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Phonation into a tube that lowers the acoustic vocal tract resonance frequency and increases vocal tract
impedance is used in voice therapy to establish effortless voice production. Additionally, keeping the
distal end of the tube in the water results in the water bubbling and a consequent oscillation of oral
pressure. This may feel like a massage of the vocal tract and larynx.

Alow frequency mechanical resonance of the vocal tract, F,;, could enhance the effect of tube therapy in

Keywords:

Biomechanics of voice

Vocal tract acoustics
Phonation into tubes

Water resistance voice therapy
Bubbling frequency

Formant frequencies

two ways: 1) by lowering the first acoustic resonance closer to the fundamental frequency of phonation,
and 2) by introducing a coalescence of F,, with the water bubbling frequency.

A mathematical model of acoustic-structural interaction is introduced to clarify F;, in the context of
phonation into a tube with the distal end in air and in water. The numerical results from the model
are compared with the resonance frequencies measured in a male subject phonating on the vowel [u:]
into a glass resonance tube with the distal end in air and at 2cm and 10 cm under water. The effects of
phonation through the tube are demonstrated by registering oral air pressure and electroglottography,

and by synchronous high-speed filming of the water bubbling.

The first computed acoustic resonance frequency decreased from F; =200 Hz for the tube end in air
down to about F; =175 Hz for the tube end in water, which roughly agrees with the first formant fre-
quency of c. 179 Hz that was experimentally found for the human vocal tract. Considering the mechanical
resonance F, of the vocal tract to be c. 66 Hz, as previously estimated from measurements of a closed
vocal tract, then according to the mathematical model for the vocal tract prolonged by a rigid glass tube,
this frequency drops to 23 Hz. When the tube is submerged in water, F,, drops further to F,, = 8 Hz for the
resonance tube and to about F,;; = 10 Hz for a longer and wider silicon Lax Vox tube. The results thus show
that the mechanical resonance can be near the measured water bubbling frequency F,=11-11.5Hz.

The results suggest that the mechanical resonance of the vocal tract tissues enhances the effects of the

tube during voice therapy.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Phonation into tubes of various dimensions is used for voice
training and therapy purposes (see e.g. [1-3]). Phonation into a
glass resonance tube (24-28 cm in length, 8-9 mm in inner diame-
ter) with the outer end of the tube in air has been used for the voice
training of normal voiced subjects to improve loudness and voice
quality [1,3]. The beneficial effect of the exercise has been explained
by assuming that the prolongation of the vocal tract (VT) lowers the
first acoustic resonance of the vocal tract (first formant, F;) near
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the fundamental frequency (Fp) in speech. This increases the posi-
tive reactance of the vocal tract at the Fy range, which in turn has
been found to assist vocal fold vibration mechanically [4]. Increased
reactance decreases the phonation threshold and increases the
amplitude of the harmonics without the use of excessive vocal fold
collision. Thus, it improves the economy and efficiency of phona-
tion (see e.g. [5,6]). The use of semi-occlusions, e.g. phonation into
tubes or the production of voiced fricatives, nasals, and lip and
tongue trills, increases the air pressure in the vocal tract. In such
conditions, one feels the resonance vibrations in the vocal tract
more clearly. It is assumed that during phonation into a tube, one
becomes accustomed to how economic and efficient voice produc-
tion feels and learns to use sensations of resonatory vibrations of
the vocal tract tissues in order to monitor voice quality also when
the tube is removed from the lips [6,7]. According to mathematical
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modelling results [8], F; is approximately in the range of ordinary
speech, i.e. 200-300 Hz, for phonation into hard-walled tubes of
10cm and 30cm in length and with an inner diameter of 8 mm.
The VT wall was considered to be yielding, having a mechanical
resonance frequency (F;;) of its own. The parameters of such a VT
model were set to the values suggested in [9], where the lowest
acoustic resonance frequency of the closed VT was set to 200 Hz.
However, it is plausible to suggest that this value can differ signif-
icantly when the VT is prolonged by a hard-walled tube with the
distal end immersed in water.

It is known that the low mechanical resonance frequency (Fp)
of the vocal tract is caused by the yielding walls of the VT cav-
ities. Sondhi [10] postulated that this mechanical resonance is
located below 20 Hz. The effect of the yielding walls is remarkable
in speech produced in high ambient pressures, such as by deep-
sea divers, and when the vocal tract is occluded or semi-occluded.
The mechanical resonance causes shifts in the frequencies of the
formants [8,9]. The authors of the papers [9,10] used the value
Fm =15 Hz in their computational modelling for the low mechanical
resonance frequency of the vocal tract. This was deduced from the
experimental data of formant frequencies and bandwidths mea-
sured by Fujimura & Lindqvist [11] for a closed vocal tract during
plosive consonants. Ishizaka et al. [12] made direct measurements
of VT wall impedance. According to their measurements, Liljen-
crants [13] formulated the dynamic properties of the mechanical
resonances for the cheek and neck of a male subject, and estimated
that the natural frequencies would range from 32 Hz for a relaxed
cheek to 72 Hz for the neck.

Svec et al. [14] investigated the resonance properties of the
laryngeal structures in vivo. Laryngeal vibrations were excited via
a shaker placed on the neck of a male subject and observed by
means of videostroboscopy and videokymography. The resonance
frequency of the ventricular folds was found to be close to 70 Hz.
The aryepiglottic folds and arytenoid cartilages were suspected to
have resonances below 50 Hz, because when a sinusoidal excita-
tion of 50 Hz was applied, large oscillations of the laryngeal collar
were seen. The vocal folds oscillated as a unit with other laryn-
geal structures. Large vibration amplitudes at frequencies of 50 Hz
caused uncomfortable sensations in the subject, so measurements
for frequencies lower than 50 Hz were not performed.

Therefore, it is known that there is a mechanical resonance (or
resonances) below c. 70 Hz in the vocal tract. The role of this reso-
nance becomes more prominent in phonation when the vocal tract
is occluded or semi-occluded, as in the production of closed vowels,
voiced consonants, or phonation into tubes, especially if the outer
end of the tube is inserted into water, as in water resistance therapy
[3].

Earlier studies by the authors [15,16] proved that the soft tis-
sues of the human VT cavities had a considerable effect on the first
formant frequency F; when the VT was prolonged by a tube. The
measured F; for the VT model with hard walls corresponded to the
computed value of 78 Hz. The experiments with a human subject
instead resulted in a much higher value of Fy, at about 200 Hz. The
results confirm that a VT model with yielding walls must be consid-
ered for the mathematical modelling of human voice production.

Recently, many studies have also focused on water resistance
voice therapy, where the subject phonates into a tube (either a
glass resonance tube or a silicon Lax Vox tube), the outer end of
which is submerged in water (see e.g. [17-19]). Such an exercise
increases vocal tract impedance, and the impedance can be reg-
ulated by changing the depth the tube is immersed in the water.
Bubbling frequency can be used to control the steadiness and rate
of expiratory airflow. Water bubbling has been reported to feel like
amassage, and it has been suggested that it could have the positive
effects of massage (see e.g. [20,21]). In water resistance therapy,
the mechanical low-frequency resonance of the soft tissue in the

larynx could play an even more important role than for phonation
on (semi-)occluded speech sounds or through a tube in air.

An experimental study [22] on gas bubble formation in water
showed that the bubbling frequency F, increases with flow rate
from F, =0 at a nearly zero flow rate (“static bubble”) to a maxi-
mum value Fy,,,., depending on the inner diameter d of the tube
orifice. For orifices from d=0.34-15.8 mm and flow rates from
Q=0.01ml/s to Q=0.251/s, the maximum bubbling frequency was
found to range from about Fp,4x =25 Hz for the largest orifices to
about Fp,qx = 75 Hz for the smallest orifices. It was also found that
water container widths from 3 to 10 square inches had no effect,
and that the orifice submergences from about 2.54 cm to about
25.4 cm had a negligible effect on the bubbling process. The dimen-
sions of the tubes used in water resistance therapy as well as the
airflow rates typically used in speech are within the range of the
parameters studied in [22].

Based on the above-mentioned earlier findings, we first hypoth-
esize that the lowest mechanical resonance F,; of the vocal tract
can raise F; during vocal exercising through a tube with its outer
end in air. Therefore, F, may affect the efficacy of the exercise.
Second, we hypothesize that F; may support the effect of water
bubbling in water resistance voice therapy. Consequently, either a
more efficient massage-like effect or even unpleasant sensations
could be perceived on the vocal tract and vocal fold tissues when
the bubbling frequency F;, is close to or coincides with the lowest
mechanical resonance F;; of the vocal tract.

In order to test the hypotheses, we introduce here an improved
mathematical model of the human vocal tract prolonged by a hard-
walled tube. In the calculations, we will take into account the
acoustic-structural interaction, which can help to clarify the phys-
ical background of the influence of the soft tissues of the vocal
cavities on the formant frequencies.

2. Methods

2.1. Theoretical and mathematical background of the numerical
modelling

Let us consider a coupled mechanical-acoustical system consist-
ing of vocal tract cavity 1 and tube 2 with a cross-sectional area S,
and a length L, (see Fig. 1). The glottis is closed by a yielding wall
that has a mass my and vibrates with a displacement w (t) on a
spring of stiffness k,, and a damper by,. The yielding wall with a
cross-sectional area So may consist of the soft tissue in the larynx,
for example, the whole vocal folds body vibrating predominantly
in a vertical direction inside the larynx or the larynx itself. Other
walls of both the vocal tract and the tube are considered to be hard.

The wave equation for air in the acoustic cavities of the vocal
tract can be written as (see e.g. [23])

e 105 99 1 [ dg
W §$a—% W+CO'W'E =0, (1)

where ¢ is the flow velocity potential related to the acoustic pres-
sure p and the acoustic volume velocity U as

p =—pode/dt —co porn ¢, U= Sp/0x, (2)

where x is the longitudinal coordinate along the VT, t is time, cg is
the speed of sound, pg is the air density inside the VT, and S(x,t) is
the cross-sectional area of the acoustic cavity at the distance x from
the vocal folds.

Specific acoustic resistance ry due to fluid dynamic viscosity
is defined as (see [24])
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