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Abstract—To improve the voice quality of laryngectomised pa-
tients, a voice-producing element has been developed. Prior to
in vivo testing we constructed and validated an in-vitro test set-up,
consisting of a physical model of the subglottal tract and three
physical models of the vocal tract, for the vowels /a/, /i/ and /u/ to
evaluate the voice-producing element under physiologic acoustic
conditions. To meet acoustic conditions described in the literature,
we determined the appropriate dimensions of these physical mod-
els, using a numerical model of the pressure perturbation in rigid
tubes. The numerical model showed that an acoustic equivalent
of the subglottal tract could be obtained with a three-tube system
and an end impedance. Vocal tract models could be constructed
using two- and four-resonator tubes. The physical models were
built and successfully validated according to the human acoustic
properties. The developed in-vitro set-up can now be applied to test
voice-producing elements or vocal fold models under physiologic
acoustic conditions.

Keywords—Laryngectomy, Acoustics, Vocal tract, Subglottal
tract.

NOMENCLATURE

AJ Cross-sectional area of tube J (m2)
C0 Speed of sound (m s−1)
i i =

√
− 1, imaginary number (-)

J,j Index (-)
k k =ω/c0, wave number (m−1)
L Length of a tube (m)
MV Mass variation in a volume (kg)
nV Polytropic coefficient of volume V (-)
p Pressure perturbation (Pa)
p̂A Complex amplitude (Pa)
Q Mass flow (kg s−1)

s s = l
√

ωρ0
/
µ, shear wave number (-)
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t Time (s)
u Velocity perturbation (m s−1)
V Volume (m3)
ZL ZL = 1

ρ0c0

p
u , Dimensionless acoustic impedance (-)

γ γ = CP/CV , ratio of specific heats (-)
� Viscothermal wave propagation coefficient (-)
ρ0 Mean density (kg m−3)
ω Angular frequency (rad s−1)

INTRODUCTION

Surgical treatment of a malignant tumor in the lar-
ynx sometimes requires a laryngectomy involving a recon-
struction of the pharynx after removal of the larynx. The
trachea is sutured to the skin allowing respiration via a
tracheostoma. One of the consequences of this kind of
treatment is that the vocal folds, as part of the larynx,
are removed and voice production is no longer possible.
Voice restoration is typically obtained by setting soft tissue
structures located at the entrance of the esophagus (PE-
segment or pseudoglottis) into vibration using air, which is
brought into the esophagus. Nowadays, this air is directed
from the lungs into the esophagus via a shunt valve (often
incorrectly called voice prosthesis) situated in a surgically
created fistula in the tracheo-esophageal wall. Closing the
tracheostoma during exhalation directs airflow through the
shunt valve into the esophagus. The flow pulses generated
by the PE-segment serve as the basic acoustic excitation of
the vocal tract cavities, consisting of the air space formed
by the pharynx and oral and nasal cavities. The resonance
frequencies of a specifically shaped vocal tract select a sub-
set of frequencies from the frequency spectrum produced
by the sound source. In this way the vowels of speech are
formed.

The speech quality, however, is often poor. Speech pro-
duced in this way has a low fundamental frequency, which
is, especially for women, undesirable. Also the ability for
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frequency variation diminishes. To improve speech qual-
ity, we have developed a voice-producing element that fits
into the shunt valve and produces a sound with a more
appropriate fundamental frequency.11,12

One of the most important requirements for the voice
source is that the resulting sound signal must be indepen-
dent of the acoustic loads formed by the vocal and sub-
glottal tract,1,13 in order to avoid involuntary fundamental
frequency changes during normal speech. The subglottal
tract is formed by the trachea and lungs. Since the glottis
(the area between the vocal folds) is not present anymore
the voice-producing element should be considered in this
respect as neo-glottis to validate the use of the term ‘sub-
glottal tract’. The acoustical influence of the esophagus can
be neglected, since it is closed during speech.

To investigate the influences of subglottal tract and the
various vowel configurations of the vocal tract on the func-
tioning of a voice-producing element, or, alternatively, any
other sort of artificial sound source, a test set-up with phys-
iologically realistic acoustic representations of subglottal
and vocal tract is required.

Goal of this study was to determine the appropriate prop-
erties of a physical model of the subglottal and vocal tract
to represent realistic acoustical behaviour.

MATERIALS AND METHODS

General Approach

The physical models representing the vibrating column
of air of both vocal and subglottal tract were considered
to be a combination of connected tubes with rigid walls.7

The tubes have different geometry and end conditions. The
appropriate geometry and end impedance was determined
using a numerical model of the pressure perturbation in a
series of connected tubes. The basic theory of this numerical
model is described in the appendix.

Vocal Tract

The vocal tract is defined as the column of air formed
by the pharynx and oral and nasal cavities. The acoustic
load presented by any given vowel configuration of the
vocal tract tends to force the fundamental frequency of
the sound source (voice-producing element) towards the
resonance frequency of the vocal tract.1,13 To investigate
this load, three physical models of the vowels /a/, /i/ and /u/
were made. These three vowels are defined by their formant
frequencies of the vowels /a/, being 700 and 1200 Hz, /i/,
being 300 and 2300 Hz and /u/, being 300 and 700 Hz,
based on the vowel data of Peterson and Barney.8

To determine the geometry of the three physical models,
consisting of several concentrically connected tubes (see
Fig. 1), a numerical model was developed, based on the
theory described in the appendix.

L1 

P0 P1 

X1 

R1 

P2 

R2 X2 

L2 

Glottis 

FIGURE 1. Vocal tract model (Ri : radius i th tube, Li : length
i th tube).

In a first approach, in the recursive formulation (see
(A.9)) it was assumed that the lower side of the coupled
tubes, the side where the voice producing prosthesis is situ-
ated, acted as a closed end, i.e. acoustically hard. The trans-
fer function, being the ratio of the pressure perturbations at
both ends of a coupled two-tube system, then becomes:

Htot = p2

p1

p1

p0
(1)

The two transfer functions H10 = p1

p0
and H21 = p2

p1
fol-

low from the recursive formulation (A.9):

H21 = [cosh(� kL)2]−1 (2)

H10 =
[

cosh(� kL)1 + A2 sinh(� kL)1

A1 sinh(� kL)2

×
{

cosh(� kL)2 − p2

p1

}]−1

(3)

The total transfer function Htot becomes thus:

Htot = [cosh(� kL)2]−1

[
cosh(� kL)1 + A2 sinh(� kL)1

A1 sinh(� kL)2

×
{

cosh(� kL)2 − 1

cosh(�kL)2

}]−1

(4)

The first two peaks found in the transfer function H
must correspond with the first two formants or resonance
frequencies of the vowel. By variation of the number of
tubes and their geometric properties (radius and length),
tube systems were determined having approximately the
same resonance frequencies as the three considered cardinal
vowels, /a/, /i/ and /u/ as found by Peterson and Barney.8

Validation

The vowel models were built and experimentally vali-
dated by applying a sinusoidal sound sweep at the side of
the voice-producing element and measuring the resulting
sound signal 5 cm above and 5 cm besides the outflow
opening of the vowel. The sine sweep was applied with a
condenser microphone (type 4132, Bruël & Kjær, Nærum,
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FIGURE 2. Description of the parameters used for the numer-
ical simulation of the subglottal tract (for explanation of the
parameters, see text).

Denmark) and a beat frequency oscillator (type 1022, Bruël
& Kjær, Nærum, Denmark). The sound was recorded with a
condenser microphone (type 4134, Bruël & Kjær, Nærum,
Denmark) and data acquisition was performed with Lab-
view for Windows 3.01 (National Instruments, Austin,
Texas, USA) on a personal computer.

The resulting resonance frequencies were compared
with the first two formants of the three vowels.

Subglottal Tract

The subglottal tract is defined as the tube system below
the vocal folds, i.e. the trachea and the lungs. In combina-
tion with a vibrating sound source (vocal folds or voice-
producing element), the subglottal tract can be considered
as a vibrating air column. To determine the geometry of the
physical model of the subglottal tract, a numerical model
was built. The subglottal tract was assumed to be composed
of several tubes; a main tube with length L0, represent-
ing the trachea, coupled with two symmetrical connected
tubes with length L1. The latter tubes have an acoustically
soft boundary condition (dimensionless end-impedance ZL)
which stands for the rest of the lungs, see Fig. 2.

The recursive formulation (A.9) of the acoustical be-
haviour in a system of coupled tubes as shown in Fig. 2,
now becomes:

p j

p j−1
=

[
cosh(� kL)J − �nV sinh(� kL)J

iγ AJ

×
(

−2
iγ AJ+1

�nV sinh(� kL)J+1

×
{

cosh(� kL)J+1 − p j+1

p j

})]−1

(5)

The total transfer function can again be defined as:

Htot = p2

p1

p1

p0
(6)

The boundary condition at the end of the last tubes is
formed by an acoustical impedance ZL. The transfer func-
tion of such a tube is:

H21 = p2

p1
=

[
cosh(� kL)1 + 1

ZL
sinh(� kL)1

]−1

(7)

and the transfer function of the first tube becomes:

H10 = p1

p0
=

[
cosh(� kL)1 + 2

A2 sinh(� kL)1

A1 sinh(� kL)2

×
{

cosh(� kL)2 − p2

p1

}]−1

(8)

The total transfer function can now thus be written as:

Htot =
[

cosh(� kL)1 + 2
A2 sinh(� kL)1

A1 sinh(� kL)2

{
cosh(� kL)2

−
[

cosh(� kL)1 + 1

ZL
sinh(� kL)1

]−1
}]−1

(9)

The geometry of the tube system was chosen in such a
way that its impedance ZL of Eq. (9) fitted to the measure-
ments of the acoustical properties of the subglottal tract that
have been reported by Ishizaka et al.6 They measured the
acoustic input impedance of the subglottal tract at the tra-
cheostoma of Japanese laryngectomised patients. After cor-
rection for Western lung geometry they found peaks in the
input impedance spectrum at 615, 1355 and 2110 Hz with
impedance values of 4 kg acoustic ohms average, which is
also in agreement with data found by Cranen and Boves.3

Validation

A physical model according to the specifications was
built, and the impedance spectrum was validated using an
impedance tube.4,9 An impedance tube applies a random
noise signal to the physical model of the subglottal tract,
and by measuring the transfer signal with two pressure
transducers, the impedance of the model is calculated.

RESULTS

Vocal Tract

The geometry of the physical models for the vowels /a/,
/i/ and /u/, was determined by the numerical simulation
model to be a two-tube system for the /a/ (L1 = 98 mm,
R1 = 11.5 mm, L2 = 80 mm, R2 = 30 mm), a two-tube
system for the /i/ (L1 = 71 mm, R1 = 13.5 mm, L2 =
61 mm, R2 = 5 mm) and a four-tube system for the /u/
(L1 = 64 mm, R1 = 17 mm, L2 = 5 mm, R2 = 7.5 mm,
L3 = 60 mm, R3 = 17 mm, L4 = 26 mm, R4 = 5 mm)
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Table 1. Dimensions of the tube systems representing the three vowels examined.

Note: all dimensions in 10−3 m.

(Table 1). Subsequently, the three physical models were
build from polycarbonate, see Fig. 3. The results of the
validation study are shown in Table 2, together with the
simulated results.

Subglottal Tract

Using Eq. (9) for ZL, the optimal geometry of
the tube system depicted in Fig. 2 was determined
as: L0 = 69 × 10−3 m, radius R0 = 10 × 10−3 m and
L1 = 124 × 10−3 m with radius R1 = 16 × 10−3 m. The di-
mensionless impedance at the end of the system was de-
termined as 0.2. This could be realised by a thin layer of
glass wool (permeable for air) at the end of the tubes, as
was confirmed by measurements with an impedance tube.4,9

Subsequently, a physical model was constructed from poly-
carbonate, see Fig. 4.

Figure 5 shows the simulated spectrum of the tube sys-
tem representing a subglottal tract model (resonance fre-

quencies of 593 and 1300 Hz) and the measurement of this
model with an impedance tube (resonance frequencies of
565 and 1288 Hz).

Complete Set-Up

The complete set-up for measuring the aerodynamic
properties of an artificial sound source, in particular the
voice-producing element, in-vitro is depicted in Fig. 6. It
consists of a pressure vessel, coated inside with a sound-
absorbing material to inhibit sound-reflections of the vessel
wall. The physical model of the subglottal tract is situated
inside this vessel. On top of the subglottal tract model a
holder with the sound source, optionally situated inside a
shunt valve, can be placed. The physical model of the vocal
tract is placed over this holder.

Air is applied by means of an air cylinder connected to
the vessel. The flow is directed through the subglottal tract
model to the artificial sound source. The sound produced
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FIGURE 3. Physical models of the vowels /a/, /i/ and /u/ (from left to right).

travels through the vocal tract model, which alters the sound
signal into vowels.

DISCUSSION

As can be seen from Table 1 there are some minor de-
viations between the desired formant frequencies and the
obtained ones. The differences can be explained by the
difference in realistic and modelled boundary conditions at
both ends of the coupled tubes. At the glottal side during
validation a microphone membrane was present instead of
the assumed acoustically hard wall in the numerical model.
On the other side an open end was assumed, while in re-
ality a radiation boundary is present. The results of the
numerical model also match the description of the tube
systems, described by Fant,5 so the three different phys-
ical tube systems are successfully validated. The numeri-
cal model that forms the basis of these tube systems can
be beneficial for further studies, for instance to determine

Table 2. Measured and simulated resonance frequencies (in
Hz) of the vowels /a/, /i/ and /u/.

Measured
frequency (Hz)

Simulated
frequency (Hz)

/a/ F1 600 690
F2 1000 1110

/i/ F1 250 295
F2 2100 2300

/u/ F1 190 205
F2 560 610

the appropriate dimensions of physical models of other
vowels.

It was shown that the acoustic load of the trachea and
main bronchi could be described with just a three-tube sys-
tem. The influence of the rest of the lungs, e.g. alveoli, could
be approximated with an end impedance, here a thin layer
of glass wool. The numerical description of the pressure
distribution in the lungs has proven to be an appropriate
tool for this kind of modelling.

Measurements of the physical model of the subglottal
tract using the impedance tube showed that there is broad

FIGURE 4. Physical model of the subglottal tract.
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FIGURE 5. Impedance spectra of Ishizaka, simulated subglot-
tal tract model and validation of the model with an impedance
tube. The x-axis is given in logarithmic units.

agreement between the theoretical results and the mea-
sured results. The model gives a good description of the
acoustic behaviour. Here the exitation at the glottis was
constrained by the impedance tube instead of the assumed
acoustically hard wall, resulting in a minor frequency peak
shift. However, measurements and numerical model both
show frequency peaks with a smaller bandwidth than the
data of Ishizaka et al.6 (Fig. 5). This is probably due to
the fact that both physical and numerical model assume
rigid walls, where the data of Ishizaka obviously is based
on tubes with elastic walls (human lungs). This difference

in damping may result also in lower resonance frequencies
in the simulation and experiments compared to the peaks
found by Ishizaka.

CONCLUSIONS

Using a numerical description of pressure perturbations
in rigid tubes, we showed that a three-tube system with
an end impedance presents an acoustical equivalent of the
human lungs. In combination with physical models of dif-
ferent vowels formed by the vocal tract, we created an
in-vitro measuring set-up, which makes it possible to anal-
yse (artificial) sound sources under physiologic acoustic
loads.

Appendix: Derivation of a Recursive Formulation of
the Acoustic Behaviour of Coupled Tubes, Using the

Theory of Bergh and Tijdeman2 and Tijdeman10

We assume the one-dimensional pressure p(x) and aver-
age velocity perturbation u(x), including the viscothermal
wave propagation for tubes, see Fig. A.1, to be:

p(x) = p̂A e�kx + p̂B e−�kx (A.1)

and

u(x) = − iγ

ρ0c0�n
( p̂A e�kx − p̂B e−�kx ) (A.2)

Voice producing element in shunt 

Air 

Flowhead Sound 
absorbing 
material 

Vocal tract model

Microphone 

Flow transducer 

Pressure 
transduce

PC 

Amplifier 

Pressure vessel 

Subglottal tract model

FIGURE 6. The in-vitro test set-up.
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FIGURE A1. Geometric representation of a volume with two
tubes connected to it.

with k = ω/c0 (wave number), ρ0: mean density, c0: speed
of sound, γ = CP/CV (ratio of specific heats)

Furthermore, we define the volume Vj depicted in
Fig. A1, connected to two tubes, J and J + 1.

For the volume Vj we assume that the mass variation MV

due to the change in density of the volume Vj must be equal
to the difference between the mass leaving tube J and the
mass entering tube J + 1:

dMV

dt
= (Q J (xJ = L J ) − Q J+1(xJ+1 = 0)) eiωt (A.3)

The pressure perturbation in the volume is assumed to
be uniform:

pV = p j (xJ = L J ) = p j+1(xJ+1 = 0) (A.4)

and for small values of this pressure perturbation p and the
density perturbation ρ, the polytropic relation applies:

ρ = p

c2
0

γ

nV
(A.5)

With nV : polytropic coefficient of volume V.
Using (A.4) and (A.5), the mass MV can now be written

as:

MV = Vj

(
ρ0 + p j

c2
0

γ

nV

)
eiωt (A.6)

The mass flows entering and leaving the volume Vj are,
respectively:

Q J (xJ = L J ) = AJ ρ0u(xJ = L J ); Q J+1(xJ+1 = 0)

= AJ+1ρ0u(xJ+1 = 0) (A.7)

The complex amplitudes of the reflected and incident
travelling waves in the tubes, p̂AJ , p̂BJ , p̂AJ+1 and p̂BJ+1 are
determined by the boundary conditions at both ends of
the tube. Following the same approach as Bergh and
Tijdeman,2 the boundary conditions for the pressure at both
ends are used to determine these amplitudes. In the case of
the system in Fig. A1, the amplitudes become:

p̂AJ = p j − p j−1 e−(�kL)J

e(�kL)J − e−(�kL)J
p̂BJ = −p j + p j−1 e(�kL)J

e(�kL)J − e−(�kL)J

p̂AJ+1 = p j+1 − p j e−(�kL)J+1

e(�kL)J+1 − e−(�kL)J+1

p̂BJ+1 = p j+1 − p j e−(�kL)J+1

e(�kL)J+1 − e−(�kL)J+1
(A.8)

Using (A.3), (A.7) and (A.8), the recursive formulation
of the transfer function for the system of coupled tubes of
Fig. 1 results in:

p j

p j−1
=

[
cosh(� kL)J − �nV sinh(�kL)J

iγ AJ

×
(

− ikγ

nV
Vj − iγ AJ+1

�nV sinh(�kL)J+1

×
{

cosh(�kL)J+1 − p j+1

p j

})]−1

(A.9)

For the complete system of Fig. 1, two tubes and a
volume, the transfer function becomes:

p j+1

p j−1
= p j+1

p j

p j

p j−1
(A.10)

For a direct coupling of the two tubes J and J + 1, we can
assume the volume Vj in (A.9) equal to zero, and a direct
connection of the tubes is obtained.

In this way, it is possible to describe the acoustic be-
haviour of complex systems and branching networks of
coupled tubes. The only condition is that the boundary
condition at the end of the last tube, for example, is known.
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