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For the investigation of the physical processes of the human phonation a fluid-structure-coupled in-vitro
model was developed, which constitutes a copy of the human larynx. With that model one was able to
reproduce a manlike process of sound production.
The model made it possible to enforce extensive observations of the flow-induced vocal fold vibrations.
Many measurement techniques were applied as high-speed flow visualization, particle image velocimetry
(PIV) of the time-dependent flow field, unsteady pressure measurement, vibration measurement by a
laser-scanning vibrometer as well as the measurement of the acoustic field. Furthermore correlations
were done between the acoustic field, the flow velocity and the displacement of the vocal fold models.
The results support the existence of the Coanda-effect during phonation. The flow attaches to one vocal
fold just past the glottis and forms a spacious vortex behind the vocal folds. That behavior is not linked
to one vocal fold and changes stochastically from cycle to cycle. The sound production is presumed to
be produced by oscillations of the vocal folds and therefore by the involved oscillating volume flow rate.

1 Introduction

Human voice production arises from oscillations of the
two opposing vocal folds (VFs) within the larynx. The
gap between the VFs is called glottis. Increased sub-
glottal pressure causes an airstream through the glottis
and excites vocal fold (VF) oscillations (fig. 1). Due
to the periodic opening and closing of the glottis the
airstream is modulated, which generates the basic tone
of the human voice. Subsequently, this tone is filtered by
the vocal tract and emitted as acoustic signal through
the mouth [1].
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Figure 1: Schematically sketch of the vocal tract

The objective of these investigations is to understand
the physical mechanism of the human phonation in de-
tail.

Previous works can be divided into investigations on
rigid configurations of VFs with a constant and mod-
ulated volume flow rate, respectively, and into experi-
ments with oscillating VFs. The advantage of rigid VFs
[2, 3, 4] consists in a better accessibility for optical mea-
surement techniques as well as for pressure sensors in-
serted in the walls of the synthetic glottal duct. Because
of the very good repeatability single phenomena in the
flow field could be investigated very well. The main fo-
cus lies on the Coanda effect [2, 5], (attachment of the
flow to one VF and separation from the other), the fluc-
tuating separation-lines on the VF [6, 7] and the sound
production by the turbulent flow field [8].

The second approach considers the periodical move-

ment of the VFs. Thereby one has to distinguish be-
tween externally driven and flow-induced oscillating syn-
thetic VFs. Externally impressed VF vibrations were
used in [7, 9]. Triep et al. [10] went a similar way. They
did phase-resolved investigations of the flow field apply-
ing digital particle image velocimetry (DPIV) during the
whole cycle. However driven models don’t preserve the
energy balance between fluid and structure because en-
ergy is brought in the flow by the driving unit.

To model the fluid-structure-acoustic interaction pro-
cess of human phonation and therefore to restrain the
energy balance, synthetic VFs had to be produced, which
show flow-induced oscillations at typical flow rates dur-
ing human phonation. Thomson et. al [11, 12] and
Neubauer et al. [13] used self-oscillating models of the
VFs consisting of a polyurethane rubber with the char-
acteristic stiffness of human VFs. They investigated the
flow field in the supraglottal region to determine the
aerodynamic energy transfer to the VFs and to identify
coherent flow structures within the flow.

The time-dependent cross-section of the glottal duct
during phonation is displayed in fig. 2. It is based on the
model of Hirona et al. [14]. The glottal duct changes its
form from convergent during the opening to divergent
during the closing of the glottis. However it has not been
possible yet to measure the cross-section of the glottal
duct directly within a human patient with high accuracy
during phonation.
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Figure 2: One cycle of the movement of the glottis
(see [14])

In the present work the full fluid-structure-acoustic
interaction of the human phonation process is repro-
duced. Therefore synthetic VFs were used, which show
oscillatory behaviour within a fluid-structure interac-
tion. Furthermore a clear acoustic signal was emitted
and could be detected in the far field. This acoustic
tone assures the right transformation of the natural hu-
man process into the simplified experimental setup and
it becomes possible to analyze the physical processes of
the sound generation.
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The experimental model of the human larynx per-
mits detailed observations of the characteristic flow pa-
rameters with the aim to identify the acoustic sources
of the human voice. Three mechanisms of sound pro-
duction have to be considered:

• Flow-induced structure vibration of the VFs

• The pulsating mass flow due to the periodical open-
ing and closing of the glottis

• Turbulent structures in the flow behind the VFs

Because of the very high damping properties of the
mucous membrane, which covers the VFs, the structural
sound is neglected. Hence the influence of the remaining
mechanisms on the human phonation were investigated.

2 Experimental setup

During the experiments synthetic VFs were used whose
geometry relates to the shape of human VFs [15] with
a 1:1 length scale (see fig. 3). They were made by cast-
ing a liquid polymer solution into a mold. The solution
consists of a two-part polyurethane composition mixed
with a liquid softener: cure polymer EvergreenTM 10
and EverflexTM for increased flexibility. Adjusting the
mixing ratio of the three parts results to synthetic VFs
with a Young’s modulus of E = 6.5 kPa, which is in
the range of Young’s moduli found in human tissue. To
reproduce the inhomogeneous material distribution in
human VFs a rigid mass layer was inserted in each tip
of the VFs. This resulted in increased oscillation ampli-
tudes of the synthetic VFs and consequently improved
the acoustic signal.
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Figure 3: Vocal folds design, all dimensions in [mm]

The geometric dimensions of the test channel were
adapted to the human larynx. Figure 4 shows a schematic
diagram of the test rig. It consists of an unsteady mass
flow controller, which delivers constant flow rates in the
range of 9 to 30 l

min , which are characteristic for hu-
man phonation, for the current investigations. It is fol-
lowed by a settling chamber, which leads the flow over
a nozzle into the main test channel. The channel with
rectangular cross-section of 15 mm×17.8 mm consists of
Plexiglas and contains the synthetic VFs. In contrary
to other works with flexible synthetic VFs ([11, 13]) the
glottis enters in a channel with the same cross-section
as the subglottal area, which models partly an artificial
simplified vocal tract.

The flow field in the supraglottal region was inves-
tigated with phase-resolved particle image velocimetry
(PIV). Therefore the recording time was triggered by
the unsteady pressure upstream of the glottis.

Moreover to analyse the fluid-structure-acoustic in-
teraction the unsteady pressure upstream and down-
stream of the artificial glottis and the unsteady flow
velocity obtained by constant temperature anemometry
(CTA) using a hot wire was correlated with the acous-
tic pressure in the far field. Furthermore the structure
velocity of the VFs was determined by a laser scanning
vibrometer (LDV). The displacement of the synthetic
glottis was visualized using a digital high-speed camera
which was triggered analogically to the PIV measure-
ments.
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Figure 4: Schematic diagram and a photo of the basic
test rig, all dimensions in [mm]
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3 Results

In the following the results of the measurements for the
oscillating synthetic VFs are presented using a flow rate
of V̇ = 23.03 l

min .
The synthetic VFs vibrated at a frequency of about

34 Hz at their resonance frequency. Increasing the flow
rate increases the amplitude of the oscillation (fig. 5(b))
but doesn’t affect the frequency significantly (fig. 5(a)).
The oscillation produced a clear tonal sound and a broad-
band noise.
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(a) Oscillation amplitude depending on flow rate
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(b) Oscillation frequency depending on flow rate

Figure 5: Oscillation frequency and amplitude of the
synthetic VFs depending on the flow rate

The form of the synthetic glottis is in a very good
consistency to a human glottis during phonation as could
be seen in fig. 6.

Figure 6: Glottis of the test model and of a human
patient during phonation

In fig. 7 the VFs are plotted depending on the pres-
sure distribution upstream to the glottis. Thereby a
whole oscillation cycle is shown. The single pictures
were made by a digital high-speed camera.

The pressure distribution is characterized by a nearly
perfect sinusoidal behaviour. The glottis width shows a
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Figure 7: Periodical opening and closing of the
synthetic glottis during one cycle depending on the

pressure upstream of the artificial glottis

periodical opening and closing. It occurs a phase shift
of approximately Δα = 5/12 π between the complete
closure at α = 0 and the maximum pressure at α =
5/12 π. This phase shift originates from the complex
interaction of the different inertia of the fluid and the
VFs, the elasticity and the fluid forces within a fluid-
structure-interaction process.

Regarding the plane perpendicular to the glottis the
two-dimensional flow field contains a jet, which arises
from the narrowest gap in the glottal duct and separates
from one fold further downstream. Simultaneously it at-
taches to the other fold, that is the flow field is strongly
asymmetric (see fig. 8(a)). This effect is called Coanda
effect and is firstly described by Coanda [16]. Moreover
the jet is not attached to the same VF in different cy-
cles, but changes the attached fold stochastically. This
is called bifurcation of the flow and means, that there
are two stable modes of the flow field, which can be
assumed (see fig. 8).

Figure 9 shows the phase-averaged flow field for four
different phase angles within a cycle. For each 300 single
vector plots of one phase angle were averaged, on which
the jet is attached to the upper VF.

The the jet stayed attached to the same VF during
one cycle. The angle between the jet axis and the cen-
terline of the channel decreases from the phase angle
α = 1

2π to α = 5
3π. Thus the large recirulation area

below the jet is displaced in downstream direction.
As mentioned above, during the measurements a clear

tonal sound and a broadband sound could be heard in
the acoustic far field. The tonal component is gener-
ated by the pulsating flow rate due to the periodical
opening and closing of the glottis. To identify the phys-
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(a) Jet attached to the upper VF

(b) Jet attached to the lower VF

Figure 8: Velocity vector plots at the same phase angle
in different oscillation cycles obtained by PIV

(a) Phase angle α = 1
2
π (b) Phase angle α = 5

6
π

(c) Phase angle α = π (d) Phase angle α = 5
3
π

Figure 9: Phase-averaged flow velocity behind the
oscillating VFs models of the first three instants of a

oscillation cycle

ical mechanisms of the broadband sound production, si-
multaneous measurements of the wall pressure upstream
and downstream to the glottis (UWPU and UWPD),
the acoustic pressure in the far field (AP) and the un-
steady flow velocity downstream to the glottis were per-
formed (CTA). All these signals were correlated with
the acousitc pressure (AP) to give information about the
acoustic sources. Figure 10 displays the amplitude spec-

tra of the measured signals and additionally the spec-
trum of the structural velocity in flow direction obtained
by LDV.
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Figure 10: Amplitude spectrum of the unsteady wall
pressure upstream (UWPU) and downstream (UWPD)

to the glottis, of the unsteady flow velocity
downstream to the glottis (CTA), of the acoustic
pressure in the fare field (AP) and the structural

velocity of the VFs (LDV)

The acoustic spectrum (AP) shows a maximum at
a frequency lower than 10 Hz, which is related to envi-
ronmental noise. The major peak occurs at f = 34 Hz,
which constitutes the tonal sound and is directly related
to the oscillation frequency of the VFs as can be seen in
the spectrum of the structural velocity (LDV). All other
spectra possess their major peaks at the same frequency
except the unsteady flow velocity (CTA). Here the max-
imum is located at the frequency of the third harmonic
at approximately f = 102 Hz. This is due to the posi-
tion of the sensor for the hot wire measurements, which
is located in the center point of the channel. It detects
the passing of the large vortex below the jet and the jet
itself (the jet axis lies almost on the centerline at the end
of a cycle, see fig. 9(d)). The higher harmonics of the
wall pressures (UWPU and UWPD) and the acoustic
pressure (AP) are assumed to be the result of resonant
processes in the channel.

Furthermore the spectrum of the acoustic pressure
(AP) shows a broadband noise for f > 1000 Hz. This
is also observable in the spectra of the wall pressures
(UWPU and UWPD). However this behaviour cannot
be seen in the spectrum of the flow velocity (CTA). On
this account the instabilities generated in the shear lay-
ers of the jet give no dominant contribution to the pro-
duction of the broadband noise. Moreover considering
a Mach-number lower than 0.1, the maximum jet ve-
locity within a cycle of 22.5 m

s is too low to create a
determinative acoustic source term in the shear layers
(see [17, 18]). However taking into account the asym-
metric flow field downstream of the synthetic glottis (see
fig. 9), there is an oscillating pressure distribution on
the downstream facing surfaces of the VFs. It is caused
by the pulsating jet, which interacts with the backsides
of the VFs. This generates a sound very similar to trail-
ing edge noise with a broadband character [19, 20].
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4 Conclusion

Extensive investigations were made by using a model of
the human larynx. It contains flexible synthetic VFs,
which show flow-induced oscillations analogically to hu-
man VFs. Beside a broadband sound, a clear tonal
sound was produced and detected in the far field. In
comparison to other works, the test rig includes a part
of the vocal tract in a simplified form, which results in
small oscillation amplitudes of the VFs due to the lower
pressure difference over the glottal duct. Therefore, a
rigid mass layer was inserted in each tip of the VFs,
which constitutes the inhomogeneous material distribu-
tion of human VFs.

Detailed observations of the supraglottal flow field
showed the Coanda effect as well as the bifurcational
behaviour of the flow. The jet separates from one VF
and attaches to the other. This effect is not linked to one
VF. The jet changes the VF stochastically from cycle to
cycle, but stays attached to the same fold in one cycle.

The synchronous measurements of the unsteady wall
pressures, the acoustic pressure and the unsteady flow
velocity identified the pulsating flow rate as main acous-
tic source for the tonal sound. Furthermore the ampli-
tude spectra showed that the instabilities in the shear
layers of the jet play a minor role in the production of
the broadband noise. The asymmetric flow field suggests
that the broadband sound is generated by the asymmet-
ric pressure distribution along the backsides of the VFs.
This is the result of the interaction between the jet and
the synthetic VFs, which constitutes a similar mecha-
nism to trailing edge noise. How far this assumption
applys, further detailed investigations have to prove.
Additionally, we will take the tension within the VFs
into acount.
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flow measurements of the flow down-stream of a dy-
namic mechanical model of the human vocal folds”,
Exp. Fluids 39(2), 232-245 (2005)

[11] S.L. Thomson, L. Mongeau, S.H. Frankel, ”Physi-
cal and Numerical Flow-Excited Vocal Fold Mod-
els”, Proceedings of 3rd International Workshop
MAVEBA, ISBN 88-8453-154-3 (2003)

[12] S.L. Thomson, L. Mongeau, S.H. Frankel, ”Aero-
dynamic transfer of energy to the vocal folds”, J.
Acoust. Soc. Am. 118(3), 1689-1700 (2005)

[13] J. Neubauer, Z. Zhang, R. Miraghaie, D.A. Berry,
”Coherent structures of the near field flow in a self-
oscillating physical model of the vocal folds”, J.
Acoust. Soc. Am. 121(2), 1102-1118 (2007)

[14] M. Hirona, T. Yoshida, S. Kurida, ”Anatomy and
behaviour of the vocal process”, book, Larygeal
function in phonation and respiration, eds. T. Baer,
C. Sasaki, K. Harris, College Hill Press, Boston,
Massachusetts, 1-13 (1987)

[15] I.R. Titze, ”Principles of Voice Production”, book,
Prentice-Hall, Inc., Englewood Cliffs, New Jersey
(2000)

[16] H. Coanda, ”Device for deflecting a stream of elas-
tic fluid projected into an elastic elastic fluid”, US-
patent, 2,052,869 (1935)

[17] M.J. Lighthill, ”On sound generated aerodynamin-
cally – I. General theory”, Proc. R. Soc. London A
211, 564-587 (1952)

[18] M.J. Lighthill, ”On Sound generated aerodynami-
cally – II. Turbulence as a source of sound”, Proc.
R. Soc. London A 222, 1-32 (1954)

[19] W.K. Blake, ”Mechanics of flow-induced sound and
vibration”, Academic Press vol. 1 and 2 (1986)

[20] T.F. Brooks, T.H. Hodgson, ”Trailing edge noise
prediction from measured surface pressures”, Jour-
nal of Sound and Vibration 78, 69-117 (1981)

Acoustics 08 Paris

8794


