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ABSTRACT

To investigate the acoustic properties of signals generated by symmetric and asymmetric vocal fold vibrations, a flow-acoustic splitting
method is employed to model the glottal airflow associated with voice production. The perturbed compressible pressure, p0, is calculated by
the linearized perturbed compressible equations (LPCE). Based on p0 and the source term of the LPCE, acoustic behavior related to the medial
thickness of the vocal fold and the frequency difference between the two sides of the vocal fold are analyzed. The results show that the
opposite-polarity source pair is responsible for the production of p0 and the opposite-polarity source pair is located right at the entrance of
the glottal gap. The frequency difference of the two sides diminishes the opposite-polarity source pair and causes amplitude modulation of p0.
Consequently, asymmetric vibration can lead to voice problems. The increase in the medial thickness makes the distribution of the paired
sources more compact and stronger, and it enhances the intensity ratio between the p0 and the hydrodynamic pressure variation, thereby pos-
itively contributing to voice production.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0279609

I. INTRODUCTION

Voice production is critical to the daily communication and
social life of humans. The human voice results from a complex inter-
play of the vibration of the vocal fold and exhaled air pushed through
the glottis, phonation, in addition to the shaping of sound in the vocal
tract, i.e., resonance, or manipulation of acoustic structures within the
vocal tract, i.e., articulation. Abnormal vocal fold motion can lead to
voice disorders, which may result in negative professional, social, and
emotional consequences (Nerri�ere et al., 2009). The study of vocal fold
motion and its acoustic properties is necessary to inform treatment
outcomes and expectations for patients with dysphonia.

Abnormalities in vocal fold vibration can arise from various fac-
tors. One common cause is vocal fold paralysis, which can affect one
(unilateral) or both (bilateral) vocal folds. In such cases, asymmetric
vibration of the vocal fold is the most common clinical manifestation
(Chung et al., 2024). Surgical interventions aim to medialize the
vocal fold by augmentation with implants (Zhang et al., 2020), inject-
ables (Henriques et al., 2023), or designing laryngeal prostheses.

(Kosako et al., 2023). Factors resulting from these interventions such
as local inflammation (Enver et al., 2021), fibrosis (Woo et al., 2001),
implant extrusion (Konjevi�c et al., 2024), etc., may influence treatment
efficacy and undesirable outcomes in short- and long-terms.

Experiments to understand vocal fold vibration have been con-
ducted using biological and synthetic models (Michaud-Dorko et al.,
2024). These experiments help identify the factors related to vibratory
asymmetry and their impact on the voice. Li et al. (2021) performed
in vivo phonation tests in a New Zealand white rabbit model. In their
experiments, one side of the vocal fold is suture-adducted to model
unilateral vocal fold paralysis (UVFP), and high-speed videoendoscopy
(HSV) is utilized to capture vocal fold vibration in the UVFP condi-
tions. Their results show that the two sides of the vocal fold can vibrate
asymmetrically, with the adducted side vibrating at a 10% higher fre-
quency than the resting side. In experiments using a synthetic vocal
fold model, Pickup and Thomson (2009) investigated the impact of
asymmetrical stiffness in vocal fold on the vibration pattern. Their
results indicate that asymmetrical stiffness leads to differences in
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vibrating frequency, which may impact voice production. A similar
outcome has been observed in medialization laryngoplasty, a surgical
procedure that involves inserting a silicone-elastomer implant into the
vocal fold. As reported by Zhang et al. (2020), an increase in implant
stiffness raises phonation frequency, which may become excessively
high and undesirable. This suggests that the frequency difference
between a pair of vocal folds is a crucial factor in voice outcomes.

In addition to vibrating frequency, the shape of the medial surface
also plays a significant role in medialization laryngoplasty (Zhang,
2018; Zhang and Chhetri, 2019; and Zhang, 2024). The medial surface
is the region where two sides of the vocal fold contact each other. The
vertical length of medial surfaces can be quantified as the medial thick-
ness. Zhang et al. (2020) investigated vocal fold deformation resulting
from implant insertion. Their experiments show that a soft implant,
with a Young’s Modulus of 11 kPa, conformed to the shape of the vocal
fold, while a stiff implant, with a Young’s Modulus of 1386 kPa, main-
tained its original shape. Whether the implant is soft or stiff, both types
led to a significant increase in medial thickness, rising from 2mm to
about 4mm, when the implants occupied a large space previously filled
by the original tissue. Zhang and Chhetri (2019) modified the medial
thickness of excised human larynges using a wooden stick to analyze
the acoustic effects. Their results indicate that increased medial thick-
ness enhances vocal fold closure and produces higher-order harmonics
in the voice. Therefore, both stiffness differences and medial thickness
are crucial factors closely related to the vocal fold motion and voice
outcomes.

Compared to in vivo and ex vivo experiments, numerical models
offer more detailed insights into this complex process involving flow-
structure-acoustic interactions (FSAI) (Falk et al., 2021; Maurerlehner
et al., 2022; McCollum, et al., 2023a; 2023b; and Zhang, 2024). Current
efforts to develop computational models of voice production have
been reviewed by D€ollinger et al. (2023). Due to the low Mach number
(<0.3) characteristic, the FSAI model commonly employs the hydro-
dynamic/acoustic splitting method. This approach allows the FSAI
model to be divided into a flow-structure interaction (FSI) model and
an acoustic field model (He et al., 2022, 2024). For the FSI model,
direct numerical simulation (DNS) and large-eddy simulation (LES)
are two kinds of advanced computational techniques for the flow sim-
ulation. DNS needs to resolve the Kolmogorov length scale, the small-
est scale in flow (Choi and Moin, 2012), which is computationally
expensive. Thus, DNS is employed for simplified vocal fold model, in
which the flow is generally laminar (Bae and Moon, 2008). LES models
the effect of small-scale and resolves the large-scale flow feature. Thus,
LES is usually employed to simulate the turbulent flow in the vocal
fold (Schoder et al., 2020; Falk et al., 2021). By employing the FSI
model, geometrical parameters of the vocal fold have been extensively
investigated. McCollum et al. (2023b) analyzed laryngeal dimensions
in relation to sex differences. Their study examined how the vocal fold
length, depth, and thickness influence the vocal fold deformation,
excluding medial thickness. Zhang (2017, 2018) investigated the effects
of medial thickness and vocal fold stiffness. However, his model
assumes a symmetrical vocal fold motion about the midline, which
does not account for asymmetric vibrations. For the asymmetry vocal
fold motion, Xue et al. (2010) developed a two-dimensional model rep-
resenting a pair of vocal folds. The motion was simulated using a two-
mass model with different spring constants for the two sides, while the
airflow was treated as incompressible. This model was able to capture

asymmetries in both vibration and the flow field. Their results show
that the fundamental frequency of phonation is governed by the prop-
erties of the softer side of the vocal fold. Thus, the FSI system appears a
selection of preferential frequency. However, the effect of medial thick-
ness during asymmetric motion was not considered in these models,
despite experimental studies highlighting its significance in voice
production.

The flow-acoustic splitting method is effective in handling the
scale disparity between the acoustic and flow fields (Maurerlehner
et al., 2022). The acoustic analogy method and the acoustic perturba-
tion approach are two common splitting methods. The acoustic anal-
ogy method predicts the far-field acoustics based on equivalent sound
sources derived from the flow field. Zhao et al. (2002) employed the
acoustic analogy method to predict the sound generated by a simplified
axisymmetric vocal fold. Their results showed that the dipole equiva-
lent sound source dominates when the unsteady surface force on the
vocal fold is considered, with the strength of the dipole source being
two orders of magnitude higher than that of the quadrupole source.
Kosako et al. (2023) estimated the sound of a voice prosthesis using
Lighthill’s tensor. Zhang (2017, 2018) and Bodaghi et al. (2021), used
the pressure near the exit boundary of the flow simulation as a mono-
pole source to estimate the sound signals far from the vocal fold.
However, while the acoustic analogy provides a mathematical descrip-
tion of sound sources, it lacks a direct relationship between the equiva-
lent sources and the flow features. Thus, the equivalent sources may
not really exist (Tam et al., 2008), making it difficult to investigate
sound production, particularly in the near-source region.

The acoustic perturbation approach divides the computation into
a linear superposition of the incompressible fluid field and the com-
pressible perturbed field. There are many variations in the acoustic
perturbation approach family, such as acoustic perturbation equations
variant 2 (APE-2) (Ewert and Schr€oder, 2003), perturbed convective
wave equation (PCWE) (Kaltenbacher et al., 2016; Maurerlehner et al.,
2022; and Schoder, 2025), and linearized perturbed compressible equa-
tions (LPCE) (Seo and Moon, 2006; Seo and Mittal, 2011). The PCWE
reformulates the APE-2 into a one-scale wave equation, thus computa-
tionally efficient. However, the PCWE needs a mean flow from a given
flow simulation, which causes difficulty in parallel computing with the
flow simulation (D€ollinger et al., 2023). It also poses challenges in cou-
pling with the movement of the vocal fold (Falk et al., 2021; D€ollinger
et al., 2023). By introducing an acoustic potential function into the
original PCWE, Schoder (2025) attempted to solve the PCWE based
solely on the instantaneous flow field which is also suitable for model-
ing acoustics on deformed grids for the FSI problems. In comparison
with APE-2 and original-PCWE, the LPCE can be solved in parallel
with the flow simulation and allows coupling with the moving bound-
ary (Bae and Moon, 2008, 2011). The LPCE is derived by subtracting
the incompressible Navier–Stokes (INS) equation from the fully com-
pressible Navier–Stokes equation and then linearizing the perturbation
equation (Seo and Moon, 2006). The LPCE has been validated by
canonical problems (Seo and Moon, 2006; Seo and Mittal, 2011). Bae
and Moon (2008) employed the INS/LPCE method to model an axi-
symmetric vocal fold. In their model, the INS equations are solved to
provide the source term for the LPCE, with the vocal fold motion pre-
scribed by a time-dependent contour function. A moving coordinate
system is used to couple the vocal fold motion with the LPCE. Both
the vortical flow field and the perturbed compressible pressure are
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analyzed to explore the relationship between voice quality and the vor-
tical structure. Bodaghi, et al. (2021) successfully employed the INS/
LPCE method to examine supraglottic acoustics in a two-dimensional
computational model. These results demonstrate the suitability of the
INS/LPCE method for vocal fold simulations. It should be note that
although the LPCE can be coupled with the LES, in which the filtered
INS is solved (Hwang and Moon, 2017). It is theoretically appropriate
to couple the LPCE with the INS. Therefore, the INS/LPCE method
will be used in the present study.

Motivated by experimental observations of vocal fold vibrating
frequency and medial surface (Pickup and Thomson, 2009; Zhang
et al., 2020; and Zhang and Chhetri, 2019). In the present paper, by
coupling flow modeling and LPCE, both the glottal airflow and acous-
tic fields are analyzed to examine the sensitivity of medial thickness
and frequency differences on the voice production. This provides
insights into the coupling mechanisms of flow pulsatility and the
acoustic properties of the asymmetric vocal fold motion.

II. PHYSICAL MODELS

In the current study, we focus on the acoustic signal in related
various vocal fold motions. Therefore, to reduce the computational
cost, we consider a two-dimensional one-way coupling approach,
where the vocal fold motion is specified based on previous observa-
tions (Zhao et al., 2002; Bae and Moon, 2008). Although this approach
does not resolve the tissue behavior in the vocal fold, it allows the
motion of the medial surface to be parameterized, enabling a system-
atic study of vocal fold motion. Otherwise, due to the highly nonlinear
nature of tissue behavior, employing a fully coupled approach will be
computationally prohibitive for such an investigation. The flow field
and vocal fold motion from the one-way coupling simulation will be
used to solve the LPCE under various vibration conditions.

Figure 1 shows the geometry of the vocal fold. In Fig. 1(a), a
cross-sectional view of the trachea shows the air flow being obstructed
by a pair of vocal folds. Readers who are interested in anatomy view
are encouraged to refer our previous work Li (2023). The vocal fold
can be asymmetrical to the centerline, thus a 2D geometry is employed
to model the vocal fold, with a pair of vocal folds labeled as fold-A
and fold-B, as shown in Fig. 1(b). The width of the trachea is marked

by D0. The medial thickness, denoted by M, is the width of the vocal
fold’s medial surface. This kind of 2D geometry similar to that in pre-
sent study has been widely used and could be found in other useful
phonation models (Bodaghi et al., 2021; Bae and Moon, 2008; and
Zhao et al., 2002). The entire computational domain is shown in
Fig. 2. The airflow runs through the glottis from left to right. The
region within range of x=D0 2 ½�1; 1� is deformable to model the
vocal fold motion. The downstream channel representing the trachea
is long enough to encompass both the flow and acoustic fields. The
computational domain consists of a physical domain and two sponge
zones. The sponge zones are used to absorb sound waves, and their
details will be further discussed in Sec. III B.

The airflow in the channel is driven by a pressure difference
Dp¼ 1 kPa, which is in a typical range of human phonation
(Holmberg and Perkell, 1989; D€ollinger et al., 2023). The flow can be
regarded as incompressible fluid for low Mach number (<0.3), as in
the case of human phonation. The density of the airflow is set as q1
¼ 1130 g=cm3 at body temperature and ambient pressure p1 ¼ 1:013
�105 Pa. To reduce computational cost, the kinematic viscosity of the
flow is set to �1 ¼ 2:04� 10�4 m2=s, which is 10 times of the value
in normal human phonation. Similar treatment has been widely used
in other vocal fold models (Zhao et al., 2002; Bae and Moon, 2008; and
McCollum, et al., 2023a; 2023b). Such treatment affects the turbulence
flow and the high-frequency signals that are not the focus of this study.
The model aims to investigate the primary acoustic behaviors resulting
from vocal fold motion.

III. INS/LPCE MODEL AND VALIDATION
A. Governing equation

In the INS/LPCE method, the flow field is governed by the INS
equation, which can be written as follows:

@Uj

@xj
¼ 0

@Ui

@t
þ @UiUj

@xj
¼ � 1

q1

@P
@xi

þ @

@xj
�1

@Uj

@xi
þ @Ui

@xj

 ! !
;

8>>>>><
>>>>>:

(1)

where q1, Ui, P are incompressible quantities of density, velocity, and
pressure, respectively. The INS and LPCE are forward coupled. After
q1, Ui, P are obtained by solving the INS, they are substituted into the
LPCE to estimate the perturbed compressible quantities of density, q0,
velocity, u0i, and pressure, p0. p0 contains radiative components that
propagate as an acoustic wave, as discussed in the subsection 4 of
Appendix. Thus, p0 is employed to represent the acoustic signal in the
present paper. Note that, to couple with the LPCE, P should be the
absolute pressure. The incompressible pressure relative to the ambient
pressure is defined by Pr ¼ P � p1. The LPCE is written as follows
(Seo andMoon, 2006)

FIG. 1. Sketch of the vocal fold. (a) Air flow in an asymmetric vocal fold. (b) Two-
dimensional vocal fold model.

FIG. 2. Computational domain of vocal
fold model. The dash-dotted line marks
the centerline.
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@q0

@t
þ Uj

@q0

@xj
þ q1

@u0 j
@xj

¼ 0

@u0 i
@t

þ @Uju0 j
@xi

þ 1
q1

@p0

@xi
¼ 0

@p0

@t
þ Uj

@p0

@xj
þ cP

@u0j
@xj

þ u0 j
@P
@xj

¼ �DP
Dt

;

8>>>>>>>><
>>>>>>>>:

(2)

where c ¼ 1:4 is the ratio of specific heat, DP=Dt represents the mate-
rial derivative of the pressure, i.e.,

DP
Dt

¼ @P
@t

þ Uj
@P
@xj

 !
(3)

DP=Dt is the only source term in the LPCE, and it consists of a tempo-
ral component, @P=@t, and a convection component, Ujð@P=@xjÞ. It
In Eqs. (1) and (2), subscripts i and j are 1 or 2, representing the
Cartesian components.

To describe the deformation of the vocal fold, a pair of contour
functions is employed. The corresponding deforming region, as shown
in Fig. 1, is depicted by a moving computational mesh. The vocal fold
motion involves both medial-lateral oscillation and rotation of the
medial surface, which is characteristic for the mucosal wave-like
motion of the human vocal fold (D€ollinger et al., 2023). This kind of
vocal fold motion similar to that in the present study has widely been
used and could be found in other useful phonatory models (�Sidlof
et al., 2015; Jo et al., 2016; and Lasota et al., 2023). A time-dependent
contour function proposed by Zhao et al. (2002) is employed to model
the vocal fold motion. To model the asymmetrical motion, the contour
function is applied to each fold individually.

This function, denoted by hðx; tÞ, is written as follows (Bae and
Moon, 2008; Zhao et al., 2002)

h x; tð Þ ¼ D0 þ Dmin

4
þ D0 � Dmin

4
tanh s xð Þð Þ þ 1

2
1� tanh s xð Þð Þð Þ

� b1 � x þ xcð Þ � b2 � x � xcð Þ� �
; (4)

where Dmin and Dmax are the minimum and maximum gaps of the
glottis, respectively. D0 ¼ 5Dmax is the width of the trachea, and xc
¼ 0:42Dmax is a constant. The function sðxÞ is defined as follows:

s xð Þ ¼ H � jxj=Dmax � H � Dmax=jxj; (5)

where H is an adjustable coefficient. It relates to the curvature of the
hyperbolic tangent function so it can be used to adjust the medial
thickness. In Eq. (4), temporal coefficients b1 ¼ bðtÞ and b2
¼ bðt þ T=9Þ are given as follows (Bae and Moon, 2008)

b tð Þ ¼

0; t � T
9

0:244 � 1� cos
9p
4

t
T
� 1
9

� �� �� �
;

T
9
< t � 5T

9

0:488;
5T
9

< t � 6T
9

0:244 � 1� cos 3p
t
T
� 6
9

� �� �� �
;

6T
9

< t � T;

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(6)

where T is the period of vocal fold vibration. The vibration frequency
is thus f ¼ 1=T . A visualization of the vocal fold motion is shown in

Fig. 3 by contour lines. The tilt angle of medial surfaces is estimated by
a ¼ tan �1ðb1 � b2Þ and shown in Fig. 3(c) for a cycle of the vocal
fold motion. The medial surface exhibits a convergent contour in
Fig. 3(a) and a divergent contour in Fig. 3(b), mimicking the physio-
logical motion of the medial surface. The mesh displacement in the
deformable region (Fig. 2) is done by moving the mesh points in the
lateral direction and in a linear fashion. The streamwise displacement
is set to zero. That is,

Dx ¼ 0

Dy ¼ y0 � Dh
h x0; t0ð Þ ;

8<
: (7)

where ðx0; y0Þ is the coordinate of point P0 in the deformable region at
initial time t0, Dh ¼ hðx0; tÞ � hðx0; t0Þ is the displacement of the
contour line at x ¼ x0 and time t, Dx and Dy are the streamwise and
lateral displacements of point P0 at time t.

B. Boundary conditions and numerical treatment

For the vocal fold model, the outlet pressure is fixed at the ambi-
ent pressure p1, the inlet pressure is 1 kPa higher than the outlet pres-
sure to establish a driving pressure. A zero normal velocity gradient
condition is applied for both the inlet and outlet boundaries. At the
channel wall, a moving-wall condition is applied, where the velocity at
the wall and the normal pressure gradient are given as follows:

Ui ¼ @xw;i
@t

;
@P
@xi

� ni ¼ 0; (8)

where xw;i and ni are the Cartesian components of the position vector
and the wall normal vector, respectively.

For the LPCE, the wall boundary conditions are (Bae and
Moon, 2011)

u0i � ni ¼ 0;
@p0

@xi
� ni ¼ 0;

@q0

@xi
� ni ¼ 0: (9)

These conditions allow pressure waves to reflect at the wall, corre-
sponding to an acoustically hard boundary (Kaltenbacher, 2018).

FIG. 3. Contours of the symmetric vocal fold with Dmin=D0 ¼ 0:036, H ¼ 2:8. (a)
Convergent contour at angle a ¼ a1. (b) Divergent contour at a ¼ a2. (c) Variation
of a in a cycle of motion.
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When solving the LPCE, numerical instability may generate grid-
dependent oscillations, and numerical reflections may happen at the
inlet and outlet boundaries (Freund, 1997; Xu and Yang, 2021). These
nonphysical waves can ruin the solution and must be eliminated. In
the present model, a damping term and a convection term (Freund,
1997) are added on the left side of Eq. (2) to minimize the nonphysical
reflection waves near the inlet/outlet. In addition to the boundary
treatment, artificial viscosity is employed for the LPCE to dampen the
wiggles in the computational domain. Details about these numerical
treatments are provided in the subsection 1 of Appendix.

C. Numerical method

The governing equations, boundary conditions, and numerical
treatments are implemented in the commercial software COMSOL
Multiphysics to conduct the simulation. In the software, Eq. (1) is
solved using the laminar flow module to obtain the incompressible
flow field. Equation (2), is customized in the software and solved using
the user-defined PDE module. The displacement field, as defined in
Eq. (7), is coded into the software by the moving mesh module. For
spatial discretization, quadratic elements are used to discretize the
domain. For time marching, the generalized-a method is employed
which is an implicit method and can properly deal with the large dif-
ferences in the speed between the flow and the acoustic wave. At each
time step, Eqs. (1) and (2) are solved in sequence by the constant
Newton iteration method, with the PARDISO solver applied for each
iteration. The convergence criteria of the iteration is set to 10�6. In
such a way, the INS and LPCE equations are directly solved using the
finite element method.

D. Model validation

To validate the model capability in simulating the incompressible
flow induced sound problem, a straight duct with a pulsating velocity
inlet is simulated. This test case mimics the trachea and has been used
to validate the INS/LPCE solver (Bodaghi, et al., 2021). Computational
domain and mesh of the duct are shown in Fig. 4. The duct is in size of
2:8� 17:3 cm, which is meshed by 20� 70 grid cells. Perturbations
outside of the duct propagate freely in a rectangular domain which is
in size of 52:5� 35 cm and meshed by 160� 70 grid cells. In Fig. 3, a
sponge zone is applied to absorb nonphysical reflection waves near the
boundary. A Gaussian velocity pulse is prescribed at the inlet bound-
ary, defined as

U2 ¼ 6½cm=s� � exp � 1
2

t � 5� 10�5

1:5� 10�5

� �2
 !

: (10)

At the inlet boundary, the compressible velocity perturbation, u0i, is set
to zero, and a zero normal gradient condition is applied for the P, p0,
and q0. The solid boundaries are defined as slip walls for Eq. (1). For Eq.
(2), the acoustically hard boundary, as defined in Eq. (9) is applied. At
the far-field boundary, P is set to the ambient pressure p1, while p0 and
q0 are set to zero. For both the INS velocity,Ui, and the perturbed veloc-
ity, u0i, a zero normal gradient condition is applied at the far-field
boundary. The duct flow is initialized with ambient values. Specifically,
the velocity and all perturbations are set to zero, P is set to p1, and the
density is set to q0 ¼ 1293 g=cm3 at temperature 273K . To provide a
reference, the duct flow is also simulated by solving a fully compressible

Navier–Stokes equation (NS). At the inlet, the temperature and pressure
are set to 273K and p1, respectively, allowing the density to vary in
accordance with the velocity pulse. The slip boundary is applied on the
walls. The ambient pressure, p1, is prescribed on the far-field boundary.
Both the INS/LPCE and the NS equations are solved in the COMSOL
Multiphysics, using quadratic elements and an implicit method. The
time step is 1� 10�6 s for the INS/LPCE solver, which is sufficiently
small to track the sound wave in the duct. To ensure a stable solution,
the time step is set to 5� 10�8 s for the NS solver.

The velocity pulse, as defined in Eq. (10), triggers a pressure per-
turbation at the inlet boundary. The compressible pressure perturba-
tion in the duct is shown in Fig. 5 by contours. The centerline of the
duct is marked by the dashed line in Fig. 5(a). In Fig. 5(a), a com-
pressed pressure wave propagates along the duct and scatters at the
duct’s end. During scatting, as shown in Fig. 5(b), a part of the pressure
wave propagates upwards into the far field, while another part becomes
an expanded pressure wave and propagates downwards into the duct.
In Fig. 5(c), the expanded pressure wave bounces back from the end of
the duct. The wave in the rectangular domain can pass through the
boundary smoothly, demonstrating effectiveness of the sponge zone.
The pressure signal along the centerline of the duct is shown in Fig. 6,
and the results of the INS/LPCE solver and the NS solver are com-
pared. It can be seen that the predictions of both solvers for the com-
pressed and the expanded waves are in good agreement. By tracing the
peak of the signal, the speed of the pressure wave is estimated to be
332m/s, which is approximately the sound speed at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cp1=q0

p
¼ 331m/s. Thus, the prediction of the sound signal is reasonable,
which validates the current INS/LPCE solver. This solver will be uti-
lized to analyze the acoustic properties of various vocal fold vibrations.

IV. RESULTS AND DISCUSSION

The flow field is the source of the acoustic signal. In this section,
the formation of sound source term is analyzed, followed by an

FIG. 4. Computational domain and mesh of the straight duct for the validation
study.
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investigation of the acoustic signal in trachea. An intensity ratio
between flow and acoustic signals is examined to quantify the effi-
ciency of voice production. The effects of the medial thickness and the
frequency difference are discussed in these analyses.

As listed in Table I, the medial thickness and asymmetry of the
vibration frequency are varied, and a total of 12 cases are considered,
while the maximum flow rate qmax is the result from current modeling.
The channel width D0 is 2.2 cm. The minimum and maximum gaps,

as defined in Eq. (4), areDmin ¼ 8� 10�2 cm and Dmax ¼ 4:5� 10�1

cm, respectively. The frequency of fold-A is fA ¼ 150Hz, which lies in
physiological range of human phonation (Holmberg and Perkell,
1989). is used as the base frequency. The corresponding base period is
T0 ¼ 1=fA. The medial thickness, M, varies from 1:3� 10�1 cm to
2:8� 10�1 cm, and the corresponding coefficient of thickness, H, as
defined in Eq. (5), is included in Table I. The range of M is selected
based on simulations from Chen et al. (2020). The frequency of fold-B
is 5% to 10% higher than that of the fold-A which is consistent with
the measurements obtained from a high-speed video endoscopy by Li
et al. (2021). The case of UVFP is approximated by fixing fold-B and is
included in the last three rows of Table I. All cases are simulated on a
structured mesh with 14 400 (45� 320) grid cells. The grid spacing is
1:2� 10�2 cm near the vocal fold and is stretched to 0:27 cm near the
outlet. The time step size is 5� 10�5 s. For statistical sampling, cases
1–3 and 7–12 are simulated for 20T0, while cases 4–6 are simulated for
50T0. These simulation durations are used to ensure that the results
have reached a quasi-periodic state. Details about the grid sensitivity
and the modeled asymmetry vocal fold motion are provided in the
subsections 2 and 3 of Appendix, respectively.

A. Flow field and sound source term

The detailed flow field data are available from the incompressible
flow simulation (see the supplementary material S1). Here we focus on
the characteristics of the flow rate and those of DP=Dt, which is the
only source term of compressible perturbations in Eq. (2).

The normalized flow rate x=D0 ¼ 1 is plotted in Fig. 7 to show
its waveform. qmax is the maximum flow rate whose value is listed in
Table I for each case. The available experimental data from Holmberg
and Perkell (1989), in which the flow rate was measured at the mouth
of a male speaker for a high pitch is shown here to compare with a
symmetric (healthy) case. Since similar results are observed within
case groups 1–3, 4–6, 7–9, and 10–12, respectively, only cases 2, 5, 8,
11 are shown for comparison. In Fig. 7(a), t=T0 in case 2 (a symmetric
setup) shows a regular pattern and is in good agreement with the
experimental result. In Figs. 7(b) and 7(c), q=qmax appears to be modu-
lated in oscillation magnitude, as marked by dashed lines. In Fig. 7(b),
the time between two minimum oscillations is 20T0, corresponding to
modulation frequency 5%fA, which is exactly the frequency difference
between the two folds. A similar result is observed in Fig. 7(c), in which

FIG. 5. Snapshots of the perturbed compressible pressure in the straight duct at time (a) t ¼ 4:5� 10�4 s, (b) t ¼ 7:5� 10�4 s, and (c) t ¼ 13:5� 10�4 s. Dashed lines
mark the sponge zone, dash-dotted line in figure (a) marks the centerline.

FIG. 6. Pressure signals along the centerline of the duct in the validation study.

TABLE I. Parameters of the vocal fold vibration in consideration.

No. FD ¼ ðfB � fAÞ=fA M/cm H qmax=½ml=ðs � cmÞ�
Case 1 0.0% 0.13 1.9 1427
Case 2 0.0% 0.19 2.8 1400
Case 3 0.0% 0.28 4.2 1354
Case 4 5.0% 0.13 1.9 1419
Case 5 5.0% 0.19 2.8 1395
Case 6 5.0% 0.28 4.2 1353
Case 7 10% 0.13 1.9 1414
Case 8 10% 0.19 2.8 1371
Case 9 10% 0.28 4.2 1332
Case 10 �100% 0.13 1.9 1724
Case 11 �100% 0.19 2.8 1688
Case 12 �100% 0.28 4.2 1652

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 081928 (2025); doi: 10.1063/5.0279609 37, 081928-6

Published under an exclusive license by AIP Publishing

 25 August 2025 14:22:32

https://doi.org/10.60893/figshare.pof.c.7961597
pubs.aip.org/aip/phf


the time between two minimum oscillations is 10T0, corresponding to
modulation frequency 10%fA. These results indicate that the flow rate
is modulated at the frequency difference. In Fig. 7(d) for the UVFP,
the pattern of q=qmax is regular (since the modulation frequency is
100%fA), but the magnitude of oscillation is only one-third of that in
Fig. 7(a). Because of the modulation, the average magnitude of oscilla-
tion in Figs. 7(b) and 7(c) is also much smaller compared to that in
Fig. 7(a), and it is reduced to 65% in Fig. 7(b) and 69% in Fig. 7(c).

The distributions of DP=Dt in typical cycles in Fig. 7 are plotted
in Figs. 8–10, for comparison. According to oscillation magnitudes,
three kinds of cycles are distinguished in Fig. 7. They are the cycle with
maximum oscillation magnitude, denoted by Cincited, the cycle with

minimum oscillation magnitude, denoted by Csuppressed, and the cycle
in the case of the UVFP, denoted by CUVFP. In a cycle of the flow rate
oscillation, the development of DP=Dt in vocal fold is similar among
the cases where the oscillation magnitudes of q=qmax are similar. Thus,
only the field DP=Dt in typical cycles of the flow rate oscillation are
compared. The field at 85%T0 of the cycle Cincited, Csuppressed and CUVFP

are shown in Figs. 8–10, respectively, at which the intensity of DP=Dt
is significant. For the cycle Cincited, the results in cases 2, 5, 8 are found
similar to each other, thus only the result in case 2 is shown in Fig. 8
(Multimedia view). In Fig. 8(a), the variation of DP=Dt mainly occurs
in the range of x=D0 2 ½�M=D0;M=D0�, which is marked by a gray
band. In this range, the two sides of the medial surface form a

FIG. 7. Normalized flow rate for (a) case
2, (b) case 5, (c) case 8, (d) case 11. The
oscillation magnitude is marked by dashed
lines. A few characteristic cycles of the
flow rate marked in color will be used for
the analysis of acoustic source term; red:
maximum or incited oscillation; green:
minimal or suppressed oscillations; blue:
UVFP.

FIG. 8. Distribution of DP=Dt at 85%T0 of
the typical cycle Cincited in case 2
(M¼ 0.19 cm, FD¼ 0.0%). (a) Contour of
DP=Dt, (b) Tilt angle of the medial sur-
face. Similar distribution is observed in
cases 2, 5, 8. In figure (a), the region of
the medial surface is marked in gray. The
concentration of DP=Dt is marked by a
pink arrow. Dashed line in figure (b) marks
85% T0. Multimedia available online.

FIG. 9. Distribution of DP=Dt at 85% T0
of the typical cycle Csuppressed in case 5
(M¼ 0.19 cm, FD¼ 5.0%). (a) Contour of
DP=Dt, (b) Tilt angle of the medial sur-
face. Similar distributions is observed in
cases 5 and 8. The meaning of gray bar,
the pink arrow and the dashed line are the
same as those in Fig. 8. Multimedia avail-
able online.
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divergent channel, in which DP=Dt exhibits an opposite-polarity
source pair near the entrance, which is similar to a dipole source
(Stewart and William, 2017). In Fig. 8(b), a of fold A and B are in
opposite sign. For the cycle Csuppressed, the results in cases 5 and 8 are
found similar to each other, thus only the result in case 5 is shown in
Fig. 9 (Multimedia view). In Fig. 9(a), the medial surface exhibits a
shape of an inclined parallel channel. In Fig. 9(b), a of fold A and B are
approaching each other. In Fig. 10(a) (Multimedia view), the lower-
side medial surface is horizontal, but the other side is divergent, result-
ing in a positive a as marked by dashed line in Fig. 10(b). Both in Figs.
9(a) and 10(a), DP=Dt concentrates on the immediate entrance of the
glottal channel, as marked by pink arrows in the figures, and the fea-
ture of the opposite-polarity source pair becomes indistinct. The
DP=Dt is a source term in form of material derivative. In the studies
by Schoder et al. (2023) and Tieber et al. (2024), the magnitude of this
type of source term is relatively low, due to cancelation between its
temporal and convection components under the assumption of
Taylor’s hypothesis. However, in the case of the vocal fold, the pressure
gradient can be significant, thereby diminishing the validity of Taylor’s
hypothesis (Geng et al., 2015). As DP=Dt is the only source term of
Eq. (2), the opposite-polarity source pair of DP=Dt is important for
the production of compressible perturbations. This result also suggests
that the pressure variations experienced by the fluid elements in the
channel serve as an important source of these perturbations. From the
current study, the symmetric divergent channel is instrumental for
the formation of the opposite-polarity source pair.

The temporal-spatial features of DP=Dt and p0 along the center-
line of the domain are shown in Fig. 11 by an x-t diagram. Despite the
differences in the case setup, the results for each kind of the cycle
(i.e., Cincited, Csuppressed and CUVFP) are found similar among the cases
(see the supplementary material S2). Thus, only results of Cincited in
case 2, Csuppressed in case 5, and CUVFP in case 11 are shown as represen-
tative cycles for comparison. In Fig. 11(a) for the cycle Cincited, the
opposite-polarity source pair of DP=Dt is formed at the entrance of
the glottal channel and during a short time window when the vocal
fold is closing. The corresponding pressure signal p0 in the cycle Cincited

is concentrated in between the opposite-polarity source pair of DP=Dt,
and its peak time coincides with the formation of the opposite-polarity
source pair. This confirms that the opposite polarity paired sources of
DP=Dt is responsible for the production of p0. In comparison with the
cycle Cincited, the opposite-polarity source pair for the cycle Csuppressed

in Fig. 11(b) is not clear, and the spatial distribution ofDP=Dt is nearly
steady over time in the shown cycle. The corresponding signal of p0

has low intensity. For the cycle CUVFP in Fig. 11(c), the opposite-
polarity source pair again is not clear, but the temporal change is sig-
nificant. Correspondingly, p0 has a greater intensity as compared to

that of the cycle Csuppressed. These results suggest that the frequency dif-
ference diminishes the opposite-polarity source pair of DP=Dt, thereby
reducing the intensity of p0.

Along centerline of the vocal fold, DP=Dt of cases 1–3 at 85%T0

of the cycle Cincited are compared in Fig. 12, to show the effect of medial
thickness. It is clear to see that, from cases 1 to 3, the extrema shift
upstream with the distance between them decreasing and their abso-
lute value increasing. In such a way the opposite-polarity source pair
gradually becomes more compact and stronger. Although not pre-
sented here, the same trend is observed in case groups: 4–6, 7–9, and
10–12. Therefore, the increase in medial thickness affects both the dis-
tribution and the strength of the source term, resulting in a strong
opposite-polarity source pair of DP=Dt.

In summary, the opposite-polarity source pair of DP=Dt occurs
at the entrance of the divergent channel which is formed along the
medial surface. Such a paired distribution of sources is responsible for
the sound generation. The frequency difference lowers the intensity of
the paired sources by reducing the divergent angle of the channel. The
increase in medial thickness makes the distribution of the paired sour-
ces more compact and stronger.

B. Acoustic signal in trachea

The perturbed compressible pressure p0 contains the waves that
can radiate into the far field, as discussed in the subsection 4 of
Appendix, and thus is employed to represent the acoustic signal in the
trachea. The cases of different frequency differences are compared in
Fig. 13, where p0 is extracted at ðx=D0; y=D0Þ ¼ ð7; 0Þ. Since similar
results are observed within case groups 1–3, 4–6, 7–9, and 10–12,
respectively, only cases 2, 5, 8, 11 are shown for comparison (see the
supplementary material S3). It is known that the superposition of two
tuning signals generates an amplitude-modulated signal when the fre-
quencies of these signals are close to each other (Crawford, 1968).
Specifically, for two tuning signals of frequency f1 and f2, a beat fre-
quency at fbeat ¼ jf1 � f2j will emerge and is the repetition rate of the
loud instant in the superposed signals (Crawford, 1968).

In Fig. 13(a), the amplitude is regular for case 2, indicating stable
loudness of the signal. In Fig. 13(b) for case 5, the signal exhibits
amplitude modulation. The time between two loud instants is 20T0,
corresponding to the beat frequency of 5%fA and is consistent with the
frequency difference in case 5. Similarly, the beat frequency in
Fig. 13(c) is around 1=ð10T0Þ ¼ 10%fA, matching the frequency dif-
ference in case 8. Therefore, the acoustic signal is found to be modu-
lated at the frequency difference. It is also clear that the amplitudes in
Figs. 13(b) and 13(c) become low between loud instants, which neces-
sarily reduces the audibility of the signal. In Fig. 13(d) for UVFP,

FIG. 10. Distribution of DP=Dt at 85% T0
of the typical cycle CUVFP in case 11
(M¼ 0.19 cm, FD¼�100.0%). (a)
Contour of DP=Dt, (b) Tilt angle of the
medial surface. The meaning of gray bar,
the pink arrow and the dashed line are the
same as those in Fig. 8. Multimedia avail-
able online.
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although the amplitude is regular, the average magnitude of the signal
is about 32% of that in Fig. 13(a). Thus, the UVFP significantly
decreases the amplitude of sound. Because of the amplitude modula-
tion, the average magnitude of the signal in Fig. 13(b) and 13(c) is also
much smaller compared to that in Fig. 13(a), and it is reduced to 56%
in Fig. 13(b) and 59% in Fig. 13(c).

Power spectral density (PSD) of the signal in cases with different
frequency differences are compared in Fig. 14. The PSD is estimated
by fast Fourier transformation. In Fig. 14, spectrum of case 2 has a
peak at base frequency fA ¼ 150Hz, and two peaks at harmonic fre-
quencies 300 and 450Hz, respectively. In cases with frequency differ-
ence, the PSD peaks are still around the base and harmonic
frequencies. However, they spread and form a wide sideband. For case
11, the PSD peak value is lower than other cases, showing the UVFP
suppressing all the frequency components.

The acoustic signals in cases of different medial thicknesses are
compared in Fig. 15, where cases 1–3 are shown. From the waveform, a
relatively quiet period is observed from 20%T0 to 65%T0 for these cases,
which is followed by a large fluctuation period from 65%T0 to T0. All
three cases show a similar pattern and reach a peak at 80%T0, when the
vocal fold is closing. The magnitude of the signal increases when the

medial thickness is raised from cases 1 to 3. Therefore, an increase in
medial thickness tends to raise the peak value of the acoustic signal.
Figure 16 shows the PSD of these signals. The PSD peaks at harmonic
frequencies are higher than those at base frequency. At 450Hz, the PSD
peak in the case withM¼ 0.28 is nearly twice as high as that in the case
withM¼ 0.13, indicating the increase in medial thickness enhances the
harmonic component in the signal. These results agree with the tissue
experiments reported by Zhang and Chhetri (2019). Their study also
showed that a thick medial surface improves voice production and pro-
motes higher-order harmonic excitation.

C. Intensity ratio between p0 and Pr

The intensity ratio between the acoustic signal and the incom-
pressible relative pressure Pr is defined by the following equations

R ¼

ð
X

p0 x; 0; tð Þ� �2
dxdt

ð
X

Pr x; 0; tð Þð Þ2dxdt
; (11)

FIG. 11. The x-t diagram of (I) DP=Dt and (II) p0 along the centerline of the vocal fold. Rows (a), (b), and (c) are results of the cycle Cincited in case 2 (M¼ 0.19 cm,
FD¼ 0.0%), Csuppressed in case 5 (M¼ 0.19 cm, FD¼ 5.0%), and CUVFP in case 11 (M¼ 0.19 cm, FD¼-100.0%), respectively. Contour lines in row (a) mark 80% of the
extrema. Vertical dashed lines mark the medial surface region of 6M=D0. The horizontal dash-dotted line marks 85% T0 of the cycle.
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I p0
� � ¼ 1

S

ð
X

p0 x; 0; tð Þ� �2
dxdt; (12)

I Prð Þ ¼ 1
S

ð
X

Pr x; 0; tð Þð Þ2dxdt; (13)

where X ¼ ðx; tÞjðx=D0; t=T0Þ 2 ½1; 9� � ½5; 20�� �
and IðPrÞ are the

intensity of p0 and Pr , respectively. X ¼ ðx; tÞjðx=D0; t=T0Þ
�

2 ½1; 9� � ½5; 20�g is the integral domain representing the centerline
downstream the vocal fold. S is the area of X. R is the intensity ratio,
which quantifies the glottal efficiency (Titze, 1992). The results are listed
in Table II and plotted in Fig. 17. It is found that R is generally less than
25.5%, showing that the acoustic signal is not a dominant part of the
pressure oscillation in the flow. Figure 17(a) shows that the intensity
ratios in cases of asymmetric vibration are lower than those in cases of
symmetric vibration. The ratio tends to increase as the medial thickness
increases. In Fig. 17(a), R is nearly linear correlated with M=D0. To
quantify the sensitivity of R to M=D0, the slope between them is esti-
mated by linear regression. In cases with frequence difference varying
from 0.0% to 10.0%, the average slope is 0.8. These results suggest that,

under the same driving pressure, a thick medial surface is able to
improve the glottal efficiency. In cases with frequency difference equal-
ing �100.0%, the intensity ratio is significantly lower than in the other
cases, suggesting a largely reduced glottal efficiency in the UVFP. And
for these cases, the slop reduces to 0.1, showing the effect of medial sur-
face is suppressed. The effect of frequency difference on the intensity
ratio is shown in Fig. 17(b). It can be seen that R in cases with 5%

FIG. 12. Comparison of the instantaneous source term, DP=Dt, along the centerline of
the vocal fold, at 85% T0 of the cycle Cincited for cases with different medial thickness.

FIG. 13. Comparison of the acoustic sig-
nal p0 for cases with different frequency
differences. (a) Case 2, (b) case 5, (c)
case 8, and (d) case 11. The signals are
extracted at ðx=D0; y=D0Þ ¼ ð7; 0Þ. The
vertical dashed lines mark instants of loud
sound.

FIG. 14. Power spectral density of the signal p0 for cases with different frequency
differences. (a) Case 2, (b) case 5, (c) case 8, and (d) case 11.

FIG. 15. Comparison of the signal for cases with different medial thicknesses. The
signals are extracted at ðx=D0; y=D0Þ ¼ ð7; 0Þ, for three periods.
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frequency difference are lower than those with 10% frequency differ-
ence. The variation of R is not proportional to the increase in frequency
difference, which indicates a nonlinear effect of asymmetric vibration.

V. CONCLUSION

A flow-acoustic model is developed and validated to investigate
the effect of asymmetric vocal fold vibration on sound production. The
perturbed compressible pressure and the source term of LPCE are ana-
lyzed to shed light on the sound generation process. The main conclu-
sions are summarized as follows:

(1) During asymmetry vocal fold motion, three typical cycles of the
normalized flow rate are identified as the cycle with maximum
oscillation magnitude, denoted by Cincited, the cycle with mini-
mum oscillation magnitude, denoted by Csuppressed, and the cycle
in case of the UVFP, denoted by CUVFP. Each cycle shows a dif-
ferent distribution of the source term DP=Dt, and in the cycle
Cincited, DP=Dt exhibits an opposite-polarity source pair that is
primarily responsible for the production of the perturbed com-
pressible pressure, p0.

(2) The opposite-polarity source pair of DP=Dt occurs at the
entrance of the glottal channel and is more pronounced for
a divergent channel formed by the medial surfaces when
the vocal fold is closing. The frequency difference lowers
the intensity of the opposite-polarity source pair by reduc-
ing the divergent angle of the channel. The increase in the
medial thickness makes the distribution of the opposite-
polarity source pair more compact and also stronger in
magnitude.

(3) The frequency difference reduces the acoustic signal through
amplitude modulation, therefore leading to voice problems. The
increase in medial thickness tends to enhance the intensity ratio
between the acoustic signal and the hydrodynamic pressure var-
iations and thus increases the glottal efficiency, while the fre-
quency difference, especially the UVFP, reduces the intensity
ratio and the glottal efficiency.

VI. CURRENT SHORTCOMINGS

The current model has the following shortcomings, which will be
addressed in future work. (1) The model is in a two-dimensional space,
assuming the vocal fold motion is synchronized in out-of-plane direc-
tion. However, the three-dimensional motion of the vocal fold can be
desynchronized in the out-of-plane direction, which may introduce
additional modulation to the acoustic signal. (2) The vocal fold motion
is prescribed, and as a result, flow-induced tissue deformation is not
considered. This simplification may affect the magnitude of the acous-
tic signal. (3) The acoustic properties are analyzed based on p0.
However, as discussed in the subsection 4 of Appendix, p0 generally
consists of multiple components related to compressibility. Among
them, the radiative component is more suitable for acoustic analysis.

SUPPLEMENTARY MATERIAL

See the supplementary material, which presents figures of the dis-
tribution of Pr , the temporal-spatial development of DP=Dt and the
signal of p0.

FIG. 16. Power spectral density of the signal p0 for cases with different medial
thicknesses.

TABLE II. Intensity ratios between Pr and p
0
.

ID Intensity of p
0
(Pa2) Intensity of Pr (Pa

2) R (%)

Case 1 3.15� 104 1.71� 105 18.4
Case 2 3.66� 104 1.68� 105 21.8
Case 3 4.60� 104 1.81� 105 25.5
Case 4 1.38� 104 1.04� 105 13.3
Case 5 1.48� 104 1.01� 105 14.7
Case 6 1.68� 104 9.83� 104 17.1
Case 7 1.59� 104 1.16� 105 13.7
Case 8 1.76� 104 1.14� 105 15.4
Case 9 2.13� 104 1.10� 105 19.4
Case 10 5.00� 103 1.07� 105 4.67
Case 11 5.14� 103 1.01� 105 5.10
Case 12 5.50� 103 9.74� 104 5.65

FIG. 17. Intensity ratio R. (a) The effect of
the medial thickness M. Results with the
same frequency difference (FD) are linked
by dashed line. (b) The effect of the fre-
quency difference FD ¼ ðfB � fAÞ=fA.
Results with the same medial thickness
are linked by dashed line.
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APPENDIX: SUPPLEMENTARY REMARKSONMODELING
1. Numerical treatments for the LPCE

In the sponge zone a damping term, D/, and a convection term,
C/, are added to the right and left sides of Eq. (2), respectively, to anni-
hilate the waves. These terms can be written as follows (Freund, 1997)

D/ ¼ �Ad � r � /� /0ð Þ; (A1)

C/ ¼ Ac � r � @/
@xi

; (A2)

where / represent the primitive variables: q0, u0i, and p0. /0 is a tar-
get value of /. Ad and Ac are the strength of damping and convec-
tion, respectively. r is an exponential damping function

r ¼ 1

1þ exp
1

n� 1
þ 1
n

� � ; n ¼ x � xs
xe � xs

; (A3)

where xs and xe is the start and end of the zone. To absorb the waves,
the /0 is set to zero for these primitive variables, and the damping
strength Ad ¼ q1c21 is applied to match the impedance at the bound-
ary. The convection strength is set to Ac ¼ 1:05c1. In this way, any per-
turbations in the sponge zone will be connected out of the computational
domain. The D/ is added for both the inlet and outlet sponge zones. The
C/ is added only for the outlet sponge zone. In the present model, the
start position, xs, of the convection zone is set 50% ahead of the damping
zone to achieve a good non-reflection feature. To be compatible with the
sponge zone, the variables q0 and p0 at the inflow boundary are set to
zero. Their normal gradients are set to zero at the outflow boundary. The
normal gradient of u0 i is maintained at zero at both the inflow and out-
flow boundaries to enable the convection term to take effect.

In addition to the boundary treatment, an artificial viscosity term
is added on the left side of Eq. (2) to stabilize the solution. The term is
written as

�c
@2/
@xj@xj

; (A4)

where coefficient c ¼ d � D � b, the D is the scale of the grid cell, the
b is the maximum speed within that grid cell. When the quadratic
element is applied for the discretization, the d ¼ 0:25 is suggested
to stabilize the solution (COMSOL, 2023).

FIG. 18. Grid independence test for (a)
incompressible pressure signal and (b)
perturbed compressible pressure signal.

FIG. 19. Asymmetric motion of a pair of vocal folds. (a) The gap between two folds
measured by high-speed video-endoscopy from an in vivo test (Li et al., 2021), (b)
the modeled gap at x=D0 ¼ 0 with frequency fB ¼ ð1þ 10%ÞfA. Dashed and
dash-dotted lines mark the in-phase and out-of-phase states, respectively.
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2. Grid sensitivity

Simulations on grids with 0:7� 104, 1:4� 104, 2:6� 104 cells
are carried out for case 2 to analyze grid sensitivity. The three grids
are denoted as Grid07, Grid14, and Grid26, respectively. At position
ðx=D0; y=D0Þ ¼ ð0:5; 0Þ, signals of relative pressure Pr and p0 are
shown in Fig. 18 for three periods of vocal fold motion. It can be
seen from the plots that Grid26 does not significantly improve the
results, and Grid14 is sufficient for the present study.

3. Asymmetry motion of vocal fold

The temporal variation of the gap between a pair of folds is
visualized by kymograph as shown in Fig. 19. Figure 19(a) shows
data from a previous in-vivo test using evoked rabbit phonation,
measured by high-speed video endoscopy (Li et al., 2021). From the
test, both the in-phase and out-of-phase of the vocal fold motion
can be observed, marked by dashed and dash-dotted lines, respec-
tively. Figure 19(b) shows the modeled vocal fold motion of case 8,
in which the frequency fB ¼ ð1þ 10%ÞfA. The modeled motion dis-
plays a similar pattern to that in Fig. 19(a). This result indicates that
the present model is able to represent the asymmetric motion of the
vocal fold.

4. Components in perturbed compressible pressure

To visualize the components of the perturbed compressible
pressure, the signal p0ðx; tÞ is transformed into the frequency-
wavenumber domain by Fourier transformation, as follows:

~p k; fð Þ ¼
ð1
�1

ð1
�1

p0 x; tð Þ exp �2pi k � x � f � tð Þð Þdxdt; (A5)

where i is the imaginary unit, k and f are the wavenumber and fre-
quency of the signal, respectively. For a traveling wave, the k and f
are related by the phase, u ¼ 2pðk � x � f � tÞ. The propagation
speed of the wave can be estimated by letting du ¼ ðk � dx
�f � dtÞ ¼ 0, so the phase speed of the wave is calculated as

v/ ¼ dx
dt

¼ f
k
: (A6)

The v/ of the radiative wave should not be lower than the sound
speed c1 at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cp1=q1

p ¼ 354 m/s. Thus, it is necessary for the
radiative wave to satisfy the condition jf j � c1jkj (Lighthill, 1962).
Otherwise, the perturbation wave is quickly dampened by the
medium, so-called hydrodynamic wave (Liu and Lai, 2021;
Mancinelli et al., 2018).

Along the centerline, p0 signal is transformed from the
spatial-temporal domain ðx=D0; t=T0Þ 2 ½1; 9� � ½5; 20� into the
frequency-wavenumber domain and the result of case 2 is shown
in Fig. 20 by the k-f diagram. In Fig. 20, the sonic line is marked
by the dashed line, along which the ratio v/ ¼ f =k is c1. In
Fig. 20, the signal is a series of horizontal stripes in the k-f dia-
gram. The dominant stripe is found at nondimensional frequency
fAc1=D0 � 0:01, which corresponds to the base frequency. The
other stripes are the harmonic frequencies of the base frequency.
Another observation is that the map consists of bands that are
generally parallel to the sonic line, indicating the harmonic wave-
number generated from the Fourier analysis. In such a way, the
signal distributes both above and below the sonic line. Therefore,
the signal consists of both the radiative component and the hydro-
dynamic component.

5. Video files

The video linked to Fig. 8 shows the development of DP=Dt
during the cycle Cincited for cases 2, 5, and 8.

The video linked to Fig. 9 shows the development of DP=Dt
during the cycle Csuppressed for cases 5 and 8.

The video linked to Fig. 10 shows the development of DP=Dt
during the cycle CUVFP of case 11.
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