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Human voice originates from the three-dimensional (3D) oscillations of the vocal folds. In previous
studies, biomechanical properties of vocal fold tissues have been predicted by optimizing the
parameters of simple two-mass-models to fit its dynamics to the high-speed imaging data from the
clinic. However, only lateral and longitudinal displacements of the vocal folds were considered. To
extend previous studies, a 3D mass-spring, cover-model is developed, which predicts the 3D
vibrations of the entire medial surface of the vocal fold. The model consists of five mass planes
arranged in vertical direction. Each plane contains five longitudinal, mass-spring, coupled
oscillators. Feasibility of the model is assessed using a large body of dynamical data previously
obtained from excised human larynx experiments, in vivo canine larynx experiments, physical
models, and numerical models. Typical model output was found to be similar to existing findings.
The resulting model enables visualization of the 3D dynamics of the human vocal folds during

phonation for both symmetric and asymmetric vibrations.
© 2010 Acoustical Society of America. [DOI: 10.1121/1.3277165]

PACS number(s): 43.70.Aj, 43.70.Bk, 43.70.Gr, 43.72.Ar [AL]

I. INTRODUCTION

Human voice is generated by the oscillations of two lat-
eral opposing vocal folds located in the larynx.l The vocal
fold oscillations are excited by air flow through the trachea
generated by the lung. Moreover, the characteristics of the
acoustic signal, e.g., sound pressure level and pitch of tone,
are influenced by vocal fold tensions.” A disturbed or hoarse
voice arises from irregular vocal fold vibrations.> These ir-
regularities are often caused by anatomical asymmetries be-
tween left and right vocal fold.>™ Asymmetries in the larynx
such as unilateral vocal fold polyps or paralysis can be di-
rectly observed using endoscopes.1 However, vocal fold pa-
thology such as functional dysphonia, which presents no vi-
sual evidences for morphological laryngeal abnormalities, is
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only visible during vocal fold oscillation." Hence, analyzing
vocal dynamics is a critical component of voice research.

In the clinic, endoscopic high-speed (HS) digital imag-
ing of the vocal fold vibration (100-300 Hz) is becoming
increasingly more common, typically with sampling rates of
2000-4000 fps (frames per second). An appropriate ap-
proach to analyze endoscopically recorded vocal fold dy-
namics is the adaption of biomechanical models.! Therefore,
one or more trajectories at specific locations on the vocal
fold edges (see Fig. 1 in Ref. 6) are reproduced. Due to the
increase in computational power, this method has been
gradually improved:

First, only one lateral trajectory was recreated by using a
two-mass-model (2MM).”® The corresponding optimization
was manually performed.9 The first fully automatic optimi-
zation procedure was realized by Dollinger et al applying
the Nelder—-Mead algorithm. With aids of this parameter op-
timization procedure, the dynamics of healthy voices were
simulated.”’ To differentiate normal from unilateral vocal
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fold paralysis, classification schemes were proposed.2 More-
over, according to clinical diagnosis some specific laryngeal
diseases exhibit their clinical picture only at certain vocal
fold oscillation frequencies; therefore, parameter optimiza-
tion for non-stationary vocal fold dynamics was performed.11

Later, vocal fold movements at three positions (see Fig.
1 in Ref. 6) located along the longitudinal direction were
adapted by enhanced two-dimensional (2D)
multi-mass-models®'? (2DMs). The optimization procedure
for sustained phonation was successfully accomplished
through verification on two normal and six pathological
voices.® In addition, for the corresponding non-stationary
phonation, a so-called block-based optimization procedure
was developed and verified with clinical data sets.'?

To date, most low-dimensional, biomechanical models
of the vocal folds have considered vibration in only one or
two dimensions.'*'® Similarly, optimization has focused pri-
marily on the analysis of superior dynamics of the vocal
folds,® from a superior aspect. However, it is important to
objectively quantify vertical movements'® as well as medial
surface dynamics of the vocal folds.?*?! Moreover, mucosal
wave propagation, which occurs primarily in vertical direc-
tion, establishes a continually mechanical transfer of energy
from the glottal airstream to the oscillating tissue of vocal
folds.** It is noteworthy that such models could be unduly
restricted, if the most complicated aspects of vocal fold dy-
namics, which occur along the medial surface (including
coupling with the glottal air, collision with the opposing vo-
cal fold, etc.),zo’25 are not reasonably taken into account.
Therefore, fully analyzing the vertical vibrations,”' the me-
dial surface dynamics of the folds, as well as the mucosal
wave propagation,lg’26 is essential to quantify the vocal fold
mechanical characteristics.”

In this work, we develop a 3D mass-spring, cover-model
of vocal fold vibration. This model predicts the 3D vibrations
of the entire medial surface of the vocal fold. In this work,
we will assess the feasibility of the model using a large
amount of dynamical data obtained from laboratory larynx
experiments. Ultimately, one of the primary purposes of this
model is to infer an appropriate approximation of biome-
chanical tissue properties across the entire medial surface of
the vocal folds, as the model parameters are optimized to fit
model dynamics to the experimental data of vocal fold vibra-
tions. Therefore, it is hoped that the resultant vocal fold dy-
namics may be firmly interpreted in a physiological way. The
model was developed to meet the following criteria.

A. 3D dynamics and mucosal wave

In order to simulate 3D vocal fold dynamics as realistic
as possible, the findings of several 3D model templates were
; . . 1921,26-28 . .
taken into account: human hemilarynx, in vivo ca-
nine dynamics,zg’30 excised canine 1arynges,31_34 physical
models,35 synthetic models*®?” as well as numerical finite-

element models.**
Experiments with excised canine larynges reflect that the
amplitudes of the elliptical paths traversed by flesh-points
. e 32
arranged from superior to inferior are decreased.”” The larg-
est displacements and velocities were concentrated in the up-
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FIG. 1. (a) 3D geometry of one vocal fold surface obtained from hemilarynx
experiments (Ref. 26). 30 surgical sutures serving as tracking markers are
homogeneously distributed on the vocal fold surface. (Ref. 26). (b) Move-
ments of the tracking markers along the vertical column C3 during one
oscillation cycle. The antidromic vibration in lateral direction between infe-
rior and superior sutures is clearly displayed (Ref. 26).

per medial portion of in vivo canine vocal folds.™

The human hemilarynx set-up was also considered. It
allows to observe the dynamics of an entire vocal fold sur-
face, since the other vocal fold is cut of .22 For visual-
izing 3D trajectories extracted from performed HS record-
ings, six rows from inferior to superior and five vertical
columns from ventral to dorsal of surgical micro-sutures
were uniformly distributed over the vocal fold surface,26 see
Fig. 1(a). A typical oscillation cycle along the vertical suture
column (C3) is shown in Fig. 1(b). The cycle started when
the most inferior suture was at the most medial position and
begins to move in lateral direction.’® Within these studies,
local 3D displacements, velocities, and accelerations were
described and analyzed.lg’26

During phonation the dynamics of human vocal fold
mucosa occur and propagate wavelike in anterior-posterior,
medio-lateral, and in caudal-cranial direction.*’ Bending and
twisting may take place between the faster and the more
slowly moving portions of the vocal folds in the lateral, lon-
gitudinal, and vertical dimensions, respectively.40
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FIG. 2. (a) Schematic three-dimensional representation of the 3DM. Each of
both vocal folds consists of five masses on each horizontal plane. The
masses are elastically connected to a rigid body in lateral direction by using
anchor springs. In addition, the masses are connected to each other through
springs located in vertical and longitudinal directions. (b) 3D view of the
individual cross-section of the 3DM with plane index s. (c) 3D view of one
individual plane with column index i. The rigid bodies representing the
anterior commissure and the fixed positions at the dorsal end of both vocal
folds are displayed.

B. Different glottis closure types

Endoscopic HS digital recordingsl’ﬁ’12 were taken as a
basis to simulate the five common glottis closure types dur-
ing normal phonation. The different glottis closure types
have been described in detail before* ™ and are, respec-
tively, classified as rectangle, hourglass, triangular-pointed
dorsal, triangular-pointed ventral, and convex (see Fig. 5 in
Ref. 41).

Il. METHODS
A. 3D-multi-mass-model

The vibrational function of human vocal folds depend
on myoelastic and aerodynamic properties of the larynx,]
which are simulated rationally as far as possible within the
proposed 3D-multi-mass-model (3DM). The 3DM is on the
basis of previous 2DM.B40 A corresponding  three-
dimensional view is sketched in Fig. 2.

Each vocal fold is supposed to consist of five horizontal
layers (planes) arranged from inferior to superior. Corre-
sponding to the hemilarynx experiments, each plane contains
five longitudinal coupled mass-spring oscillators, see Fig. 2.
The masses situated at different vertical planes are elastically
connected by using springs in vertical direction. At the ven-
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FIG. 3. Schematic representation of the cross-section of the 3DM of the
vocal folds. The stiffness of anchor springs, longitudinal springs and vertical
springs are indicated with k¢ K kf’s with s=1,...,5 from inferior to

r.s? r,s?

superior. The subscript r means the lateral right side of the vocal fold (i
=1,...,5). Likewise, the stiffness of different springs on the lateral left side

are symbolized as kj, kfiyj_, kj » with index i=6, ..., 10. The thickness of the

mass element located in plane s is labeled as &,. The position of the mass
element m; ; is denoted with 3D-components x;, V; . Z;,. The damping r;
for each mass element is not shown so as to keep clarity of the drawing.

tral end of the model, the left lateral and right lateral sides of
the 3DM are connected together at an anchor being similar to
the anterior commissure of the larynx, where both vocal
folds merge together,*® Fig. 2(c). Additionally, the dorsal ex-
tremities of both sides of the 3DM are coupled to their own
fixed positions that are joined with the arytenoid cartilages,
which do not vibrate during phonation.46

The viscous losses inside the glottis during vocal fold
dynamics are neglected.7’8’47 During phonation the driving
aerodynamic force acting on left and right vocal fold is
caused by the subglottal pressure P*"® which follows the flow
dynamic Bernoulli equation.MS’49 Thus, under the action of
subglottal pressure, the masses located on both sides are set
into vibration. Because of simplicity of the 3DM, the
nonlinearities’ of the elastic forces are small enough to be
negligible. !

The tissue properties of the vocal folds are simplified
and represented with lumped elements, namely, masses m;, ,
dampings d, ,, and different associated spring stiffness coef-
ficients, e.g., anchor spring stiffness k;fs, vertical stiffness k;{s,
and longitudinal stiffness kf-’s (Fig. 3). The indices (i,s) label
the different mass element (i=1,...,5 on the right side, and
i=6,...,10 on the left side, from dorsal to ventral) at differ-
ent planes with s=1,...,5 from inferior to superior, see Fig.
2. The length of the model in the longitudinal direction [from
the fixed position at the ventral end to the fixed position at
the dorsal end, see Fig. 2(c)] is defined as the glottal length [,
(approximately 11—-15 mm) of human vocal folds, based on
the Su e al.*® and Gray’s anatorny.51 The height of the model
from the most inferior mass element to the most superior
mass element is 10 mm. In the lateral direction the distance
between the mass element and the glottal midline is
0.425 mm for minimum, and 2.425 mm for maximum. The
more specific physical dimensions (e.g., vertical and longitu-
dinal spacings between the mass elements) are referenced in
Table I in Sec. II B.
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TABLE I. Brief summary of initial model parameters of the 3DM for the simulation of 3D vocal fold dynamics.
i=1,...,10 is the index of each mass element at each plane. s=1,...,5 denotes the plane from inferior to

superior. l;,’{s occurs between the current plane s and the next upper plane s+ 1. Moreover, l:ffﬁ, ]?",o indicating the

i

stiffness of the upper and lower vertical anchor springs illustrated in Fig. 3 are defined with the values 5 and

450 N/m respectively.

ﬁi,s I’gll‘l,: E)v hs ‘)}T:‘ Z:v
Plane s (2) (N/m) (N/m) (mm) (mm) (mm)
1 0.02 50 450 2 1.675 0
2 0.02 20 80 2 1.075 0.5(h,+h,)
3 0.02 20 50 2 0.475 Zi2+0.5(hy+h3)
4 0.02 8 50 2 0.425 Z'L3+0.5(h3+h4)
5 0.01 1.6 1 2.425 Z’i,4+0.5(h4+h5)
Cross-section i=5,10 i=4,9 i=3,8 i=2,7 i=1,6
57, (mm) 0.171, 0.341, 0.51, 0.661, 0.831,

In order to realize the above modeling, a system consist-
ing of 50 ordinary differential equations is used for describ-
ing the 3D structure dynamics of the vocal folds. In other
words, for the motion of each mass element m; ; within the
3DM the ordinary differential equation is defined as

m; X o= Fﬁs + FZVA + IT‘,LJ + f‘fs +FP

i,s5°

(1)

X; ; denotes the position of each mass element in the Carte-
sian coordinate system. X;; and X;; denote the velocity and
the acceleration, respectively. During phonation the acting
forces which are considered in the 3DM are as follows:

Xi,x = [xi,s’ yi,s’ Zi,x]T'

(a) Ij’fs: The anchor force acts as the function of the thy-
ro’arytenoid muscle in lateral direction,”* see Eq. (A2).
B:IV - The vertical coupling force serves as internal force
of the vocal fold tissue in vertical direction,”"? see Eq.
(A4).

Ffs: Similarly, the longitudinal coupling force imitates
the actions of the thyroarytenoid muscle and the vocal
ligament in longitudinal direction, see Eq. (A5).

f?fs: During phonation the collision action between both
vocal folds occurs, which causes the elastic structure de-
formation of the vocal folds, see Eq. (A8).

Ij’ﬂ: Fluid driving force generated by glottal flow: As the
driving origin of vocal fold dynamics, this force acts on
the vocal fold surface from inferior to superior through
the glottis, see Eqs. (A12)—(A14), (A20), and (A21).

(b)

(©

(d)

©)

All of the above-described forces act on the 3DM in
three dimensions. The forces produced by damping elements
are included in the different acting forces in detail, see Eqs.
(A2), (A4), and (A5). The definitions and computation of
these forces are based on the 2DM.*? As an extension of the
2DM (Ref. 6) from 2D into 3D, the formulas of above-
mentioned forces are illustrated in detail in the appendix with
corresponding Figs. 12 and 13.

B. Model parameter initialization

The 3DM is initialized to vibrate in accordance with the
physiological characteristics of 3D vocal fold dynamics as
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described in Sec. II A. Compared to the 2MM (Ref. 7) and
2DM (Ref. 6) the 3DM consists of high dimensionality on
account of the spring stiffness (50k,, 40k;, 40kY , 50k;,),
the mass 50m; ;, the damping coefficient (507, 40r§,s, 40r7,),
the rest position 50x; , as well as the pressure 5P, yielding
altogether 415 degrees of freedom.

As the initial configuration of the 3DM, a proper initial-
ization for model parameters (i.e., stiffness, mass, thickness,
and rest position) was chosen, as shown in Table I. It is based
on the two parts: One is the 2MM presented by Ishizaka and
Flanaga7 and Schwarz et al.” The other is the diffusion prop-
erties of the vocal fold mucosal wave from inferior to supe-
rior as well as the phase delays obtained from excised larynx

r
1,8°

experiments,” see Table II. The initial stiffness E,S of longi-
tudinal coupling spring is obtained by using Eq. (A6). The
stiffness /E;S is initialized after Eq. (A9). Moreover, in order
to provide sufficient driving power for the 3DM, the initial

subglottal pressure PP =2 4 kPa has been proven to be ad-
equate, which is located in normal range.7’53 Additionally,
within the 3DM, the glottal length /, is set to 0.7 cm for
females and 1.4 cm for males, which situates within the
range of literature values and is identical to the lengths cho-
sen in former works.">'""!?

TABLE II. Different averages of 3D maximum displacements (x,y,z), ve-
locities (v), accelerations (a) and phase delays (¢, ¢, ¢.) of 3D maximum
displacements at six longitudinal lines (L1-L6, from inferior to superior)
gathered from Boessenecker ef al. (Ref. 26) (x,y,z) denote the averages of
maximum displacements in lateral, longitudinal, and vertical directions, re-
spectively. Likewise, (¢, ¢y, ¢,) are for the phase delays in three directions,
respectively.

(x,5,2) v a (e by, b2)
Suture lines (mm) (mm/ms)  (mm/ms) (deg)

L6 (1.29, 0.28, 0.91) 0.86 0.21 (170, 134, 51)
L5 (1.57, 0.18, 0.95) 0.98 0.24 (160, 82, 24)
L4 (1.52, 0.25, 0.5) 0.87 0.22 (84, 12, 17)
L3 (1.09, 0.17, 0.47) 0.59 0.15 (39, -4, 10)
L2 (0.64, 0.16, 0.37) 0.37 0.08 (18, -2, 6)
L1 (0.39, 0.15, 0.33) 0.29 0.08 (9, 3, 8)
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FIG. 4. Upper figure: Glottal volume flow rate U, obtained by the
simplified-method (solid line) and the detailed-method (dotted line). Lower
figure: Minimum glottal area a,,;, obtained with the simplified-method and
the detailed-method.

C. Pressure function

In order to compute the driving fluid forces, we discuss
two methods to determine the pressure within the glottis.
Based on the initial model parameters (i.e., standard model
parameters, see Table I) the comparison of the volume flow
rate U, generated from both methods is performed. By the
simplified-method the calculation of the pressure function is
in accordance to Steinecke ef al.® and Schwarz er al..® rep-
resented in Egs. (A10)-(A14). However, by the detailed-
method the approximate pressure distribution presented by
Ishizaka et al.” with the jet function for a divergent glottis
presented by Titze® is used to compute the pressures and
corresponding driving forces at different planes, as shown in
Egs. (A15)—(A21).

lll. RESULTS
A. Volume flow rate U, and minimal glottal area ap,,

Demonstrating the applicability of the model, computa-
tional results for volume flow rate, minimal glottal area, as
well as pressure and glottal area at each planes are presented.
The applied parameters are based on initial values in Table I
and with k{3=80 N/m, k;;=80 N/m, k{,=13 N/m. More-
over, since the phonation threshold pressure (i.e., the mini-
mum subglottal pressure required to initiate tissue oscilla-
tion, interpreted as a measure of ease of phonation)24’54’55 is
directly linearly related to the prephonatory glottal half-
width, demonstrated in previous results and empirical
observations.”**% To decrease phonation threshold pres-
sure, the applied rest positions ¥;  in the lateral direction are
heuristically reduced to 32% of the initial values, so that the
ease of phonation was resulted in. In Fig. 4(a) the volume
flow rates, U, in the simulation of vocal fold oscillation us-
ing the 3DM with new adjusted model parameters by the
simplified- and detailed-methods are shown. The duration of
the simulation time was 100 ms, starting from rest state ¢
=0. Except the parts of launch phase of the simulation, the

1018 J. Acoust. Soc. Am., Vol. 127, No. 2, February 2010

Glottal area at plane s=5 (superior)

0.26
— 024
S
5, 0.22
» 0.2
©
0.18 X \
\/ L L * o
0 12.5 25 375 50 62.5 75 87.5 100
Time [ms]
Glottal area at plane s=4
0.1 : ‘ —
S
S 0.05f 4
.
0 \ \ \ . \
0 125 25 37.5 50 62.5 75 87.5 100
Time [ms]
Glottal area at plane s=3
T
= 02
£
S,
0.1
®©
0 \
0 125 25 37.5 50 62.5 75 87.5 100
Time [ms]
Glottal area at plane s=2
=
g 0.2F f
<
0.1 | | | | | | | 1
0 12.5 25 37.5 50 62.5 75 87.5 100
Time [ms]
Glottal area at plane s=1 (inferior)
0.24F T T T T -
T 0.22f 1
£ o02j
—, 0.18 i
® 0.16 1
0.14 s s ‘ ‘ ‘ ‘ ‘ J
0 125 25 37.5 50 62.5 75 87.5 100
Time [ms]
\ Simplified method - Detailed method|

FIG. 5. Glottal area a, for each plane (s=1,...,5) by using the simplified-
method (solid lines) and the detailed-method (dotted lines).

maximum volume flow rates U, by using the simplified- and
detailed-methods ~ were,  respectively,  0.607  and
0.609 cm?/ms.

The volume flow rate U, during the 3DM dynamics was
periodically equal to zero due to sufficient glottal closure,
see Fig. 4(a). The corresponding minimal glottal area a,y, is
shown in Fig. 4(b). In 3DM the minimal glottal area oc-
curred at plane s=4 (corresponds to the edge of the vocal
folds) and plane s=3 (right below the vocal fold edge).

Tiny secondary peaks of minimal glottal area appeared,
Fig. 4(b). These secondary peaks corresponded to alternating
minimal values of glottal area at planes s=3,4 (Fig. 5). This
means mass elements at plane s=4 approached to glottal
midline, meanwhile mass elements at plane s=3 were still
pushed away from the glottis center and vice versa. Hence,
minimal glottal area phase delays between plane s=3 and s
=4 created the small secondary peaks.

B. Pressure P, and corresponding glottal area a,

For optimizing the computation time of the 3DM, the
detailed and simplified pressure distribution functions are
compared. As shown in Fig. 6, pressures P, at different
planes s=1,...,5 within the 3DM by using the simplified-
and detailed-methods are illustrated. The pressures at supe-
rior planes s=4,5 were derived zero. The shapes of the pres-
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method (solid lines) and the detailed-method (dotted lines).

sures indicate that the pressure at third plane had strong fluc-
tuations. The pressure at the most inferior plane s=1
fluctuated the least. The corresponding frequencies for both
pressure functions were 132 Hz and are in range of normal
male voice. After the launch process of the 3DM, the maxi-
mum and minimum values of the pressures derived by the
simplified- and the detailed-methods [Egs. (A10)-(A21), see
Appendix] are shown in Table III exhibiting similar values.

The corresponding glottal area a, at each plane s by
using the simplified- and detailed-methods are shown in Fig.
5. During stable vibration of the 3DM, the maximum and
minimum values of the glottal area derived by the simplified-
and detailed-methods can be seen in Table III. By means of
the observation of variations for glottal area at each plane,
we found that the amplitudes of the glottal area at planes s

=4,5 were larger than others. The glottal area at the most
inferior plane was the smallest in accordance to the results in
Boessenecker ef al.”® The glottal pressure distributions for
both methods (simplified and detailed) were equal. Hence,
from now on, the applied pressure distribution based on the
simplified-method as described in Egs. (A10)—(A14) is ap-
plied.

C. Dynamics of the 3DM

In the following, important properties describing the
structure dynamics of the 3DM are presented. The mucosal
wave, the 3D trajectories, the displacements with corre-
sponding fundamental frequencies, the velocities, as well as
the accelerations are given for certain examples to show the
model’s applicability.

1. 3D movements and mucosal wave

To visualize the symmetric output dynamics generated
with initial model parameters (Table I) within the 3DM, the
dynamics of the mass elements situated on the right vocal
fold during one oscillation cycle are displayed in Fig. 7. The
model surface was interpolated using spline functions mini-
mizing the flexion within curves.”®

Correspondingly, movements of the mass elements on
the right side during one oscillation cycle are described in
Fig. 7 in detail. The dynamics of the 3DM start at rest posi-
tion with rectangular glottis closure type; therefore, the tra-
jectories for the launch phase of the 3DM were also dis-
played. The mucosal wave propagating on the vocal fold
surface is clearly demonstrated. The corresponding duration
of this cycle was 9 ms. In general, Fig. 7 emerges: In the
beginning (#=0) the 3DM was closed, while the intraglottal
pressure increased. The mass elements located at plane s=3
were still attached to the opposite side at midline. Due to the
increase in intraglottal pressure, the mass elements located at
planes s=1,2 on both sides began to deform measurably and
were pushed away from midline. At t=2/7, the mass ele-
ments at plane s=3 were pushed away from midline, while
the mass elements at plane s=2 continued being pushed
away from midline. However, the mass elements at plane 4
already began to approach the midline. At r=4/7 1, the mass
elements at plane s=4 further approached the midline and
moved upward. The mass elements at plane s=3 were further

TABLE III. Maximum/minimum values of the pressures P, and the glottal area a, at each plane by using the
simplified- and detailed-methods after the launch phase of the model.

Plane s 1 2 3 4 5
Pressure

Simplified Max. P, (N/cm?) 0.024 0.024 0.024 0.0 0.0

Min. P, (N/cm?) 0.02 0.0192 0.0 0.0 0.0

Detailed Max. P, (N/cm?) 0.024 0.024 0.024 0.0 0.0

Min. P, (N/cm?) 0.0196 0.0191 0.0 0.0 0.0

Glottal area

Simplified Max. a, (cm?) 0.2434 0.2457 0.25 20,0934 0.2578
Min. a, (cm?) 0.1982 0.1824 0.0 0.0 0.1673
Detailed Max. a, (cm?) 0.2447 0.2452 0.2480 0.0949 0.2582
Min. a; (cm?) 0.1973 0.1844 0.0 0.0 0.1647
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FIG. 7. Sequence of 3D dynamics for all mass elements located at one vocal fold during one oscillation cycle, with a spline-interpolated 3DM surface. The

dotted lines represent the trajectories of each mass element.

pushed away from midline. The superior mass elements at
plane s=5 were elevated. From time step ¢t=2/7w to ¢
=6/7, the mass elements at upper planes (s=3,4,5) moved
upward due to high intraglottal pressure. From time step ¢
=8/7 to t=12/7, the corresponding mass elements sank
because of relaxation under the low intraglottal pressure. At
t=12/71, the model began to close, meanwhile the increase
in intraglottal pressure started again. At t=21r, the model was
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closed again and the intraglottal pressure was gradually es-
tablished. Glottis closure occurred at t planes s=3,4.

In order to inspect the quality of the 3DM, a comparison
between the 3D trajectories generated from 3DM and the 3D
trajectories extracted from excised human hemilarynges26 at
middle cross-section is depicted in Fig. 8. Owing to the tiny
movements of the micro-suture located at the most inferior
sagittal line [Fig. 8(b)], the dynamics at these micro-sutures

Yang et al.: Modeling of three-dimensional vocal fold dynamics
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FIG. 8. (a) Five simulated 3D trajectories (dotted lines) along middle ver-
tical cross section produced by 3DM. (b) Six experimental 3D trajectories
(dotted lines) along middle vertical cross section extracted from an excised
human hemilarynx (Ref. 26). The vertical contours in both images corre-
spond to the rest positions of the mass elements as well as the vocal fold
tissue, respectively. For all five mass elements (from inferior up to superior)
in (a) the movement ranges can be roughly described as 0.5, 1, 2, 2, and
1.5 mm, respectively. By comparison, the movement ranges of the upper
five suture points (from inferior up to the vocal fold edge) in (b) are almost
0.3, 1, 2, 2, and 1.7 mm, respectively. Hence, the trajectories show similar
behavior.

were neglected in 3DM. This means that only the movements
of the micro-sutures located at the upper five sagittal lines
(five planes) were taken into account. The shape of move-
ment of the mass element at fifth plane (i.e., the most supe-
rior plane) was like a triangle, being similar to the experi-
mental movement of the suture point with uppermost
position of the excised vocal fold surface. In the fourth plane
(i.e., around the vocal fold edge) the movement of the mass
element in 3DM was much like an ellipse, which was similar
to the experimental dynamics of the suture point at the cor-
responding plane, see Fig. 8. In third plane (i.e., right below
the vocal fold edge) the movement of the mass element was
like a flat ellipse which was similar to the experimental dy-
namics of the suture point at L4 (fourth sagittal line). The
movement shapes of mass elements in lower planes (s
=1,2) were like line segments, which were similar to the
experimental movements of micro-suture at L2 and L3. Both
models show a significant decrease in movements from me-
dial to inferior.

2. 3D trajectories

Standard model parameters (Table I) were chosen now.
The corresponding glottis closure type was rectangle. In or-
der to show the model application, the absolute values |)?f J
for lateral rest positions of the masses from inferior to supe-
rior were temporarily reset to 0.988, 0.634, 0.280, 0.251,
1.431 mm (i.e., convergent glottis). In Fig. 9 this example of
3D trajectories extracted from the symmetric 3DM is de-
scribed. These 3D trajectories corresponded to mass ele-
ments m, 3 and m5 5 on both sides, respectively. Their corre-
sponding movements in lateral direction were exactly
symmetrical, see Fig. 9(a). Due to the symmetric character-
istics of the healthy vocal folds as assumed in this work, the
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FIG. 9. Simulated symmetrical trajectories in lateral direction (upper fig-
ure), vertical direction (middle figure), as well as longitudinal direction
(lower figure) of two opposing mass elements (dotted lines for the mass
element m, 3 on right side, solid lines for the mass element m; 3 on left)
which are situated at third plane and second cross-section in the symmetrical
3DM.

vertical and the longitudinal movements for mass elements
which were located on both sides (left and right) at the same
plane and same cross-section were identical, see Figs. 9(b)
and 9(c).

3. 3D displacement maxima

Figure 10 shows the 3D displacements of mass elements
within the 3DM, being generated by the symmetric initial
model parameters (from now on, the rest positions for mass
elements were defined as shown in Table I again). Due to
symmetry, only one vocal fold side was depicted. The dis-
placements of mass elements were symmetric, respectively,
in the longitudinal direction and centered on the middle
cross-section. The applied glottis closure type was rectangu-
lar. The maximum displacements of the mass elements can
be described as follows.

a. Lateral displacement maxima. Figure 10(a) shows
the comparison of the maximum lateral displacements be-
longing to the different mass elements m; ;. The range of the
maximum displacements in lateral direction was between
0.09 mm (m,;; and ms;) and 1.47 mm (ms3). This means
that the highest lateral displacement occurred at plane s=3
on middle cross-section. Overall compared to the corre-
sponding longitudinal displacements, the lateral displace-
ment maxima were much higher. Additionally, for all mass
elements the lateral displacements increased from the most
inferior plane (s=1) up to the medial plane (s=3). Similarly,
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velocities of each mass elements on one side of the 3DM. (e) Absolute
maximum accelerations of each mass elements on one side of the 3DM. s
=1,...,5 denote the planes from inferior up to superior.

an increase from the most superior plane (s=35) to the medial
plane (s=3) occurred. Along longitudinal direction the lat-
eral displacements decreased from middle cross-section to
dorsal/ventral cross-section, except mass elements m; 4 and
m3,5.

b. Vertical displacement maxima. The vertical dis-
placement maxima ranged within 0.08 and 1.6 mm, Fig.
10(b). The highest vertical displacement maximum was situ-
ated at mass element mj,4, which was located in middle
cross-section at plane s=4. The second highest vertical dis-
placement maximum occurred at medial plane (s=3) on the
middle cross-section. The lowest vertical displacement
maxima were at the ventral and dorsal mass elements (i
=1,5) at the most inferior plane (s=1). The vertical dis-
placement maxima at superior planes (s=3,4,5) were nearly
identical on the ventral and dorsal cross-sections (i=1,5). At
inferior planes (s=1,2) the vertical maximal displacement
values were similar and significantly decreased compared to
planes s=3,4,5. In general, the vertical displacement
maxima increased from inferior up to superior and decreased
from middle cross-section to dorsal/ventral cross-section.

c¢. Longitudinal displacement maxima. The appearance
of longitudinal displacements is caused by longitudinal cou-
pling forces with corresponding stiffnesses as described in
Egs. (A5)—(A7). Figure 10(c) shows the computed maximal
longitudinal displacement values. The longitudinal displace-
ment maxima ranged between 0 and 0.46 mm. The smallest
longitudinal displacement occurred at the most inferior plane
(s=1). The largest longitudinal displacement was found at
the most superior plane (s=5). Compared with the corre-
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sponding lateral and vertical displacement maxima, the lon-
gitudinal displacement maxima were the smallest. Due to
longitudinal symmetry of the initial model parameters, the
longitudinal displacement maxima were equal to zero at
middle cross-section. For all five planes, the longitudinal dis-
placement maxima decreased from ventral (i=5) and dorsal
(i=1) cross-sections to middle cross-section (i=3).

4. Velocity and acceleration maxima of dynamics

In order to get motion characteristics of the 3DM, the
corresponding distributions of velocity and corresponding
acceleration maxima values are shown in Figs. 10(d) and
10(e).

a. Velocity maxima. The maximal computed velocity
values are shown in Fig. 10(d). Velocity maxima ranged
from 0.09 up to 0.84 mm/ms. The highest velocity maxi-
mum was located on mass element m; 5. The lowest velocity
maxima were found on mass elements m, ; and ms ;. In gen-
eral, for all mass elements the velocity maxima increased
from ventral/dorsal cross-section (i=1,5) up to middle
cross-section (i=3), except mass element ms 5. For all five
cross-sections (i=1,...,5), the velocity maxima increased
from the most inferior plane (s=1) to the medial plane (s
=3). Likewise, from the most superior plane (s=5) to the
medial plane, there was also a significant increase in velocity
maxima, except dorsal/ventral cross-section at plane s=35.

b. Acceleration maxima. Figure 10(e) shows the maxi-
mal computed accelerations. The maximal acceleration val-
ues ranged between 0.14 and 0.99 mm/ms?. It was quite
obvious that the acceleration maximum at medial plane (s
=3) were the highest, especially at middle cross-section (i
=3). The lowest acceleration maxima were at the most infe-
rior plane (s=1), especially at ventral/dorsal cross-section
(i=1,5). For other planes (except planes s=1,3), the accel-
eration maxima were similar and decreased significantly
compared to those at plane s=3. For all mass elements the
acceleration maxima increased from dorsal/ventral cross-
section to middle cross-section.

D. Comparison of dynamics

In order to demonstrate the applicability and validation
of the proposed model, the 3D structure dynamics are gen-
erated by the 3DM with different subglottal pressures P,
Since the range of the subglottal pressure is mostly described
from 0 to 3.5 kPa,””" we selected the subglottal pressures
PSP oag 1.2, 1.6, 2, 2.4, 2.8, and 3 kPa. The longitudinal
length I, was set to 14 mm (male). For all pressure values,
inital model parameters were chosen, Table I. The glottis
closure type is always set as rectangular. Altogether six ex-
amples will be discussed.

Due to longitudinal and lateral symmetrical definition of
the model parameters, the comparison of the six examples is
performed for one vocal fold side along the vertical middle
cross-section in the 3DM. Figure 11 shows the displacement,
the velocity, and the acceleration maxima of the six ex-
amples. Owing to symmetries of predefinition for the ex-
amples, the maximal longitudinal displacement values for
mass elements on the middle cross-section were derived
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FIG. 11. Displacement, velocity and acceleration maxima of mass elements
on the right side of the middle cross-section for different subglottal pressure
configurations. The maximum displacement values are illustrated in lateral
and vertical directions.

zero. In general the higher the subglottal pressure was set to,
the greater the displacement and velocity as well as accelera-
tion maxima were achieved. The fundamental frequencies by
different subglottal pressures (1.2, 1.6, 2, 2.4, 2.8, and 3 kPa)
were derived as 104, 108, 108, 108, 108, and 108 Hz.

1. Comparison of displacement maxima

Figure 11(a) shows the computed maximal lateral dis-
placement values for the six different subglottal pressures.
The range of maximal lateral displacement values was be-
tween 0.06 mm (P*"°=1.2 kPa, s=1) and 1.81 mm (P**®
=3 kPa, s=3). For all mass elements on middle cross-
section, an increase in subglottal pressure resulted in a sig-
nificant increase in lateral displacements. This increase of
lateral displacement maxima was more explicit for the three
upper planes (s=3,4,5), except for subglottal pressure PS"°
=2.8, 3 kPa.

Figure 11(b) shows the maximal vertical displacement
values by different subglottal pressures. Vertical displace-
ment maxima ranged from 0.04 mm (P***=1.2 kPa, s=1) up
to 2.29 mm (P*®=3 kPa, s=4). As found for lateral dis-
placement directions, an increase in subglottal pressure
yielded a marked increase in vertical displacements for all
mass elements in middle cross-section. Likewise, this in-
crease in vertical displacement maxima was higher for the
three upper planes (s=3,4,5).
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2. Comparison of velocity and acceleration maxima

The maximal velocity values for different subglottal
pressures are shown in Fig. 11(c). The range of maximal
velocity values was between 0.03 mm/ms (P*°=1.2 kPa, s
=1) and 0.99 mm/ms (P*°=3 kPa, s=3). An increase in
subglottal pressure also yielded larger velocity values.

Figure 11(d) displays the computed maximal accelera-
tion values for all mass elements at middle cross-section of
one side. The range of values was from 0.02 mm/ms (P
=12 kPa, s=1) up to 1.44 mm/ms (P*"®’=3 kPa, s=3). As
found for velocity maxima of mass elements by different
subglottal pressures, an increase in subglottal pressure re-
sulted in a significant increase in acceleration values.

IV. DISCUSSION

In clinical practice, quantitative analysis of the data cap-
tured by HS digital imaging can be a daunting task. It can be
realized by directly describing and analyzing laryngeal char-
acteristics such as fundamental frequency, vocal fold length,
and vocal fold displacements.41’42’58’59 Using the instanta-
neous frequency and amplitude obtained from high-speed la-
ryngeal imaging recordings, the glottal perturbation can be
measured.”’ Also investigated were growth of vocal fold am-
plitudes, subglottal pressure as well as myoelastic forces re-
flecting the phonation onset dynamics.m’63

For further supporting clinical diagnosis of voice disor-
ders, objective quantification of the vocal fold 3D dynamics
is meaningful. In order to visualize and objectively quantify
spatiotemporal characteristics in vocal fold 3D dynamics
with reasonable computational costs, a new 3D biomechani-
cal modeling approach was described. Therefore, by means
of the 3DM (Fig. 2) as extension of the 2DM,” the 3D dy-
namics of the entire vocal folds are rationally reproduced.
Through the modification of model parameters describing
physiological properties (i.e., mass and stiffness distributed
in the entire larynx), the model simulates vocal fold dynam-
ics by using 25 control points distributed along the surface of
each vocal fold.

The model parameters are appropriately initialized to
comply with three aspects: (1) The model generated 3D dy-
namics are similar to 3D dynamics extracted from hemilar-
ynx experimcnts,z1’26728’32 (2) similar to synthetic larynx
models*®*” and finite-element models,®* and (3) the 3DM
inherits the biomechanical numerical characteristics of vocal
fold dynamics, which have been proposed and justified in
earlier works.”**** Its model parameters have the values
which match the vocal fold physiology.

A. Generation of the volume flow rate, pressures, and
glottal area

In this work, the volume flow rate U, during the 3DM
dynamics using the initial model parameters shown in Table
I after phonation onset is periodically equal to zero. This
result [see Fig. 4(a)] is in agreement with the volume flow
rate presented in Refs. 65 and 66 as well as Ref. 67. In
accordance with Eq. (A18), it can be explained that the mini-
mum glottis area a,,, in our case periodically amounts to
zero [see Fig. 4(b)] due to regularly complete glottal closure
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during vocal fold oscillations. It conforms to the phenom-
enon observed in the hemilarynx experiments.%’30 In addi-
tion, glottal closure insufficiency can also occur in normal
phonation, especially for women in the dorsal region.42 How-
ever, the common case for normal phonation goes along with
complete glottal closure.

The obtained pressures in the 3DM are constantly equal
to zero for s=4,5. For s=3 the pressure is periodically equal
to zero as presented by Lowell et al.®® and Jiang et al.®® as
well as Story et al.*’ However, they derived also negative
intraglottal pressure values, which is excluded due to Eqgs.
(A10) and (A19) by definition in our model. For s=1,2 the
pressure is almost periodically zero. This can be explained
by assumptions in Refs. 8§ and 48 as well as Ref. 69. The net
intraglottal pressure is positive in the case of the convergent
orifice (since it has to decrease to a value of zero) and nega-
tive in the case of the divergent orifice (it has to increase to
a value of zero). The airstream often detaches from the sur-
face of the vocal folds and forms a jet48 which keeps the
pressure in the glottis closer to zero. Bernoulli’s law is less
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applicable to the divergent glottis. This assumption applied
in Egs. (A10) and (A20) yielded that pressures at upper
planes s=4,5 were derived zero. This result supports the
conclusion demonstrated in Spencer et al.*® Flow studies
indicate that fluid pressure acts mainly on the inferior sur-
face.

Moreover, secondary peaks of minimal glottal area illus-
trated in Fig. 4(b) explicitly demonstrate that the minimal
values of glottal area alternatively arise at different planes
(s=3.4, see Fig. 5). Similarly, the secondary peaks also oc-
curred in the envelope of volume flow rate [Fig. 4(a)] depen-
dent on a,;, as found in Ref. 70. This phenomenon is in
agreement with conclusions about glottal area waveforms
presented in Koizumi et al.®® and Wong et al.’* as well as
Ishizaka et al.” It also reveals that phase difference of glottal
areas between different planes exists,7 which is due to the
displacement phase delays occurring during mucosal wave
propagation as concluded in Ref. 26. However, no phase de-
lays existed in pressures P, (s=1,...,5) due to the intraglot-
tal pressure following the Bernoulli equation, see Fig. 6.

For the 3DM two pressure functions were compared,
i.e., a simplified- and a detailed-method. The simplified-
method originates from Schwarz et al.® and Steinecke e al.®
In the detailed-method, pressure distribution along the glottal
flow is taken into account. The main difference between both
methods is the calculation of the glottal pressure. As a result
derived from Fig. 4, the pressures, glottal area, and corre-
sponding volume flow rate as well as minimum glottal area
produced from both methods were identical. This means that
the simplified-method yields similar pressure distribution as
produced by the detailed-method. The reason that little dif-
ference was found in the results for the simplified- and
detailed-methods might be that both of them assume no glot-
tal viscous losses. It is consistent with the assumption that
glottal viscous losses is neglected in the model. Due to sim-
plicity of computation of the simplified-method in contrast to
the detailed-method, we used and suggested the simplified-
method.

B. Overall dynamics of the 3DM

In contrast to prior works,*>#% the 3D model dynam-

ics included the vertical component and simulated the mu-
cosal wave, see Fig. 7. During the oscillation cycle the mass
elements located at the superior planes s=4,5 moved gener-
ally lateral and downward during the open period, upward
during the closed period, so as to finish the previous oscilla-
tion cycle. The movements of the mass elements at medial
plane s=3 and inferior planes s=1,2 were predominantly
performed in lateral direction (Fig. 7). These resulting verti-
cal dynamics are comparable to experimental results from
excised human vocal folds®® and in vivo canine vocal folds.™
Additionally, Fig. 7 implicitly supports the conclusions
presented by Dollinger et al."® and Berry et al.** that a low-
pressure condition is created by a divergent glottis (supports
the folds to approximate) and a high-pressure condition is
created by a convergent glottis (support to push the vocal
folds apart), see Fig. 8 in Ref. 32 and Fig. 3 in Ref. 19.
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1. Mucosal wave propagation

In prior studies, with the aids of hemilarynx data®"* as

well as experimental data from excised canine larynges3 0-32
mucosal wave propagation in normal phonation was ana-
lyzed and quantified. It was confirmed that lateral phase de-
lays were much higher than vertical or longitudinal phase
delays. Results in Ref. 26 gave lead for displacement
maxima in 3D: 0.26—1.90 mm (lateral), 0.21—1.15 mm (ver-
tical), and 0.10-0.33 mm (longitudinal). Similarly, such phe-
nomenon including vertical and lateral vibrations was re-
ported in a study on aerodynamically and acoustically driven
modes of the vocal fold vibration by using a physical
model.*

In this work, the model dynamics are displayed along
the vertical direction from inferior to superior through the
entire glottis, see Fig. 8(a), which reflects the mucosal wave
propagation of the human vocal folds. It shows the simulated
3D trajectories of each mass element at five planes being
similar to the corresponding 3D trajectories extracted from
previous experiments of excised vocal folds."”?® The simu-
lated 3D trajectories of the mass element located at fifth
plane, i.e., the most superior plane in the vertical direction, is
like a triangle. Meanwhile, the experimental movement of
the micro-sutures with the uppermost position at the surface
of excised vocal folds is very much alike. At the fourth
plane, i.e., around the vocal fold edge, the movement of the
mass element is nearly elliptical, which is similar to the ex-
perimental dynamics of the micro-sutures at the correspond-
ing plane. It moved upward and laterally to reach the most
upper lateral position, then moved downward to reach the
lowest position on the way back.”* In fact, the trajectories of
mass elements at the fourth plane suggest that the maximum
vertical displacement corresponds to closed position and the
minimum vertical displacement corresponds to maximum
open position, which is in conformity with the observations
in study of HS calibrated 3D imaging of human vocal fold
vibration dynamics by George et al.”" This shows that the 3D
model reproduces successfully experimental investigated hu-
man 3D dynamics. It is also in agreement with results ob-
tained from excised canine larynx experiments,32 which re-
vealed that the elliptical paths traversed by the fleshpoints of
the left vocal fold over 1 cycle of vibration increased from
inferior to superior (see Fig. 5 in Ref. 32). It supports the
conclusion from Déllinger et al.* that during normal phona-
tion mucosal wave propagated primarily from inferior to su-
perior. Similar to 3D movements extracted from finite-
element models,38’39 this result can be used as an evidence to
demonstrate the existence of increase of elliptical excursions
along the vocal fold surface from inferior to superior. From a
different perspective, the mucosal wave propagation might
actually diminish the effects of impact force during the clos-
ing phase of the glottis.40

Additionally, the movements of mass elements within
the 3DM are in the same range as the recorded displacements
of human vocal folds in Baer’> Specifically, the movement
range of particle 3 (at the subglottal surface, approximately,
5 mm below the supraglottal surface, see Fig. 3(b) in Ref.
72) is about 1 mm. In the 3DM as well as the hemilarynx
experiment26 the lower mass element [at the plane s=2, ap-
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proximately 5 mm below the most superior mass element,
see Fig. 8(a)] and the lower suture point [at the layer L3,
approximately 5 mm below the supraglottal surface in the
hemilarynx experiments, see Fig. 8(b)] have the same move-
ment range about 1 mm. The results can be used to reflect
the rationality of the proposed 3DM relative to laryngeal
experiments. Also, it confirmed the validity of earlier vocal
fold physiological study in Baer.?

2. Displacement, velocity, and acceleration maxima
during dynamics

. . 36,37,69,73-75 . .
In prior studies,” " to determine mechanical

fields on the superior surface of vocal folds as well as physi-
cal processes synthetic larynx models were proposed. As
found in experiments of human hemilarynges, the largest
inferior-superior vibratory displacements occurred in the
center of the model fold [Figs. 4(a) and 4(b) in Ref. 36].
Additionally, Fig. 6 in Ref. 38 exhibited that the highest
excursion of the vocal folds was at the upper parts.

In this work, the displacement maxima between the dif-
ferent mass elements were described in lateral, longitudinal,
and vertical directions, respectively. Overall, the longitudinal
displacement maxima were lower than the corresponding lat-
eral and vertical components. The highest displacement
maxima were mostly located at medial and superior planes
(i.e., s=3,4,5). For each direction the highest values were,
respectively, lateral 1.47 mm (m;3), longitudinal 0.46 mm
(my5,ms s), and vertical 1.6 mm (m; 4). However, results ob-
tained from human hemilarynx experiments in Refs. 26 and
19 and as well as excised canine larynx experiments in Refs.
30 and 32 and study of in vivo canine vocal fold dynamics in
Ref. 30 indicate that lateral displacement maxima (medial-
lateral) were the highest, and the longitudinal displacement
maxima (anterior-posterior) were the smallest. Furthermore,
previous work using a synthetic larynx model presented in
Ref. 36 and excised canine larynx experiments in Ref. 34
show that vibratory displacements in the medial-lateral direc-
tion are significantly larger than in the vertical orientation
(inferior-superior), see Figs. 4(c) and 4(d) in Ref. 36. Al-
though similar to studies of finite-element models of vocal
fold Vibration,38’39 in this work the vertical displacement
maxima were higher than the displacement maxima in lateral
and longitudinal directions. However, the vertical displace-
ment maxima were only slightly higher than the displace-
ment maxima in lateral direction.

Moreover, Figs. 10(a)-10(c) reveal that the largest ellip-
tical dynamics are near the superior medial vocal fold and
decrease within the inferior part. This result is in agreement
with corresponding conclusions obtained from hemilarynx
experiments in Ref. 19, determination of mechanical fields
using a synthetic larynx model in Ref. 36, and a self-
oscillating finite-element model in Ref. 76 as well as excised
canine larynx experiments in Ref. 32. It can be explained by
the combined effect of tissue deformation and airflow pres-
sure generating a higher amplitude vibration than for the
inferior part.

According to previous studies, the velocity and
acceleration maxima of the mucosal movements increased
from inferior to superior. In our work, Fig. 10 reveals that the

19,26,30,31
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largest velocity and acceleration maxima were located at
planes (i.e., s=3,4) which correspond to the region around
the human vocal fold edge (Fig. 7). This result might be used
to implicitly support the suggestion proposed by Spencer et
al.* that the medial surface is a free surface before collision
onset, the stresses (depend on intraglottal pressure) orthogo-
nal to that surface are small during the open phase.

C. Applicability of the 3DM

The applicability of the 3DM was shown for six differ-
ent subglottal pressure conditions. In order to demonstrate
the model’s applicability to various subglottal pressures P"°,
we made the emphasis on the comparison of the dynamic
characteristics (i.e., displacement, velocity, and acceleration
maxima). The discussed dynamic characteristics belong to
mass elements located on the middle cross-section lying on
the axis of the longitudinal symmetric 3DM predefined with
the standard model parameters.

In the comparison of model dynamics in both directions
(lateral/vertical) under different subglottal pressures, Figs.
11(a) and 11(b) reveal that larger subglottal pressures yield
higher lateral and vertical displacements, especially within
superior medial and superior part of the vocal fold. In accor-
dance with Fig. 6 presented in Ref. 76 the vibration ampli-
tude of the vocal fold is roughly the square root of the sub-
glottal pressure, which was found by Titze.”” This can be
used to explain the higher displacements by increasing sub-
glottal pressure.

The velocity and acceleration maxima are also signifi-
cantly higher with larger subglottal pressure [Figs. 11(c) and
11(d)]. This result is in agreement with Spencer et al.’®
which confirms that velocity is larger for higher subglottal
pressure than that for lower subglottal pressure. For accelera-
tion, a study by Jiang et al.”™ on canine larynges supports our
findings.

Additionally, results in Fig. 11 associated with the be-
havior of fundamental frequencies imply that mucosal wave
velocity v had no relation to fundamental frequency, unlike
results obtained by Titze et al.*"" that mucosal wave veloc-
ity increases linearly with fundamental frequency. Moreover,
it was found in Ref. 36 that mucosal wave velocity increased
as subglottal pressure increased, while fundamental fre-
quency was regarded as a function of subglottal pressure.7
However, in this work the fundamental frequencies by dif-
ferent subglottal pressures were identical (108 Hz), except
that at P**°=1.2 kPa it was slightly smaller (104 Hz). Com-
pared to the behaviors for =0 in Fig. 6 in Ref. 57 and Fig.
11 in Ref. 7, our results exhibit the same kind of fundamental
frequency dependence of pressure, where influence of sub-
glottal pressure on fundamental frequency disappeared at
higher pressures and small influence appeared at lower pres-
sures. In accordance with demonstration and conclusion in
prior studies,”” causes of this phenomenon can be explained
that the frequency of the linear oscillator depends only on the
mass, the spring constant, and the damping constant, al-
though the amplitude of the oscillation depends on driving
force. The linear oscillator does not allow any variation in
the frequency with the strength of the driving force, which is
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directly proportional to the subglottal pressure.57 To incorpo-
rate a variation in fundamental frequency with subglottal
pressure into their model, Ishizaka et al.” introduced a non-
linear spring stiffness part depending on position with non-
linear coefficient 77,57 which is described in Eq. (Al). How-
ever, in this paper % is assumed as zero (that is linear
springs) in order to neglect the influence of nonlinear spring
force. This assumption might cause that the spring stiffness
or fundamental frequency is independent on variation in sub-
glottal pressure, even if the amplitude of oscillation is high.
In general, this result implicitly supports the suggestion from
Ishizaka et al.’ that “the fundamental frequency variations
with different subglottal pressure might be ascribed to two
causes: One is the collision of the vocal folds at closure
when the amplitude of vibration is not too large and the
subglottal pressure is small. Another is the nonlinearity of
the deflection of the muscles and ligaments at large ampli-
tudes of vibration and at subglottal pressures more than sev-
eral cm H,0O.” In other words, the small-amplitude vocal fold
oscillation at small subglottal pressure and the nonlinearity/
linearity (i.e., #=0) of spring stiffness at higher subglottal
pressure could cause different relationships between funda-
mental frequency and subglottal pressure.

Compared to the 3DM, 2D finite-element method (FEM)
models™* might indeed provide a more in detail represen-
tation concerning the physiological completeness.]2 Addi-
tionally, the detailed informations about the flow running
through the human larynx can also be accurately simulated
by FEM.’ Nevertheless, the computation time for 1 cycle of
vocal fold vibration using a fluid flow mechanical model
presented in Ref. 81 takes about 15 h on one processor
[AMD Opteron (TM), 1.8 MHz]. In studies on fluid-solid-
acoustics interactions for human phonation,82 the structure
mechanical model of vocal folds takes about 20 days for 36
vibration cycles on four workstations (Intel Xeon 5160). The
computational time for the 3DM takes currently 703—749 ms
for 100 ms on a standard PC [Intel(R) Core(TM)2 Duo
E8500, 3.16 GHz, 3.50 Gbyte RAM]. In comparison to FEM
models, the 3DM purposefully has significantly less compu-
tational complexity, resulting in significantly higher compu-
tational speeds. As shown, by using the 3DM the mechanical
properties not only from anterior to posterior but also in the
vertical and lateral directions are simulated. Hence, it seems
appropriate for extensive parameter studies and optimization
on excised full/hemilarynx dynamics in future as performed
with two or multi-mass-models so far.

V. SUMMARY

To enhance our understanding of both normal and disor-
dered voice production, a more complete description of vocal
fold dynamics may be necessary than is offered by the two-
mass-model of Ishizaka and Flanagan (1972). Recent re-
search has revealed the 3D dynamics of the medial surface of
the vocal folds across a number of laboratory models, includ-
ing the excised human larynx, the in vivo canine larynx, and
physical models. The 3DM was developed to help conceptu-
alize these data into one coherent model of vocal fold vibra-
tion. Preliminary data from the 3DM demonstrate its ability

J. Acoust. Soc. Am., Vol. 127, No. 2, February 2010

to oscillate in patterns which are similar to available experi-
mental data. In future experiments, it is hoped that tissue
parameters of experimental data (including tissue masses and
tissue stiffnesses along the entire medial surface of the vocal
folds) may be deduced as the parameters of the 3DM are
optimized to fit its dynamics to dynamical experimental data.
In this way, a firmer connection may be established between
biomechanical tissue properties and the resultant vocal fold
dynamics.
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APPENDIX: DESCRIPTION OF APPLIED FORCES IN
THE 3D MODEL

In following descriptions of the applied forces, the stiff-
ness is defined as

k(x) = k(1 + mx?), (A1)

where k is assumed to be a linear constant. 7 is a nonlinear
coefficient and can be set to 1 mm~ for incorporating a non-
linear spring force into the model.””” In this paper 7 is set to
0 mm™2, which indicates that the spring stiffness is indepen-
dent from displacements.

1. Anchor force

The anchor force is defined as

F?s == k?s : (”ai,s - Xz":s||2 - ||ai,s - Xi,s||2) : ﬁ?s

a Sa T o =ad
=i ()7 X o U,

l-ia _ ai,S -
s~

Xi,s i ( A2)
llas = xi >

with a, ; the 3D position of anchor; @} the unit vector (i.e.,
normalized vector) pointing from mass element position to
adjacent anchor position in 3D, see Fig. 12(a); k{, the stiff-
ness of the vocal fold tissue; r{, the anchor spring damping
coefficient incorporating the viscous loss of the vocal fold
tissue; with the damping ratio ¢, the damping coefficient r{_
is expressed as®783 ’

a [ a

ri,s = ng\"mi,ski,s; (AS)
X;, the corresponding rest position of mass element m; ;.
Here, (-) denotes the transposed vector.

2. Vertical coupling force

Within the 3DM, due to the five planes arranged in ver-
tical direction, we assume the vertical internal forces being
represented by aid of vertical springs. According to the com-
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putation of vertical spring force within 2DM proposed by
Schwarz et al..® the vertical spring force in the 3DM is de-
rived after

Fi‘,/s == k:')s—l ' (”X{s—l - X;,.v||2 ” l s—1 7 I S‘||2)

( Wis—1) - ( Xis— lS—l)
kvs ' (”X;,_Hl - X;,s”z

T .
(uz s+1/ (Xi,s -

- ||Xi,s+1 - Xi,s||2) ! l_i;'},s+1

. .
Xi,s+1) : ui,s+l >

X1~ Xis X
S0 _ i,5—1 1,8 -0 is+1 l.&
ui,s—l - ” | ’ ul s+1 = ” | ’ (A4)
Xi,s—l - Xi,s 2 Xl s+1 2
where k; |, ki; and r{ _, ri are the stiffness and damping

coefficients of the vertical couphng springs connected with
mass element m” The directions of unit vectors (i.e., nor-
malized vector) @], and @}, are, respectively, from posi-
tion of mass element m; ¢ to position of mass element m; ;_,
and m; g, see Fig. 12(a).

3. Longitudinal coupling force

W1th the stiffness k._, e kl and the damping coefficients
11 Tiy of the longitudinal couphng springs connected to
mass element m;; the corresponding longitudinal spring
force f‘fs can be defined in accordance to Schwarz er al.’ as

FzL = kz Ls* (||Xir—ls_xirs||2_||xi—l,s Xioll2) - Ui Ls
Ficls® - (T LRI i—l,s)'ﬁi—l,s
ot X =Xl = [ = Xill2) - ﬁ£+l,s
- (@] G, ) (K= X ) - ﬁf+1,s,
e N g KN ()
;1.6 = u|2 s 1.5 = i 5]l

According to the assumption proposed by Wong52 and
Schwarz,” the stiffness kis and damping coefficient rix can be
expressed in terms of stiffness and damping from the anchor

spring

=& (ki + ki) with §=02, (A6)

l
ris=§r'(r?s_r?+ls)

The dlrectlons of unit vectors (i.e. normalized vectors) ii}_ Ls
and ul+, are from mass element m;; toward mass element
m;_y; and m;,; ¢ in 3D, respectively, illustrated in Fig. 12(b).

with & = 0.06. (A7)

4. Collision impact force

Based on the definition of collision proposed by
Gunter® as displayed in Fig. 12(c), the COHISIOI’I force FC
acting on mass m;; in the 3DM is defined as’

= Ek i
llbll&ls’

(A8)
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Ly l
. +1,i,s a i, A
ki’,i,s =3 (l +1 i’,s+ I +1 ki’+l,s
i’i,s i"+1,i,s i’i,s i"+1,i,s

(A9)

where i is the unit vector for collision impact force in 3D,
its corresponding direction is from the position of mass ele-
ment m; to the position of the adjacent anchor, see Fig.
12(c). The stiffness k is 18 expressed according to the cor-
responding denvatlon in the 2DM.°
mass element opposite m; .

i’ denotes the index of

5. Driving force

The aerodynamic force, which causes the mass elements
on both sides of the 3DM to vibrate, is called driving force.’
It is produced by the glottal flow originating from the lung
and complies with the Bernoulli law. 148498586 However, the
driving force F . depends on not only the subglottal pressure
Pt but also the geometric dimensions, i.e., thickness &, and
vocal fold length [, as well as the rest position x; .

In order to better simulate and compute the Bernoulli
forces acting on the vocal folds from inferior to superior
through the whole larynx, besides the simplified-method
based on the derivation from the 2DM,6’8 a so-called
detailed-method is also used in the 3DM tentatively. More-
over, through the comparison between both methods the va-
lidity and corresponding accuracy of the computation for the
Bernoulli forces are verified.

a. The simplified-method

In the 3DM, the simplified-method for computation of
the Bernoulli driving force is presented as an extension from
the 2DM. The main difference of the driving force between
the 3DM and the 2DM is the Bernoulli forces that act on all
five planes in 3D. Therefore, the driving pressure P, at each
plane is taken into account. Meanwhile, we assume that the
subglottal pressure P*“* and the supraglottal pressure PSUP@
are constant, where P*"P"=0 in accordance with the assump-
tion of a jet function for no supraglottal 10ading.8’69’85

Figures 13(a) and 13(b) illustrate the convergent and
divergent glottal shapes, respectively. Due to the function of
the jet formed by airstream detaching from the vocal fold
surface, the pressure inside the glottis is higher than zero for
a convergent glottis and less than zero (or close to zero,
between the flow separation point and the glottis exit) for a
divergent glottis.48‘69 Therefore, in accordance with 2DM
(Ref. 6) and Steinecke et al.,” the pressure P, located at plane
s within the 3DM can be defined as

P

N

2
psub. (1 _ (max(O,amin)) ) for s < arg min (a ),
s=1,.
ag

= arg min (a)
s=1,.

0 for s =
(A10)
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Apmin = Min(a,,a,,as,a4,as), (A1) ﬁfs _ [Ffs,hor’ F?S,ver T (A12)
where a; is the glottal area with s=1,...,5.
The driving force acting on every mass element can be
resolved into two components: horizontal component F2:'r R
. =D ver . . 7 Forr=p oy oh-dd (A13)
and vertical component F; ;™. Following this analysis, the is T hs Wis s T B
driving force within the 3DM is defined as
b 2 2. = o=
P Wis® \'/(X;:s _xi,s) + (yzrs - yi,s) -u, if s= 1’ |x£x| < |xi,x s
N ifs=1, |x|=|x [,
Fl[’)x,ver: ’ - ; . | z,x| | i,s (A14)
Py wig V(o = X))+ (igor —yi) 70, i s # 1, b smtl > il
0 ifs# 1, x| < |xigls
[
p o, (1 1
where x; 1, yi,_; and x;, y;, as well as x|, y! are the x- Pora=Pop= 7’ Ug 2 2. (A17)
s B > » ” ’ s s+1

and y-components of X, , X;;, X; . Additionally, A indi-
cates the thickness of mass element m, ;, and ﬁfs is the unit
vector for the horizontal component of driving force. The
direction of the unit vectors is perpendicular to the vertical
projection of w; at the horizontal plane. They point from
inside the glottis towards outside the glottis, see Fig. 12(d).
4, is the unit vector along the vertical axis.

In order to reasonably distribute the driving pressure act-
ing on individual mass elements within the 3DM, an effec-
tive side length w;  is used.’ During phonation the position
of collision point will be taken into account for the calcula-
tion of w;,, if the adjacent collision point occurs between
mass element m; ; and mass element m;_; ; or m;, ;. Other-
wise, w;; is defined from the middle point of the adjacent
longitudinal springs, i.e., w;=0.5-||x;_; ;— X1, see Fig.
12(d).

b. The detailed-method

The detailed-method is based on an approximate pres-
sure distribution along the glottal flow. 068 Owing to the
small dimensions of the human glottis and the high velocity
of glottal flow, we can assume the glottal flow to be
quasi-steady.8 By using the Bernoulli equation for one-
dimensional flow, the driving pressure distribution along the
glottal flow can be obtained,” which is schematically illus-
trated in Fig. 13(c).

Pressure P, locates at the inferior glottal entrance cor-
responding to the lower edge of mass element m; ;. Accord-
ing to the Bernoulli equation,7’8’18 the approximate pressure
distribution is described by

U 2
PS“b—P,-a=B'<J> : (A15)
. 2 ay
h, h, dU,
P, th_lz'M3 Ug p_ s (A16)
' a; a, dt
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where P, P, are the pressures at the lower and upper
edges of mass element m; ¢ located at plane s. Additionally, p
and u are the density and viscosity coefficients, of air, re-
spectively. Due to the simplification of multi-mass-model as
well as the small value of the air viscous losses (approxi-
mately 1.87 X 1077 g/cm ms), the air viscosity coefficient u
is predefined to zero in Eq. (A16). Hence, the consistency
within the model development (in accordance with prior
studies)"**!? can be retained. L, is the vocal fold length, and
a, is the cross-sectional glottal area at different planes (s
=1,...,5). Moreover, by using the above-proposed equa-
tions (A15)—(A17), the pressures P, ,, P, at each plane can
be derived. The volume flow rate of glottal airflow is U,,
which is derived in accordance with the assumption in Ref. 8
as follows:

2Psub
U,= —amin

The mean value of the pressure acting on the mass ele-
ment located at plane s is given by

(A18)

Ps,m = %(Ps,a + Ps,b)' (A19)

Bernoulli’s law is less applicable to the divergent glottis in
which the glottal pressure is less than zero.® In order to
ensure the feasibility of Bernoulli’s law pressure Py, is set to
zero, if P, derived in Eq. (A19) is negative.

Therefore, the horizontal component f‘fs’h"r and vertical

component F lD 2Y°" of the driving force equation (A12) can be
obtained in accordance to Lucero' and Koizumi®® as

D, hor _ ~d
Fi,s - Ps,m Wi hs LU (AZO)
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Psub Wi \/('x;,s - ')Ci,s)2 + (y{,Y - yi’x)z ) ﬁz

o 2 2 s
F?;V“: P Wi \/(xi,s—l _xi,s) + (yi,s—l _yi,s) -, ifs#1,

0

where P,_; , indicates the pressure at the upper edge of mass
element m;,_; at plane s—1, and a; denotes the cross sec-
tional glottal area at different planes (s=1,...,5).

In order to simulate the 3D dynamics of human vocal
folds, according to Eq. (1), the differential system of the new
proposed model is solved by using the classical Runge—Kutta
algorithm with the increment of 0.25 ms."
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