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Abstract

A new 3D model is developed to simulate the self-oscillation of the elongated vocal folds. This model
allows for large deformation and longitudinal displacement. The displacement boundary condition
is applied on the posterior side to represent the elongation of vocal fold length by the cricothyroid
or the thyroarytenoid muscles. After this model is verified by comparing its outputs using modal
analysis and principle component analysis with those of previous models and experimental studies,
it is applied to simulate the vibration of elongated vocal fold. Numerical simulation showed that
longitudinal elongation increases the y-direction normal stress, decreases the lateral maximum
displacement, and increases the fundamental frequency. These results agree with experimental
measurements from an excised larynx setup, which suggests that the proposed elongation vocal fold
model could be a useful tool to investigate voice production and the control of vocal fold vibration.
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1. Introduction

Elongation of the vocal folds is an important factor in controlling voice production. During
phonation, the interarytenoid muscles adduct the arytenoid cartilages in the midline and the
cricoid-arytenoid muscles immobilize the posterior ends of the vocal folds. Then, the
cricothyroid (CT) or thyroarytenoid (TA) muscles contract leading to an increase or decrease,
respectively, in vocal fold length. The elongation of the vocal folds could alter the stress
distribution in vocal folds, which is believed to be one important reason for vocal lesions [1-
3]. Moreover, the regulation of stress in the vocal folds with elongation is the primary means
of controlling pitch [4]. Therefore, modeling the elongated vocal folds has significance for
studying voice production, vocal fold trauma and vocal fold disease.

The early lumped-mass models increase the spring stiffness to represent the increase of tension
in an elongated vocal fold [5]. However, elongation may potentially change several vocal fold
characteristics, including longitudinal fiber tension, vocal fold length, shape, and even glottal
shape. The lumped-mass model cannot effectively represent these effects. Finite element
models provide a closer approximation of the vocal fold due to their ability to deal with complex
boundaries [1,6-11]. Many phenomena have been studied using these finite-element models,
including vocal fold collision [3], energy transform in voice production systems [10], vocal
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fold bulging effects [7], vocal lesion-related mechanical stress [2,11], and the normal vibration
frequencies of the vocal ligament [12].

However, to the best of our knowledge, the self-oscillating model of elongated vocal fold has
seldom been reported. Two limitations of the early models prevent them from simulating the
vibration of the elongated vocal fold. Firstly, many are two dimensional or quasi-three-
dimensional [6,10,11], where vocal fold movement in the anterior-posterior direction is
ignored. Secondly, most assume a small deformation [1,6,8,11]. Thisassumption is not suitable
for depicting the large deformation of tissue in an elongated vocal fold. Therefore, the vibration
of the elongated vocal folds has not been well studied.

In this study, a new vocal fold model is developed to simulate the vibration of the elongated
vocal fold. In this three-dimensional vocal fold model, longitudinal displacement is allowed,
and the large deformation of vocal tissue is considered. The displacement boundary condition
is applied on the posterior side of the vocal fold to represent the elongation of vocal fold length
by the CT and TA muscles. These characteristics allow the new model to portray vocal fold
elongation. Moreover, this model can generate a self-oscillating solution by coupling the glottal
aerodynamics. The detailed development of this model will be proposed in section 11. Then,
we simulate the vibration of elongated vocal folds using this model and compare the results
with previous experimental measurements.

2. Model Development
2.1 Model Structure

Figure 1 gives a 3-dimensional view of our finite-element model. The model is defined in
Cartesian coordinates. The x and z dimensions define the vocal fold movement in the lateral
and vertical directions, respectively. The y dimension represents the anterior-posterior
direction in which the vocal folds are elongated. The length (L) and thickness (T) of the vocal
folds are 1.6 cm and 0.45 cm, respectively (Alipour et al., 2000). The depth (D) of the vocal
folds decreases from 1.0 cm on the posterior side (y = 0) to 0.5 cm on the anterior side (y =
L) by following the formula D(y) = 1.0 - 0.5(y/L)? [13]. The tissues in the vocal folds, including
the vocal fold cover, body and ligament (see Fig.1), are assumed to be transversely isotropic
[6]. To simplify our model, linear elastic constants and linear damping were used to describe
the tissue properties of each layer. The transverse Young’s modulus of the body, cover, and
ligament are 4 kPa, 2 kPa and 12 kPa, respectively. The longitudinal shear moduli of the body,
cover, and ligament are 12 kPa, 10 kPa and 40 kPa, respectively. The longitudinal Young’s
modulus for the body, cover, and ligament is 40 kPa. The viscosity of each layer is 0.5 Pa-s.
The linear elastic constants used in this model were measured for various vocal fold tissues
[14-18].

In addition, we assumed that the left and right folds are symmetric to simplify the model and
reduce computational cost. Therefore, only the right vocal fold is solved to represent symmetric
vocal fold vibration. The collision between the left and right vocal folds is modeled by the
interaction between the right fold and a rigid mid-plane [1,2] using the augmented Lagrangian
method [19].

The 3D vocal-fold model is meshed by a first-order prism-shaped element. This element is
defined by six nodes with three degrees of freedom at each node: translations in the nodal x,
y, and z directions. The whole vocal fold finite-element model contains 2272 elements with
1411 nodes. In this model, movement of the nodes in the anterior-posterior direction is allowed;
moreover, a large deformation can be predicted. Therefore, this finite-element vocal fold model
has the potential to simulate the elongation of vocal folds.
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2.2 Elongation and self-oscillation of the vocal fold model

By applying appropriate boundary conditions, the self-oscillation of the elongated vocal fold
is modeled in two steps. The boundary conditions of the vocal fold model are implemented by
defining the displacements, velocities and pressures of the nodes on the vocal fold surface.

In the first step, the static displacement and stress of the vocal folds are predicted under a given
elongation length L. A fixed boundary condition (the displacement is fixed at zero) is applied
on the anterior side of the vocal fold. The displacement boundary condition is applied on the
posterior surface nodes: The displacements in the x and z directions are fixed at zero, which
represents the adduction and immobilization of the posterior side in the midline done by the
interarytenoid muscles and the cricoid arytenoid muscle [4], while the displacement in the y
direction (the anterior-posterior direction) is specified as the elongated length L, of the vocal
fold. A free boundary condition is applied on the medial surface, superior surface and subglottal
surface. For the nodes on the lateral surface, the movement in the anterior-posterior direction
is allowed in this stage, but the movements in the medial-lateral direction and the inferior-
superior direction are forbidden. In this step, the static displacement and the stress distribution
of the vocal folds under a given elongated length L can be solved using these boundary
conditions.

In the second step, the self-oscillating solution is generated by coupling the glottal airflow with
the elongated vocal fold model solved in the first step. In this step, the displacements of the
nodes on the anterior surface are continuously fixed at zero, according to the fixed boundary
condition. The nodes on the posterior surface are fixed at the same displacements as in the first
step. The nodes on the lateral surface are fixed at their corresponding static displacement solved
in the first step. The airflow-tissue interaction occurred on the medial, superior and inferior
surfaces. The glottal airflow pressure was applied on these surfaces as the driving force.

The glottal aerodynamics is predicted using the FLOTRAN CFD analysis of the finite-element
software ANSYS. In this study, the airflow in the glottis is assumed to be a single phase
incompressible Newtonian laminar fluid governed by the Navier-Stokes (NS) equations. The
airflow is symmetric about the mid-plane line. The density of the fluid is 1.2 kg/m? and the
viscosity of the fluid is 1.8x107° N-s/m?2, similar to the properties of air at 37 °C. In order to
simulate the fluid-tissue interaction, the moving wall condition [3] is applied on the airflow
boundary which contacts the vocal fold surfaces. One subglottal tube (1-cm length, 1-cm
radius) and one supraglottal tube (2-cm length, 1-cm radius) are attached to simulate the
upstream flow and the downstream flow. The symmetry condition was applied on the midline
plane, and the no-slip condition was applied to both the tracheal wall and the vocal tract wall.
The model is driven by lung pressure (P.) input at the inlet of the subglottal tube. A zero
pressure boundary condition is set at the outlet of the supraglottal tube. More details of the
glottal airflow can be found in Tao et al., 2006 [3]. Using the given boundary condition, airflow
is predicted, and the calculated airflow pressure is applied on the surface of the vocal fold.
Simultaneously, the movement of the vocal fold under the airflow pressure drive is solved, and
this solved vocal fold displacement is used to adjust the airflow region. Alternatively solving
the NS equations and the elongated vocal fold model with a step length of 50 s in time domain
[6], a self-oscillating solution is obtained from the iterative process. The finite element analysis
software ANSYS is used to build and solve the elongated vocal fold model and the glottal
aerodynamics. This study’s main focus was vocal fold vibration. The acoustic loading and
flitting effect of the vocal tract are ignored, which is one limitation of the current model.
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3. Results and Discussion

3.1 Model Validation

To verify the current model, some general outputs are given and compared with the previous
model and experimental studies. A modal analysis is used to calculate the eigenmodes and
eigenfrequencies of the unelongated vocal fold model. Figure 2 illustrates three eigenmodes,
where their corresponding eigenfrequencies are 97 Hz, 113 Hz, 143 Hz, respectively. The
modes 1 and 2 are analogous to the z-10 mode and the x-10 mode [20]. Recently, using
electromagnetic excitation and laser optoreflectometry for response monitoring, Garrel et al.
measured the resonance properties of a vocal fold and calculated that the resonance frequency
of the porcine vocal fold is about 71.8 Hz [21]. This resonance frequency generated by a vertical
excitation could respond to the low modes of a modal analysis. The eigenfrequencies of the
modes 1 and 2 of the current model are close to the experimentally measured resonance
frequency [21]. However, the eigenfrequencies obtained from the human-sized model, which
will be used in this study, is still higher than the experimental results in the porcine vocal fold
[21]. We proportionally increase the size of the vocal fold model by 20% (L =1.92cm, T =
0.54 cm, D = 1.20 cm) and rerun the modal analysis. The eigenfrequencies of the first two
eigenmodes decrease to 81 Hz and 94 Hz respectively, which are closer to the resonance
frequency of the porcine vocal fold than the eigenfrequencies obtained from the human sized
model. Therefore, the difference between the eigenfrequencies obtained from the human sized
model and the experimental results could be due to the differences in the vocal fold size.

Figure 3 presents the surface dynamics of the self-oscillating solution of the finite-element
model, where (a—b) illustrate the vocal fold deformation at t = 0.062s and 0.065s respectively,
and (c) presents the medial surface displacement as a function of time. It can be seen that the
deformation of the self-oscillating vocal fold model is analogous to the x-11 mode. It has long
been asserted that x-11-like eigenmode is essential for self-oscillation, and it has already been
shown to produce alternating divergent and convergent shapes in the glottis during oscillation
[22]. The fundamental frequency (162 Hz) of the self-oscillating simulation is close to the
eigenfrequency (143 Hz) of the x-11-like eigenmode obtained by modal analysis [see Fig.2

©].

Applying the principle component analysis [23] on the medial surface displacement series [Fig.
3(c)], itis found that the largest empirical eigenfunctions (EEF) captured 78.6% of the energy,
and the second largest EEF captured 20.8% of the energy. Using an excised hemilarynx setup,
Déllinger et al. have measured the medial surface dynamics of a canine vocal fold during
phonation [24-25]. Their experiments show that for one vibration sequence, the largest EEF
captured 69.5% of the energy and the second largest EEF captured 23.6% of the energy; for
another vibration sequence, the largest EEF captured 60.2% of the energy and the second largest
EEF captured 33.1% of the energy. In addition, using a finite-element model, it has been found
that the first and second EEF explain about 72% and 26% of the variance of the nodal
trajectories, respectively [23], where the first two EEF explain approximately 98% of the
variance of normal phonation [6,23]. Our EEF analysis results are close to these. These
agreements between our general outputs and those found in previous studies validate the current
model.

3.2 Simulation of vocal fold elongation

In this section, the vibration of the elongated vocal fold is simulated using the proposed model.
First, the static status of the elongated vocal fold is solved. Because the oscillatory motion
mainly takes place in the coronal plane [24-26], the longitudinal movement of the vocal fold
is usually ignored in early quasi-3D models [3,6]. However, for elongated vocal folds, the
longitudinal displacement is large and cannot be ignored. Moreover, large deformation may
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be induced by elongation. The model proposed in this study allows the longitudinal movement
and large deformation. Therefore, it can be used to simulate vocal fold elongation. Figure 4 (a)
presents the y displacement in the vocal fold model, where the anterior side of the model is
fixed and the posterior side is extended 2.4 mm in the y direction. The y displacement of the
nodes in the vocal fold gradually decreases from the posterior side to the anterior side. The
geometrical outline of the vocal fold model is elongated in the anterior-posterior direction.

Elongation not only changes vocal fold shape, but it also alters the tension distribution in the
vocal folds. Figure 4 (b) presents the distribution of y-directional normal stress in the model.
Longitudinal elongation significantly increases the y-direction normal stress in the vocal fold.
The maximum value occurs at the anterior side because there has the minimum cross-sectional
area. The y-direction normal stress in the cover layer and ligament is about 6.0 kPa — 7.0 kPa
under 2.4 mm elongation. Figure 4 (c) presents the stress distribution in the cross-section at
the anterior-posterior midpoint of the vocal fold. The high stress occurs at the cover and
ligament layers. The average normal stress in y-direction is about 5.61 kPa at the midpoint of
the ligament. The normal stress value is associated with the elongated length of the vocal folds,
as shown in Fig. 5. It is evident that stress increase with elongation (Lo = 0 mm ~ 2.4 mm).
The relationship between longitudinal stress and elongation is roughly linear due to the linear
elastic assumption. In comparison to the neutral vocal fold length of 1.6 cm, the elongation
length L of 2.4 mm represents a 15% longitudinal strain. According to Alipour and Titze’s
measurements [14], the stress-strain relationship of vocal fold tissue is fairly linear at low
strains (<15%). Therefore, a linear tissue stress—strain approximation is valid within the
elongation range (0 mm ~ 2.4 mm) used in this study.

The proposed model can provide a self-oscillating solution by coupling it with the airflow
model, which makes it an important tool for understanding the effects of elongation on vocal
fold vibration and voice production.

The phase delay (¢) between the vocal folds” upper and lower margins due to mucosal wave
propagation is one important factor that facilitates self-oscillation of the vocal folds [22].
Therefore, the mucosal wave that propagates vertically along the medial surface of the vocal
fold mucosa has important clinical significance in voice production [27]. Because the finite-
element model can provide rich spatiotemporal information, the propagation of the mucosal
wave can be represented with the proposed model. Figure 6 illustrates the waveform of the
displacement of two nodes on the vocal fold surface, where curve 1 corresponds to the node
on the upper margin of the vocal fold and curve 2 corresponds to the node 2.25 mm below the
upper lip. The phase of the upper lip (curve 1) is late with respect to the lower node (curve 2).
The time interval (t) between the peaks of the two curves is 0.85 ms (see Figure 6). The mucosal
wave velocity ¢ can be estimated by 2.25 mm / 0.85 ms = 2.68 m/s. The phase delay per
millimeter (¢/z) is about 24.8 degrees/mm, which is estimated by ¢/z = 360 Fg/c. Fo =179 Hz
is the fundamental frequency. These results are close to the range (0.6 m/s— 2.2 m/s for mucosal
wave velocity; 24.5 degree/mm — 61 degree/mm for the phase delay per millimeter; 100 Hz —
180 Hz for fundamental frequency) measured previously using an excised larynx setup [28].

The driving force provided by glottal airflow is another important factor in vocal fold vibration.
Figure 7 presents the waveform of intraglottal air pressure (a) and the node displacement in
the x, y, and z directions (b—d) with solid lines, where the lung pressure is 1.0 kPa and the
elongated length L, is 2.4 mm. The figure (a) shows the waveform of the intraglottal airflow
pressure (P,jr) and the figures (b—d) illustrate waveforms of the x, y, and z displacements for
the third node from the top left edge in the anterior-posterior mid-plane of the vocal fold. During
phonation, high lung pressure pushes the vocal folds apart and the glottis open. Air is
accelerated and escapes through the glottis. Consequently, P, is decreased due to Bernoulli’s
effect generated by the high velocity glottal airflow [Fig. 7 (a)]. This aerodynamic force and
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the elastic recoil of the deformed tissue cause the vocal fold to close, and a new cycle begins.
The interaction between the vocal fold model and the glottal airflow generates the oscillating
solution. The vibratory amplitude (about 1.3 mm) in the lateral direction (x-direction) is larger
than that (about 0.5 mm) in the vertical direction (z-direction). In the anterior-posterior
direction (y-direction), the mean value of the displacement is large (about 1.28 mm) due to the
longitudinal elongation. However, the vibratory amplitude in the y direction (only about 0.0425
mm) is much smaller than that in the x and z directions. All of these waveforms are reasonable
when compared with other computer models [6]. Also, they agree with previous measurements
of vocal fold surface dynamics [24] and glottal aerodynamics [29].

For the sake of comparison, the model outputs with P = 1.0 kPa and L, = 0.0 mm are depicted
in Figure 7 with dashed lines. Because the elongation significantly increases longitudinal
tension in vocal folds (see Figure 4 and [12]), the waveforms of the vocal fold differ when
elongation length changes. The amplitudes of the x and z displacements, corresponding to L,
= 2.4 mm, are smaller than those corresponding to L, = 0.0 mm. Elongation increases the
longitudinal length of the vocal fold, whereas it also increases the longitudinal tension, which
decreases the lateral and vertical vibratory amplitudes of the vocal fold. Furthermore,
fundamental frequency increases when the vocal fold is elongated. Therefore, there exists a
phase difference between the waveforms of elongated (solid line) and un-elongated (dashed
line) vocal folds. Moreover, this phase difference increases each cycle. Figure 8 (a) and (b)
shows that the fundamental frequency roughly linearly increases with elongation, whereas, the
lateral maximum displacement approximately decreases with elongation. Here, the
fundamental frequencies are determined according to the average cycle-to-cycle period. When
Le = 0.0 mm, the fundamental frequency and the maximum lateral displacement are 163 Hz
and 0.69 mm, respectively. When the vocal fold is elongated, L. = 2.4 mm (15% elongation),
the fundamental frequency and the maximum lateral displacement are 179 Hz and 0.54 mm,
respectively. The fundamental frequency increases about 10.0% and the maximum lateral
displacement decreases about 21.6% in comparison to the situation of L, = 0.0 mm. In a
previous excised larynx study, Jiang et al. found that elongation increases the fundamental
frequency of vocal fold [30]. Titze and Hunter predicted that the frequency of the ligament’s
normal mode increases with elongation [12]. The above simulations confirm these
experimental and theoretical results. Furthermore, Jiang et al. found that elongation decreased
the amplitude of the mucosal waves in most of the canine larynges [30]. It is known that the
amplitude of the mucosal wave depends mainly on the lateral maximum displacement of the
node on the vocal fold surface. In this simulation, we find that the lateral displacement of the
vocal fold surface node is decreased with elongation. Therefore, this result is in accordance
with the measurements of Jiang et al. [30].

4. Conclusion

In this study, a three-dimensional finite-element vocal fold model is proposed to simulate the
vibration of the elongated vocal fold. The longitudinal movement and large deformation of
vocal tissue are considered in this model. Moreover, instead of the fixed boundary condition,
the displacement boundary condition is applied on the posterior side of vocal fold, which
represents the elongation of vocal fold length done by the CT and TA muscles. These
improvements of this model allow the simulation of vocal fold elongation.

Using this model, we studied the vibration of the elongated vocal fold. It was found that
longitudinal elongation not only changes the vocal fold shape, but it also alters the tension
distribution in the vocal fold tissue. The longitudinal elongation significantly increases the y-
direction normal stress. This stress approximately linearly increases with longitudinal
elongation (0% — 15%). The longitudinal tension due to elongation significantly changes the
vibratory characteristics of vocal folds. It was found that elongation decreases the lateral
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maximum displacement of the vocal folds but increases the fundamental frequency. The
fundamental frequency increases about 10.0% and the maximum lateral displacement
decreases about 21.6% when the vocal fold is elongated from 0% to 15%. These results explain
observations in the previous excised larynx experiment very well. The agreement between our
model simulation and the experimental measurements suggests that the proposed elongation
vocal fold model could be a useful tool for investigating the control of vocal fold vibration and
voice production.
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Figure 1.
A 3-dimensional view of the finite-element vocal fold model.
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0° phase 180° phase

Figure 2.

The three eigenmodes extracted from the finite-element model of vocal fold using a modal
analysis. (a) eigenmode 1, analogous to the z-10 mode; (b) eigenmode 2, analogous to the x-10
mode; (c) eigenmode 3, analogous to the x-11 mode.
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(a) t=0.062

Figure 3.

the surface dynamics of the vocal folds simulated by the self-oscillating finite-element model.
(a) the vocal fold deformation at t = 0.062s; (b) the vocal fold deformation at t = 0.065s; (c)
the medial surface displacement of the self-oscillating models as a function of time.
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Figure 4.

The longitudinal displacement and stress distribution in the vocal fold with an elongation of
Le = 2.4 mm. (a) the longitudinal displacement distribution. (b) the stress distribution in vocal
fold. (c) the y-directional normal stress in the cross-section at the anterior-posterior midpoint

of vocal fold.
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Figure 5.

the longitudinal stress in vocal fold ligament as a function of elongation length Le.
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Figure 6.

The vertical propagation of mucosal wave along the medial surface of the vocal fold, where
curve 1 corresponds to the node on the upper margin of vocal fold, curve 2 corresponds to the
node 2.25 mm below the upper lip, the lung pressure is 1 kPa, and the elongation length L, is
2.4 mm.
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Figure 7.

The air pressure in glottis and the node displacements on vocal fold surface with the lung
pressure of P = 1.0 kPa, where the solid lines and the dashed lines correspond to the elongation
length Lg = 2.4 mm and Lg = 0.0 mm respectively. (a) the waveform of intralglottal air pressure.
(b, c, d) the node displacement in X, y, and z direction for the 3rd node from the top left edge
in the anterior-posterior mid-plane of vocal fold.
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Figure 8.
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the fundamental frequency and the laterally vibratory amplitude as a function of the
longitudinal elongation. (a) the fundamental frequency. (b) the maximum lateral displacement.
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