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ABSTRACT:
While the glottal flow is often simplified as one-dimensional (1D) in computational models of phonation to reduce

computational costs, the 1D flow model has not been validated in left-right asymmetric vocal fold conditions, as

often occur in both normal and pathological voice production. In this study, we performed three-dimensional (3D)

and 1D flow simulations coupled to a two-mass model of adult male vocal folds and compared voice production at

different degrees of left-right stiffness asymmetry. The flow and acoustic fields in 3D were obtained by solving the

compressible Navier-Stokes equations using the volume penalization method with the moving vocal fold wall as an

immersed boundary. Despite differences in the predicted flow pressure on vocal fold surface between the 1D and 3D

flow models, the results showed reasonable agreement in vocal fold vibration patterns and selected voice outcome

measures between the 1D and 3D models for the range of left-right asymmetric conditions investigated. This indi-

cates that vocal fold properties play a larger role than the glottal flow in determining the overall pattern of vocal fold

vibration and the produced voice, and the 1D flow simplification is sufficient in modeling phonation, at least for the

simplified glottal geometry of this study. VC 2022 Acoustical Society of America. https://doi.org/10.1121/10.0014949
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I. INTRODUCTION

Human voice is produced by interactions between the

vocal folds and airflow within the glottis. This airflow is

complex and exhibits three-dimensional (3D) phenomena

including flow separation, vortex generation and shedding,

jet flapping, and transition to turbulence (Neubauer et al.,
2007; Pickup and Thomson, 2009). Modeling and simulat-

ing these 3D airflow phenomena are challenging and com-

putationally expensive. Therefore, the glottal airflow is

often simplified as a one-dimensional (1D) flow that sepa-

rates from the vocal fold surface somewhere within the glot-

tis, and the pressure distribution on vocal fold surface

upstream the flow separation point is calculated using

Bernoulli’s equation [e.g., Ishizaka and Flanagan (1972)].

The flow separation point can be either a fixed location on

vocal fold surface or allowed to move along the vocal fold

surface [e.g., Pelorson et al. (1994) and Kaburagi and

Tanabe (2009)]. The 1D flow models have been widely used

to investigate the physics of voice production (Ishizaka and

Isshiki, 1976; Titze and Talkin, 1979; Steinecke and Herzel,

1995; Zhang, 2016a) and interpret experimental observa-

tions (Mergell et al., 2000; Zhang and Luu 2012; Migimatsu

and Tokuda, 2019). Due to their computational efficiency,

1D flow models are also widely used in articulatory

synthesis systems [e.g., Maeda (1982), Story and Titze

(1995), McGowan et al. (1995), Za~nartu et al. (2007),

Birkholz et al. (2015), Elie and Laprie (2016), and Zhang

(2017)].

There have been many research efforts aiming to inves-

tigate to what extent the 1D flow model approximates the

realistic glottal flow in modeling glottal fluid-structure inter-

action. de Vries et al. (2002) compared 1D flow model with

a 2D incompressible Navier-Stokes flow model coupled to a

two-mass model, and they found that the 1D model underes-

timated the phonation threshold pressure. Decker and

Thomson (2007) compared 1D flow models with three sepa-

ration prediction methods to a 2D Navier Stokes-based flow

model, and their results showed that the mean intraglottal

pressure and fundamental frequency were predicted by the

1D model, although the glottal flow was overpredicted by

all 1D models. On the other hand, comparisons between the

1D flow model and physical model experiments demon-

strated reasonable agreement in the phonation threshold

pressure and fundamental frequency (Ruty et al., 2007;

Farahani and Zhang, 2016).

Despite these previous studies, it still remains unclear

how accurate the 1D flow models are in modeling fluid-

structure interaction in left-right asymmetric vocal fold con-

ditions, as often occur in both normal phonation and patho-

logical conditions. While there have been some studies

investigating the glottal flow in left-right asymmetric vocal

fold conditions using 2D or 3D flow models [e.g., Xue et al.
(2010) and Falk et al. (2021)] or left-right asymmetric flow
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patterns [e.g., Tao et al. (2007)], to the authors’ knowledge,

there have been no quantitative studies evaluating the capa-

bility of 1D flow-based models in accurately simulating the

glottal fluid-structure interaction.

The goal of this study is to evaluate the accuracy of 1D

flow-based models in simulating voice production in left-right

asymmetric vocal fold conditions, by comparing voice pro-

duction outputs predicted by simulations based on 1D and 3D

flow models. To focus on the flow models and avoid the high

computational costs associated with modeling 3D vocal folds,

both the 1D and 3D flow models were coupled to a two-mass

model of adult male vocal folds (Ishizaka and Flanagan,

1972). We conducted the 3D flow simulation by solving the

compressible Navier Stokes equations coupled to the two-

mass model in both left-right symmetric and asymmetric vocal

fold conditions. Consideration of air compressibility in the 3D

simulation allowed us to simulate the effect of subglottal pres-

sure resonances as often observed in phonation experiments

[e.g., Zhang et al. (2006)]. Vibratory characteristics and voice

outcomes were then compared to those predicted by simula-

tions using a 1D flow model. This comparison would allow us

to evaluate how accurately the 1D flow model simulates voice

production in left-right asymmetric vocal fold conditions.

II. METHODS

A. Two-mass vocal fold model and airway
configuration

The two-mass model of the vocal folds consists of the

upper and lower parts of the lumped masses (Ishizaka and

Flanagan, 1972). The schematic of the two-mass model is

depicted in Fig. 1. The masses are permitted only a medial-

lateral motion and connected to the walls by a spring and a

damper. In addition, the upper and lower masses are coupled

by another spring. The equations of motion of each mass are

written as

m1a
d2y1a

dt2
þ r1

dy1a

dt
þ k1ay1a þ kca y1a � y2að Þ ¼ F1a; (1)

m2a
d2y2a

dt2
þ r2

dy2a

dt
þ k2ay2a þ kca y2a � y1að Þ ¼ F2a; (2)

where m is the mass, y is the displacement, r is the damp-

ing coefficient, k is the spring constant, and F is the fluid

force. The subscripts 1 and 2 indicate lower and upper

mass, whereas the subscripts a ¼ l and a ¼ r indicate left

and right side, respectively. Each mass had the shape of a

cylinder with a diameter of d1¼ 2.5 mm and d2¼ 0.5 mm,

and the cylinders are connected with a smooth wall which

forms the tangential line for each cylinder as proposed by

Pelorson et al. (1994). The glottal length lg was set to

17 mm, typical of male vocal folds. When the left and right

masses collide, the spring and damping constants of upper

or lower mass are increased to model the additional colli-

sion forces. The time derivatives were discretized using the

third-order Runge-Kutta method for both 3D and 1D flow

models.

The flow channels upstream (subglottal) and down-

stream (supraglottal) of the vocal folds had a uniform cross-

sectional area. For both channels, the width in the anterior-

posterior direction was 17 mm, the same as the vocal fold

length, while the medial-lateral dimension was set to

10 mm. The subglottal and supraglottal tract lengths were

150 and 175 mm, respectively. The upstream inlet chamber

(100� 96� 17 mm) was set upstream of the supraglottal

tract to represent the lungs. In this study, axes x1, x2, and x3

were set to the superior-inferior, left-right (medial-lateral),

and anterior-posterior directions, respectively. The origin of

coordinate x1 was set at the outlet of the upper masses or

glottal exit as shown in Fig. 1.

To simulate the left-right tension imbalance, the spring

constants and masses were multiplied by an imbalance

parameter Q as

k1l ¼ Qk1r;

k2l ¼ Qk2r;

kcl ¼ Qkcr;

m1l ¼ m1r=Q;

m2l ¼ m2r=Q; (3)

in the same way as Ishizaka and Isshiki (1976). The imbal-

ance parameter was varied from Q¼ 1 for the symmetric

condition to 0.4, 0.6, 0.8, 1.2, 1.4, 1.6, and 3.0 for the asym-

metric conditions. The parameters of spring constants,

FIG. 1. Flow channel and two-mass model. (a) Flow channel from the inlet

of pressure chamber to subglottal and supraglottal tracts. (b) Two-mass

model with lumped-elements and tangential lines for left and right masses.
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damping coefficient, and mass values were chosen from

Pelorson et al. (1994) as listed in Table I. The cross-

sectional areas of glottal gaps Ag1 and Ag2 when the masses

were at rest were set to 0. Hence, there was no glottal gap at

the initial condition of the simulations.

B. 3D flow model

In the 3D flow model, the flow field was obtained by

solving the compressible Navier Stokes equations. To con-

sider the interaction between moving walls of the two-mass

model and surrounding fluids, the volume penalization (VP)

method (Liu and Vasilyev, 2007), one of the immersed

boundary methods, was applied for the simulation. The gov-

erning equations are

@

@t

q

qu1

qu2

qu3

qE

0
BBBBBB@

1
CCCCCCA
þ @

@xi
Fi ¼ � 1=/� 1ð Þv

@qui=@xi

0
0

0

0

0
BBBBBB@

1
CCCCCCA
;

(4)

Fi ¼

qui

quiu1 þ pdi1 � si1

quiu2 þ pdi2 � si2

quiu3 þ pdi3 � si3

qEþ pð Þui � sijuj � qi

0
BBBBBB@

1
CCCCCCA
; (5)

where q is the density, ui are the flow velocities in xi direc-

tions (i ¼ 1; 2; 3), E is the total energy, p is the pressure, dij

is the Kronecker delta, sij is the viscous stress tensor, and qi

is the heat flux vector. The density and pressure are absolute

values that satisfy the equation of state for ideal gas. The

right-hand side of Eq. (4) is a penalization term of the VP

method. The walls around the fluid are modeled as an external

force associated with a porous medium with a porosity / and

using a mask function v. The porosity was set to / ¼ 0:25

which results in a pressure reflectivity of 99%. The mask func-

tion is defined as

v ¼
min 1; jd=Dx2jð Þ inside objectð Þ
0 fluid partð Þ;

(
(6)

where d is the distance between the moving wall and the

closest grid as shown in Fig. 2. By calculating the mask

function proportion to the distance from the actual moving

wall, the wall region smoothly moves through the grids.

The spatial derivatives of the governing equations were

solved by a sixth-order compact finite-difference scheme,

while the time integration was performed using the third-

order Runge-Kutta method. To consider the turbulent flow

around the vocal folds, the large eddy simulation was

applied to filter the subgrid-scale turbulent energy using an

implicit turbulence model with a 10th-order spatial filter.

Details are described in Yoshinaga et al. (2020) and

Yoshinaga et al. (2021).

The computational grids for the 3D flow simulation are

shown in Fig. 3. For the finite-difference scheme, structured

grids were constructed in the flow channel of the vocal folds

and the outlet of the vocal tract. In the glottal flow channel,

the minimum grid size was set to Dx1¼ 0.05 mm and

Dx2¼ 0.025 mm. The grid sizes in x1 and x2 directions were

TABLE I. Spring constants, damping coefficient, and mass values for two-

mass model.

Parameter Symbol Value Value when collide

Lower spring constant k1 80 N/m 320 N/m

Upper spring constant k2 8 N/m 32 N/m

Coupling spring constant kc 55 N/m

Lower damping constant r1 2.33� 10�2 Ns/m 2.57� 10�1 Ns/m

Upper damping constant r2 1.86� 10�2 Ns/m 4.96� 10�2 Ns/m

Lower mass m1 0.17 g

Upper mass m2 0.03 g

FIG. 2. (Color online) Fluid and body parts in the computational grid of the

immersed boundary method. The mask function is calculated as propor-

tional to the distance between the grid points and the actual wall position.

FIG. 3. (Color online) Computational grids for three-dimensional flow model.
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gradually elongated towards the outlet of the flow channel

to reduce the computational costs. The grid size of axis x3

was kept to Dx3¼ 0.1 mm for the entire region. The accu-

racy of the current computational setup was validated by

comparing to previously reported experimental data, as

detailed in the Appendix.

The computational domain and boundary conditions are

depicted in Fig. 4. A constant pressure of pin¼ 2 kPa and a

uniform velocity with a flow rate of 600 cm3/s were set at

the inlet of the chamber. Those values were chosen so that

self-sustained oscillation was obtained in most of asymmet-

ric vocal fold conditions investigated. At the outlet of the

vocal tract, a buffer region, which eliminates the pressure

and velocity fluctuations, was set to prevent any pressure

reflections at the outlet of the computational domain. The

non-reflection boundary condition was imposed in x1 and x2

directions at the outlet of the computational domain, while

the non-slip wall was set on the outer boundary in x3 direc-

tion for the entire domain. The time step of the time integra-

tion was set to 0.25� 10�7 s to resolve the acoustic pressure

propagation through the smallest grids. To simulate the

fluid-structure interaction, the forces on each mass F1a and

F2a were calculated by integrating the pressure on vocal fold

surface, and mass positions and velocities for the next time

step were predicted by Eqs. (1) and (2). The Reynolds number

based on the inlet flow rate and glottal length was

Re ¼ Uin=lg�¼ 2352, similar to that often observed in normal

phonation of male vocal folds [e.g., Pelorson et al. (1994)].

C. 1D flow model

In the 1D flow simulation, the compressible flow char-

acteristics were modeled by an equivalent circuit. The iner-

tia, flow resistance (e.g., pressure drop and fluid viscosity),

and fluid compressibility were modeled as inductance L,

resistance R, and capacitance C, respectively. The equiva-

lent circuit for the two-mass model is shown in Fig. 5. For

the inlet, the constant pressure of 2 kPa was set as a constant

power supply in the same way as the 3D model. Airflow

through the pressure chamber, subglottal and supraglottal

tracts were modeled as transmission lines of n hard-walled

sections, and each element’s value was determined by its

cross-sectional area An, circumference Sn, and tract length

ln in the same way as Ishizaka and Flanagan (1972).

The inductances, resistances, and capacitances were calcu-

lated as Ln ¼ qln=2An, Rn ¼ aðSnln=A2
nÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qlx=2

p
, and

Cn ¼ lnAn=qc2, respectively, where l is the air viscosity, x
is the natural frequency of the lower mass, and c is the speed

of sound. The resistance was set only in the subglottal tract,

and the scaling factor of the resistance a was adjusted to

a ¼ 51:85 to match the subglottal pressure and flow rate in

the 3D flow. At the outlet of the vocal tract, the transmission

line was terminated by a radiation load of a duct with an

infinite baffle LR and RR (Flanagan, 1972).

In the flow channel between the two-mass model, the

resistance of pressure drop Rk, viscous loss Rv; and glottal

inductance Lg were calculated at each time step using the

glottal flow rate Ug and areas of the gap between left and

right masses for both upper and lower parts (m1 and m2).

With the inductances and capacitances of the subglottal and

supraglottal tracts, a differential equation of the flow rate is

written as

Rk1 þ Rk2ð Þ Ugj jUg þ Rv1 þ Rv2ð ÞUg

þ Lg1 þ Lg2 þ L1 þ Lsnð Þ
dUg

dt

þ 1

C1

ðt

0

Ug � U1ð Þdtþ 1

Csn

ðt

0

Usn � Ugð Þdt ¼ 0: (7)

FIG. 4. Computational domain and boundary conditions.

FIG. 5. Equivalent circuit for the one-dimensional flow model.
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By solving Eq. (7) using the Newton-Raphson method,

the glottal flow rate was calculated at each time step. The time

step of the time integration was set to 0.25� 10�5 s. From the

estimated flow rate Ug, the pressure distribution along vocal

fold surface and the forces on each mass F1a and F2a were cal-

culated. The surface was divided into 62 points in x1 direction,

and the pressure at each point was calculated as

piþ1 ¼ pi þ
1

2
qU2

g

1

A2
i

� 1

A2
iþ1

� �

� 12lDx1

lg hi þ hiþ1ð Þ=2
� �3

Ug; (8)

where Ai and hi are the cross-sectional area and the gap

width between the left and right fold surfaces at each point.

The distance between consecutive points Dx1 was 0.1 mm.

The upstream pressure P1 was obtained from the pressure at

the subglottal tract Ps just upstream from the glottis in the

transmission line. In addition, the separation point of the

glottal flow was estimated by solving the turbulent boundary

layer theory based on Pelorson et al. (1994). The pressure

downstream from the separation point was assumed to be

constant and no pressure recovery was considered. By inte-

grating the pressures on each vocal fold surface, the forces

on each mass F1a and F2a were obtained, and mass positions

and velocities for the next time step were predicted by Eqs.

(1) and (2). These calculations were implemented in the

MATLAB (version 2021b, The Mathworks, Inc.), and the code

is attached as the supplemental material.1

III. RESULTS

A. Comparison of 3D and 1D flows: Pressure
distribution and glottal flow

The subglottal pressures Ps of 3D and 1D flow models

in the symmetric condition (Q¼ 1.0) are plotted in Fig. 6.

The pressure in the 3D flow is sampled at x1¼�10. 1 mm in

the middle of the subglottal tract. The time was normalized

by the period of fundamental frequency f0. The comparison

was generally good, except that acoustic reflections were

much stronger in the 3D model. After the complete closure

of the two-mass model (t/T¼ 0, 1, 2,…), the subglottal

pressure increased up to 4.1 kPa in the 3D model and

3.6 kPa in the 1D model. Then, three ripples appeared within

one oscillating cycle. The time between the first and second

ripples was 1.92 ms (about 521 Hz) for the 3D model and

1.55 ms (about 645 Hz) for the 1D model, indicating a

slightly higher subglottal resonance frequency in the 1D

model. This mismatch in subglottal acoustics between the

1D and 3D models also contributed to differences in the

intraglottal pressure, as discussed below. The mean subglot-

tal pressure was 1350 Pa in the 3D model and 1300 Pa in the

1D model.

The flow pressure on the lower and upper masses, glottal

flow rate Ug, time derivative of the flow rate dUg=dt, and its

spectrum are plotted for the symmetric (Q¼ 1.0) and asymmet-

ric (Q¼ 1.6) conditions in Fig. 7. The pressures on the left and

right folds are plotted with red and black lines, respectively, for

the 3D flow model. For the lower masses (top panels in Fig. 7),

the flow pressure exhibited similar ripples as the subglottal

pressure in both 3D and 1D simulations, as discussed earlier.

These ripples also appeared in the pressures on the upper

masses (Fig. 7, second row), but only in the open phase of the

cycle (0.23< t/T< 1.0) and had much reduced amplitudes. The

pressures on the upper masses decreased below �2 kPa when

the glottal gap became small (0.95< t/T< 1), at which time

the pressures on the lower masses reached the maximum. The

differences between the left and right pressures were generally

small, even in the asymmetric condition. The maximum differ-

ence in the asymmetric condition was 166 Pa (approximately

6%) at t/T ¼ 1.0 on the lower masses and 209 Pa (approxi-

mately 14%) at t/T¼ 0.94 on the upper masses. These overall

tendencies in the 3D flow were reproduced by the 1D model

for both symmetric and asymmetric cases. However, the ampli-

tude and phase of ripples were slightly different between the

1D and 3D conditions in the symmetric case (Fig. 7, left pan-

els), due to the similar difference in the subglottal pressure. In

particular, the pressure fluctuation in the 3D model at t/T¼ 0.2

was overestimated by the 1D model in the asymmetric case

(Fig. 7, right panels), and a sharp trough and peak were

observed at t/T� 1 only in the 1D flow model.

The overall frow rate waveforms in the 3D flow were

captured by the 1D model for both symmetric and asymmet-

ric cases (Fig. 7, third row), although the maximum flow rate

was underestimated in the 1D flow model by approximately

200 cm3/s in the symmetric case, and the reverse flow of

�250 cm3/s was not predicted by the 1D flow in the asym-

metric case. Fourth row of Fig. 7 shows the time derivative of

the flow rate dUg=dt, often considered as the voice source

(Zhang, 2016b). Overall, the dUg=dt waveforms in the 3D

model were captured by the 1D model in both symmetric and

asymmetric conditions, except for the slight differences in the

amplitudes and phase of the small ripples. The power spectral

densities (PSDs) of spectral harmonics for dUg=dt (Fig. 7,

bottom) are compared with a spectral slope of �7 dB/octave.

The slopes of the 1D models agreed well with those of the 3D

models in both symmetric and asymmetric conditions.

The instantaneous velocity in the glottis and the pressure p
on vocal fold surface at selected instants within one oscillation

FIG. 6. (Color online) Subglottal pressure Ps of the one-dimensional and

the three-dimensional flow models for the symmetric condition (Q¼ 1.0).

The pressure in the 3D flow model is sampled at x1¼�10.1 mm.
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cycle at t/T¼ 0.27 (opening), 0.88 (open), and 0.97 (closing)

are shown in Fig. 8 for the symmetric condition (Q¼ 1.0).

Movies of the flow velocity and pressure distribution for one

cycle are attached as supplemental multimedia.1 The axis x1 is

normalized by the inferior-superior vocal fold thickness

L¼ 6.125 mm. In the 3D flow, pressure fluctuations in the

anterior-posterior (x3) direction were generally small

(<150 Pa), and Fig. 8 shows the pressures averaged along the

x3-direction. The pressure predicted from the 1D flow model is

labeled as “1D (self-oscillation)” in the figure.

Overall, the agreement between the 1D and 3D models

was not good, due to the mismatch in the subglottal and supra-

glottal pressure, particularly the mismatch in the phases and

amplitudes of the small ripples (Fig. 7), as described earlier.

To isolate the effect of this difference in the subglottal pres-

sure between the 1D and 3D models and focus on ability of

the 1D model to predict intraglottal pressure given the correct

subglottal pressure, another 1D estimation of the intraglottal

pressure was also calculated using Eq. (8) and the subglottal

pressure and vocal fold motion calculated from the 3D model

(thus a forced oscillation condition). This pressure is also

shown in Fig. 8 and labeled as “1D (forced oscillation).” In

general, the agreement between the pressure predicted from

the 1D flow under the forced oscillation condition and the

pressure predicted from the 3D flow model was much

improved, when the same subglottal pressure was used in the

two models. Although the two 1D models (self-and forced

oscillations) had slightly different vibratory patterns and flow

rates, the predicted flow separation points were identical.

At t/T¼ 0.27, the upper masses started opening, and the

initial jet flow inclined toward the left side in the 3D flow

model. The pressure p decreased from 2.4 to �0.4 kPa along

vocal fold surface and the flow separated from the wall at

x1/L¼�0.03 in the 3D flow, and the pressures on the left

and right vocal fold surfaces were almost the same. The

pressure predicted from the 1D flow with forced oscillation

generally agreed with the pressure in the 3D simulation,

whereas the pressure predicted from the 1D flow with self-

sustained oscillation underestimated the pressure by 0.8 kPa

due to the lower subglottal pressure.

At t/T¼ 0.88, the glottis was fully open. The flow velocity

was high, and the flow transitioned to turbulence in the supra-

glottal tract. Both left and right pressures decreased from

1 kPa, reached the minimum at x1/L¼�0.32, and gradually

increased toward the glottal outlet. However, there was no

reversed flow within the glottis despite an adverse pressure gra-

dient at x1/L¼�0.3 and the flow remained attached to vocal

fold surface in the 3D flow. In contrast, the flow separation

was predicted at x1/L¼�0.3 in the 1D flow model. Since we

set the pressure downstream from the separation point as con-

stant, the pressure was underestimated by 0.6 kPa with the 1D

forced oscillation, whereas the pressure was overpredicted by

0.7 kPa with the 1D self-sustained oscillation at x1/L¼ 0.

When t/T¼ 0.97, the gap between the left and right

masses was 0.28 mm for both upper and lower masses.

The glottal flow was further accelerated, and the vocal fold

surface pressure reached �3.0 kPa at x1/L¼�0.3. While the

flow separated at x1/L¼�0.03 in the 3D flow, the separation

FIG. 7. (Color online) From top to bottom, the pressure on the two lower masses, pressure on the upper masses, the glottal flow rate Ug; time derivative of

the glottal flow dUg=dt as a function of time, and power spectral density (PSD) of harmonics of dUg=dt, for tension imbalance parameters Q¼ 1.0 (a) and

1.6 (b). For the PSD, the slope of �7 dB/octave is plotted for comparison.
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point was estimated at x1/L¼�0.3 by the 1D flow. The sur-

face pressure was underestimated by 0.7 kPa at x1/L<�0.3

and overpredicted by 1.7 kPa at x1/L>�0.3 in the 1D self-

oscillation condition.

The instantaneous velocity and pressure on vocal fold

surface from the 3D simulation at three instants within one

oscillation cycle are shown in Fig. 9 for the asymmetric con-

dition (Q¼ 1.6). In the same way as in Fig. 8, two 1D esti-

mations of the pressure on vocal fold surface are shown in

Fig. 9: one from the 1D self-sustained oscillation and the

other from 1D flow driven by the subglottal pressure pre-

dicted from the 3D simulation. In general, the pressure pre-

dicted from the 1D forced oscillation agreed well with the

pressure from the 3D simulation. The agreement between

the 1D self-sustained oscillation and the 3D prediction was

poor, but was overall better than that in the symmetric con-

dition in Fig. 8.

When the upper masses started to open at t/T¼ 0.16,

the flow was reversed back into the subglottal tract. This can

also be observed in the waveform of the flow rate (Fig. 7,

right panel). At this instant, the pressure on vocal fold sur-

face increased from 0.4 kPa at the glottal inlet to 0.7 kPa at

the outlet on both left and right masses in the 3D flow. This

indicates that the reverse flow was caused by the increase in

the pressure inside the vocal tract just above the glottis. This

increase in the pressure toward the glottal outlet was not

predicted by the 1D flow model.

At t/T¼ 0.78, the jet flow exited from the glottal gap and

became inclined toward the left side (the top side in Fig. 9) of

the vocal tract due to the asymmetric vocal fold motion.

Hence, the flow separated from the left wall at x1/L¼�0.03,

whereas the flow separated from the right wall at x1/

L¼�0.25. However, the pressures on both the left and right

vocal fold surfaces were largely the same. The separation

point was predicted at x1/L¼�0.3 in both 1D flow models

and this agrees with the right side of the 3D flow model. The

self-sustained oscillations of the 1D model underestimated

the flow pressure for the entire vocal fold surface.

When t/T¼ 0.96, the vocal fold surface on the right (the

lower surface in the figure) became convergent whereas

the left vocal fold surface was slightly divergent. As a result,

the jet flow exiting the glottis was inclined toward the left

side in the 3D flow. In contrast, the overall pressure distribu-

tions on the left and right surfaces were again almost the

same in the 3D flow. The flow separated from the vocal fold

surface at x1/L¼�0.03 on both sides, and the pressure

decreased from approximately 2.5 to �1.7 kPa. The flow sep-

aration position and the pressure distributions from both 1D

flow models agreed well with those of the 3D flow model.

B. Comparison of overall patterns across a range
of tension imbalance

The mass displacements y predicted in the 3D and 1D

flow models are shown in Fig. 10 for conditions with the

FIG. 8. (Color online) Flow fields and pressure distributions on vocal fold surfaces for the symmetric condition (Q¼ 1.0). The instantaneous velocity magni-

tudes were shown in (a), while the pressure p and flow separation points are plotted in (b) for normalized time t/T¼ 0.27 (top), t/T¼ 0.88 (center), and

t/T¼ 0.97 (bottom). The pressure of the 1D flow was also plotted with the forced oscillation, which uses the displacement and flow rate of the 3D model.
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tension imbalance parameter Q¼ 0.4, 0.6, 1.0, 1.6, and 3.0.

Self-sustained oscillation was achieved for Q values from

0.4 to 1.6 in the 3D flow-based model, and for Q values

from 0.6 to 1.6 in the 1D flow-based model. For Q¼ 0.6,

1.0, and 1.6, data were shown after three initial cycles when

the oscillation has become stable, and time was normalized

by the corresponding period of vocal fold vibration. The

general trends of variation in the vibration patterns, includ-

ing left-right difference in phase and amplitude, were con-

sistent between the 1D and 3D models.

For the left-right symmetric condition (Q¼ 1.0), the left

and right masses showed symmetric motion in simulations

with both the 3D and 1D flow models. While the left and

right vocal fold displacements were exactly the same for the

1D model, a slight difference of less than 2% (< 0.026 mm)

was observed between the left and right displacements for

the 3D model. The maximum displacement of the upper

masses was 1.32 and 1.74 mm for the 3D and 1D models,

respectively. The upper masses collided with a penetration

depth of approximately 0.25 mm for 1< t/T< 1.23, while

the lower masses collided briefly at t/T¼ 1.05 for both the

3D and 1D models.

When Q¼ 0.4, the right springs were stiffer than the

left springs. The masses oscillated with f0¼ 53 Hz in the 3D

model and the motion trajectory showed the dicrotic motion.

For the 1D flow model, the initial oscillation was similar to

that in the 3D model. However, the left and right masses did

not collide in the 1D flow, and the oscillation eventually

damped out over time. As Q increased to 0.6, the stiffness of

the left mass increased and the self-sustained oscillation was

achieved in both the 3D and 1D models. Due to the stiffness

imbalance, the displacement of the right masses (the stiffer

side) was about two times larger than that of the left masses,

and one oscillation cycle of the left masses showed double

peaks.

When the left springs were stiffer than the right springs

with Q¼ 1.6, the displacement amplitudes of the left masses

were similar to that of Q¼ 1.0, while the right masses exhib-

ited smaller amplitudes compared to the left masses. The

motion of the left mass led in phase by approximately 45�,
and only the upper masses collided. For the condition with

Q¼ 3.0, the amplitudes of the left masses were significantly

reduced, and the displacements of the right masses were

larger than those of the left masses initially. However, the left

and right masses did not collide, and the oscillation decayed

and eventually ceased for both 3D and 1D flow models.

The fundamental frequency f0, left-right amplitude

ratio, phase difference, and the maximum flow declination

rate (MFDR) are compared in Fig. 11. The fundamental fre-

quency f0 increased as the tension imbalance parameter Q
increased from 0.4 to 0.8 and from 1 to 1.6 for the 3D flow

model. This tendency was reproduced by the 1D flow

model, except for Q¼ 0.4 for which the vibration in the 1D

model exhibited a similar f0 but eventually damped out.

FIG. 9. (Color online) Flow fields and pressure distributions on vocal fold surfaces for the asymmetric condition (Q¼ 1.6). The instantaneous velocity mag-

nitudes are shown in (a), while the pressure drop p�Ps and predicted separation points are plotted in (b) for normalized time t/T¼ 0.16 (top), t/T¼ 0.78

(center), and t/T¼ 0.96 (bottom). The pressure of the 1D flow was also plotted with the forced oscillation, which uses the displacement and flow rate of the

3D model.
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The left-right amplitude ratio and phase difference also

increased in the range from Q¼ 0.6 to 1.6 of the 3D flow

model, and these values were predicted by the 1D flow

model from Q¼ 0.8 to 1.2. The 1D flow model overesti-

mated the left-right amplitude ratio for Q¼ 1.4 and 1.6 and

underestimated the phase difference for Q¼ 0.6.

The MFDR was calculated as the negative peak value

of the time derivative of flow rate dUg=dt. Since dUg=dt rep-

resents the sound source waveform, the minimum of dUg=dt
determines the peak amplitude of the produced voice, i.e.,

the voice intensity (Zhang, 2016b). The maximum of

MFDR appeared when Q¼ 0.6, and in general the effect of

Q on the MFDR is small in the range investigated. The val-

ues simulated with the 1D flow model were generally in

good agreement with these values, except for Q¼ 0.6, where

it was 21% underestimated.

The overall trends in Fig. 11 are consistent with the

experimental observation in Zhang and Luu (2012). They

showed the existence of two regimes of distinct vibratory

pattern, one for conditions with small left-right stiffness

asymmetry and the other for conditions of large left-right

stiffness asymmetry. In Fig. 11, conditions with Q values

FIG. 10. (Color online) Displacement of each mass for the 3D (a) and 1D (b) flow models. The tension imbalance parameter was changed from Q¼ 0.4 to

0.6, 1.0, 1.6, and 3.0. The solid lines show left mass trajectories, whereas the dashed lines show right mass trajectories.
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been 0.6 and 1.6 appear to belong to the regime of small

left-right stiffness asymmetry, with the vocal folds exhibit-

ing comparable vibration amplitude and the stiffer side lead-

ing in phase. The conditions with Q¼ 0.4 and 3.0

correspond to the transition to the regime of large left-right

stiffness asymmetry, with the vibration dominated by the

softer vocal fold.

IV. DISCUSSION

The results of this study showed that the vocal fold

vibration pattern and voice outcome measures can be

predicted by the 1D flow model with reasonable accuracy

not only for the symmetric but also for the asymmetric con-

ditions. Although the maximum vocal fold displacement

was slightly overestimated by the 1D model for all cases,

the general trends of variation in the vibration pattern, f0,

left-right amplitudes ratio, and phase difference with

increasing Q in the 1D model agreed well with those in the

3D flow model. The results also indicate that the intraglottal

pressure can be simulated with the quasi-steady approxima-

tion in Eq. (8) and this observation agrees with previous

experimental studies (Zhang et al., 2002; Ruty et al., 2007;

Farahani and Zhang, 2016; Honda et al., 2022).

It is worth noting that this agreement was obtained

despite the differences in the flow pressure on vocal fold

surface predicted by the 1D and 3D flow models, particu-

larly in the symmetric case (Fig. 8). This suggests that while

the vocal folds cannot vibrate without the glottal flow, vocal

fold structural properties have a larger role than the glottal

flow in determining the overall vibratory pattern and voice

production, as shown in our earlier studies (Farahani and

Zhang, 2014; Zhang, 2016b).

The slight overestimation of the displacement in the 1D

model may be caused by the difference in the subglottal pres-

sure predicted by the 1D and 3D flow models (Fig. 6).

Further improvement of the 1D model thus can be achieved

by more accurately modeling subglottal and supraglottal

acoustics and their effects on the intraglottal pressure. Indeed,

by using the subglottal pressure of the 3D flow in the 1D

model (forced oscillation in Figs. 8 and 9), the flow pressure

on vocal fold surface was more accurately predicted, except

for the reverse flow in the asymmetric condition.

In this study, both the subglottal and intraglottal pres-

sures exhibited ripples that were associated with acoustic

reflections from both the subglottal and supraglottal tracts.

These ripples also appeared in the waveforms of flow rate

and voice source dUg=dt, suggesting some impact of source-

tract interaction on the voice source. However, these ripples

(about 600 Hz) did not appear in the waveforms of vocal

fold motion. This indicates a small influence of subglottal

and supraglottal acoustics on the vibration patterns when the

fundamental frequency is not sufficiently close to sub- or

supra-glottal acoustic resonances, as shown in previous

experiments (Zhang, et al., 2006). In other words, source-

tract interaction impacted mainly the glottal flow but not

vocal fold vibration in our study.

The relatively small difference between 1D and 3D

flow models is consistent with the results from Decker and

Thomson (2007) which compared 1D and 2D flows in left-

right symmetric conditions. In contrast, de Vries et al.
(2002) reported relatively large differences in oscillation

characteristics between the 2D and 1D flow models. These

large differences may be related to the relatively coarse

mesh used in their study. As described in the Appendix, the

mass trajectories and oscillation frequency may vary signifi-

cantly depending on the grid size. The relatively large grid

sizes in de Vries et al. (2002) might have caused the large

differences between their 1D and 2D simulations.

FIG. 11. Dependence of oscillation characteristics on the tension imbalance

parameter Q. The fundamental frequency f0 (a), left-right amplitude ratio

(b), phase difference (c), and the maximum flow declination rate (MFDR)

(d) are plotted from Q¼ 0.4 to 1.6.
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Tao et al. (2007) reported asymmetric vocal fold vibra-

tion in left-right symmetric vocal fold conditions. This is

different from the observation in our study that the vibration

pattern was symmetric under the left-right symmetric condi-

tion with Q¼ 1. This contradiction was probably caused by

the difference in the simulation conditions such as the size

of the masses. Since the upper and lower mass sizes were

the same and the coupling spring constant was smaller in

Tao et al. (2007), the left-right difference in the intraglottal

pressure might be sufficient to induce asymmetric vocal fold

vibration. Note that this phenomenon (asymmetric vibration

induced by asymmetric intraglottal pressure) is ruled out in

the 1D flow model by its design.

V. CONCLUSION

In this study, we compared voice production predicted by

1D and 3D flow simulations coupled to a two-mass model at

left-right symmetric and asymmetric vocal fold conditions.

The results showed that the vocal fold vibration pattern, includ-

ing left-right difference in vibration amplitude and phase, and

the voice outcome measures can be predicted by the 1D flow

model with reasonable accuracy for both symmetric and asym-

metric conditions. When the vocal folds exhibited left-right

asymmetric vibration, the differences in the flow pressure on

the left and right vocal fold surfaces were generally small,

even if the glottal flow was inclined and separated from the

wall at different locations on the left and right vocal fold surfa-

ces. The agreement in the overall vocal fold vibration pattern

was obtained despite some discrepancies in the predicted vocal

fold surface pressures between the 1D and 3D flow models,

suggesting that vocal fold properties have a larger role than the

glottal flow in determining the overall vibratory pattern. The

agreement may be further improved by more accurately pre-

dicting the subglottal and supraglottal pressures. Future work

will focus on validating the 1D flow model in vocal fold mod-

els with more realistic vocal fold movement (Adachi and Yu,

2005) and geometry (Wu and Zhang, 2021), and for laryngeal

sizes typical of female and children.
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APPENDIX: COMPUTATIONAL ACCURACY OF THE 3D
FLOW MODEL

To evaluate the computational accuracy of the 3D flow

simulation, we investigated the convergence of the grid res-

olutions and compared the pressure distributions with exper-

imental measurements. The list of grid sizes used is shown

in Table II. We constructed five computational grids with

gradually reduced minimum mesh size, as shown in Table

II. The time step was also reduced depending on the mini-

mum grid size to keep the same CFL number based on the

speed of sound. The total number of grids was increased

from 12.5� 106 of Mesh1 to 74.0� 106 of Mesh5. The fun-

damental frequency f0 and open quotient (OQ) of mass

trajectories were calculated after obtaining the stable self-

sustained oscillation (Fig. 12). The f0 decreased from

143 Hz of Mesh1 to 127 Hz of Mesh4, and f0 of Mesh 4 was

almost the same with that of Mesh5. The OQ also decreased

from 0.873 of Mesh1 to 0.762 of Mesh4, and OQ slightly

increased to 0.765 in Mesh 5. These results indicate that the

motion trajectories of Mesh4 and Mesh5 were almost the

same and the result converged with the grid resolution of

Mesh4.

Then, we compared the pressure distributions of Mesh4

to the intraglottal pressure distribution experimentally mea-

sured in static vocal fold replicas as reported in Scherer

et al. (2001). The symmetric and asymmetric vocal fold

geometries in Scherer et al. (2001) were simulated in this

study. The subglottal pressure was kept at 1.5 kPa in both

the experiment and simulation. The simulated pressure dis-

tributions are plotted in Fig. 13. For both symmetric and

asymmetric geometry, the overall pressure distribution of

the simulation agreed well with the measurement. The

difference in the pressure distributions between the flow-

attached wall and the other side was reproduced by the sim-

ulation. However, slight differences between the experiment

and simulation appeared near the glottal entrance, indicating

that the rounded constriction is still difficult to represent in

the immersed boundary method with the current grid resolu-

tion. Nevertheless, we confirmed that our 3D computational

TABLE II. The minimum grid size, corresponding time step of time inte-

gration, and total number of grids of each computational grid sets.

Dx1 (mm) Dx2 (mm) Dx3 (mm) Dt (s) No. Grids

Mesh1 0.1 0.1 0.2 1.0� 10�7 12.5� 106

Mesh2 0.05 0.05 0.1 5.0� 10�8 42.3� 106

Mesh3 0.05 0.033 0.1 2.5� 10�8 52.9� 106

Mesh4 0.05 0.025 0.1 2.5� 10�8 63.4� 106

Mesh5 0.05 0.02 0.1 2.5� 10�8 74.0� 106

FIG. 12. Fundamental frequency f0 and open quotient (OQ) of the mass tra-

jectories calculated with the 3D flow simulation with five grid resolutions.
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model using Mesh4 can reproduce the pressure distribution

in the static vocal fold models with reasonable accuracy and

decided to use Mesh4 in this study.

1See supplementary material at https://www.scitation.org/doi/suppl/10.1121/

10.0014949 for the MATLAB code of the 1D flow model (SuppPub1.m) and a

movie of velocity and pressure distributions for the symmetric (¼ 1.0) and

asymmetric (¼ 1.6) conditions (SuppPubmm1.mp4 and SuppPubmm2.mp4).
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