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Abstract – Modeling fluid-structure-acoustic interaction is a highly challenging task and currently there is
a lack of available benchmark datasets. For instance, to understand the processes of human phonation, it is
essential to fully understand the fluid-structure-acoustic interaction process. In this article, a synthetic human
phonation model is presented for benchmarking numerical methods in the field of aerodynamics, aeroacoustics
and the highly-complex fluid-structure-acoustic interaction process of the voice production. The objective is to
present the wide range of experimental data available, including the model geometry, the material character-
istics, quantitiesreferred to the vocal fold dynamics, fluid mechanical quantities and the acoustic field. Firstly,
the experimental setup is specified. Secondly, the experimental data is described in detail, accompanied by
illustrations. Having the dataset in hand, finally, it is shown how to use this data to validate a computational
phonation model called simVoice successfully. In conclusion, this benchmarking dataset offers the opportunity
to validate structural dynamics, aerodynamics and aeroacoustics of a highly-complex fluid-structure-acoustic
interaction simulation, obtained from different mathematical formulations and numerical procedures.

Keywords: Fluid-structure-acoustics interaction, Human voice production, SynthVoice, SimVoice,
Benchmark dataset

1 Introduction

The human phonation is the sound generation process
during human speech. It occurs in the larynx and predom-
inantly produces voiced sound for vowel articulation.
Unvoiced speech sounds as consonants are generated in
the oral cavity by explosive flow releases for plosives and
by narrowing the flow path by the tongue, the palate,
and the teeth and therewith by increasing the flow velocity
for fricatives.

The phonation process is a highly complex interaction
between the tracheal airflow, the (myo-)elastic tissue in
the larynx and the acoustic properties of the vocal tract
(fluid-structure-acoustic interaction), which is composed
of the upper airways up to the mouth [1–3]. There are
two tissue folds in the larynx called vocal folds that are

excited to periodical oscillations by the exhalation airflow,
see Figure 1b. Due to these oscillations, the airflow is inter-
rupted intermittently when the vocal folds close the gap in
between called glottis and generate a pulsatile jet just above
the vocal folds. Thereby, the amplitude and frequency of
the vocal folds oscillations are controlled by the frame of
moving laryngeal cartilages which posture the vocal folds
before the phonation starts. This process constitutes the
production of the primary sound of the human voice which
is spectrally composed of the harmonic tone series of the
fundamental frequency (i.e. oscillation frequency) and espe-
cially in cases of voice disorders with additional broadband
sound components [1, 4]. This primary sound signal is
subsequently modulated in the vocal tract, see Figure 1,
by resonance effects that filter specific tones, the so-called
formants, to the voice spectrum which are independent of
the harmonic tones produced by the vocal folds oscillation
[3, 5]. The frequencies of the first two formants are the*Corresponding author: stefan.schoder@tugraz.at
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characteristic features that produce the acoustic sensation
of a specific vowel.

The large challenge from a clinical perspective is that
the whole complexity of the process cannot be overall ana-
lyzed by experimental and diagnostic methods in living sub-
jects or patients as the region of interest goes down deep in
the larynx. As a result, a large scientific community has
been developed since in the middle of the last century
[5, 6] composed of engineers, natural scientists and physi-
cians who developed experimental and computational mod-
els of the larynx [7–10]. In this scientific process, Scherer
et al. [11] developed the widely applied geometrical
M5 model of the vocal folds based on anatomical and phys-
iological characteristics of human vocal folds. Afterwards,
this model was included in many experimental [12–18]
and computational models [16, 19–22] and therefore consti-
tutes a highly established and well-documented model of
the vocal folds. Although these models constitutes simple
models with simplified geometries of the VFs and rectangu-
lar or ideally circular cross-sections of the flow channels,
they have advantages compared to ex-vivo animal or
human cadaver larynges as a much longer experimental
time as well as more reproducible conditions and better
accessibility for measuring techniques [8, 23]. Thus, those
models delivered relevant insights in physiological [24–26]
and pathological phonation cases [13, 27, 28] and were even
used to develop diagnostic tools in clinical phoniatrics
[29–31].

The conducted literature study found that no well-docu-
mented datasets are available that describe the detailed
voice generation process and can serve as a validation for
high-fidelity human voice computation. This article aims
to collect, structure, describe, and to its end, provide the
experimentally obtained data as a documented benchmark
test case to the community. The benchmark dataset will be
of interest for two reasons. Firstly, a human voice simula-
tion model can be validated against well-described physical
quantities within the larynx and vocal tract region and the
acoustic signal in the free field. Secondly and most impor-
tant for the physical understanding, the dataset serves as
a first benchmark for fluid-structure-acoustic interaction
problems, including complete contact of the opposing vocal

Figure 1. Schematic pictures of a) a human head in a sagittal cut and b) the larynx in a coronal cut, showing the Vocal Folds (VF)
and the Ventricular Folds (VeF).

Figure 2. Synthetic larynx model with massflow generator, silencer, subglottal channel and silicone vocal fold models.

Figure 3. Geometrical dimension of the M5 vocal fold model
and the ventricular fold model.
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folds. This structure interaction (contact) periodically con-
stricts the flow and separates the flow domain into two,
which is a huge challenge for the simulation models [32].
To conclude, there is a high scientific potential in providing
a dataset addressing the scientific community’s interests.

2 Benchmark
2.1 Experimental model – synthVOICE

The experimental test setup is assembled of a mass flow
generator [33], an aeroacoustic silencer, and the synthetic
larynx model synthVOICE, see Figure 2. Therein, two elas-
tic silicone vocal fold models are fixed within a mounting
frame being on the top of the subglottal channel. The
subglottal channel and the mounting frame consist of
aluminum. The supraglottal test channel downstream
of the vocal folds comprises two transparent walls made
of acrylic glass and two lateral walls made of aluminum.
In a distance of 5 mm downstream of the vocal folds, the
two ventricular folds were optionally inserted, as shown in
Figure 4.

The flow region along the entire model has a rectangular
cross-section with dy � dz = 18 � 15 mm2 representing the
lateral-longitudinal orientation of the glottis. The length
of both sub- and supraglottal channel amount 190 mm
resulting in the lowest acoustical resonance frequency of
approx. 430 Hz by considering the channels as half-open
resonators [34].

The silicone vocal folds showed flow-driven, self-
sustained oscillations similar to human vocal folds during
normal phonation [35, 36]. They have the shape of the
M5 model [11, 37] shown in Figure 3 and consisted of the
three-component silicone rubber Smooth-On ECOFLEX
30 (Smooth-On Inc., Macungie, PA) that was mixed with
ratio 1–1–3 related to the volumetric fraction of Part A–
Part B–Silicone Thinner of ECOFLEX. After curing, the
silicone possesses a Young’s modulus of E = 4.4 kPa, which
is in the range of those found in vocal fold tissue [2]. The
poisson ratio of the silicone amounted 0.499 and the density
is 976 kg/m3. The size and dimensions of the larynx model
are on the human length scale [8, 9]. In this study, one pair
of silicone models was used. The shape of the ventricular
folds was derived from the M5 vocal fold shape as shown
in Figure 3 and was cast consisted of hard plastic. The size
was adapted to generate a ventricular gap in between the
two ventricular folds amounting 5 mm, Figure 4 according

to physiological measures [25]. To induce stable periodical
vibrations, the flow rate was increased above threshold.
For the three test configurations, the applied subglottal
pressure and the resulting fundamental frequency are
shown in Table 1. Additionally, the table shows the type
of available data for the benchmark case. Detailed informa-
tion about the entire flow channel can be found in [38–40].

2.2 Measuring setups

The available experimental data were measured in
three separate measuring sessions because the different
measuring equipment and setups did not allow for a
complete synchronous acquisition. Especially the sound
measurement required a low noise environment which
excluded i.e. high-speed cameras and laser systems due to
the immense noise production of integrated cooling devices.
The three sessions are listed in Table 1 including the
measured data.

2.2.1 Pressure measuring setup of acoustic and
aerodynamic pressures

A schematic of the measuring setup is displayed in
Figure 4. It shows the synthetic larynx model with a straight
supraglottal channel with a rectangular cross-section
(dimensions 0.018 � 0.015 m2). The aerodynamic pressure
was measured at 40 positions along the flow channel with
40 Kulite XCQ-093 pressure sensors flash-mounted in
the channel wall. One sensor was located 0.05 m upstream
of the glottal exit to measure the subglottal pressure.
The remaining 39 sensors were arranged at 13 distances
downstream to the glottal exit in supraglottal channel, as
displayed in Figure 4.

The sound pressure was measured by four Bruel &

Kjaer 4189-L-001 1/200 microphones positioned
downstream of the supraglottal channel exit. The micro-
phones were homogeneously distributed around the supra-
glottal channel at a distance of 1 m to the channel
outlet each with an inclination angle of 45� to the channel
axis.

All sensors were controlled with a LabView script and
the measuring quantities were synchronously sampled by
five National Instruments NI PXIe-4331 bridge
modules for the 40 aerodynamic pressure sensors and a
NI PXIe 4496 AC acquisition board with 24-bit resolution
for the four microphones. The data were acquired with

Table 1. Measuring data sets of synthVOICE for validation [13, 14, 24, 38–40], with f0 being the fundamental frequency, Psub the
subglottal pressure and Q the flow rate. The presence of the VeFs are indicated by the checkmark symbol.

Data set VeF f0 P sub Q Measuring data

Acoustic & aerodynamic pressure 143 Hz 3251 Pa 100 l/min Sub- & supraglottal pressure @ 40 positions
U 148 Hz 2449 Pa 70 l/min Sound pressure far field @ 4 positions

Visualization VFs dynamics 145 Hz 3667 Pa 100 l/min Subglottal pressure
U 148 Hz 2754 Pa 75 l/min High-speed footage

Flow field PIV 146 Hz 322 Pa 95 l/min 2D flow field mid-coronal plane
Subglottal pressure

S. Schoder et al.: Acta Acustica 2024, 8, 13 3



24-bit resolution and sampling frequency of fs = 44.1 kHz
within a time interval of 60 s. All subsequent post-
processing procedures were performed in Matlab.

2.2.2 High-speed visualization of vocal fold vibration

The experimental setup for the high-speed visualization
of the vocal folds vibration is shown in Figure 5. The vocal
fold’s vibration was recorded from a superior perspective by
a Photron SA1.1 high-speed camera. The framerate was
4000 fps with resolutions of 512 � 512 pixels for the case
without and 1024 � 1024 pixels for the case with VeFs.
The recording length amounted 0.125 s which corresponds
to 500 frames or approx. 18 oscillation cycles of the vocal
folds per video. Simultaneously, the subglottal pressure
was measured by the Kulite XCQ-93 pressure sensor as
described above using a sampling frequency of
fs = 100 kHz by a NI PXIe-6356 multifunctional acquisi-
tion board. This card also allows to sample the digital
recording signal from the camera to assign the recorded pic-
tures to the instantaneous pressure signal.

For analysis, the glottal area was segmented in each
video frame using the software package Glottis Analysis
Tools (GAT) [41]. The result is the so-called Glottal Area
Waveform (GAW) which is the glottal area as a function
of time. The post-processing of the subglottal pressure
signal and the digital recording signal from the camera
was also performed in Matlab. Thus, although the exact
3D deformation of the two VFs could not be acquired,
the GAW provides valid data to reproduce the vocal fold
motion within a computational CFD model adequately as
shown in [42].

2.2.3 High-speed flow field measurement of
supraglottal flow field

The instantaneous flow velocity field was measured by
High-Speed Particle-Image-Velocimetry (HS-PIV) in the
2D mid-coronal plane directly downstream of the vocal
folds indicated by the Region Of Interest (ROI) of size
dx � dy ¼̂ 39� 18 mm2 in Figure 6. For visualizing the flow,
small liquid tracer particles with a mean diameter of

Figure 4. Synthetic larynx model and supraglottal channel with optional Ventricular Folds (VeF), subglottal and 39 supraglottal
pressure sensors.

Figure 5. Schematic picture and photo of the experimental setup for the high-speed visualization of the vocal folds vibration.
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approx. 2 lm were produced by clinical CareFusion

AirLife empty nebulizers and added into the flow
upstream of the silencer. These particles followed the flow
with negligible slip (Sk = 0.01 � 1) and were illuminated
by a pulsed laser light sheet with a thickness of approx.
1 mm which was guided into the supraglottal channel via
its outlet. The laser light was scattered at the tracer parti-
cles and recorded by a Phantom v2511 high-speed camera
from a perpendicular perspective to the ROI using a frame
rate of fs = 10 kHz. The laser light was produced by a high-
speed dual-oscillator Nd:YLF Continuum Terra PIV

laser that emitted two laser beams using a frame rate of
2 � 10 kHz with a delay of 5 ls between the two pulses.
Simultaneously, the subglottal pressure as well as the
instances of frame recording by the high-speed camera were
measured as described above.

The PIV evaluation was performed with the ILA PIV-
View software package to calculate the flow velocities. The
ROI was resolved by 76� 34 square interrogation areas,
each containing 32� 32 pixels. With this resolution and
measuring parameters, only 1% of the flow velocity vec-
tors in the ROI were evaluated invalid by a normalizedmed-
ian test below the maximum acceptable number of
outliers [43]. More detailed information can be found in
[14, 40, 44].

2.3 Experimental data

The following experimental data will be shown exem-
plarily for each physical field: vocal fold motion, supraglot-
tal flow field and the generated acoustic signal.

2.3.1 Vocal fold motion

The motion characteristics of the silicone vocal folds
have been extensively analyzed in Kniesburges et al.
[13, 24]. They showed the periodic oscillation with the fun-
damental frequency in the range of human phonation of
adult males and females (f0 = 143 – 149 Hz) and the glottis
closure in each oscillation cycle as depicted in Figure 7.
Furthermore, the typical mucosal wave-like motion with
the convergent-to-divergent change of the glottal duct [1]
is also reproduced by the model. Figure 8 shows the
GAW and the subglottal pressure P sub during one oscilla-
tion cycle with selected pictures of the vocal folds at selected
time points. At the time points 1 and 2, the glottal duct is

convergently shaped and becomes divergent between time
points 2 and 3 for the rest of the cycle. As reported in
[13, 38], this shape change of the glottal duct produces a
short decrease of subglottal pressure between time point 2
and 3. A second local pressure decrease occurred between
time point 4 (maximum glottal area) and 5 (maximum
divergence angle) when the glottal duct becomes more
divergent. Both effects can be explained by aerodynamic
effects that increase the flow rate and therefore shortly
decrease the subglottal pressure as discussed in [13].

2.3.2 Flow field

The flow field data is composed of the time-dependent
wall pressure at one position in the subglottal region and
39 positions in the supraglottal channel as depicted in
Figure 4. In spectral representation, both sub- and supra-
glottal pressure signals are assembled of the harmonic series
of the fundamental frequency f0 = 149 Hz being the oscilla-
tion frequency of the vocal folds and its higher harmonics.
In both supraglottal channel configurations (with and with-
out VeFs), the amplitudes of the higher harmonic peaks
decrease with increasing frequency. Furthermore, all
harmonic peaks also decrease with increasing distance to
the glottis, i.e. within the supraglottal channel.

Besides the harmonic series of the fundamental fre-
quency, a second so-called subharmonic series is visible in
all pressure spectra which starts with the first small subhar-
monic peak at f0/2. As reported in [24], this subharmonic
series was aerodynamically generated in the model by cyclic
variations of the glottal jet position immediately down-
stream of the glottis or the VeFs, respectively. Those
subharmonic components are often clinically associated
with diplophonia [4, 45].

The flow velocity was measured in the immediate supra-
glottal region for the case without VeFs. Figure 2 shows 5
instantaneous 2D flow fields within one oscillation cycle,
see the experimental setup in Figure 6. Starting with the
closed glottis with tiny velocity fluctuations in the flow
field, the glottal jet arises at a = 54�, accelerates to its
maximum velocity at a= 162� and decelerates and vanishes
at a = 270� when the glottis is closed again. Based on
this velocity data, Lodermeyer et al. [40] calculated the
instantaneous pressure field for each flow field based on a
Poisson solver [46, 47] displayed in the right portion of
Figure 11.

Figure 6. Schematic picture of the experimental setup for the 2D flow field measurement with High-Speed Particle-Image-
Velocimetry. The laser light sheet was guided in the supraglottal channel in the mid-coronal plane. The motion of the tracer particles
was recorded within the Region Of Interest (ROI) indicated in red.
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Figure 7. Pictures of the vocal folds from a superior perspective for one oscillation cycle indicated by the phase angle u = 0 � 2p.
Top row: Oscillation of the model without ventricular folds. Bottom row: Model with the ventricular folds.

Figure 8. Glottal area (solid black) and subglottal pressure waveform (solid red) for one oscillation cycle (u = 0 � 2p) with
characteristic point specified.
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2.3.3 Sound field

The spectra of the sound pressure for both cases (with
and without VeFs) are displayed in Figure 12. Correspond-
ingly to the hydrodynamic pressure spectra shown in
Figures 9 and 10, both sound spectra include the harmonic
and subharmonic series. However, the starting subharmonic
peak at f0/2 does not occur, but only the higher subharmonic
peaks are visible, especially those between two harmonic
peaks. As described above, the occurrence of the subhar-
monics can be clinically associated with diplophonia and is
perceptually described as a creaky and rough voice [4].
The perceptual sensation of the sound generated in the
larynx model can be described equivalently as rough and
creaky. In both spectra, approx. eight distinct broadband
elevations are visible starting with first at the central
frequency of 700 Hz. These broadband elevations are
assumed to be resonance effects in the supraglottal channel
because they do not occur in the spectra for the case without
a supraglottal channel as shown in [4]. From a physiological
point of view, these elevations can be interpreted as the
formants that acoustically control the sound characteristics
of different vowels [5].

The comparison between the sound spectra of both
cases showed only minor differences. The harmonic and
subharmonic peaks are slightly smaller for the model with
the VeFs. In contrast, the broadband elevations are slightly
higher if the VeFs are included.

3 Application – simVOICE

Based on the benchmark case of a synthetic larynx
model, the researcher group assembled of scientists from

the Friedrich-Alexander University Erlangen-Nürnberg
(FAU) and the Graz University of Technology (TU Graz)
developed a hybrid computational model called SimVOICE

that is composed of a Computational Fluid Dynamics
(CFD) and a Computational Aero-Acoustic model
(CAA). For all details regarding modeling, validation and
application of simVOICE, we refer to [19, 42, 48–55].

3.1 CFD model

The CFD model was developed based on the experimen-
tal model described above. It was implemented in the
commercial CFD solver Starccm+ (Siemens, PLM Soft-
ware, Plano, TX, USA) based on the finite volume
method. The simulation was performed majorly on the
high-performance computing clusters of the FAU. Beside
physiological phonation conditions, the model success-
fully reproduced the pathological phonation cases of the
clinically often observed glottis closure insufficiency and
left-right asymmetric vocal fold oscillations as reported
in [19].

3.1.1 Model geometry and boundary conditions

In accordance with the benchmark model shown in
Figure 4, the CFD model is composed of three parts: the
subglottal channel upstream of the vocal folds, the glottal
duct with the two vocal folds and the supraglottal channel
with optional VeFs constituting the VT, see Figure 13.
The shape of the vocal folds corresponds to the M5 model
[11, 17]. The geometrical dimensions exactly meet the
dimensions of the experimental model and are located in
the range of human length scale [1].

Figure 9. Amplitude Spectral Density of the subglottal pressure with and without VeFs.
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The oscillation of the vocal folds in SimVOICE was pre-
scribed from the experimental model as described in detail
in Sadeghi et al. [50]. Thereby, the temporal evolution of
the glottal duct and shape are designed based on GAW
data and the experimental video footage of the silicone
vocal folds during phonation as shown in Figures 8 and 7.
This yields an oscillation frequency of f0 = 148 Hz and a
glottal diameter ranging from 0.2 mm during glottis closure
to 4.6 mm at maximum glottis opening. The motion pattern
shows the typical mucosal wave-like motion [1] with a con-
vergent-to-divergent shape change of the glottal duct and
forms elliptically shaped glottis. Computationally, the
resulting 3D motion is realized by the overset method which
combines a fixed background mesh and a much smaller
deformable overset mesh around the vocal folds controlled
by the Arbitrary-Lagrangian–Eulerien (ALE) method as
proposed by [56–58].

At all walls of the simVOICE model, no-slip and no-
injection boundary conditions were applied. The walls of
the moving vocal folds were defined as moving wall bound-
aries. The flow was driven by a constant pressure difference
of DP= 3251 Pa between inlet and outlet being in the phys-
iologic range of human lunge pressures during normal
phonation [1, 8, 19].

The working fluid air was used with a kinematic viscos-
ity of air of m ¼ 1:5666 � 10�5 m2

s and the density of air con-
stant at q ¼ 1:18415 kg

m3. As the Mach number yields
Ma < 0.3 [8], the fluid was considered as incompressible.

3.1.2 Turbulence modeling

Based on the results presented in [19, 50], the maximum
Reynolds number amounts Re � 10,000. Thus, Large Eddy
Simulations (LES) in combination with a Wall-Adapting
Local Eddy-Viscosity (WALE) subgrid-scale model [59]
have been performed to handle turbulence. By this
approach, the large-scale turbulent structures are conserved

with regard to their contribution to aeroacoustic sound
generation.

Due to the decoupling of the momentum equations
and the continuity equation, the pressure-correction PISO
algorithm (Pressure-Implicit with Splitting Operators)
was applied. For solving the resulting algebraic system of
equations, an Algebraic MultiGrid (AMG) method with a
Gauss-Seidel relaxation scheme was used.

3.1.3 Discretization and grid convergence study

The mesh consists of approx. 1.4 million hexahedral cells
and was generated based on a grid study reported in [49].
The near wall regions were discretized with wall-parallel
prism layers and a all-y+ model to model the boundary
layer flow for fine and coarse meshes [19, 42, 49, 50, 60].
The time step size is set to 1.0 � 10�6 s, and the correspond-
ing CFL = 5 being sufficiently small for implicit solvers
[61, 62].

3.1.4 Validation based on the benchmark data

The SimVOICE model showed a good validity in
comparison to experimental data as reported in [42]. Within
a shorter model of the supraglottal channel, the simulated
hydrodynamic pressure yielded a good validity during
one oscillation cycle of the vocal folds in comparison
with the experimental data as displayed in Figure 14.
The corresponding relative L2 error norm range between
ranged between 0.2 and 0.33 depending on the position.
The fluctuations in the simulated pressure devolution at
positions 1–3 originates from the location of pressure acqui-
sition at the center line of the channel. There, large flow
fluctuations produced by the glottal jet and its shear layer
instabilities occur at these positions. At positions 4 and 5,
those fluctuations are much smaller. In the distribution of
the experimentally measured pressure, flow fluctuations

Figure 10. Amplitude spectral density of the supraglottal pressure at five positions according to Figure 4. (a) Supraglottal channel
case without VeFs, (b) Supraglottal channel case with VeFs.
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Figure 11. Resulting flow fields from the time-resolved PIV measurements at different phase angles representing different instances
within an oscillation cycle. The left column depicts the velocity magnitude with the vocal fold structure in white. Additionally, vectors
indicate the direction of the flow. The right column shows contour plots of the relative static pressure computed from the velocity field.
Thereby, the pressure is given in reference to the ambient pressure p0.
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are also much smaller as the pressure data were measured
at the walls of the channel as depicted in Figure 4. Thereby,
the pressure devolution represents the average of the three
pressure sensors at the respective position.

3.2 Aeroacoustic simulation

The aeroacoustic simulation is based upon a hybrid
aeroacoustic approach as described in [55]. This approach
separates the flow and acoustic computations so that acous-
tic sources are computed from the previously simulated flow
field, resulting in a one-way coupling of the flow into the
acoustic field only. A variety of formulations are available
for the acoustic field calculation based on the hybrid aeroa-
coustic approach, among which Lighthill’s acoustic analogy
[63] has been a benchmark formulation ever since. However,

this approach does not distinguish between acoustic and
viscous effects, and the computation of the Lighthill stress
tensor can be complicated reducing the computational effi-
ciency. Therefore, an approach utilizing a splitting tech-
nique was derived by Seo and Moon [64] resulting in a set
of Perturbed Compressible Equations (PCE) based on
viscous/acoustic splitting. Furthermore, Acoustic Perturba-
tion Equations (APE) provide accurate results of the aero-
dynamic sound of the phonation process [65, 66].

The workflow consists of three steps, (1) perform a tran-
sient flow simulation on a restricted subdomain; (2) com-
pute the acoustic sources from the flow field entities;
(3) simulate the acoustic field. In this benchmark case,
the acoustic field simulation is based on the Perturbed
Convective Wave Equation (PCWE), which directly com-
putes the acoustic field generated by low Mach number

Figure 12. Amplitude spectral density of the generated sound for the larynx model with and without ventricular folds in the
supraglottal channel analogously to Figure 4.

Figure 13. 3D representation of simVoice, including a velocity field in the mid-coronal plane, the Vocal Folds (VF), the Ventricular
Folds (VeF), and the rectangular vocal tract. Points P1, and P2 are located 6 mm, and 20 mm in distance to the vocal folds.
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Figure 14. Temporal devolution of the static pressure obtained from the simulations and the measurements at positions 1–5
according to Figure 4. The measured pressure data (Exp – red) were taken from the three sensors mounted at one position of the
supraglottal channel and averaged, whereas the data from the simulations (Sim – blue) were taken at the center line. (a) Position 1,
(b) Position 2, (c) Position 3, (d) Position 4 and (e) Position 5.
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flows simulated by an incompressible CFD. A concise
description of the aeroacoustic simulation framework for
this benchmark case is presented in [48].

3.2.1 Aeroacoustic model

Exploiting the low Mach number flows occurring in
human phonation, a computationally efficient simplifica-
tion is present through the Perturbed Convective Wave
Equation (PCWE), which can be achieved by reformulating
the APE-2 variant of [65, 66]. Thus, the numerical effort is
reduced further, because PCWE contains only one scalar
unknown, the acoustic velocity potential wa. To derive
the PCWE, one starts by splitting the flow field and yields
mean (�p, �v, �q) and fluctuating parts, the last of which are
further separated into incompressible flow (pic, vic) and
acoustic (pa, va, qa) components. Therewith, we arrive at
the PCWE for static meshes in accordance to [48, 67]

1
c2

D2wa

Dt2
��wa ¼ � 1

�qc2
Dpic

Dt
; ð1Þ

with substantial derivative is given as D
Dt ¼ @

@t þ �v � r.
Considering that in human phonation only low Mach
number flows occur [55], the substantial derivative in
equation (1) can be approximated by the partial derivative
with respect to time, because the convective part of the
substantial derivative is localized around the VFs and
insignificant in the acoustic far-field [55].

The incompressible fluid density and the speed of sound
are given by �q ¼ 1:18415 kg/m3 and c = 346.2 m/s, respec-
tively [55]. The PCWE is solved for wa by the finite element
method using the software openCFS [68]. Using the
relations

pa ¼ �q
Dwa

Dt
and va ¼ �rwa; ð2Þ

the acoustic pressure pa and the acoustic particle velocity
va can be calculated from the acoustic potential wa.

3.2.2 Geometric dimensions

Figure 15 shows the simulation domain with the larynx,
vocal tract, and propagation regions. The separated

description of these components is a consequence of the
hybrid aeroacoustic workflow, where the aerodynamic
domain, which contains the aeroacoustic sources, is formed
by the larynx in conjunction with the vocal tract. The vocal
tract is modeled with sound hard walls, which is justified by
a sufficiently high acoustic impedance jump between air
and tissue. The propagation domain is simulated with a
rectangular box at the end of the vocal tract, surrounded
by a Perfectly Matched Layer (PML) region ensuring free
field radiation without reflection [69]. To match the exper-
imental setup, the bottom of the propagation region is
modeled sound hard. A non-conforming interface (Type
Nitsche) connects the vocal tract outlet with the propaga-
tion region [55]. The subglottal inlet boundary is modeled
by an Absorbing Boundary Condition (ABC), which is jus-
tified by assuming plane wave condition inside the inlet
channel.

Different meshes are used for the flow (CFD) and acous-
tic (CA) simulations. To interpolate between the meshes, a
conservative cut-volume-cell approach is used as defined in
[52, 55].

3.2.3 Source terms of the wave equation

The aeroacoustic source term as defined in equation (1)
consists of the partial time derivative of the incompressible
flow pressure and a convective source term. It has a depen-
dence on space and time, or equivalently, on space and
frequency.

In [54] an in-depth analysis of the generated acoustic
sources in time and frequency domain for a simulation setup
similar to benchmark case 2 is given. This form of analysis
gives insight in the fundamental sound-generating mecha-
nisms and distribution in space and over the investigated
time respectively frequency range. It was found that the
convective part of the right-hand side in equation (1) is
localized around the VFs and is negligible for prediction
of the acoustic far-field due to its small integral contribution
[54].

In Figure 16, we see the spatial distribution of the
Fourier transformed source term F @pic=@tð Þ at a character-
istic frequency f = f0 = 148. At this frequency f = f0, the
source term reaches far into the vocal tract, as observed
by the experimental data presented in [44]. The sources
are filtered according to [53].

Figure 15. Side view of the 3D geometry and domain of the
CAA model of simVoice as introduced by [55]. Mic.1 and Mic.2
are located 5 and 8 cm in distance of the vocal tract exit
(mouth).

Figure 16. Visualization of F @pic=@tð Þ for f0 (contour at
F @pic=@tð Þ ¼ 6 � 105; 4.5 � 105 Pa/s) ([54],Fig. 14).
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3.2.4 Discretization and mesh convergence

Table 2 shows a summary of the discretization. For the
larynx region, a mesh consisting of tetrahedral elements is
used to approximate the continuous geometry by 195,000
elements with a maximum element size of 2.4. The acoustic
mesh inside the glottal region has a characteristic length
similar to the CFD mesh. To obtain the characteristic
acoustic element length Dla, the simple estimation formula
by [70, 71] is used to minimize numerical dissipation and
dispersion, such that

�la ¼ k
20

¼ c
20fmax

¼ 3:5 mm: ð3Þ

Therewith, the maximum frequency of fmax = 5 kHz is rep-
resented with 20 linear finite elements per acoustic wave
length k. The supraglottal regions, i.e. the simple vocal tract
and the propagation domain in conjunction with the PML
regions are meshed with hexahedron elements. As listed in
Table 2, the total number of finite elements sums up to
281,500. Finally, the convergence of the discretization and
the possible model speed-up was investigated in [55] based
on a structured mesh study.

3.2.5 Validation procedure

To validate the acoustic simulation, experimental sound
data described in this article was used.

The experimental measurements and the simulation
results differ with respect to their sampling frequency and
duration. The measurements have a duration of 60 s with
a sampling frequency of fs = 44.1 kHz (thus 2,646,000
samples), whereas the simulation results have a sampling
frequency of fs = 100 kHz and a signal length of 0.13501 s
(thus 13,501 samples). The Amplitude Spectral Density
(ASD), which is the square root of the Power Spectral
Density (PSD), is used to compare the acoustic spectra.
For the measurements, the ASD is calculated using Welch’s
method [72], for which the signal is buffered into segments
with a size of 20,000 samples each and an overlap of 50. A
Hamming window is applied to the segments and the final
spectrum is achieved by averaging over the segments [55].
The measurement ASD is illustrated by the blue line in
Figure 17. The ASD of the simulation is obtained by calcu-
lating the ASD for the whole Hamming-windowed signal
without segmentation. The simulation ASD is displayed
as the yellow line in Figure 17. Due to the duration dispar-
ity between measurements and simulation, the tonal com-
ponents of the spectra are wider for the simulation,
especially towards low frequencies. In [54], resolution of
the experimental data was sacrificed by shortening the
window length to the simulation time, which shows a good
agreement of the low frequency range tonal components of
the simulation data with the experimental data.

3.2.6 Results

Source terms: Based on a source term analysis of the
PCWE, the following conclusions are drawn:

Figure 17. Comparison of ASD at Mic. 2 for experiment and simulation ([55], Fig. 15).

Table 2. Mesh and element statistics of the individual subdo-
mains, considering the reference setup ([55], Tab. I).

Region Elements Max. Element size

Larynx 195,000 2.4 mm
Simple vocal tract 23,600 5.7 mm
Propagation domain 30,000 3.6 mm
Prop. domain subglottal 600 1.5 mm
PML subglottal 600 1.5 mm
PML propagation 31,700 3.6 mm
Total 281,500 5.7 mm
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Firstly, the time derivative part of the PCWE (Eq. (1))
has a larger impact on the acoustic spectrum than the
convective source term part, as observed by the experimen-
tal data presented in [44]. Therefore, neglecting the time
derivative part results in a low SPL that further decreases
for increasing frequencies [54].

Secondly, the location of acoustic sources regarding the
local pressure time derivative is frequency-dependent. For
the fundamental frequency and low harmonics thereof,
the acoustic sources are found in the supraglottal area. In
contrast to that, for higher harmonics and non-harmonic
frequencies, the acoustic sources are predominantly located
in areas of high fluid velocity [44], i.e. inside the glottal jet
and areas of turbulent structures [54].

Thirdly, the authors of [54] reported a connection
between the glottal jet and the time instance regarding
the Glottal Area Waveform (GAW). At the glottal opening
instant, a new glottal jet is formed, which continues to
develop until the glottis is fully opened. During the follow-
ing glottal closing phase, the glottal jet is increasingly
disrupted, which leads to diffusion of the jet. The decelerat-
ing fluid causes strong fluctuations. If the VFs are fully
closed, the flow is cut off (zero flow driving energy), and
thus the vortices are decaying in a resting fluid due. This
results in a curling flow for the fully closed VFs [54].

Sound propagation: The results for sound propaga-
tion are obtained by evaluating theacoustic pressure pa at
the positions Mic1 and Mic2, as depicted in Figure 15.

Figure 17 shows, that the fundamental frequency f0,
which is the oscillation frequency of the vocal folds, and
its harmonics are well-developed for both measurement
and simulation. However, the simulation underestimates
the amplitude of the fundamental frequency, which can
partly be explained by the short simulation time. Overall,
the transfer function characteristics from the aeroacoustic
sources inside the larynx to the microphone position are
represented by the simulation, except for strong sound
radiation reduction around 1 kHz. Furthermore, the simula-
tion overestimates the ASD for frequencies in the range of
3.5–5 kHz [55].

4 Conclusions

The human phonation process is characterized by a fully
coupled fluid-structure-acoustic interaction which made it a
prominent research object for computational and experi-
mental engineers since the mid of the last century. As a con-
sequence, a plurality of experimental models of the vocal
folds has been developed to study the fluid flow, their vibra-
tions and in recent times the aeroacoustic sound generation.
In this work, we present the experimental larynx model
SynthVOICE that has been developed since 2009 which
includes the internationally established M5 model of the
vocal folds. The models made of silicone show flow-induced
periodical vibrations and were used to analyze physiological
as well as pathological phonation characteristics.

The experimental model was taken as a basis to develop
the hybrid computational aeroacoustic SimVOICE model.

Based on the simulated flow field data, the aeroacoustic
sources were determined based on the PCWE formulation
and the sound propagation was simulated with finite-ele-
ment solver openCFS. The model shows a high validity of
both the fluid dynamics and the acoustics. Furthermore,
it has been applied to simulate physiological and patholog-
ical phonation cases to identify the basic effects of aeroa-
coustic sound production.

Thus, we provide the experimental data of Synth-
VOICE for computational researcher groups in the field
of aeroacoustics to evaluate their solvers with regard to
accuracy and efficiency. The experimental data comprises:

� Geometry of the model.
� Material characteristics of the synthetic vocal folds.
� Vibration characteristics: Fundamental frequency,
high-speed visualization of the vocal fold dynamics
glottal area waveform.

� Flow field quantities: Static pressure in sub- and
supraglottal channel at 40 measuring points and 2D
flow velocity distribution in the mid-coronal plane.

� Acoustic field: Produced sound measured by four
microphones in the far field of the model.

Additionally to the experimental data, the simulated flow
and sound field data are also provided to give the opportu-
nity to reproduce the separate steps of an aeroacoustic sim-
ulation. All data are free of charge.
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