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ABSTRACT

The glottal flow is often simplified as one-dimensional (1D) in phonation models to reduce computational cost. Although previous studies
showed that a 1D flow model can predict voice production by a three-dimensional (3D) flow combined with a simplified two-mass vocal fold
model, its validity in voice production involving more realistic 3D vibrations remains unclear. The goal of this study is to investigate the accu-
racy of the 1D flow model in predicting vocal fold vibration and voice production in a vocal fold model exhibiting a more realistic 3D vibra-
tion pattern, by comparing its prediction to that from a mechanical experiment and a 3D Navier-Stokes compressible flow model. The
results showed that the 1D flow model predicted overall vibratory pattern similar to that observed in experiment and simulations based on
the 3D flow model. However, the 1D flow model predicted slightly larger displacements and greater glottal flow fluctuations than the 3D flow
model. The 3D flow model revealed strong variations in surface pressure along the anterior-posterior direction, particularly during the clos-
ing phase, which was not captured by the 1D flow model. Despite these differences, the 1D flow model adequately reproduced major aerody-
namic and vibratory features under typical normal phonatory conditions, supporting its use in phonation models for efficient voice
simulations.
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I. INTRODUCTION

Human phonation is produced by self-sustained oscillations of
the vocal folds excited by airflow from the lungs. Vocal fold oscillation
repeatedly opens and closes the glottis and interrupts the airflow
through the glottis, which is crucial for producing the rich harmonic
characteristics of the human voice." It is also known that the airflow
surrounding the vocal folds exhibits complex three-dimensional (3D)
phenomena,” including jet flapping, vortex shedding from the glottal
jet, and vortex propagation toward the vocal tract.

When modeling such airflow in numerical simulation, one must
consider that the glottal opening is on the order of 1 mm, and the
resulting jet flow can reach peak velocities” of approximately 40 m/s.
Accurately resolving such flow features requires fine spatial grids,
which are computationally expensive. As a result, many previous stud-
ies have employed simplified one-dimensional (1D) flow models to

reduce computational cost.”'* The 1D flow model predicts the intra-
glottal air pressure based on Bernoulli’s equation up to the point where
the glottal flow separates from the vocal fold surface. Early studies
often assumed flow separation at the glottis exit to simply the calcula-
tion.” © More refined 1D flow models have also been proposed, in
which boundary layer equations are solved to better capture flow sepa-
ration point.'_‘8 Two-dimensional (2 D) Navier-Stokes based simula-
tions have been conducted to compare the flow-induced pressure
distribution on the vocal fold surface'” and phonation threshold pres-
sure with those predicted by 1D flow models.'® Furthermore, compari-
sons between 1D flow models and experimental setups featuring
realistic 3D flow structures have provided insights into the applicability
and limitations of 1D flow models .

More recent studies aimed to numerically capture the full 3D
flow field."”** Due to substantial computational costs, most of these
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simulations assumed an incompressible glottal flow. To estimate the
resulting sound, acoustic wave propagation was separately calculated
from the aeroacoustic source in the flow field. Thus, the potential
effects of vocal tract acoustics on vocal fold vibration and the glottal
flow cannot be investigated in these studies.

In our recent studies, we developed a computational model that
combines a 3D compressible fluid simulation with an immersed
boundary method, enabling us to investigate the relationship between
vocal fold vibration and the generation of aeroacoustic sound.”” *’
Using a two-mass model of the vocal folds, we have demonstrated that
the 1D flow model can reproduce left-right asymmetric vibrations in
the 3D flow under certain asymmetric vocal fold conditions.””
However, because of the simplified vocal fold dynamics in the two-
mass model, which, while capable of capturing vertical phase differ-
ences, assumes a uniform shape along the anterior—posterior direction,
it remains unclear how accurately the 1D flow model can predict vocal
fold vibration and voice production in a more realistic 3D vocal fold
model. The actual vocal folds often show greater vibration amplitude
near the mid-membranous region than at the anterior or posterior
ends, resulting in airflow that not only moves vertically but also along
the anterior—posterior axis.”® This leads to a more complex pressure
distribution on the vocal fold surface,”” which may in turn influence
the dynamics of vocal fold vibration.

In this study, we aim to evaluate the accuracy of a 1D flow model
coupled with a 3D continuum vocal fold model by comparing its pre-
dictions to those observed from both mechanical experiment and sim-
ulations solving the 3D compressible Navier-Stokes equations. To
enable acoustic simulation in the 1D flow, we adopt a simplified ver-
sion of the equivalent-circuit model of the vocal tract originally pro-
posed by Ishizaka and Flanagan.” The approach of coupling a 1D flow
model to a 3D vocal fold model has been increasingly adopted in
many recent studies, " highlighting the need to better understand
the accuracy of this approach in predicting voice production. In this
study, we aim to clarify to what extent 1D models reproduce the sur-
face pressure distribution and the resulting vibration dynamics, by
comparing them with the 3D flow simulations.

1. METHODS
A. Vocal fold model

The three-dimensional vibratory dynamics of the vocal folds
were simulated using transient response analysis based on mode super-
position. This approach significantly reduces computational cost by
considering only low-order vibration modes, while still capturing the
characteristic vibratory behavior of the vocal folds.”

The vocal folds were modeled as a linear viscoelastic continuum
and discretized using the finite element method (FEM). The equation
of motion for each node can be expressed as

M$ + Cé + K =F, (1)

where, M, C, and, K are mass, damping, and stiffness matrices, respec-
tively, and J is the nodal displacement vector. The external force vector
F includes aerodynamic pressure and contact forces between the vocal
folds.

In the mode superposition, the nodal displacement é is repre-
sented as a linear combination of eigenmode ¢; and modal displace-
ments ¢; in the modal space:
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Here, i denotes the mode number, and the summation is taken up to
the Nth mode. The eigenmodes ¢; and the corresponding natural
angular frequencies ; are obtained by solving the characteristic equa-
tion derived from the undamped, unforced (in vacuo) system
equation:

—0’M +K =0. (3)

Solving this eigenvalue problem yields the set of mode shapes ¢; and
their associated frequencies ;. In general, high-order modes typically
lie beyond the frequency range of interest and have negligible influence
on voice production. Thus, only a limited number of low-order modes
are retained to reduce the number of degrees of freedom in the simula-
tion. Following previous work,”® we considered up to the 20th mode in
this study, which is the minimal number of modes required to obtain
reasonable predictions, resulting in eigenmodes up to 200 Hz being
included in the simulation. However, more recent studies’’ have
reported that considering up to 100 modes may provide a more accu-
rate representation of the detailed vibratory characteristics of the vocal
folds (see details in Appendix A).

By expressing the displacement vector as a superposition of
eigenmodes, the equation of motion in Eq. (1) can be diagonalized due
to the orthogonality of the eigenmode matrix, yielding

mig; + ciqi + kiqi = fi. 4)
Here, mj, ¢;, and k; are the modal mass, modal damping, and modal
stiffness, respectively, and the external force is given by f; = ¢! F. The

angular frequency satisfies the relationship k; = w?m;. Normalizing
each eigenmode with respect to the modal mass as d;,» = /m;¢;, the

force term as f; = ¢[ F, and defining the modal damping ratio as

(= c,-/(2\/m,-k,-), Eq. (4) becomes
Gi + 200G + 0igi = f ;- (5)

By specifying the damping ratio {;, the modal displacement g; can be
computed for each mode. The nodal displacement at each time step
can then be reconstructed using Eq. (2) by superposing the eigenmo-
des. It should be noted that this method assumes linear superposition
of modal displacements, and therefore does not account for nonlinear
modal interactions that may occur during large-amplitude vibrations.
However, nonlinear effects induced by external forces, such as subhar-
monics and transition to chaos, can still be represented.”” In this study,
we assumed a constant damping ratio of { = 0.06 for all modes and
performed time integration of Eq. (5) using a fourth-order Runge—
Kutta method.

The geometry of the vocal folds and vocal tract was simplified as
shown in Fig. 1. In this study, the x, y, and z axes corresponded to the
inferior-superior, medial-lateral, and anterior-posterior directions.
The vocal tract and subglottal airway were modeled as rectangular
ducts. Their cross-sectional area was set to 17 x 16.8 mm®, and their
lengths were 175 and 150 mm, respectively, based on typical adult
male anatomy.” An inlet chamber, representing the lungs, was placed
upstream of the subglottal airway, and the steady inflow conditions
were applied at the entrance.
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FIG. 1. Vocal fold model and vocal tracts. (a) The vocal fold geometry was based
on M5 model.”" (b) The vocal fold model was placed at the middle between the sub-
glottal tract and supraglottal (vocal) tract. The x, y, and z axes corresponded to the
inferior-superior, medial-lateral, and anterior—posterior directions, respectively.

The vocal fold geometry is based on the widely used M5 model.”’
The geometric parameters r; and r, as shown in the figure, were set to
6 and 0.987 mm, respectively, following the experimental setup.’” The
width of the vocal fold at the lateral wall was 10.5mm. The glottal
length L, was set to 17 mm, corresponding to the typical length in
adult males.” The vocal fold was placed between the vocal tract and
the subglottal airway. The lateral and anterior-posterior surfaces that
were attached to the walls were modeled as fully fixed.

The material properties and geometrical parameters used in this
study are summarized in Table I. The stiffness and mass matrices were
computed based on experimentally measured material properties
(Young’s modulus, density, and Poisson’s ratio) of the silicone resin
used in previous experiments.” The eigenvalue analysis was conducted
using COMSOL Multiphysics 6.1 (COMSOL Inc.). The vocal fold
geometry was discretized using 5650 finite elements. The contact force
between the vocal folds was computed using the penalty method.™

B. 3D flow model

In the 3D flow model, the airflow around the vocal folds was pre-
dicted by solving the Navier-Stokes equations. To account for both
flow and sound generation, we solved the governing equations for a
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TABLE I. The material properties and geometrical parameters for the vocal fold
model.

Young’s modulus (kPa) Body layer 10.4
Cover layer 4.9
Density (g/cm3) 1.07
Poisson’s ratio 0.49
Damping coefficient { 0.06
Glottal length L, (mm) 17
Vocal fold lateral thickness D (mm) 10.5

compressible fluid using the finite-difference method. To handle the
movement of the vocal fold surface within a structured grid, the
immersed boundary method was employed. Specifically, we adopted
the volume penalization (VP) method,” in which a penalty term was
added as an external force to model the effect of vocal fold surface on

the glottal flow.
The governing equations are given by
.0 0 0
T F-F)+2(G-G,)+—(H—H,) =V,
Q+ L (F=F)+(G=G)+ L(H-H)=V. ©
Opu;/Ox;

0

V=—/¢-Dz| o @)
0
0

where Q represents the conservative variables, F, G, H are the inviscid
flux vectors, and F,,, G,,, H, are the viscous flux vectors. The external
force V corresponds to the penalty term in the VP method, and a
mask function y was used to distinguish between fluid and wall
regions. x; denotes x; = (x, , z). In regions where y = 1, the medium
was treated as a porous medium. By setting porosity at ¢p = 0.25, the
acoustic reflectivity of the walls was confirmed to be above 99%.™
The mask function near the moving wall was computed as

1 (inside object),
7 =1 |d/Ax| (movingboundary), (8)
0 (outside object),

where d denotes the distance from the wall surface to the computa-
tional grid point, and Ax is the grid spacing. By defining the mask
function to vary smoothly with distance from the wall, the wall surface
can move smoothly across the grid points.””

To accurately compute both the airflow and acoustic pressure
fields, a sixth-order accuracy compact scheme was used for spatial dif-
ferentiation. In addition, a tenth-order accuracy spatial filter was
applied to perform implicit large eddy simulation (LES), which models
the viscosity of turbulent vortices at the subgrid scale.”® For time inte-
gration, a third-order accuracy Runge-Kutta method was employed.
Details of the methodology are described in the previous study.””

Since the governing equations for airflow were solved using the
finite difference method, a structured computational grid was con-
structed throughout the computational domain. Figure 2 shows the
computational mesh near the vocal folds. The minimum grid spacing in
this region was 0.025 mm, which has been shown to be sufficient for
resolving the airflow near the vocal folds in a prior grid convergence
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FIG. 2. Computational grids for the 3D flow model.

study.”’ The grid spacing was increased with distance from the vocal
folds to reduce computational cost. The total number of grid points used
in the fluid simulation was approximately 1.55 x 108. The mesh used in
the finite element modeling of the vocal folds was relatively coarse com-
pared to that of the fluid simulation to reduce computational costs.
Nevertheless, we confirmed that this mesh resolution had negligible
effect on the overall vibratory characteristics (see Appendix B).

Figure 3 illustrates the boundary conditions used in the 3D flow
model. In the inlet chamber simulating the lungs, a constant pressure
condition was applied, with py,g = 1000 Pa simulating normal phona-
tion and pjung = 1800 Pa simulating loud phonation.”’ While the glot-
tal flow region had a relatively fine grid resolution, the vocal tract
region had a coarser grid to reduce computational cost. Nevertheless,
the maximum grid spacing in the vocal tract was set to 4.86 mm so
that sound wave propagation up to approximately 10kHz can be
resolved with at least eight points per wavelength.

A buffer zone was placed outside the acoustic region to prevent
reflected waves from reentering the vocal tract. In this zone, the grid

Periodic b&undary No-reflection boundary
\

¥
10m

_~-Mouth outlet
T

: 2.1\

Buffer region

10 m

Acoustic region

10.5m

A=2.3 m (150 Hz)

FIG. 3. Boundary conditions.
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spacing was further increased, and a damping force was applied to atten-
uate the outgoing waves.”' At the outermost boundaries of the domain,
non-reflecting and periodic boundary conditions were imposed.

At each time step, the pressure on the vocal fold surface was used
to compute the aerodynamic force. Based on this force, the vocal fold
displacement and velocity were updated using Egs. (2) and (5). These
updated surface displacement and velocity values were then imposed
on the flow field. The time integration was carried out by repeating
this procedure. The time step for both the flow and vocal fold oscilla-
tion solvers was set to 0.25 x 1077 s, for both the flow and vocal fold
models, ensuring that the Courant number remained below 0.4 based
on the speed of sound at 20 °C (=343 m/s).

C. 1D flow model

The 1D flow model was computed using an equivalent electrical
circuit model, as described in detail by Ishizaka and Flanagan,” in
which components such as resistors, inductors, and capacitors are
used to represent the flow resistance, inertia, and compressibility,
respectively. The cross-sectional area A, circumference S, and length
1 of the subglottal tract and vocal tract were used to calculate the induc-
tance L = pl/2A, resistance R = o(SI/A?)+/ppuw/2, and capacitance
C = IA/pc?, where p is the air density,  is the natural frequency, and
c is the speed of sound. The resistance was set in the subglottal tract,
and the scaling factor of the resistance o was adjusted to o« = 4.00
under pjyng = 1000 Pa and « = 2.94 under pjung = 1800 Pa, consistent
with the previous study.”’ Here, o represents the pressure resistance at
the sudden contraction from the inlet pressure chamber to the subglot-
tal tract and is tuned to match the amplitude of the subglottal pressure.

The pressure on the vocal fold surface was computed at discrete
points from the inferior to the superior point (on the x-axis) using the
subglottal pressure py, based on Bernoulli’s principle with an added
viscous loss term”

1 /1 1 12pAx
pi=pit5pU; 2, a) LRe Ug- &)
i— eq

i

Here, U, is the volume flow rate through the glottis, a; is the cross-
sectional area at the ith point in the medial-lateral (y — z) plane, y is
the air viscosity, and Ax is the distance between discrete points. i,
represents the height difference between adjacent points and was com-
puted as h.y = (a; + aiy1)/2Lg. A total of 22 points were placed on
the surface of the vocal folds to calculate the pressure distribution.

For simplicity, the flow separation point on the vocal fold surface
was assumed to be located at the position of the minimum glottal area.
The pressure up to this point was calculated using Eq. (9), while the
pressure in the downstream region was assumed to be constant and no
pressure recovery was considered.

At the inlet, the lung pressure py,g Was set to 1000 and 1800 Pa as
an input voltage in the same way as the 3D flow model. At the outlet of
the vocal tract, the transmission line was terminated by a radiation load
of a duct with an infinite baffle. At each time step, the flow rate was
computed based on the minimum glottal area and the upstream and
downstream pressures in the equivalent circuit model. The pressure on
the vocal fold surface was then calculated using Eq. (9), from which the
aerodynamic force acting on each point was obtained. The vocal fold
displacement was updated by solving Eqs. (2) and (5) using this force.
This process was repeated at each time step. The time step size was set
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to 1.0 x 10> s. For the 3D flow model, the simulation was performed
on a supercomputer using 100 CPU nodes in parallel, which required
approximately 450 h for each case. In contrast, the 1D flow model can
be computed on a single CPU of a laptop in about 8.

Ill. RESULTS AND DISCUSSION
A. Comparison with experimental measurements

We first evaluated to what extent the computational vocal fold
model replicated the vocal fold vibration pattern observed in a silicone
vocal fold model experiments. We compared the simulation results
with the superior view images of the vibrating silicone vocal folds
recorded using a high-speed camera.” In this study, the computational
model was constructed to have the same geometry and material prop-
erties as those in the experiment. For this comparison, the 1D flow
model was used, and no vocal tract was included as in the experiment.

Medial

Anterior
Posterior

Lateral

Silicone
Vocal folds

pubs.aip.org/aip/pof

Figure 4 shows the superior view images of the vocal folds during
one oscillation cycle as observed in both the experiment and the simu-
lation. The fundamental frequency f; in the experiment was approxi-
mately 133 Hz, while f; was about 131 Hz in the simulation. Thus, in
both models, one vibration cycle lasted around 7.5 ms. In both sets of
images, time zero corresponds to the moment of minimum glottal
opening area, and after 3 ms, the vocal folds reached their maximum
glottal opening. At this time, the vocal fold vibration amplitude was
larger in the middle compared to the anterior and posterior regions.
The mean closed quotient (CQ) was 0.18 in the experimental measure-
ments, whereas CQ was 0.11 in the simulation. The glottal closure
duration of both the experiment and simulation was slightly shorter
than that typically observed in human vocal folds, which is probably
due to the relatively small vocal fold thickness' and the use of isotro-
pic materials, which were different from the anisotropic characteristics
of actual vocal fold tissue.

(b) Simulation with 1D flow model

FIG. 4. Superior view of vocal fold vibrations observed in the mechanical experiment and the computational model. (a) The experiment of high-speed imaging was conducted
by Kanaya et al.” (b) The computational vocal fold model was calculated by using the 1D flow model without the vocal tract. Kanaya et al., JASA Express Lett. 2, 111201

(2022); licensed under a Creative Commons Attribution (CC BY) license.
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Although the large vertical motion of the vocal fold medial edge
observed at 8.3 ms in the experiment was not reproduced in the com-
putational model, the shape of the glottal opening exhibited similar
trends in all images. This shows that, as in previous studies,'® the
eigenmode-based vocal fold model of this study was able to model
vocal fold vibrations with sufficient accuracy. The discrepancies
between the computation and experiment, such as the shorter glottal
closure duration and the absence of large vertical edge motions, might
be reduced by refining the grid resolution, as shown in Appendix B.
Furthermore, accounting for the effect of geometric nonlinearity asso-
ciated with large vibration amplitude, as well as nonlinear modal inter-
actions, could also improve the results.

It should be noted that the current 1D flow model was mainly
validated for normal, symmetric phonation. In clinical and pathologi-
cal conditions involving asymmetric or irregular vocal fold vibrations,
three-dimensional effects such as complex flow separation, non-
uniform tissue deformation, and interactions between the vocal folds
may become more significant.

B. 3D flow and pressure fields

In the following, we examine the flow and pressure fields within
one vibration cycle. The 3D flow field in the central plane of the vocal
folds (z = 0) at a lung pressure of 1800 Pa is shown in Fig. 5. The fig-
ure presents the flow field in different phases, from complete glottal
closure at t/T = 0, through the opening phases at ¢/T = 0.25 and
0.5, to the closing phase at t /T = 0.75.

At t/T = 0, the jet flow from the vocal folds ceased, and turbu-
lent air remained downstream of the glottis. As the vocal folds began
to open at t/T = 0.25, the turbulent airflow was developed and
directed straight toward the downstream region of the vocal tract. By
the time /T = 0.75 in the closing phase, the maximum flow velocity
reached 70 m/s. In this case, the Reynolds number calculated from the
mean flow rate and the glottal length Ly was Re = U, /(Lg) = 1848.
The flow structures produced in the 3D model were similar to those
observed in previous particle image velocimetry measurements.” In
that study, a laminar core region extended about 5mm downstream
from the vocal folds, followed by a transitional region of approximately
10 mm, and the jet became fully turbulent around 15 mm downstream.
In addition, vortices were formed in the jet shear layer, which were
consistent with our observations.

Figure 6 compares the surface pressure distribution obtained
from the 3D model at each time step with the 1D model. The horizon-
tal axis of the surface pressure distribution in the 3D flow [Fig. 6(b)]
corresponds to the points PO-P21 indicated in Fig. 6(a). Figure 6(c)
compares the surface pressure distribution observed in the 1D model
with that obtained at three cross sections in the 3D model.

At time t/T = 0, although the vocal folds were almost closed, a
small flow rate was observed in both the 1D and 3D models [see
Fig. 9(b)]. As a result, in the 1D model, the pressure remained nearly
constant from the subglottal region to the glottal exit, whereas in the 3D
model, there was a noticeable difference between the subglottal and
supraglottal pressures. The discrepancy at the downstream surface
(>P18) indicates that the 1D vocal tract model has difficulty in predict-
ing the downstream pressure when the vocal folds were almost closed.

As the glottis began to open, the surface pressure on the vocal
folds gradually decreased toward the downstream direction. Regarding
this pressure drop at t/T = 0.25, the 3D and 1D flow models showed

ARTICLE pubs.aip.org/aip/pof
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FIG. 5. Instantaneous flow field of the 3D flow model on the central plane (z=0) at
closed phase (t/T=0), opening phase (t/T=0.25 and 0.5), and closing phase
(t/T = 0.75). The lung pressure was set to pyng = 1800 Pa.

good agreement. Although the 3D model exhibited some differences in
pressure along the anterior—posterior direction, these variations were
minor (<200 Pa) compared to the overall pressure drop from the sub-
glottal region (>1000 Pa).

At t/T = 0.5, when the glottis was fully open, the subglottal pres-
sure were similar between the 1D and 3D flow models. However, the
1D flow model underestimated the pressure downstream of the glottis
due to the overestimated flow rate (see Fig. 9). During the closing
phase at t/T = 0.75, the three-dimensional model showed consider-
able pressure differences between the center and the anterior or poste-
rior ends of the glottis. Although the 1D flow model fell within the
range of these pressures, the 1D flow pressure could not capture such
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FIG. 6. Surface pressure distributions at four different phases within one oscillation cycle. The horizontal axis of the surface pressure distribution in the 3D flow (b) corresponds to
the points P0-P21 along the flow direction indicated in (a). The surface pressure distribution predicted by the 1D model was compared in (c) with that observed in the 3D flow model
at three cross sections along the anterior—posterior direction. The flow separation point was indicated by arrows for each model. The lung pressure was set to p,g = 1800 Pa.

variations, which likely contributed to differences in displacement of
the vocal folds.

C. Comparison of 1D and 3D flow models

Figure 7 plots the displacement of the vocal fold center
(x = y = z = 0) under py,y = 1000 and 1800 Pa. The time is normal-
ized by the vibration period, with ¢ = 0 corresponding to the complete
closure at the middle of oscillation cycles. The fundamental frequency
of the 3D flow model was 120.8 Hz at pjy,g = 1000 Pa and 125.4 Hz at
Plung = 1800 Pa, while in the 1D flow model, fy was 122.6Hz at
Plung = 1000 Pa and 127.7 Hz at piug = 1800 Pa. In both flow models,
the waveform varied slightly from cycle to cycle, resulting in quasi-

periodic vibrations. For pjng = 1000 Pa, the mean difference was
0.17 mm in the x-direction and 0.07 mm in the y-direction, and for
Plung = 1800 Pa, the mean difference was 0.46 mm in the x-direction
and 0.10 mm in the y-direction.

In terms of the overall waveform, the displacement of the 1D flow
model was slightly smaller than that of the 3D model for
Plung = 1000 Pa, whereas the displacement of the 1D flow model was
slightly larger for pjy,g = 1800 Pa. Compared to our previous study
using a two-mass model,”” the present study with 3D vocal fold vibra-
tion exhibited a smaller discrepancy in the medial-lateral (y-axis) dis-
placement (~ 0.10mm vs ~0.42mm). In the 3D flow model at the
higher subglottal pressure, the y-axis displacement reached zero in every
cycle, indicating complete glottal closure, whereas in the 1D model, the

Phys. Fluids 37, 116113 (2025); doi: 10.1063/5.0292598
Published under an exclusive license by AIP Publishing

37, 116113-7

8¥'87:91 G20 JOGWBAON O}


pubs.aip.org/aip/phf

Physics of Fluids

ARTICLE pubs.aip.org/aip/pof

2r 1D
1 .
€
E0
x
q+
2+
1.5 15
1D 1D
a3 ——3D
. 1r 1k
€ €
E E
> >
05+ 0.5 F
o+ . 0
-1 0 1 2 3 -1 0 1 2 3 4
T T
(a) (b)

FIG. 7. Displacement waveforms at the center of vocal folds in the 1D and 3D flow models. The Iung pressure was set to p,g = 1000 Pa (a) and py,g = 1800 Pa (b). The

time t is normalized by the each time period T of the vibration.

displacement reached zero only intermittently. The flow separation
point predicted by the 3D flow model was located slightly downstream
of the minimum glottal area, whereas the 1D flow model assumed sepa-
ration at the minimum glottal area [as shown in Fig. 6(c)]. In addition,
the pressure recovery downstream from the separation point slightly
increased the supraglottal pressure values in the 3D flow, which was not
included in the 1D flow model. These discrepancies might have contrib-
uted to the difference in the vibration amplitude.

Figure 8 displays the subglottal pressure waveforms measured just
below the glottis (at x = —10 mm in the 3D model). For both lung pres-
sures of plyng = 1000 Pa and pyug = 1800 Pa, the pressure fluctuation
was slightly larger in the 1D flow model. The mean pressure differences
were 32 and 160 Pa for py,g = 1000 Pa and pi,g = 1800 Pa, respec-
tively. The discrepancy between the 1D and 3D models might be attrib-
uted to variations in the glottal opening waveform, as shown in Fig. 7.

At prung = 1800 Pa, small ripples appeared in both models, simi-
lar to those observed in our previous study,” due to subglottal and/or
vocal tract acoustics. The mean subglottal pressures were 859.5 Pa at
Plung = 1000 Pa and 1527 Pa at piy,g = 1800 Pa in the 1D flow model,
while in the 3D flow model, the mean subglottal pressures were
847.2 Pa at pyg = 1000 Pa and 1428 Pa at Plung = 1800 Pa, respec-
tively. This difference may also have contributed to discrepancies in
vocal fold vibration amplitudes.

Figure 9 presents the waveform of the airflow passing through
the glottis and the time derivative of the flow rate, dU,/dt, which rep-
resents the intensity of monopole sound sources. According to
Lighthill’s acoustic analogy,*’ the time derivative of the mass flow rate
can be regarded as a monopole sound source, and the magnitude of
this derivative is often used as an indicator of the source strength." To
examine the frequency characteristics of the source strength, the spec-
tra of dUy /dt are also plotted at the bottom.

At prng = 1000 Pa, the maximum flow rate was approximately
500 cm’/s, and the 1D flow slightly overestimated the flow rate by
approximately 70 cm’/s. At Plung = 1800 Pa, the maximum flow rate

of the 1D flow model was 1330 cm?/s, which was larger than that of
the 3D model (970 cm®/s). The mean flow rate difference was 72 cm>/s
for pung = 1000Pa and 185cm’/s for pin, = 1800Pa. The
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FIG. 8. Pressure waveforms measured just below the glottis for the lung pressure
of pung = 1000 Pa (a) and pyng = 1800Pa (b). The pressure was sampled at
x = —10 mm in the 3D flow model, while the pressure for the 1D model was sam-
pled from the equivalent circuit, which was used as py used in Eq. (9).
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FIG. 9. Glottal flow rate and its time derivative dUy/dt. The 1D and 3D flow models were compared under the lung pressure of p,g = 1000 Pa (a) and ping = 1800 Pa (b).
The spectra of dUy /dt were calculated and are presented in the bottom panel. The amplitudes were normalized relative to the maximum value.

overestimation of the flow rate in the 1D flow model originates from
the overestimation of the upstream pressure shown in Fig. 8.

The overall waveforms of dU, /dt were similar between the 1 and
3D flow models. At piyng = 1800 Pa, the small ripples observed in the
3D model were partially reproduced by the 1D model, while the 1D
flow model overestimated the source strength by 0.5 m*/s* compared
to the 3D flow model. In contrast, at ping = 1000 Pa, the 1D flow
model produced source strengths similar to those of the 3D model,
with the maximum difference being approximately 0.21 m*/s>. These
results suggest that, under lung pressures typical of normal phonation,
the 1D flow model can reproduce the results of the 3D flow model
with good accuracy.

The spectrum of dUg/dt was calculated using the discretized
Fourier transform with a Hann window. The spectrum was normal-
ized by its maximum value to focus on the comparison in the spectral
shapes between the 1D and 3D models. Because the waveforms of
dU,/dt were similar between the 1D and 3D flow models, the overall
spectral shapes were also similar. Compared with the 3D flow model,
the 1D flow model exhibited slightly higher spectral amplitudes at fre-
quencies from 360 to 840 Hz at pj,g = 1000 Pa, and at 390 Hz at
Plung = 1800 Pa. In contrast, at py,, = 1000 Pa, the 1D flow model
underestimated the source amplitude above 1600 Hz.

The spectra of pressure at the mouth opening (x =175 mm) are
shown in Fig. 10. The spectral amplitudes were normalized so that the
maximum amplitude was set to 0 dB. The first three acoustic resonances
(formant frequencies) of the vocal tract were approximately 480, 1420,
and 2380 Hz, based on the vocal tract length (175 mm) and a speed of
sound of 340 m/s. For both Plung = 1000 and 1800 Pa, the 3D and 1D

flow models showed spectral peaks at these resonance frequencies. For
Plung = 1000 Pa, the amplitudes at frequencies from 500 to 700 Hz in
the 1D flow were approximately 5dB larger than those in the 3D flow,
and these frequencies matched the overestimated peaks observed in the
source spectra in Fig. 9. In contrast, at pyng = 1000 Pa, the 1D flow
model underestimated the source components above 1600 Hz, leading
to weaker higher-frequency harmonics at the lips. The relatively stron-
ger white noise band observed in the 3D flow model suggests that the
1D model cannot capture the turbulence-induced noise generated by
incomplete glottal closure in the 3D simulation.

IV. CONCLUSIONS

This study evaluated the accuracy of a 1D flow model in predict-
ing 3D vocal fold vibrations by comparison with silicone model experi-
ments and a 3D flow simulation. The 1D flow model reproduced the
vibratory frequency (131Hz vs 133Hz) and overall glottal shape
observed in the experiment with reasonable accuracy. The 1D flow
model also captured the general trends of vocal fold displacement and
subglottal pressure of the 3D flow model, although it slightly overesti-
mated vocal fold displacement by approximately 0.5mm at
Plung = 1800 Pa. This discrepancy might arise from the difference in
the subglottal pressure between the 1D and 3D models, as well as from
the 1D flow model’s inability to capture localized surface pressure var-
iations along the anterior—posterior direction and to accurately predict
the flow separation point, which needs to be investigated in future
studies.

As a result, the 1D flow model exhibited larger glottal flow fluctu-
ations and stronger source amplitudes between 360 and 840 Hz,
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FIG. 10. Spectra of pressure fluctuations sampled at the mouth outlet
(x=175mm). The 1D and 3D flow models were compared under the lung pressure
of pung = 1000 Pa (a) and pyng = 1800 Pa (b). The spectra were normalized by
their respective maximum value.

mainly due to small ripples unique to the 1D flow model’s dUy/dkt.
The 1D flow model reproduced the mouth pressure up to 3000 Hz,
and the formants were reasonably captured. However, the noise band
of turbulence-induced sound in the 3D flow model was underesti-
mated in the 1D flow model.

Overall, the results of this study showed that the reduced-order
1D flow model was able to reproduce major vibratory and aerody-
namic features of voice production with reasonable accuracy under
typical phonatory conditions. However, its limitations become appar-
ent for detailed surface pressures and glottal flow waveforms. Future
refinements should incorporate essential three-dimensional effects,
which will be important for modeling pathological conditions such as
vocal fold paralysis or irregular vibration patterns.
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APPENDIX A: EFFECTS OF MODE TRUNCATION

To examine the effect of mode truncation, we conducted
numerical simulations of the 1D flow model considering 20 and 100
modes. The comparisons of displacement and flow rate waveforms
are shown in Figs. 11 and 12. Increasing the number of modes from
20 to 100 slightly decreased the overall displacement amplitude by

3 T T T T

Mode number = 20
2r Mode number = 100 |H

3 1 1 1 I 1 I |
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FIG. 11. Displacement of the vocal fold center predicted with 20 and 100 modes
included in the 1D flow model.
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FIG. 12. Glottal flow rate predicted with 20 and 100 modes included in the 1D flow
model.

Phys. Fluids 37, 116113 (2025); doi: 10.1063/5.0292598
Published under an exclusive license by AIP Publishing

37, 116113-10

8¥'87:91 G20 JOGWBAON O}


https://github.com/yossie333/modeFold_v1.3
pubs.aip.org/aip/phf

Physics of Fluids

P
s

OO8S

K1

/N

\/

ZAVAVAN

FIG. 13. The computational grids and eigenmode displacements up to fifth modes
for (a) coarse grid and (b) fine grid.

ARTICLE pubs.aip.org/aip/pof

about 0.5 mm, while the oscillation frequency and overall waveform
shape remained unchanged. The maximum flow rate also decreased
by approximately 250 cm®/s with the higher number of modes.
These results indicate that simulations with 20 modes were able to
capture the general trend of vocal fold vibration in this case.
However, future studies should be conducted with an increased
number of modes to improve computational fidelity.

APPENDIX B: GRID RESOLUTION IN THE 3D VOCAL
FOLD MODEL

To investigate whether the mesh resolution influences the
vibration dynamics in the 3D vocal fold model, we compared two
computational grids: a coarse grid consisting of 5650 elements and a
fine grid consisting of 11 780 elements. Figure 13 presents the con-
structed grids and the eigenmode shapes up to the fifth mode
obtained from eigenvalue analysis. Table II lists the eigenfrequencies
corresponding to each grid. The eigenmodes were nearly identical
between the two grids, not only for mode 1 and mode 4, which
exhibit large displacements in the superior-inferior and lateral
directions, but also for mode 5, which involves more complex dis-
placement patterns. Regarding the natural frequencies, the differ-
ences were less than 0.4 Hz even at the 20th mode.

The vibration analyses were performed using the 1D flow
model for each grid, and the results are compared in Fig. 14. While
the displacements calculated with the fine grid were slightly larger
than those with the coarse grid, the vibration frequencies and wave-
forms exhibited almost the same trends. These results indicate that

TABLE II. Eigenfrequencies of the vocal fold model obtained with coarse and fine
grids.

Eigenfrequency (Hz)
Mode number Coarse grids Fine grids
1 54.2 54.1
2 79.1 79.0
3 94.7 94.6
4 101.9 101.8
5 111.2 111.0
6 117.3 117.1
7 118.8 118.7
8 136.0 135.7
9 145.1 145.0
10 146.1 145.9
11 155.6 155.4
12 156.1 156.0
13 165.5 165.2
14 179.8 179.6
15 181.7 181.5
16 182.7 182.4
17 184.6 184.0
18 188.2 187.9
19 189.1 188.7
20 198.7 198.4
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although the coarse mesh slightly underestimated the displacement
amplitude, the proposed model was still able to capture the essential
features of the self-sustained oscillatory behavior driven by fluid-
structure interactions.
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