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ABSTRACT
The human vocal folds are modeled and simulated using a

fully coupled fluid-structure interaction method. This numerical
approach is efficient in simulating fluid and deformable structure
interactions. The two domains are fully coupled using an inter-
polation scheme without expensive mesh updating or re-meshing.
The method has been validated through rigorous convergence
and accuracy tests. The response of the fluid affects the elastic
structure deformation and vice versa. The goal of this study is
to utilize this numerical tool to examine the entire fluid-structure
system and predict the motion and vocal folds by providing con-
stant inlet and outlet pressure. The input parameters and mate-
rial properties, i.e. elastic and density of the vocal folds used in
the model are physiological. In our numerical results, the glot-
tal jet can be clearly identified; the corresponding pressure field
distribution and velocity field are presented.

INTRODUCTION
Human vocal folds have been under investigation for many

years for their complexity in deformation and self-oscillatory na-
ture. In this work, we intend to use a novel numerical technique
to study and analyze this fluid-driven self-oscillation problem. A
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fluid-structure interaction method, the Immersed finite element
method (IFEM) [1], is used with a semi-implicit coupling tech-
nique to improve the interfacial solutions and convergence. The
fluid domain and solid are defined on two sets of meshes inde-
pendently and governed by their own governing equations. These
two computational domain is coupled by the interpolation func-
tions. [2–6]. Incompressible Navier-Stokes equations are consid-
ered as governing equation for the fluid domain,

∇ ·v f = 0, (1)
ρ f (v f

,t +v f ·∇v f ) =−∇p f + µ f ∇2v f + fFSI, f , in Ω (2)

where v f is the velocity, p f is the pressure, µ f is the viscosity
of the fluid. Here, fFSI, f is the fluid-structure interaction force
calculated by Eq. (3), and distributed on to the fluid domain by
the interpolation function we choose [7].

fFSI,s =−(ρs−ρ
f )üs +∇ ·σ s−∇ ·σ f +(ρs−ρ

f )g in Ω
s,
(3)

Here, ρs and ρ f are the solid and fluid densities; σ s and σ f

are the internal stress of solid and fluid, respectively; us is the
solid displacement and g is the solid body force. The vocal folds
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FIGURE 1. THE GEOMETRY OF 2-D COMPUTATIONAL DO-
MAIN.

are considered as hyperelastic materials with Mooney-Rivlin de-
scription [8]. Then the internal stress of the solid σ s is deter-
mined by the solid strain and three material constants C1, C2, and
κ .

GEOMETRICAL MODELS
The two-dimentional computational model of the vocal folds

is shown in Fig. 1. The throat is assumed to be a 2-D channel
with 2cm in width and 10cm in length. The vocal folds sit at 1cm
from the entrance in the longitudinal direction. The geometry of
the vocal fold is suggested by Tao [9]. To focus on the fluid do-
main and the interaction between the fluid and solid domain, only
two layers, cover and body are considered in the vocal folds and
the the ligament is included by the body. The two vocal folds are
symmetric about the central line and with exact material descrip-
tions. To avoid the upper and bottom vocal fold touching each
other during the closing phase, a small value of glottal width,
wg = 0.001cm is set at the beginning. The opening of the vo-
cal folds is driven by a pressure difference and the closing of the
vocal folds is mainly governed by its intrinsic elastic property.

In this study, we take water as our working fluid, the body
part is assumed to be twice stiffer than the cover parts of vocal
folds. The throat channel is assumed to be no-slip steady wall
and constant pressure difference ∆p = 750dyn/cm2 is given be-
tween the inlet and outlet of the throat.

RESULTS AND DISCUSSIONS
Based on our observation, we can divide our simulation re-

sults into two stages: Stage I from t = 0.4 ∼ 0.6s, symmetric
jet flow is generated at the glottis and the vortex dissipates and
passes down to the downstream along the central line; Stage II
from t = 1.1 ∼ 1.3s, Coanda effect shows up, the jet flow is no
longer symmetric and the fluid flow attaches to one of the vo-
cal folds. In both stages, fluid field is at a quasi-steady state and
found to be periodical near the glottis. Snapshots at two typical
moments t = 0.5 and t = 1.3 are shown in Fig. 2

(a) Velocity distribution at t = 0.5s.

(b) Velocity distribution at t = 1.3s.

FIGURE 2. FLUID VELOCITY DISTRIBUTION.

To investigate the features of such self-oscillating fluid-
structure interaction system, we will measure the time-history re-
sults of the following variables: 1) The glottis width wg is defined
as the minimum distance between the top and bottom vocal folds
(labeled in Fig. 3), 2) the flow rate Q =

∫
vxdy along vertical line

B−C which is located at x = 1cm in the upstream of the folds,
and 3) the velocity at the glottis with location x = 2cm,y = 1cm
(marked as point A in Fig. 3).

FIGURE 3. DEFINITION OF VARIABLES MEASURED.

The time history of these variables are plotted in Fig. 4. The
results are separated into before and after the Coanda effect ap-
pears, i.e. Stage I and Stage II, respectively. All the variables
here are normalized by their maximum values in time, which are
found to be ŵg = 0.14cm, v̂x = 60cm/s and Q̂ = 3.2cm2/s, re-
spectively.

Based on Figures 4, the periodical feature can be found in
all four variables we measured during both Stage I and Stage
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(a) Glottis width wg, x component velocity vx and flow rate Q during Stage I.

(b) Glottis width wg, x component velocity vx and flow rate Q during Stage II.

FIGURE 4. ALL THE VARIABLES ARE NORMALIZED BY
THEIR MAXIMUM.

II. Comparing Stage I and Stage II, we find that although the
mean values of wg, vx and Pg do not change much, the varia-
tion seems to increase significantly during Stage II. However,
the mean flow rate, Q, decreases from 2.49cm2/s to 1.87cm2/s
going from Stage I to Stage II.

The pressure across the glottis (1 < x < 3cm) at the center
line is shown in Fig. 5 at different times throughout the simula-
tion. It is again separated into the two stages for comparison. The
large pressure drop across the glottis appears at x = 1.8∼ 2.0cm.
The maximum pressure drop occurs when the glottis width wg
reaches its minimum (Fig. 4). Decreasing pressure drop across
the glottis happens when the glottis width increases. Accord-
ingly, the minimum of the pressure drop corresponds to the max-
imum of glottis width. This result shows that the pressure differ-
ence between the upstream and downstream of the vocal folds is
the driving force that pushes the vocal folds to open.

During Stage II with Coanda effect, we can find vortex in
the supraglottal region as show in Fig. 2 and such vortex be-
comes stronger when the vocal folds open and very weak when
the vocal folds close. The existence of the vortex in supraglottal
region will provide additional resistance force for the vocal folds
to open. However, it takes time for the vortex to build up and
take effects, so there is a phase lag between the vocal folds vi-
bration and the vortices as they try to push the vocal folds back.
This is why with the Coanda effect, the minimum glottis width
(at closed position) in Stage II is much smaller than in Stage I,
while the maximum glottis width (at opened position) does not
change much as shown in Fig 4.

CONCLUSIONS
Immersed finite element method is used to simulate the vo-

cal folds vibration problem. A symmetric glottal jet is captured
from 0.4s to 0.6s. At approximately 1.1s, with the growth of
instability of the fluid field, the Coanda effect appears such that
symmetric jet attaches to one side of the vocal fold randomly.
The velocity and pressure fields of the fluid are significantly dif-
ferent before and after the Coanda effect. According, the vocal
folds tend to vibrate at different states, with larger amplitude and
smaller frequency after the Coanda effect shows up.
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(a) Pressure along the central line during Stage I.

(b) Pressure along the central line during Stage II.

FIGURE 5. PRESSURE ALONG THE CENTRAL LINE.
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