion. In order to achieve
the desired movement, the cam profile is optimized by means of an evolutionary algorithm developed by the authors of this
work [37]. The final design guarantees that the mandible does not move backwards at any time while opening the mouth.
The design also considers those factors that help to improve the comfort level such as high lateral movement, free tongue
space, non-metallic pieces and a non-intrusive cam design.

This paper is structured as follows. In Section 2, a kinematic study of mandible movement is presented. Once the desired
path for a point on the mandible has been specified, the optimal design of the cam is carried out in Section 3. Then, in
Section 4, the developed method is applied to a real case. Section 5 analyses the results, which are used to create a virtual
model in a 3D CAD-CAE parametric software application. This model is used to manufacture the device with a 3D printer.
Finally, Section 6 draws the conclusions of this work.
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Fig. 3. (a) Real temporomandibular joint 3D model. (b) Kinematic scheme of the mechanism that reproduces jaw movement.

2. Kinematic model of mandibular movement

Mandible movement has six degrees of freedom. Rotation as well as translation can be carried out, about and along
respectively, a horizontal, vertical and longitudinal axis (Fig. 2a). However, this movement is constrained by the temporo-
mandibular joint. If the joint contact is considered to be rigid, the movement of the condyle in a direction perpendicular
to the fossa surface is restricted (see Fig. 2b). This means that the condyle movements in the longitudinal and vertical di-
rections are not independent from each other. Therefore, each joint eliminates one degree of freedom. Consequently, the
functional movement of the jaw has four degrees of freedom [38]. By adding a follower and cam joint to each side of the
mandible, two or three degrees of freedom are deducted depending whether the movement in the horizontal direction is
allowed or not. Even in the case that the lateral movement is not restricted, its range is very low and the mandible is forced
to move within the sagittal plane with one effective degree of freedom.

Fig. 3a shows a mandible 3D model obtained by means of a scanner. It displays how the temporomandibular joint be-
tween the mandible and the temporal bone is located in the articular fossa. The kinematic behavior of the jaw within the
sagittal plane has been studied in multiple works [39-46]. Its movement is a composition of a rotation about an axis that
goes through the two condyles and a translation along the articular fossa. When opening the mouth, the jaw moves forward
while rotating.

Fig. 3b shows a kinematic scheme of a mechanism that reproduces mandibular movement in the sagittal plane. The
temporomandibular joint is represented by means of a prismatic joint along a curve and a hinge. Therefore, the mechanism
has two degrees of freedom (DOF).

The jaw is represented in two positions: the rest position with closed mouth and the maximum mouth opening position.
In Fig. 3, Posselt’s diagram shows the region in which the lower incisor can move [47]. Several borders that are fundamental
for MAD customization can be identified in this region.
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Fig. 4. (a) Mandible in its maximum retruded and protruded positions. (b) Definition of the condyle path by means of a straight line parallel to a line that
goes through the maximum and minimum point of the articular fossa curve.

Point 1 represents the incisor position when the mandible is at its maximum retrusion. Segment 1-4 is an arc described
by the incisor during the first part of the mouth opening movement. If the mouth continues opening after point 4, the
mandible starts moving forward while rotating and the incisor describes path 4-3 reaching maximum protrusion and mouth
opening. Next, if the mouth closes, maintaining the protrusion value, the incisor describes arc 3-2. Finally, the border from
point 2 to point 1 is traced translating the jaw from maximum protrusion to maximum retrusion with slight up-and-down
movements to avoid collision between the lower and upper incisor.

Fig. 4a shows a simplified representation of Posselt’s diagram whose segments 1-2 and 2-3 are used for the cam design.
A fixed reference system is defined, which is linked to the maxilla with the X axis parallel to the occlusal plane. The origin
of the reference system is located in the lower incisor’s initial position when protrusion and retrusion are measured with a
George Gauge, a simple tool formed by a bite fork, a lower and upper notch and a millimeter indicator that enables dentists
to make accurate measurements of the position of the jaw. In Fig. 4a, yg is the distance from the lower and upper incisor
that depends on the bite fork thickness. The standard values are 2 and 5 mm.

The jaw is displayed in maximum retrusion on the continuous line and in maximum protrusion on the dotted line. In
this figure, segment 1-2 is represented by a straight line whose length, AvOP, is the sum of maximum jaw protrusion (Pr)
and retrusion (Re). Values Pr and Re can be measured in the sagittal plane by means of a George Gauge.

APO=1—-2=Re+Pr (1)

In Fig. 4a, border 2-3 is the path described by the inferior incisor when opening the mouth with the jaw in the position
of maximum protrusion. It can be drawn as an arc of a circle with radius ML and center Cp,. Point 3 is the intersection
between the previous arc and an arc with its center in the upper incisor and radius MO (maximum mouth opening). In
order to know mandibular length, ML, a scanner or X-ray of the patient’s mandible is required.

Actually, segment 2-3 is not an arc of a circle, due to the action of the stylomandibular ligaments that cause a slight
backward movement of the mandible while closing the mouth. Therefore, the position of the condyle in the maximum
mouth opening position is more forward than in the maximum protrusion position with the mouth closed. However, in our
case, the error, when considering border 2-3 as an arc, is negligible as the MAD allows opening the mouth slightly.

The articular fossa curve is represented in Fig. 4b by straight line Q-Q’ with angle o with respect to the occlusal plane.
Points Q and Q' are the maximum and minimum values of the original temporomandibular fossa curve. The model considers
that the center of the condyle moves through straight line Cg.-Cp, parallel to Q-Q’ at distance R. (condyle radius). Again, a
scanner or x-ray of the patient’s mandible is required to measure the condyle radius and the position of points Q and Q’.
Once these values are known, the x-y coordinates of the center of the condyle for the maximum protruded and retruded
positions can be obtained.

Angle o between line Q-Q’ and the occlusal plane can be calculated with Eq. (2).

Yo — Yo

o = atan———= (2)
Xo' —Xo

The straight line that goes through points Q and Q' can be formulated as:

y=(x—-Xg)- tana +yq (3)
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Fig. 5. Center of Rotation of the mandible when the lower incisor moves from P; to Pg.

The condyle path can be defined by the equation of a straight line parallel to QQ’ at distance Rc:
Y —Yo +Rc-cosa = (x—Xo —Rc-sine) - tana (4)

The position of point Cg, can be obtained by finding the intersection between the condyle path and an arc with radius
ML and center A;. Point Cg, coordinates (Xc,, Vc,,) can be cleared from Eg. (5).

V. — Vo + Re-cosa = (xq, — X — Re - sina) - tana
(Xeu +Re)’ + (ve,)” = ML2

In the same way, x¢, and yc, can be calculated by finding the intersection between the condyle path and an arc with
radius ML and center A;:

(5)

Ve, — Yo +Rc-cosa = (X, —Xg —Rc-sina) - tana (6)
(g, — Pr)* + (v, )* = MI?

Finally, point 3 can be calculated by finding the intersection between an arc with its center in the upper incisor and
radius MO and another arc with radius ML and center Cp; (see Fig. 4a). The Cartesian coordinates of point 3 (x3, y3) can be
cleared from Eq. 7.

()" + (3 —y)* = MO?
(X3 —Xc,)" + (V3 — ¥g,)* = ML?
Where yq is the George gauge bite.

(7)

3. Optimal cam design

With the procedure described in the previous section, a methodology is developed to obtain a part of Posselt’s diagram,
which defines the lower incisor movement limits when opening the mouth. In order to maintain the jaw in a protruded
position, a curve to be followed by the lower incisor while opening the mouth, is defined inside the area enclosed by
Posselt’s diagram. Fig. 5 shows an example of this curve, {P,...,Pg} on the dotted line, which allows mouth opening with a
forward mandibular motion until the lower incisor reaches point Pg. At this point, the jaw cannot open any further because
it has reached its maximum protrusion. The main target is to force the jaw to move forward progressively, so that the more
the mouth is opened, the more forward the mandible moves. This requirement affects the curvature of the trajectory that
can be used. A wrong curve would make the mandible go backward at a certain stage. The shape of this curve is mainly
affected by the initial protrusion and the maximum mouth opening allowed by the oral appliance. Low values of the latter
have a negative effect on patient acceptance [48]. On the other side, high values may reduce oropharyngeal airspace [49].

The position of the center of the condyle (xc,,. Yc,,) for each position of the lower incisor (xp, yp) is calculated by finding
the intersection between the condyle path and an arc with radius ML and its center in the lower incisor position:

Yo, — Yo' + Re - cosar = (xg, — Xo' — Re - sine) - tana

8
(e +%0)° + (Vo +¥2)° = MI2 ©
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When the lower incisor moves from point P; to point Py, the center of the condyle moves from point Cp; to point Cpg
and the mandible rotates angle S (see Fig. 5). The Center of Rotation (CR) of this movement is situated in the intersection
of the perpendicular bisectors to segments Cp;—Cpg and P;-Pgy. Then, the displacement of the center of the follower, Fp;—Fpg,
is calculated considering its movement a rotation about the CR along angle S.

Once the path for the lower incisor has been defined, it is discretized with several points on it. In Fig. 5, nine points,
{P1,...,Pg}, are used to discretize the curve on the dotted line. In order to calculate the cam profile, the segments defined by
two consecutive points of the positions considered for the lower incisor are used. Each CR is found by defining the length
of sides f and h of the triangles shown in Fig. 5. Considering that side f; has to be equal to f; and h; equal to h/, the x-y
coordinates of the CR (xcg, and ycg,) for displacement P;-P;,; of the lower incisor is cleared from Egs. (9) and (10).

fi= \Z/(XCR,» —XP,-)Z + (Ver, —YP,-)Z = \2/(XCR,- —XPM)Z + (Ver, —YPM)Z (9)

2 2 2 2
h; = \Z/(XCRi - Xc,,i) + (}’CR,- _pr,-) = \Z/(XCR,- - Xc,,m) + (J’CRi —J’C,,M) (10)
The angle of rotation of the mandible, 8;, can be determined with Eq. (11).

\Z/(XPi —Xnﬂ)z +(vp _-yl’m)z
2-fi

Bi =2 -arcsin (11)

Finally, in order to know the position of the center of the follower, its displacement d; from position Fp; to Fp;,; and the
angle of its radius of rotation (§;) are calculated with Eqs. (12) and (13) (see Fig. 5).

di=2- \2/(XCR,- —XF,,,-)2 + (Ver, —J/F,,,-)2 -sin (gl) (12)

8, = artan [ Y&~V (13)
XcR; — Xy

The x and y coordinates of the center of the follower in position i+ 1 are obtained with Eqs. (14) and (15), respectively.
1'[ .

Xp,,, = Xp, +d; - coS 81-4———é (14)
i+ i 2 2
. IT i

Vi1 = Vi, +d; - sm(& +5 - /2‘) (15)

With the methodology developed above, the position of the center of the follower is calculated when the lower incisor
moves from P; to Py. In order to obtain the cam profile, a curve that passes through the center of the follower has to be
found. To do so, a Bezier curve with four control points is used. This curve is formulated with Eq. (16) where xp,, yp,, and
XB,;, YB,, are the x-y coordinates of the first and last control points respectively. The position of these two control points is
known as they coincide with the first and last position of the center of the follower. Parameters t; and t9, whose values are
0 and 1 respectively, define the first and last position of the center of the follower on the Bezier curve.

Xg, (t) = axt> + bxt? + cxt + Xg,,
Vi, (£) = ayt> + byt? + ¢yt + Y,
Cy = 3(xBZ1 - xBZO)
by = 3(Xp,, — Xp,,) — Cx
(x = Xp,,_Xp,, — Cx — bx
Cy = 3()’32] —}/BZO)
by = 3(¥B,, —¥8,) — ¢y
ay = YB,,-YB,, — Cy — by (16)

An optimization process allows finding the unknowns of the Bezier curve with a predefined minimum error. This process
is carried out by means of an evolutionary algorithm called MUMSA (Malaga University Mechanism Synthesis Algorithm),
developed by the Malaga University research group the authors belong to. Any other optimization method could be used
provided it can deal with the constraints the mechanism has. However, evolutionary algorithms are an adequate approach
since they provide accurate results in little time with low computational effort. Besides, the algorithm code can easily be
modified to adapt to new curves or constraints.
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Fig. 6. (a) Profile of a cam linked to the maxilla that forces the mandible to move so that the lower incisor moves from P; to Pg. (b) First and last contact
point between the cam and the follower.

The algorithm begins by generating a starting population of NP individuals randomly. Each individual is defined by the
design variables of the problem whose values are generated randomly within the searching space. For the problem we
are dealing with, the design variables are the second and third control points of the Bezier curve (Xp,,,¥s,,X8,,,¥B,,) and
parameter t for points 2 to 8. Value t has to be optimized to know the positions of points 2 to 8 on the Bezier curve in
order to evaluate the objective function properly:

X = [XB,1+ Y8y XByy» VBsos 12,13, La, U5, L6, b7, Lg] € N
Subjectto:t; =0,tg =1
XBso = XEpy> YBy = VFn
XBss = Xbg» YBzz = Yo

(17)

To create a new population, reproduction and mutation operators are applied. In the selection process, the best indi-
vidual and two individuals randomly selected with uniform distribution create disturbing vector V [50]. In this process, a
probability factor, F, is used to control the disturbance of the best individual. Next, V is crossed over with individual i of
the current population to generate a new individual of the next population. If the latter is better than its antecedent, it will
replace it. Crossover is carried out with a probability defined as CP<[0, 1].

The last procedure is mutation. Depending on the mutation probability, a randomly selected parameter (design variable)
can be chosen to mutate by adding +range to its original value. Mutation is carried out with a probability defined as MP € [0,
1].

The algorithm finishes when it reaches the maximum number of iterations or when the error is less than the minimum
predefined value.

The optimization problem consists of minimizing the objective function that compares two individuals of a population.
Eq. (18) represents the objective function used in this work to find the Bezier curve that reproduces the follower path best.
The function calculates the average quadratic error between the points on the follower center path and the points on the
Bezier curve:

. 2 2
Z I:(XFpi(X) _XFPi) + (yFPi(X) _yFPi) ] (18)

i=1

Where n is the number of positions, x has been defined in Eq. (17) and xg, and yg, have been calculated in Eqgs. (14)
and (15).

Next, the procedure to find the cam profile is developed. The problem can be solved with the follower joined to the
mandible and the cam to the maxilla (Fig. 6a) or with the follower joined to the maxilla and the cam to the mandible
(Fig. 7). In the first case, the cam is fixed whereas, in the second case, it moves with the mandible. These two cases are
studied next.

Fig. 6a shows the cam profile when the follower moves with the mandible. The cam profile can be obtained by calculating
the contact points (F,) between the cam and the follower (see Fig. 6b). As the follower moves with the mandible, the
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Cam profile

Center of the follower
with respect to the jaw

Fig. 7. Path followed by the center of the follower with respect to the mandible. Profile of a cam that moves with the mandible and is pushed by a follower
linked to the maxilla.

contact point for the next position of the center of the follower rotates angle f. At the same time, the position of the
contact point changes according to the curvature of the cam profile, that is, according to the angle of the line tangent to the
path described by the center of the follower ().

The position of the contact points are calculated with Eq. (19), where Ry, is the radius of the follower:

X, = Xg, — Ryl - COS (pi— 5 -8)
Y, = Vix — Rpor - sin (¢ = 5 = B)

Once the contact points are known, the MUMSA algorithm is used to obtain the Bezier curve that defines the cam profile.

In order to obtain the cam profile when the follower is fixed to the maxilla, the relative position of the center of the
follower (FMpl-) with respect to the mandible has to be calculated. Points FMP,- are obtained with Eqs. (12)-(15) considering
angle B; to be negative. Fig. 7 shows the path described by the center of the follower with respect to the jaw. The contact
points are calculated with Eq. (20).

(19)

Xk, =Xg, + Ry - cos (91— 5 + By)
Yk, =Yy + Ryt - sin (i = 5 +8)

Again, the MUMSA algorithm is used to obtain the Bezier curve that goes through the contact points defining the cam
profile (see Fig. 7).

(20)

4. Real case study

This part applies the methodology, developed in previous sections, to a real case. The cam profile is designed for a
follower linked to the maxilla, whose center position (X,,, Vg, ) is known. A patient’s scanner or X-Ray is used to measure
the mandibular length (ML), the condyle radius (R¢) and the x-y coordinates of the maximum (Q) and minimum (Q’) point
of the articular fossa curve (see Fig. 8). The rest of the needed values, such as protrusion (Pr), retrusion (Re) and mouth
opening (MO), can be measured by an orthodontist or a dentist. All these data are shown in Table 1.

With the measured values, Posselt’s diagram and the desired path for the lower incisor are defined. The latter starts in
the initial protrusion position (P;) and finishes in the maximum mouth opening position (Pg) allowed by the device. Fig. 9a
shows borders 1-2-3 of Posselt’s diagram in this case. Line 1-2 is defined with Re and Pr values. Then positions Cg, and Cp;,
of the condyle center are calculated with Eqs. (5) and (6)). Finally, border 2-3 is obtained with Eq. (7).

Fig. 9b represents points {P;...Pg} on the desired lower incisor path (see Table 2). The first point, P;, on this path is
defined with a 40% protrusion and the last one, Pgy, corresponds to 30% MO. The rest of the points are set so that the incisor
always moves forward while opening the mouth.

Following the method developed in part 3, the position of the condyle for the nine positions of the lower incisor are cal-
culated with Eq. (8). Next, the centers of rotation for the eight displacements (1 to 9) and angle 8, rotated by the mandible
in each one of these displacements, are obtained with Eqs. (9)-(11). Finally, the positions of the center of the follower with
respect to the mandible are calculated with Eqs. (12)-(15), considering angle 8 to be negative. These positions are shown
in Table 3.
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Fig. 8. Scanner and X-Ray of the individual to be studied with measured parameters: mandibular length (ML), condyle radius (Rc) and x- y coordinates of
points Q and Q' of the articular fossa curve.

Table 1

Data: follower position (Xg,, . ¥, ), mandibular length (ML),
condyle radius (Rc), maximum and minimum point of the
articular fossa curve (Q, Q'), mouth opening (MO), protru-
sion (Pr) and retrusion (Re).

XEy —20 mm

Ve -3 mm

ML 92.7 mm

Q [-92.8,37.5] mm
Q [-82.7,32.2] mm
R¢ 6.3 mm

MO 44 mm

Pr 7 mm

Re 6 mm

1(-6,0) 1(-0.8,0) 2(7,0) X

Desired path for
X the lower incisor Pe P

Po(2.65,-12.22)

a) 3 b)

Fig. 9. (a) Scanner of the individual to be studied with the mandible in maximum retrusion and protrusion positions. Posselt’s diagram superior border
1-(2) and protruded border 2-(3). (b) Desired path for the lower incisor defined by means of nine points: {P;,...,Pg}.

The Bezier curve that defines the path of the center of the follower is obtained by means of the optimization process
described in Section 3. The following algorithm parameters are used: NP=100, F=0.6, CP=0.4, MP=0.1, range=1 and
itermax = 1000. The four control points of the curve, t values and the quadratic error, are listed in Table 4.

To know the contact points between the cam and the follower, angles {¢1, .., ¢g} of the tangent lines to the follower path
at point P; have to be previously obtained. To do so, the derivative of the Bezier curve is calculated. Next, the contact points
between the follower and the cam are obtained with Eq. (20). The results are shown in Table 5.

Finally, the cam profile is defined by means of a Bezier curve with four control points whose parameters are obtained
with the MUMSA algorithm. The optimized values provided by the algorithm are shown in Table 6. This Bezier curve will be
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Table 2
Points on the desired path for the lower incisor [mm].
xpi[mm] Ypi[mm]

Py -0.80 0.00
P, -0.71 -1.73
P3 —-0.46 —3.58
Py -0.05 —5.51
Ps 0.31 —6.80
P 0.96 -8.71
P; 1.47 -9.94
Pg 2.03 -11.12
Py 2.65 -12.22

Table 3
X, Y coordinates of the center of the follower with respect
to the mandible.

Xgy[mm] Yy lmm]
1 —-20.00 -3.00

2 —-20.07 -159

3 —-20.34 —0.05

4 —-20.83 1.59

5 -21.27 2.61

6 —22.08 419

7 —22.72 521

8 -2341 6.17

9 —24.16 7.08

Table 4
Cam Bezier curve of the follower path with respect to the mandible. Known
values are shown in Bold.

B, [mm] BY, [mm] t; [mm]

1 -20.00 -3.00 0.00
2 -19.94 0.37 0.14
3 -21.55 4.09 0.29
4 -24.16 7.08 0.44
5 0.54
6 0.70
7 0.80
8 0.90
9 1.00
Error

Y2 [0, () — x8,)° + (g, (x) — ¥5,)*] = 0.00019 mm?

Table 5
Parameters for the cam design: angle of the tangent to the path of the follower
center and contact points.

@i X, [mm] Yk, [mm]
1 90.85° —17.00 —-3.00
2 97.74° —17.08 -1.27
3 104.93° -1743 0.70
4 111.20° —18.02 2.67
5 115.28° —18.55 3.97
6 120.97° —19.52 5.87
7 124.78° -20.27 7.08
8 128.53° —21.09 8.23
9 132.41° —21.98 9.31

used in a CAD CAM software to shape the cam and assemble it to the dental splint before manufacturing the device with a
3D printer.

5. The device

Once the cam profile has been obtained, a virtual model of the MAD is created. To this purpose, a parametric cam with
adjustable geometry depending on the obtained Bezier curve has been previously programmed in a CAD-CAE software. The
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Table 6
Bezier curve of the cam profile. Known values are shown in Bold.
B, [mm] BY, [mm] t; [mm)]

1 -17.00 -3.00 0.00
2 -16.91 1.00 0.14
3 —18.82 5.73 0.30
4 -21.98 9.31 0.45
5 0.55
6 0.70
7 0.80
8 0.90
9 1.00
Error

Y2 lGR (X) — )% + O&, (X) —¥&)°] = 0.00005 mm>

(a) (b)

Fig. 10. (a) Mandibular splint with the two cams. (b) Maxilla splint with the two followers.

cam is assembled to a lower dental splint that has previously been modeled using data from a patient’s intraoral scanner.
Its positioning has to be done precisely considering its angle with the sagittal plane and distance to the lower incisor. The
same procedure has to be carried out to assemble the follower to the upper dental splint. In this case, the reference point
is the upper incisor.

Fig. 10a shows the lower splint which is joined to the mandible. This splint has two cams, one on each side. Each cam
has been reinforced by joining its upper side to a parallel profile, defining a guide the follower moves within.

Fig. 10b displays the upper splint with two cam followers, one on each side. These cam followers have a semicircular
profile. They contact the cams with their front side. If the splint separates slightly from the back teeth due to low adherence,
the guide touches the back side of the follower, preventing the lower splint from continuing to separate from the teeth. The
lateral gap between the upper splint and the cams allows lateral movement.

The model can be sent directly from the CAD-CAE software to a 3D printer to manufacture the device with biocompatible
material.

6. Conclusions

In this work a method to design a customized mandibular advancement device has been presented. The device is de-
signed taking into account the kinematic behavior of patients’ mandibles thanks to the kinematic analysis of the mandible
and the synthesis process followed to generate the cam profile.

The input data can be obtained through an X-ray or a scanner of a patient’s jaw and the measurements of protrusion,
retrusion and maximum mouth opening taken by a specialist. Once the desired path of the follower has been obtained, the
MUMSA algorithm has been used to design the cam that transmits the desired movement to the mandible accurately.

The use of the MUMSA algorithm provides good results in little time with low computational effort, showing its flexibility
by adapting it to different kinds of problems.

The definition of the cam profile by means of a curve equation allows its accurate reproduction in a parametric 3D model
defined in a CAD-CAE software. Device behavior has been simulated with this model to confirm its correct operation. Finally,
the cams are assembled to the patient’s dentition model using CAD-CAE software and the device can be manufactured with
a 3D printer.

A real case has been included. The proposed methodology has been used to customize a MAD for a patient. The final
design has been included in this paper.
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Future works will focus on the results obtained in a clinical study with MADs designed following the method described in
this paper. Furthermore, asymmetrical temporomandibular joints will also be considered. The use of two cams with different
profiles, one for each side, will be needed.
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