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Abstract
Voice disorders affect millions of people across Europe,
with significant implications for quality of life. Under-
standing the physical mechanisms underlying phona-
tion and their variation under disturbances remains
a central challenge. While the fundamental princi-
ples of voice production are well established, accu-
rately modelling the complex fluid–structure–acoustic
interactions between the vocal folds and the laryn-
geal airflow remains challenging [1]. To foster repro-
ducibility and cross-validation within the phonation
research community, the SimVoice benchmark was
established as a shared reference for both numeri-
cal and experimental investigations. In this study,
complementary numerical and experimental analyses
of the benchmark configuration are performed to in-
vestigate its aeroacoustic characteristics and further
support methodological development. A computa-
tionally efficient framework based on the MGLET
solver is employed to conduct Large-Eddy Simulations
(LES) with prescribed vocal fold motion, permitting
parameter studies of subglottal pressure variations
and deformation patterns. Additional measurements
using both rigid (non-oscillating) and deformable vo-
cal folds provide a robust extension of the dataset for
model calibration and parameter tuning. Exploring
multiple operating points enhances the benchmark’s
characterization, advancing the broader goal of repro-
ducible, physically grounded voice simulation. Our
findings give new insights into the physics of voice
production and contribute to the continued validation
of the SimVoice benchmark.
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1. Introduction
Voice production arises from the fluid-structure-
acoustic interaction of airflow, deformable vocal folds,
and the resulting acoustic field. Even small changes
in tissue properties, geometry, or subglottal pressure
can noticeably alter the generated sound, which shows
the sensitivity of the underlying flow and acoustic
mechanisms. While the basic principles of phona-
tion are well understood, quantitatively predicting the
aeroacoustic sources and the radiated sound remains
challenging. Experimental studies with simplified la-
ryngeal models and high-fidelity computational fluid
dynamics (CFD), have improved the understanding
of glottal jet dynamics and sound generation. How-
ever, differences in geometry, boundary conditions,
and operating parameters often make direct compari-
son between studies difficult, limiting reproducibility
and systematic validation.
To address this issue, the SimVoice benchmark was
introduced as a shared and well-defined reference con-
figuration for phonation research [2]. It provides a
precisely specified geometry, operating conditions, and
reference data, allowing comparison between numeri-
cal and experimental approaches. The benchmark was
originally investigated in combined experimental and
numerical studies using deformable vocal fold models.
A key challenge remains the consistent separation of
flow-induced sound generation from fluid–structure
coupling effects. Conducting additional reference
measurements using rigid models allows efficient pre-
emptive aeroacoustic calibration of numerical mod-
els without the computational burden inflicted by
full simulation of fluid-structure interaction. Further
systematic characterization of the studied configura-
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tion, particularly with respect to aeroacoustic source
mechanisms, parameter sensitivity and methodologi-
cal robustness is thus essential to further exploit the
benchmarks potential.
In the present work, we build upon the SimVoice bench-
mark [2] by performing complementary numerical and
experimental investigations of its aeroacoustic charac-
teristics. A computationally efficient framework based
on LES with optional prescribed vocal fold motion
is presented to study the flow field and its acoustic
emissions under controlled variations of subglottal
pressure and deformation. The configurations using
rigid vocal fold models serve as a controlled reference
for fluid-dynamic and acoustic model tuning, isolating
flow-induced sound generation from fluid–structure
coupling effects, allowing more computationally effi-
cient parameter tuning using non-deforming simula-
tions.

2. Methodology
2.1. Experimental details
The experimental setup (shown in Figure 1) is based
on a rectangular channel consisting of aluminium (sub-
and supraglottal) and acrylic glass (glottal) sections
with cross-sectional dimensions of (15×18mm). For
further information on the geometry we want to ref-
erence to the benchmark definition [2]. At defined
positions a vocal fold and a ventricular fold pair is
glued into the channel. The models are based on the
M5 model. Two version of vocal fold models are inves-
tigated. For the studies investigating rigid vocal folds
an adjusted M5 model with an enlarged glottal gap
of 1mm is used to reduce viscous blocking, therefore
allowing higher flow speeds and stronger aeroacoustic
sources, leading to enhanced acoustic excitation. The
rigid models were 3D-printed using stereolithography
(SLA). The deformable silicon vocal fold models are
based on the classical M5 model and were manufac-
tured using a 3D-printed mold.
As shown in Figure 1a.) total of 8 (7 supraglottal
Kulite XCS-093 and 1 subglottal Kulite XCQ-093) wall
pressure probes were installed centred along the side
wall of the channel. The wall pressure probe locations
(indexed from 0-7, see Figure 1a.) ) are placed at
distances of 10, 30, 50, 70, 110, 150, 190, −50 mm from
the trailing edge of the vocal fold model. In the far-
field three microphones (Brüel and Kjaer 4189-L-001
1/2”) were installed at a fixed distance of 1m to the
end of the supraglottal channel at azimuthal angles
of 30◦, 60◦, and 90◦. Additionally the flow rate was
measured at a upstream position. The experimental
sensor data consists of 60s measuring intervals at a
sampling frequency fs = 48kHz for each operating
point.

2.2. Aeroacoustic modelling
The low Mach number Ma < 0.3 allows treating the
laryngeal air flow as an incompressible constant den-
sity flow. Thus the fluid can be described by the
incompressible Navier-Stokes equations. The air is

1.
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b.)
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7.
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Figure 1: a.) the experimental setup with the marked
wall pressure probe locations. b.) the computational setup
coloured by the different regions referenced in the paper.

modelled using a constant density ρ = 1.2 kg
m3 and a

kinematic viscosity of 1.53 · 10−5 m2

s To resolve the
largest scales of turbulence inside the flow directly we
use LES. The governing equations that need to be
solved in LES are based on a spatial filtering operation
which separates the flow into resolved (̄·) and sub-grid
scale (SGS) contributions. The filtered incompressible
Navier-Stokes equations can be written as

∇ · v̄ = 0 , (1)
∂v̄

∂t
+ (v̄ · ∇)v̄ = −1

ρ
∇p̄ic + ν∇2v̄ − ∇ · τ sgs . (2)

The system is closed by the assumed eddy viscosity
ansatz for the SGS stress tensor τ sgs and the employed
Smagorinsky model for the eddy viscosity.

To account for the aeroacoustic sources and acoustic
propagation during voice production a hybrid aeroa-
coustic method is employed, namely a variant of the
acoustic perturbation equations (APE). The used vari-
ant APE1 system [3] solves for the total compressible
pressure pc := p′ = p̄ic + pa in the using the scalar
wave equation

1
c2

∂2p′

∂t2 − ∇2p′ = −∇2p̄ic , (3)

where the aeroacoustic source term −∇2p̄ic, that is
based on the incompressible flow simulation, appears
on the right side. This workflow represents a one-
way coupling of flow to acoustics, which thus excludes
acoustic feedback on the flow. The adopted hybrid
formulation allows a clear distinction between hydro-
dynamic source generation and acoustic propagation.

12th Convention of the European Acoustics Association
Graz, Austria • 8th – 12th September 2026 •

P
re
lim

in
ar
y
do
cu
m
en
t

https://euracoustics.org/
http://aaa-oega.org/


2.3. Numerical treatment
Both the incompressible flow and the acoustic wave
equation are solved using the commercial solver
MGLET [4]. The solver requires an underlying Carte-
sian grid with octree-based refinement. The grid
structure allows the efficient use of a geometric multi-
grid method. The simulation domain boundaries are
treated by a cut-cell immersed boundary approach.
The flow and acoustic simulation are temporally discre-
tised by an explicit three and four stage Runge-Kutta
scheme respectively, with several acoustic timesteps
per flow timesteps due to the characteristic velocities
(v̄ ≪ c0).
To allow for efficient computations we rely on a Werner-
Wengle [5] wall model to treat the near-wall region
of the flow. The use of wall modelling is motivated
by the need to resolve aeroacoustically relevant flow
structures at realistic Reynolds numbers within feasi-
ble computational cost. The flow was generated using
pressure in- and outlet boundary conditions, which
were chosen according to the pressure drop observed in
the experiment. The walls of the subglottal (Number 1.
in 1), supraglottal (6.), and exterior (7.) channels are
modelled as rigid walls with a frequency independent
acoustic absorption rate of 2%. The front wall of the
supraglottal channel which houses the wall pressure
probes has been modelled by a slightly higher (5%)
absorption rate to incorporate the dissipative effects
due to clearances. These assumptions are intended
to represent unresolved dissipative effects of material
properties and geometric tolerances in the experimen-
tal setup. The rigid vocal fold pair was modelled
using a rough wall function with a equivalent sand
roughness of ks = 3 · 10−4m, which was adjusted to
match the observed flow resistance. The rough wall
model is introduced to represent the effective momen-
tum loss associated with the unresolved interaction
of the rough surface with the modeled hydrodynamic
boundary layer. The roughness value also matches
the real surface finish of the SLA-printed part. The
effect of the rough surface of the vocal- and ventricular
fold models on the acoustic damping was modelled
by an absorption rate of 5%. The acrylic glass wall
(2.) also has an absorption rate of 5%. The black
rubber material (3.) used to seal the separate chan-
nels was explicitly modelled with an absorption rate
of 50%, which was found to help reduce a unphysical
artificial oscillation in the simulation. The pressure
outlet boundary condition was prescribed in the far-
field at the box shaped boundary (8.) with a total
size of (0.438×0.384×0.384m). To avoid unphysical
artificial sources the aeroacoustic source term were
damped near the external domain boundaries using a
sponge formulation. Radiation of acoustic waves was
treated by non-reflecting boundary conditions at both
the pressure inlet and in the far-field.
In the simulation probe points were placed at the
positions of the installed wall pressure sensors. Three
probe points were included at the corresponding ex-
terior microphone positions at a reduced distance of

0.08m at the same azimuthal angles. To compare the
corresponding pressure signals with the ones obtained
at the experimental measurement distance the pres-
sure levels were scaled assuming ideal spherical wave
propagation PSD(rmeas) = (rmeas/rsim)2 PSD(rsim).
This approximation is expected to introduce some dis-
crepancies between the experimental and numerical
setup.
The generated numerical grid consists of 7 octree levels
leading to a minimal cell size of hmin = 125µm in the
region of the vocal folds. In the channel a mesh size of
hchannel = 0.5mm was chosen to resolve large turbulent
fluctuations and high frequency acoustics. An acoustic
wavelength of a 10kHz wave is thus resolved by 68
second-order cells. The simulations with rigid vocal
folds lead to a grid consisting of ∼ 20M cells. The
deforming simulations lead to grids of ∼ 22M cells.

Table 1: An overview of the conducted experiments (Exp.)
and simulations (Sim.) using both rigid and moving vocal
fold models at their respective operating point consisting
of the volume flux V̇ in l

min and the mean subglottal
pressure Psub in Pa.

Abbrev. Type VFs V̇ Psub
SR50 Sim. rigid 52.2 2000
SR65 Sim. rigid 63.8 3000
SR75 Sim. rigid 73.5 4000
SM90 Sim. moving 90 2636
ER40 Exp. rigid 40 1113
ER45 Exp. rigid 45 1420
ER50 Exp. rigid 50 1785
ER55 Exp. rigid 55 2168
ER60 Exp. rigid 60 2570
ER65 Exp. rigid 65 3057
ER70 Exp. rigid 70 3529
ER75 Exp. rigid 75 4050
ER80 Exp. rigid 80 4681
ER85 Exp. rigid 85 5270
ER90 Exp. rigid 90 6108
ER95 Exp. rigid 95 6237
ER100 Exp. rigid 100 6398
ER105 Exp. rigid 105 7234
ER110 Exp. rigid 110 8029
EM90(1) Exp. moving 90 3437
EM90(2) Exp. moving 90 3374
EM100 Exp. moving 100 3368

2.4. Prescribed deformation
The prescribed deformation of the vocal fold in the
deforming simulations is based on the function pre-
sented in the benchmark. An oscillation frequency of
148Hz was chosen to agree with the experimentally
determined oscillation frequency. The addition of a
tilting movement present in the benchmark was omit-
ted due to restrictions of the prescribable motion in
the solver. The time depended displacement vector
d(t) is described by
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d(t) = x(t) − X = f(Ỹ )

−X̃
0
Z̃

 g(t) , (4)

where f(Ỹ ) = 1
2 (cos(2π Ỹ

L ) + 1) and the time function
g(t) from the benchmark [2]. This satisfies ∇·d(t) = 0,
which is the first order linearized approximation of the
general geometrically nonlinear volume preservation
condition J = det F = 1.

2.5. Overview of the conducted studies
In Table 1 we present an overview of all conducted
numerical and experimental studies. These consist
of three simulations investigating the rigid vocal fold
models, with the corresponding experimental studies
with differing volume fluxes V̇ = 40 − 110 l

min . For
the deforming vocal fold model three additional ex-
perimental measurements were conducted, where two
studies at 90 l

min showed mechanical contact and one
study at 100 l

min which did not show mechanical con-
tact. The non-contacting study allows the analysis of
the effect of contact on the acoustic excitation.

3. Results
3.1. Rigid models
The experimental data shows the characteristic radical
dependence of the volume flux V̇ on the subglottal
pressure Psub, as can be inferred by the data listed in
Table 1. The self-adjusted volume flux of the incom-
pressible simulations agree well with the experimental
operating points. Field plots of the instantaneous
velocity magnitude u extracted from the rigid SR65
simulation are shown in Figure 2. The flow is seen to
transition from a laminar subglottal state to turbu-
lence in the inter-glottal region. A jet is formed by the
high speed flow that is ejected out of the vocal fold
pair. The generated turbulent eddies are convected
further downstream by the mean flow, where the small
scales are observed to dissipate. In the SR65 simula-
tion, maximum instantaneous flow velocities of up to
(100m/s) occur only within localized turbulent fluc-
tuations. The mean velocity reaches approximately
(70m/s) in the constriction and jet region, while the
mean velocity in the channel is 10m/s. Since the
high-speed region near the vocal folds is acoustically
compact, neglecting the convective term may locally
affect the acoustic source region and the near-field
propagation. However, acoustic propagation through
the channel is dominated by the much slower mean
flow. Therefore, the effect of neglecting convection in
the acoustic propagation operator is expected to be
small in the channel.
Investigating the spectra of the experiment at an ex-
ample wall pressure sensor location in Figure 3 reveals
a sudden change of fluid mechanical and acoustic
behaviour above 95 l/min. A low frequency resonant
effect at 300Hz, as well as extreme whistling at 10kHz
are found. This behaviour suggests the presence of a
coupled flow–acoustic feedback mechanism at higher

Figure 2: Field plots of the velocity magnitude u in the
SR65 simulation, where a.) shows the centre slice in the
x-z plane and b.) shows the centre slice in the x-y plane.

flow rates, which can not be modeled using the used
numerical framework. Therefore we restrict our rigid
comparison simulations to flow rates < 80l/min. The
geometrical modes of the supraglottal channel, which
correspond to formants in phonation research, are well
defined in the experimental data.

Figure 3: Overview of the measured PSD obtained at
an example channel wall pressure probe location (1) for
the different operating points ER40-110 of the experiment
using the rigid models.

Comparing example spectra of a rigid simulation with
the corresponding experimental operating point shows
reasonable agreement, as can be observed in Fig-
ure 4. At frequencies below 20kHz the simulation
over-predicts pressure levels. The structure of the geo-
metric acoustic modes is well defined in the simulation
data. Due to short simulation times, little windowing
is possible without losing too much of the low fre-
quency behaviour. We expect that longer simulation
times would further improve the agreement of the low
frequency spectral structures. Small deviations in the

12th Convention of the European Acoustics Association
Graz, Austria • 8th – 12th September 2026 •

P
re
lim

in
ar
y
do
cu
m
en
t

https://euracoustics.org/
http://aaa-oega.org/


Figure 4: Comparison of the PSD obtained from the
SR65 simulation and the corresponding experiment ER65
at an example channel wall pressure probe location (1).

Figure 5: Comparison of the PSD of the radiated acous-
tics obtained from the SR65 simulation and the corre-
sponding experiment ER65 at the external microphone
position (2).

frequency values of the modes are apparent, which
are likely caused by differences in the occurring acous-
tic boundary condition of the supraglottal channel at
the ventricular folds. The numerical results therefore
indicate that the dominant spectral structure is pri-
marily influenced by the acoustic characteristics of the
channel rather than by detailed turbulence modelling.
The structure of the spectra obtained by the far-field
probes, exemplarily shown in Figure 5, agree well. The
pressure levels are again over-predicted in the simu-
lations, which were sampled at a distance of 80mm
and adjusted using the radial distance scaling of a
spherical wave.

3.2. Deforming models
The use of the deforming silicon vocal fold model
leads to the characteristic spectra related to the fluid-
structure-acoustic interaction of the laryngeal airflow
with the oscillating structure. The main dynamics of
the deformation occurring at the oscillation frequency
and its higher harmonics lead to tonal peaks, as can
be seen in an example pressure probe spectrum in Fig-
ure 6. The opening and closing of the flow path leads
to an oscillating volume flux, which influences both the
time-dependent separation behaviour, as well as the
glottal jet itself. The main tonal peaks are attributed

Figure 6: Comparison of the PSD obtained from the
deforming SM90 simulation and the corresponding exper-
iment EM90 at an example channel wall pressure prove
position (2).

to this mechanism. Multiple geometric channel modes
are superimposed on the underlying broadband aeroa-
coustic noise sources, which are caused by the turbu-
lent fluctuations, and attenuate/amplify the spectrum
close to their resonant frequency. A major difference
in the spectrum is the emergence of odd harmonics
3/2, 5/2, ... · fosci of the first subharmonic of the oscil-
lation frequency, which is caused by the more complex
real deformation observed in the experiment. The
deformation thus includes dynamics with differing pe-
riods of that of the main oscillation frequency, which
are not represented in the prescribed-motion model
and thus do not appear in its spectrum.

4. Discussion
The presented results show that the SimVoice bench-
mark provides an effective configuration for studying
the interaction of hydrodynamic source mechanisms
and the acoustic sound generation. The rigid vocal
fold cases allow the investigation of flow-induced sound
generation without the additional complexity of fluid-
structure interaction. In these cases the measured and
simulated spectra show that the spectral structure is
strongly influenced by the acoustic properties of the
supraglottal channel. The agreement of the modal
structure between experiment and simulation indicates
that the employed hybrid aeroacoustic formulation is
able to capture the aeroacoustic mechanisms of the
setup, as long as feedback effects (such as the encoun-
tered whistling at high flow rates) do not dominate
the spectrum.
The observed discrepancies in pressure level show the
limitations of the present modelling approach. In both
the wall pressure and far-field spectra the numerical
results tend to overpredict the measured amplitudes.
This behaviour is likely caused by factors such as
uncertainties in the acoustic boundary conditions, the
simplified treatment of acoustic damping, and the
extrapolation of the simulated far-field probe signals
from the shorter radial distance in the simulation. A
rough wall boundary condition was used to account
for the momentum loss at the rigid vocal folds. The
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presented results show that these assumptions allow
reproduction of the dominant spectral features.
The sudden change in the experimental rigid-model
spectra at high volume fluxes further suggests that
an additional coupled flow-acoustic feedback mech-
anism becomes relevant in this regime. The occur-
rence of strong whistling and low-frequency resonance
above approximately 95 l

min indicates that the flow
is no longer governed only by one-way fluid-acoustic
coupling. As these effects were not considered in the
present numerical setup, the comparison was restricted
to lower flow rate operating points, which are also used
to imitate physiological flow conditions.
For the deforming vocal fold cases, the prescribed-
motion simulations reproduce the main tonal peaks
at the oscillation frequency and its harmonics, show-
ing that the dominant periodic forcing of the flow is
represented well by the chosen prescribed kinematics.
However, the comparison with the experiment also
reveals clear differences, such as the appearance of
additional subharmonic-related peaks in the measured
spectra. These point to more complex deformation
dynamics in the experiment, which are not included
in the motion prescription of the simulation.
Overall, the results support the use of rigid cases as an
efficient first validation step before considering more
complex deforming configurations.

5. Conclusion
A combined numerical and experimental investiga-
tion of the SimVoice benchmark has been conducted
to assess the aeroacoustic behaviour of a simplified
phonation model. Additional experimental measure-
ments using rigid and deformable vocal fold models
were performed across a range of operating conditions
and compared with corresponding numerical simula-
tions. The rigid vocal fold cases enabled a systematic
analysis, isolating it from effects of fluid-structure
interaction and provides a controlled reference for cal-
ibrating numerical models. The simulations were able
to reproduce the dominant spectral characteristics
of the measured wall-pressure and far-field acoustic
signals, including the modal structure of the supra-
glottal duct. For the cases investigating deforming
vocal fold models the comparison with experimental
data shows that additional structural dynamics oc-
cur, which are not modeled in the simulation. These
odd harmonics cause additional tonal peaks in the
acoustic response. The present work extends the ex-
perimental and numerical reference data available for
the SimVoice benchmark and illustrates the value
of combining rigid and deforming configurations for
the validation of aeroacoustic simulation methodolo-
gies. The findings provide practical guidance for the
development of computational approaches to voice
production and contribute to the broader objective
of establishing reproducible and physically grounded
benchmark cases in phonation aeroacoustics.
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