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1. Introduction
The human voice is produced by self-sustained oscilla-

tions of vocal folds and the resulting pulsating jet flow passing
through the glottis. To mimic this sound generation mecha-
nism, many vocal fold models have been proposed and
developed for many years. The first well-known vocal fold
replica, comprised of a reed and its retainer, was proposed by
von Kempelen around 1780 for his speaking machine [1].
This reed-type artificial vocal fold has been still used because
of its easy fabrication geometry [2]. By fabricating it with
the vocal tract model of a simple tube with a cylindrical
constriction, formant peaks appear in the spectrum of the
generated sound like the human vowel production.

Meanwhile, the linear source-filter theory of speech
production is known to become nonlinear with a constriction
in the vocal tract. The shape of the vocal tract strongly affects
the vocal fold vibrations. Earlier studies investigated the
effects of the epilarynx [3] and bilabial fricative constrictions
[4] on the vocal tracts’ acoustic impedance. Additionally,
computed tomography scans were performed on the oral tracts
during and after tube phonation, a method for voice training
and rehabilitation [5,6]. The results revealed that speakers try
to keep the acoustic characteristics of the modified vocal tract
geometry after the training.

Several numerical simulations have been conducted to
analyze the effects of the vocal tract constrictions on the vocal
fold vibration. The simulation of the three-mass body-cover
model with the muscle activation control and 44-section tube
vocal tract indicated that a combination of the epilarynx
constriction and vocal fold adduction enhances the nonlinear
effect [7]. Moreover, it was discovered that the vibration of
vocal folds with a frequency near the range of the vocal tract
formants induces the instability of the vibration mode [8],
and this was observed in experiments [9,10]. Furthermore,
the effects of the constricted vocal tract on vocal folds’
contact pressures during the phonation were explored using
the numerical simulation [11]. However, these numerical
studies were performed with one-dimensional (1D) quasi-
steady flow models, and it is still unclear whether these
phenomena could be observed in the actual three-dimensional
(3D) turbulent flow. The turbulent jet generated from the gap
of vocal folds impinges on the constricted vocal tract walls,

and this effect might change the vocal fold vibration as well as
the propagating sound.

Therefore, as a preliminary study, we conduct exper-
imental measurements and 3D flow simulations on the reed-
type artificial vocal fold, which has a simpler vocal fold
geometry, to clarify the effects of airflow in the constricted
vocal tracts on vowel production. The reed-type vocal folds
are easy to fabricate and produce similar sounds to human
voices. The 3D flow simulation enables the observation of
how the flow in the constricted vocal tract affects the behavior
of the vocal fold vibrations. By clarifying whether this reed-
type source interacts with the vocal tract in the same way as
human vocal folds, we can contribute to the further develop-
ment of the artificial larynx.

2. Materials and methods
2.1. Artificial vocal fold and vocal tracts

The artificial vocal fold consists of a reed and its retainer
placed in a cylindrical pressure chamber (Fig. 1). By inserting
airflow into the chamber, the flow passes through the flow
channel between the reed and retainer, generating the sound
with the reed vibration. The reed, made of polyethylene
terephthalate, is 22-mm long, 10-mm wide, and 0.2-mm thick.
The tip of the retainer is curved with a 30-mm radius. The
cylindrical pressure chamber has a diameter of 30 mm and a
length of 55 mm.

To examine the effects of the constricted vocal tract, the
cylindrical vocal tract with a constriction is set at the outlet of
the artificial vocal fold. The cylindrical vocal tract is called
the ‘‘three-tube model’’ [2], and the acoustic characteristics
of the vowels [i], [y], [u], [o], and [a] can be reproduced by
changing the constriction position from the anterior to
posterior. In this study, we used a cylinder with a total length
of L ¼ 175 mm, and a diameter of 34 mm which replicates the
formants of general male vowels. The cylindrical constriction
with a length of 50 mm was set at the anterior and posterior
parts of the vocal tract. In the experiment, the diameter of the
constriction d was changed every 1 mm from 7 to 13 mm.
Hereafter, we call the vocal tract without the constriction
‘‘wide-wide,’’ the constriction at the anterior part (i.e., labial
constriction) ‘‘wide-narrow,’’ and the constriction at the
posterior part (i.e., epilarynx constriction) ‘‘narrow-wide,’’
as in Ref. [7].
2.2. Experimental measurements

We conducted experiments to measure the effects of the
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vocal tract constriction on the phonation threshold pressure
and flow rate. The artificial vocal fold and the vocal tract
were set at the center of an anechoic chamber (V ¼ 8:1 m3).
A compressor (SOL-2039, Misumi, Japan) supplied steady
airflow through the air tube with an inner diameter of 16 mm,
and a mass-flow meter (PFM750-01, SMC, Japan). The
manometer (TC-3300D, Toyo Control Co., Ltd., Japan) was
set to the pressure chamber of the artificial vocal fold to
measure the subglottal pressure. A flow valve (IR2000-02,
SMC, Japan) was gradually opened, and the subglottal
pressure and the flow rate were measured when the reed
started vibrating. Additionally, to confirm the accuracy of
the numerical simulation, the far-field acoustic pressure was
measured using a microphone (type 4939, Brüel & Kjær,
Denmark) at 100 mm from the vocal tract outlet.
2.3. Numerical flow simulation

We solved the 3D compressible Navier-Stokes equations
to observe the flow and sound generation in the artificial vocal
fold and tracts. To calculate the flow and acoustic fields
with the moving boundaries, the volume penalization method
[12] was applied to the Navier-Stokes equations. The spatial
derivatives were solved using the finite difference method
with a 6th-order accuracy compact scheme. The 3rd-order
accuracy Runge-Kutta method was used to evaluate the time
integration. This methodology enables the calculation of both
fluid pressure (�2;000 Pa) and acoustic pressure fluctuations
(�0:1 Pa).

To predict the oscillating reed geometry, the 1D beam
equation was solved by coupling with the aeroacoustic field
computation. The spatial derivatives of the beam equation
were solved using the second-order accuracy finite difference
method, and the time integration was evaluated by the second-
order accuracy implicit theta-scheme [13]. As external forces,
the force per unit length was obtained by integrating the
pressure on the reed’s surface in the spanwise-direction (axis

x3). The contact force was evaluated when the reed surface
was predicted to collide with the retainer.

Structured computational grids were constructed to solve
these governing equations. The minimum grid size near the
reed was 0.1 mm to resolve the turbulent flow structures, and
the grid size was gradually increased toward the outlet to
reduce the computational costs. The maximum grid size near
the acoustic sampling point (100 mm from the vocal tract
outlet) was 7.9 mm, and the sound wavelength at 4,500 Hz
was resolved using ten grid points. Detailed descriptions of
the computational methodology can be found in Ref. [14,15].

At the inlet of the artificial vocal folds, a uniform velocity
with a flow rate of 667 cm3/s and a pressure of 2.1 kPa was
set to realize the stable reed oscillation. These values are
above the phonation threshold, yet realistic as a loud voice
production. At the outlet of the computational domain, the
non-reflecting boundary condition was set with a buffer region
that dissipates the perturbation of the pressure propagating
from the vocal tract outlet. The time step of the time
integration was set to 0:965� 10�7 s, and the acoustic
pressure was sampled at 100 mm from the vocal tract outlet.
The acoustic pressure was sampled for 14 cycles after stable
reed oscillations were attained, whereas the mean velocity and
pressure along the centerline of the vocal fold and tract were
calculated for the last three cycles.

3. Results
The experimentally measured phonation threshold pres-

sure and flow rate of the artificial vocal fold with three vocal
tracts are shown in Fig. 2. The onset pressure and flow rate
were 696 Pa and 553 cm3/s, respectively, for the wide-wide
vocal tract. With the constriction at the lip side (wide-narrow),
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Fig. 1 Artificial vocal fold with a cylindrical vocal tract.
(a) vocal tract without the constriction (wide-wide),
(b) vocal tract with labial constriction (wide-narrow),
and (c) vocal tract with epilarynx constriction (narrow-
wide).
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Fig. 2 Experimentally measured onset subglottal pres-
sure at the cylindrical chamber (a), and onset flow rate
passing through the reed (b) for different constriction
diameters d.
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the onset pressure was approximately 690 Pa for the con-
striction diameter from d ¼ 11 to 13 mm, similar to that of the
wide-wide vocal tract. On decreasing the constriction diam-
eter from d ¼ 10 to 7 mm, the onset pressure increased from
715 to 1,240 Pa. In contrast, with the decrease of d for the
epilarynx constriction (narrow-wide), the onset pressure
gradually decreased from 519 to 402 Pa. When d was
decreased, the onset flow rate for the wide-narrow increased
from 543 to 628 cm3/s, whereas the onset flow rate for the
narrow-wide decreased from 513 to 475 cm3/s.

To confirm the computational accuracy of the numerical
simulation, the sound spectrum measured at 100 mm in the
experimental setup is compared with the predicted spectrum
in Fig. 3 for the wide-wide vocal tract. The fundamental
frequency fo was 139 Hz, and the amplitudes around the
formant frequencies of 432, 1,417, 2,263, and 3,247 Hz were
increased for both experiment and simulation. Although the
peak amplitudes at the formants were underestimated by
approximately 7 dB, the overall spectral shape of the
simulation was consistent with that of the experiment. This
result suggests that the sound generation from the flow around
the oscillating reed and the acoustic resonance in the vocal
tract were predicted with sufficient accuracy for the vowel
evaluation.

Figure 4 shows the simulated reed tip waveforms for the
vocal tracts in three cases. The constriction diameter was set
to d ¼ 8 mm for both wide-narrow and narrow-wide vocal
tracts under the flow rate of 667 cm3/s and the inlet pressure
of 2.1 kPa. The displacement is defined as 0 when the reed is
completely closed. Although the waveforms of the three vocal
tract cases were almost the same, the amplitude of the wide-
wide 9.95 mm decreased to 9.19 mm with the wide-narrow
vocal tract, whereas it increased to 10.7 mm with the narrow-
wide vocal tract.

The mean pressure and velocity in the x1 (anterior-
posterior) direction are plotted in Fig. 5 along the centerline
of the vocal fold and tract. The coordinate x1=L ¼ 0 indicates
the boundary between the retainer outlet and the vocal tract
inlet. The mean pressure at the inlet of the vocal fold rapidly
decreased toward the retainer outlet (�0:2 < x1=L < 0) for all
cases. With the lip constriction, the pressure in the vocal tract
and retainer increased at �0:2 < x1=L < 0:72, whereas the

pressure in the retainer and the inlet of the vocal tract (�0:2 <
x1=L < 0:03) decreased with the epilarynx constriction. The
pressure of �20 Pa at x1=L ¼ 0 in the wide-wide case
increased to 96 Pa in the wide-narrow case and decreased to
�170 Pa in the narrow-wide case.

The mean velocity increased up to 29 m/s in the retainer
(x1=L ¼ �0:1) and gradually decreased toward the vocal
tract outlet of the wide-wide case. On adding the constriction
at the lip, the mean velocity increased up to 13 m/s in the
constriction (0:72 < x1=L < 1), and the velocities upstream
from the constriction (�0:09 < x1=L < 0:72) became smaller
than those in the wide-wide vocal tract because the jet spread
in the wider region. In contrast, with the constriction at the
epilarynx, the velocities increased from the middle of the
constriction to the outlet of the vocal tract (0:2 < x1=L < 0:9).

4. Discussion and conclusions
The experimental measurements showed that the vocal

tract constriction significantly affects the phonation threshold
pressure and flow rate of the reed-type artificial vocal fold.
With the lip constriction from d ¼ 7 to 9 mm, the onset
pressure and flow rate increased from those of the wide-wide
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Fig. 3 Spectra of sound measured and predicted at
100 mm from the outlet of the vocal tract without
constriction (wide-wide vocal tract).
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Fig. 4 Simulated reed tip waveforms with the three
vocal tract conditions. The constriction diameter d was
set to 8 mm for the wide-narrow and narrow-wide
conditions.
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Fig. 5 Mean pressure and velocity distributions. (a)
pressure and (b) velocity along the centerline of the
vocal fold and tract are plotted. x1=L ¼ 0 indicates the
outlet of the vocal fold, whereas x1=L ¼ 1 indicates
the outlet of the vocal tract. The mean values were
calculated for three reed vibration cycles.
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vocal tract, whereas the onset pressure and flow rate decreased
on constricting the epilarynx from d ¼ 7 to 13 mm. These
results suggest that the artificial vocal fold oscillates with
smaller inflow energy for the epilarynx constriction (i.e., more
efficient). This effect is consistent with the results of previous
numerical studies [7,11]. In contrast, phonations with lip
constriction require more flow energy for the reed oscillation
to start.

The proposed numerical simulations demonstrated that
the lip constriction decreased the reed vibration amplitudes,
whereas the epilarynx constriction increased the reed ampli-
tudes. This result agrees with the fact that voice training
and therapy with the semi-occluded vocal tract of the lip
constriction reduces the vocal folds’ collision stress [7]. The
vocal tract constriction significantly affected the mean
pressure in the retainer (x1=L ¼ 0), and the lip constriction
decreased the pressure difference between the chamber inlet
and the retainer outlet. Hence, the lip constriction reduced
the reed oscillation’s driving force. In contrast, the epilarynx
constriction increased the velocity at the retainer outlet,
resulting in a pressure drop in the retainer and amplification
of the reed’s driving force. These results also explain the
changes in the phonation thresholds with different constriction
diameters. The increase of the supraglottal pressure due to
the smaller lip constriction increases the onset pressure,
whereas the decrease of the supraglottal pressure with smaller
epilarynx constrictions reduces the onset pressure.

In conclusion, we examined the effects of the vocal tract
constriction on vowel production with the simplified geometry
and found that nonlinear effects similar to the human vocal
folds can be observed with the reed-type artificial vocal fold.
Additionally, although the simulation considered 3D flow
turbulence, the increase and decrease of the supraglottal
pressures, which changed the oscillation driving force, were
observed to be similar to the conventional 1D acoustic
modeling of the vocal folds [7–11]. However, it should be
noted that the difference in the vibratory patterns between
the reed-type vocal fold and the actual human vocal fold
may cause some discrepancies in the results. Future work is
expected to apply the same aeroacoustic simulation method-
ology to more realistic vocal fold and tract geometries to
observe peculiar conditions involving the 3D flow interactions.
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