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ABSTRACT

Lumped mass models of the vocal folds have been widely
used to analyze the physics of human phonation. This is
a strongly non-linear process that results in regular self-
oscillations of the vocal folds. However, various factors
such as polyps, excessive subglottal pressure, etc., can al-
ter such motion and make it chaotic. Ideally, it would be
possible to use a smart material to control the dynamics
of the vocal folds and restore its regularity. In this paper,
we will see the effects of such a control strategy on the
generation of vowels. The chaotic and the controlled train
of glottal pulses will be imposed as boundary conditions
at the glottis of a three-dimensional model of the vocal
tract (VT). Then, the finite element method will be used
to solve the wave equation inside the VT and the spec-
tra and sound of the generated vowels will be compared
to check the performance of the chaos control strategy on
phonation.

Keywords: phonation pacemaker, vocal fold mass model,
chaotic oscillations, vocal tract acoustics, numerical
voice production, finite element method

1. INTRODUCTION

In this paper, we show how a theoretical pacemaker made
of a smart material attached to the vocal folds (VFs) could
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Figure 1. Two mass model of the VFs. The red color
indicates an abnormal value of the flexural stiffness
kcl between the two masses that can lead to chaotic
motion of the VFs. The blue mass represents the
pacemaker whose damping rsm(p, t) can be adjusted
to make the motion regular again.

help change the chaotic motion of unhealthy VFs to regu-
lar motion again, and see the impact this has on the gen-
eration of vowel sounds. It was shown in [1] that even
a simple symmetric two-mass model of phonation [2, 3]
could give rise to chaotic oscillations by modifying some
model parameters, such as the flexural stiffness between
the masses, which could represent some kind of injury.

It was first proposed in [4], that it might be possible to
regulate the chaotic motion of the VFs by means of a theo-
retical phonation pacemaker attached to one of the model
masses and whose parameters could be tuned to alter the
energy of the system appropriately [5, 6]. In this work
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we want to explore the effects that the pacemaker might
have on the numerical generation of vowel /a/. For this
purpose, we compute the 3D vocal tract (VT) impulse re-
sponse of /a/ by solving the mixed-form wave equation
using a stabilized finite element method (FEM), and con-
volve it with the volume flow velocity computed from the
two-mass model (see e.g., [7–9] for vowels and [10–12]
for diphthongs).

It is shown that the control strategy has a profound
impact on the quality of the generated vowel. This can be
easily appreciated by comparing the spectra of the acous-
tic pressure for the chaotic and controlled cases and, more
clearly, in the audio files that will be presented at the con-
ference.

2. THEORY

2.1 Vocal fold model

We consider the two-mass model of the vocal folds shown
in Fig. 1, whose dynamics are governed by the first order
non-linear ordinary differential equation (ODE) system,(

v̇
ẋ

)
=(

−M−1C(t,p) −M−1(K(x) +Θ(x))
I 0

)(
v
x

)
+

(
M−1fv(x)

0

)
, (1)

where the vectors x = (x1l, x2l)
⊤ and v = (v1l, v2l)

⊤ re-
spectively contain the displacements and velocities of the
VF upper, m2l, and lower, m1l, masses. The pacemaker
mass is attached to m1l and it will have the same dis-
placement and velocity. I and 0 in the second row of the
block matrix of Eqn. (1) respectively stand for the iden-
tity and zero matrices, while in the first row we get the
mass matrix M, the damping matrix C, the stiffness ma-
trix K and the collision matrix Θ. Explicit expressions
for them can be found in [4]. The force vector is given by
fv = (P1Ld1l, 0)

⊤, where L is the glottis length, d1l the
thickness of m1l and P1 the glottal pressure,

P1 = Ps

[
1−Θ(amin)

(
amin

a1

)2
]
Θ(a1). (2)

Here, Ps is the subglottal pressure, amin is the minimum
of the upper, a1, and lower, a2, glottal areas, and Θ(z) is
the collision function (see [1–3] for details). K, Θ and fv
are the nonlinear terms of the ODE system of Eqn. (1).

Figure 2. Procedure to compute the sound of vowel
/a/ for chaotic and controlled phonation. The VT ge-
ometry has been obtained from magnetic resonance
imaging (MRI).

Our variable of interest for vowel numerical genera-
tion is the volume flow velocity,

U =

(
2Ps

ρ

)1/2

aminΘ(amin), (3)

which can be computed for each time from the solution
of Eqn. (1) (ρ in Eqn. (3) is the density). U will be input at
the glottis of the 3D VT of a vowel and the wave equation
for the acoustic pressure will be solved to generate the
corresponding sound. The procedure will be detailed in
section 2.3.

2.2 Chaos control strategy

As already mentioned, for large values of kcl the oscilla-
tions of the VF can become chaotic. To control them we
resort to the altering energy method [5, 6], but instead of
applying an external force to the system we exert an inter-
nal control by modifying the damping of the pacemaker
made of an ideal smart material whose properties can be
tuned on demand. The damping matrix of the system C
is split into C = CCV + CP , where CCV is the natural
damping of the VFs and CP is that exerted by the pace-
maker.

The derivative of the mechanical energy with respect
to time for the VF system is

Ė = v⊤[−CVFv −Θ(x)x+ fv(x) +CP(t,p)v]
(4)

and the idea is to regulate the power injected or removed
by the pacemaker, v⊤CP(t,p)v, to recover a regular mo-
tion of the VFs. In this work, this is done by setting the
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Figure 3. Phase space plot in time delay coordinates
for the glottal volume velocity without control, Ucha

(red), and with control, Ucon (blue), for a subglottal
pressure of Ps = 0.041.

damping of the pacemaker rsm(p, t) in CP as

rsm(p, t) = r0sm sgn(v1l) (5)

where sgn denotes the sign operator and r0sm ≪ r1l, r1l
being the damping of the lower mass.

2.3 Generation of vowel sounds for abnormal and
controlled phonation

To see how chaotic phonation affects the generation of a
vowel sound and how the control strategy can improve its
quality, we proceed as follows. First we use the FEM to

Figure 4. Vocal tract transfer function for vowel /a/
computed with FEM.

Figure 5. Power spectrum of vowel sound /a/ with
and without chaos control.

compute the impulse response, h(t), of the 3D VT cor-
responding to vowel /a/. To do this, we solve the mixed
form of the acoustic wave equation inside the VT with the
FEM by imposing a Gaussian volume velocity pulse at the
glottis [7–9]. The vowel sound is then obtained from the
convolution,

pa(t) = Ua(t) ∗ h(t) =
∫

h(t− τ)Ua(τ)dτ, (6)

where a = cha, con, for the chaotic and controlled cases
respectively, and Ua is obtained from Eqn. (3). The pro-
cedure is depicted in Fig. 2.

3. NUMERICAL SIMULATIONS

According to the methodology in described in the previ-
ous sections, the first step is to compute the volume flow
velocity in Eqn. (3) in the cases of chaotic and controlled
phonation. In Fig. 5, we show the phase space plots for
Ucha (red line) and Ucon (blue line) in time delay coor-
dinates and for a flexural stiffness of kcl = 0.09 and a
subglottal pressure Ps = 0.041. As can be seen, if no
control is applied we obtain a strange attractor in phase
space, while we recover a regular periodic motion when
we activate the control pacemaker.

The second step is to obtain the impulse response h(t)
of the VT. In Fig. 4, we present the vocal tract transfer
function (VTTF) for vowel /a/, computed from the Fourier
transform of h(t), i.e. H(f) = F [h(t)], using FEM
(see Fig. 2).
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Finally, once we have Ucha, Ucon and h(t), the third
step is to calculate the acoustic pressure for vowel /a/
without control, pcha, and with control, pcon, according
to Eqn. (6). The spectra of pcha, and pcon are plotted
in Fig. 5. While the latter is essentially controlled by the
fundamental frequency f0 and its harmonics, and shaped
by the VT impulse response, the former is a noisy signal
with no clear pattern. This is very evident if one listens to
they corresponding audio files. Whereas pcha can hardly
be recognized as any vowel, when the control is applied
the situation changes completely and pcon can be clearly
identified as the vowel /a/.

4. CONCLUSIONS

In this work we have explored the potential of a phonation
pacemaker to improve the generation of vowel sounds.
An ideal pacemaker has been incorporated into a two-
mass model of the vocal cords and we have seen how
it can transform their chaotic motion into regular one.
This has a critical impact on the FEM generation of the
vowel /a/. In chaotic phonation, the vowel is barely rec-
ognized, whereas it is fully identifiable when VF chaos
control is activated.
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