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Regulation of glottal closure and airflow in a three-dimensional
phonation model: Implications for vocal intensity control

Zhaoyan Zhang®
UCLA School of Medicine, 31-24 Rehabilitation Center, 1000 Veteran Avenue, Los Angeles,
California 90095-1794

(Received 22 September 2014; revised 23 November 2014; accepted 8 December 2014)

Maintaining a small glottal opening across a large range of voice conditions is critical to normal
voice production. This study investigated the effectiveness of vocal fold approximation and stiffen-
ing in regulating glottal opening and airflow during phonation, using a three-dimensional numerical
model of phonation. The results showed that with increasing subglottal pressure the vocal folds
were gradually pushed open, leading to increased mean glottal opening and flow rate. A small glot-
tal opening and a mean glottal flow rate typical of human phonation can be maintained against
increasing subglottal pressure by proportionally increasing the degree of vocal fold approximation
for low to medium subglottal pressures and vocal fold stiffening at high subglottal pressures.
Although sound intensity was primarily determined by the subglottal pressure, the results suggest
that, to maintain small glottal opening as the sound intensity increases, one has to simultaneously
tighten vocal fold approximation and/or stiffen the vocal folds, resulting in increased glottal resist-

ance, vocal efficiency, and fundamental frequency. © 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4906272]
[ADP]

I. INTRODUCTION

Maintaining a small mean glottal opening during phona-
tion is important for several reasons. First, a small glottal
opening enhances the glottal fluid-structure interaction and
thus lowers the phonation threshold pressure, making it eas-
ier to initiate phonation. Second, a small glottal opening is
associated with high glottal resistance (GR). With a suffi-
ciently high GR the desired subglottal pressure or vocal in-
tensity can be established with less glottal flow, which is
essential to maintaining a normal duration of speech between
breaths and low respiratory efforts. Finally, reduced glottal
flow also reduces noise production due to turbulence. Thus,
one may argue that maintaining a small glottal opening and
low flow rate is one of the posturing goals of normal voice
production. Indeed, human subjects studies have shown that
the mean glottal flow during phonation remains relatively
constant (around 100-200ml/s) across a large range of sub-
glottal pressures as vocal intensity increases (Isshiki, 1964;
Hirano, 1981; Tanaka and Gould, 1983; Holmberg et al.,
1988; Stathopoulos and Sapienza, 1993). In some conditions,
the mean glottal flow even decreased slightly with increasing
intensity in the experiments of Isshiki (1964) and Holmberg
et al. (1988). On the other hand, an excessively large flow
rate is often an indication of pathological changes that pre-
sumably create a large glottal opening during phonation.

But how is such a low flow rate maintained relatively
constant across a large range of subglottal pressures during
normal phonation? With fixed material properties and geom-
etry, the vocal folds would be pushed apart with increasing
subglottal pressure, as demonstrated in the excised larynx
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experiment by van den Berg and Tan (1959). Clearly, some
laryngeal adjustments of vocal fold properties (stiffness, ten-
sion, geometry, and position) are required in order to restrain
the vocal folds from being pushed apart by airflow. Despite
many previous studies on the effect of laryngeal adjustments
on phonation, both in humans (e.g., Isshiki, 1964, 1969;
Hirano et al., 1969; Gay et al., 1972; Choi et al., 1993) and
three-dimensional simulations (Titze and Talkin, 1979;
Alipour et al., 2000; Zheng et al., 2011; Xue et al., 2012;
Sidlof et al., 2013), the interaction between the subglottal
pressure and laryngeal adjustments of vocal fold properties
in regulating glottal closure and airflow has not been system-
atically investigated.

From a mechanical point of view, the glottis-opening
effect of the subglottal pressure can be counterbalanced by
either tightening vocal fold approximation or vocal fold stiff-
ening. Our previous studies explored the possible effects of
vocal fold stiffening in maintaining glottal closure against
the subglottal pressure (Zhang, 2011; Xuan and Zhang,
2014). The effect of vocal fold approximation was not con-
sidered in these studies because of experimental observations
that vocal fold approximation alone without simultaneous
stiffening in isotropic models is insufficient to maintain
vocal fold position against the subglottal pressure and often
leads to an excessively large glottal opening and flow rate
(Zhang, 2011; Mendelsohn and Zhang, 2011). However,
human vocal folds are inherently anisotropic, due to the
presence of collagen and elastin fibers along the anterior-
posterior (AP) direction. Recent studies (Xuan and Zhang,
2014; Zhang, 2014) suggest that an inherently anisotropic
vocal fold may be able to better maintain its position against
the subglottal pressure. Thus, one may wonder, for aniso-
tropic vocal folds as in humans, if a typical mean glottal
flow rate can be maintained by adjusting the degree of vocal

© 2015 Acoustical Society of America
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fold approximation alone without extra vocal fold stiffening,
at least for low subglottal pressures or conversational condi-
tions. If so, how much approximation of the vocal folds is
required to achieve a glottal flow rate typical of normal pho-
nation for a given subglottal pressure? And beyond what
subglottal pressure is simultaneous vocal fold stiffening
required and how much stiffening is required?

Understanding the degree of vocal fold approximation
and stiffening required to maintain a small glottal opening
and low flow rate at different subglottal pressures would pro-
vide insights toward the roles of individual laryngeal muscle
activation in voice control. In humans, while the lateral cri-
coarytenoid (LCA) and the interarytenoid (IA) muscles are
responsible for approximating the vocal folds, complete clo-
sure of the membranous portion of the vocal folds requires
activation of the thyroarytenoid (TA) muscle (Choi et al.,
1993; Chhetri et al., 2012; Yin and Zhang, 2014). Thus, the
minimum degree of vocal fold approximation required for
maintaining a typical glottal flow would clarify the possible
roles of the LCA/TA/TA muscles in intensity control. The
TA muscle also coordinates with the cricothyroid (CT) mus-
cle in regulating vocal fold stiffness and tension. Therefore,
these two muscles may also be recruited to provide the nec-
essary restraining effect through vocal fold stiffening to bal-
ance the varying subglottal pressure. Such an improved
understanding may provide new perspectives about why we
control voice the way we do, if a matching between the
restraining function and the subglottal pressure proves to be
essential to producing normal voice. For example, it is well
known that increasing subglottal pressure is often accompa-
nied by a proportional increase in GR (Isshiki, 1964, 1969;
Hirano et al., 1969; Tanaka and Tanabe, 1986; Holmberg
et al., 1988; Stathopoulos and Sapienza, 1993) but the under-
lying reason is unclear. It is possible that, as subglottal pres-
sure increases, vocal fold approximation and stiffening must
also increase to maintain the desired glottal opening and a
small flow rate, thus increasing GR.

The goal of the present study was to investigate the
interaction among the subglottal pressure, initial glottal
width (degree of vocal fold approximation), and vocal fold
stiffness in the regulation of the mean glottal area and flow
rate, and its effects on the intensity and frequency of the pro-
duced voice. The focus on the initial glottal width and vocal
fold stiffness as intermediate control variables bridging
physiology and vibration is clinically important because an
important goal of clinical management of voice disorders is
to restore the mechanical state of the vocal folds required for
normal phonation. Although laryngeal muscle activation
affects vocal fold stiffness in all directions, Yin and Zhang
(2013) showed that stiffness along the AP direction exhibited
the largest variation with varying CT/TA activations. Thus,
this study specifically focused on the interaction among
vocal fold stiffness along the AP direction, the subglottal
pressure, and the initial glottal width, using a reduced-order
three-dimensional vocal fold model. The use of a reduced-
order model is necessary considering the large number of
conditions to be investigated and the high computational costs
if a fully resolved model were used. In the following, the
reduced-order numerical model is first described in Sec. II.
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Typical results from this model are also shown and com-
pared to available human data. The interaction between
vocal fold AP stiffness, initial glottal width, and subglottal
pressure is then discussed in Sec. III, followed by a general
discussion in Sec. IV.

II. METHOD
A. Numerical model

Figure 1 shows the three-dimensional vocal fold model
used in this study. For simplicity, left-right symmetry in
vocal fold geometry and vibration about the glottal midline
was imposed so that only one vocal fold was considered in
this study with the contralateral fold exhibiting mirror-image
motion. Extension of the model to left-right asymmetric
conditions is straightforward as in Zhang and Luu (2012).
For simplicity, the vocal fold model was further assumed to
have a uniform cross-sectional geometry along the AP direc-
tion, as in many previous studies of phonation (e.g., Scherer
et al., 2001; Zheng et al., 2011; Bhattacharya and Siegmund,
2013). The cross-sectional geometry of the vocal fold model
was defined similarly as in Zhang (2009, Fig. 2). The vocal
fold model was fixed at the lateral surface and the two side
surfaces at the anterior and posterior ends.

Although the vocal fold is physiologically a multi-
layered structure and often simplified as a body-cover two-
layer structure, Yin and Zhang (2013) showed that CT/TA
activations generally led to a varying difference between the
AP and transverse stiffnesses but not much stiffness differ-
ence between the body and cover layers. In other words, the
vocal folds behaved mechanically as a one-layer structure
for most CT/TA conditions. Thus, in this study, the vocal
fold was modeled as a one-layer transversely isotropic,
nearly incompressible, linear material with a plane of iso-
tropy perpendicular to the AP direction, as in previous stud-
ies (Titze and Talkin, 1979; Itskov and Aksel, 2002; Zhang,
2011, 2014). The material control parameters for the
transversely-isotropic vocal fold included the transverse
Young’s modulus £, the AP Young’s modulus E,,, the AP
shear modulus G,p, and density. The longitudinal Poisson’s
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D=7.5mm
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surface

’ Flow

z
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FIG. 1. The three-dimensional vocal fold model. The flow direction is along
the positive z axis. The coupled vocal folds-flow system was assumed to be
symmetric about the glottal channel centerline so that only one vocal fold
was considered in this study.
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ratio was assumed to be 0.495. To reduce the number of con-
ditions to be investigated, E,, =4 G, was further assumed in
this study. The vocal fold was coupled to a one-dimensional
flow model, as described in detail in the Appendix. No sub- or
supra-glottal tracts were included in this study to avoid possi-
ble source-tract interactions.

It is noted that the vocal folds are known to have nonlin-
ear material properties, and large deformations of the vocal
fold may occur, particularly during vocal fold posturing.
Thus, the material moduli used in this study should be inter-
preted as the tangent moduli around certain vocal fold pos-
turing conditions, with different stiffness values representing
different posturing conditions (e.g., different degrees of
elongation due to CT muscle activation). The use of a linear
elastic material also implicitly assumed small-strain defor-
mations, which may not be valid for very large-amplitude
vocal fold vibrations.

The different stiffness conditions considered in this study
were summarized in Table I. As this study focused on the
effect of the AP stiffness, the AP shear modulus G, was var-
ied in a large range to encompass possible physiological
range. Note that the minimum value of G,, in Table I was 6
kPa, below which no phonation was observed for the subglot-
tal pressure range investigated (up to 2.4 kPa). Examination of
vocal fold deformation in these conditions (i.e., G,p < 6 kPa,
corresponding to isotropic or small degree of anisotropy)
showed large static deformation, which may have violated the
small-strain assumption, and these conditions were thus not
included in the discussion below. The transverse Young’s
modulus in the range of 24 kPa was considered, similar to
previous studies (Titze and Talkin, 1979; Berry et al., 1994)
and experimental measurement (Chhetri et al., 2011). The ini-
tial glottal width was varied in a range between —0.4 and
1 mm, with the negative values for conditions of vocal folds
being pressed against each other at rest.

B. Data analysis

Data analysis was performed using the last 0.25s of
each simulation at which vocal fold vibration had reached
steady-state or nearly steady-state. In addition to the mean
glottal area Agy and mean glottal flow rate Qean, the glottal
area amplitude Ag, was calculated as the difference between
maximum and minimum glottal areas. The sound pressure
level (SPL) was calculated as the root-mean-square value of
the produced sound 30 cm away from the glottal exit. A sim-
ilar measure was also calculated for the noise component of
the voices. The GR was calculated as the ratio between the
subglottal pressure and the mean glottal flow rate. Vocal effi-
ciency was calculated as the ratio between the radiated sound

power and the product of the subglottal pressure and the
mean flow rate.

C. Model validation

Direct validation of the numerical model by comparing
to experiments is difficult due to lack of well-controlled
experiments with anisotropic physical vocal fold models.
Human and animal larynges are anisotropic, but the lack of
reliable methods for measurement of the anisotropic material
properties and geometry indicates most of the model input
parameters have to be estimated, preventing direct quantita-
tive validation. Thus, in this section, typical results from our
numerical model are presented, with the goal of demonstrat-
ing that this model was able to produce vibration patterns
and phonation characteristics similar to what has been
reported in humans.

Figures 2 and 3 show vocal fold vibration within one os-
cillation cycle from the superior view and in the coronal
plane, as well as the time history of a medial-lateral slice
taken from the superior view images over a few oscillation
cycles (also known as kymograms). The vocal fold had a
small AP stiffness (G,, =6kPa) in Fig. 2 and a relatively
large AP stiffness (G,, = 18 kPa) in Fig. 3, while the subglot-
tal pressure was the same at 2.4 kPa. In each figure, the first
frame of the superior-view images roughly corresponds to
the instant of maximum glottal opening. Both figures exhibit
many vibratory features that are considered typical of normal
phonation. The glottis showed alternating open and closed
phases. During the opening phase, the vocal folds were
pushed slightly upwards and had a convergent medial sur-
face shape. The vocal folds moved downward during the
closing phase, with the medial surface forming a divergent
glottis. There was a vertical phase difference in vibration
along the medial surface, with the lower margin leading in
phase, which is often considered an important feature of nor-
mal phonation (Titze, 1994, Chap. 4). As a result, vocal
fold contact started at the lower margin of the medial
surface and propagated upwards along the medial surface
then to the superior surface. This laterally-propagating
wave along the superior surface was clearly visible in the
kymograms.

Noticeable differences can be also observed between the
two conditions. The stiff vocal folds in Fig. 3 remained
closed longer during one oscillation cycle, with a closed
quotient of about 0.22, than the soft vocal folds in Fig. 2
which had a closed quotient of about 0.08. The soft folds
also exhibited a much larger vertical displacement compared
with the stiff folds and had a number eight shaped glottis
during opening, both of which were reported in previous

TABLE I. Simulation conditions. For all conditions, the vocal fold density was 1.2 kg/m3, the AP Poisson’s ratio was 0.495, and the length was 15 mm.

Negative values of the initial glottal width indicate vocal fold compression.

Transverse Young’s modulus
AP shear modulus

AP Young’s modulus

Initial glottal width
Subglottal pressure

E,=[2,4] kPa
G, =16, 8,10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45] kPa
E\p=4Gyp
g0=1[-0.4,-0.2,0,0.2,0.4,0.6, 1] mm

=10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 1200, 1600, 2000, 2400] Pa
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FIG. 2. (Color online) Vocal fold vibration for G,, = 6 kPa. Top panel: Superior view of vocal fold vibration during one oscillation cycle; middle panel: Vocal
fold surface shape in the coronal plane during one oscillation cycle (vertical lines indicate glottal midline); bottom panel: Time history of a medial-lateral slice
located at the middle along the AP direction from the superior view of vocal fold vibration in the top panel, with time from left to right.

experiments (Mendelsohn and Zhang, 2011; Zhang, 2011;
Murray and Thomson, 2012; Xuan and Zhang, 2014). The
wave-like motion, particularly on the lateral surface, was
also more obvious in Fig. 3 with an increased AP stiffness,
which is consistent with the observation in Zhang (2014).

In the discussion below, we also show that the ranges of
various aerodynamic and acoustic measures of phonation
predicted by our model are comparable to those observed in
humans. In addition, our previous studies using similar com-
putational models have been able to reproduce experimental

observations regarding sound production by confined pulsat-
ing jet flows (Zhang et al., 2002), dependence of phonation
threshold pressure on vocal fold properties (Mendelsohn and
Zhang, 2011), vocal fold vibration patterns in different vi-
bratory regimes, and transitions between regimes (Zhang
and Luu, 2012; Zhang, 2014). Based on the above, we
concluded that our model captured the essential features of
glottal fluid-structure interaction and was sufficient for quali-
tative investigations of the regulation of glottal closure and
flow rate in phonation.

FIG. 3. (Color online) Vocal fold vibration for G,,= 18 kPa. Top panel: Superior view of vocal fold vibration during one oscillation cycle; middle panel:
Vocal fold surface shape in the coronal plane during one oscillation cycle (vertical lines indicate glottal midline); bottom panel: Time history of a medial-
lateral slice located at the middle along the AP direction from the superior view of vocal fold vibration in the top panel, with time from left to right.

J. Acoust. Soc. Am., Vol. 137, No. 2, February 2015
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lll. RESULTS
A. Effects of pressure-stiffness interaction

Figure 4 shows the different aecrodynamic and acoustic
measures as a function of the subglottal pressure and AP
stiffness of the vocal fold, for conditions with a zero initial
glottal width. Note that regions in the figure without data
indicate conditions at which no phonation was observed or,
in the case of noise level, no noise was produced. Due to this
zero initial glottal width, phonation onset occurred at very
low subglottal pressures (around 50-100 Pa). With increas-
ing subglottal pressure, the vocal fold was gradually pushed
open, resulting in an increase in both the mean glottal area
and the mean flow rate. Increasing subglottal pressure also
led to increased glottal area amplitude. Note that the mean
glottal area during vibration (around 5mm?) was much
smaller than that observed in isotropic models (around
20 mmz; Mendelsohn and Zhang, 2011; Zhang, 2011), indi-
cating a much improved capability of the vocal fold to resist
deformation against the subglottal pressure. In contrast,
increasing vocal fold AP stiffness had opposite effects from
the subglottal pressure, reducing the mean glottal opening,
the mean flow rate, and the glottal area amplitude. These
effects of increasing AP stiffness were more significant at
high subglottal pressures.

The fundamental frequency FO in Fig. 4 was determined
mainly by the AP stiffness, but also increased slightly with
increasing subglottal pressure at low subglottal pressures.
The SPL, in contrast, was primarily determined by the sub-
glottal pressure. For the same subglottal pressure, the SPL
remained almost constant (1-2dB variation) with varying
AP stiffness. This is a little surprising considering the
decreased vibration amplitude with increasing AP stiffness.
Further analysis of the glottal flow waveform showed that
increasing AP stiffness also reduced the duration of the clos-
ing phase, probably due to the increase in FO. These two
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effects canceled out each other so that the maximum flow
declination rate (negative peak of the time-derivative of the
glottal flow, which is known to relate to sound intensity) and
thus sound intensity remained almost constant across differ-
ent values of the AP stiffness.

Due to the antagonistic effects of the subglottal pressure
and AP stiffness in controlling the mean glottal opening and
the mean flow rate, the GR increased with either decreasing
subglottal pressure or increasing AP stiffness, with the sub-
glottal pressure having a larger effect. Similarly, noise pro-
duction increased with either increasing subglottal pressure
or decreasing AP stiffness. Because the SPL was primarily
determined by the subglottal pressure, the vocal efficiency
showed a similar pattern as the GR, increasing with decreas-
ing subglottal pressure and to a lesser extent with increasing
AP stiffness.

B. Effects of initial glottal width

Similar antagonistic effects of the subglottal pressure
and vocal fold AP stiffness in the control of the mean glottal
flow and glottal area were observed for other initial glottal
widths investigated, as shown in Fig. 5 for an initial glottal
width of 0.4 mm. Increasing subglottal pressure still led to
increases in both the mean glottal flow and mean glottal area
whereas vocal fold stiffening reduced them. However, the
effect of vocal fold stiffening in reducing the glottal area and
flow decreased with increasing initial glottal width. This can
be seen in Fig. 6(a), which shows the mean glottal flow rate
as a function of the subglottal pressure for different initial
glottal widths. For each initial glottal width in Fig. 6(a), the
upper and lower curves correspond to conditions with the
smallest AP stiffness (G,, = 6kPa) and largest AP stiffness
(G, =45kPa), respectively, which also correspond to the
maximum and minimum mean glottal flow rate possible for
the specific subglottal pressure and initial glottal width. For
an initial glottal width of zero and a subglottal pressure of

Qmean (ml/s)

GR (Pa.s/ml)

. 7
05115 2
P, (kPa)

05115 2
P, (kPa)

FIG. 4. (Color online) Different aerodynamic, acoustic, and vibrational measures as a function of the subglottal pressure (P,) and vocal fold AP stiffness G,
for an initial glottal width go=0mm. See Sec. II for definitions of different measures. Regions without data indicate conditions at which no phonation was

observed or, in the case of the noise level, no noise was produced.
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FIG. 5. (Color online) Different aerodynamic, acoustic, and vibrational measures as a function of the subglottal pressure (P,) and vocal fold AP stiffness G,
for an initial glottal width go= 0.4 mm. See Sec. II for definitions of different measures. Regions without data indicate conditions at which no phonation was

observed or, in the case of the noise level, no noise was produced.

2.4 kPa, maximum vocal fold stiffening almost reduced the
mean glottal flow by half, whereas this reduction was about
9% for an initial glottal width of 1 mm.

Figure 6(a) also shows that the glottis-opening effect of
increasing subglottal pressure can be countered more effec-
tively by reducing the initial glottal width, i.e., tightening
vocal fold approximation. For example, for a subglottal pres-
sure of 800 Pa, reducing the initial glottal width from 0.6 to
0.2 mm alone lowered the mean glottal flow rate from 237 to
116 ml/s, almost reduced by half. Figure 6(a) further shows
that increasing vocal fold approximation was much more
effective at low subglottal pressures than vocal fold stiffening.
With increasing subglottal pressure, the flow-reducing effect
of increasing vocal fold approximation remained almost con-
stant whereas vocal fold stiffening became increasingly effec-
tive, particularly for small initial glottal widths.

On the other hand, Fig. 6(a) shows that tight vocal fold
approximation was critical to maintaining a small mean flow
rate. Increasing initial glottal width significantly increased
the minimum mean glottal flow rate that was possible. For
an initial glottal width of 0.2 mm, the lowest mean flow rate
required for phonation was 47 ml/s. This value increased to
about 470 ml/s for an initial glottal width of 1 mm, which is
much higher than observed in normal human phonation.
Thus, without sufficient vocal fold approximation (e.g.,
go>0.4mm), it is impossible to maintain a mean glottal
flow expected of normal phonation, with or without vocal
fold stiffening [Fig. 6(a)].

The initial glottal widths also had a significant effect on
the phonation threshold pressure, as shown in Fig. 6(b). The
phonation threshold pressure decreased with decreasing ini-
tial glottal width, reached minimum around a zero initial
glottal width, and then increased with further decrease in the
initial glottal width (i.e., increasing vocal fold medial

J. Acoust. Soc. Am., Vol. 137, No. 2, February 2015

compression). Note that the maximum compression condi-
tion with a —0.4 mm initial glottal width is not shown in Fig.
6 because the corresponding phonation threshold pressure in
this case was so high that no phonation was observed in the
subglottal pressure range examined in this study (up to
2.4kPa). Thus, although medial compression led to a maxi-
mum restraining effect [Fig. 6(a)], it also significantly
increased the minimum pressure required to initial phona-
tion. Figure 6(b) also shows that, for a given initial glottal
width (except for the case of a zero initial glottal width),
there was an optimal AP stiffness at which the phonation
threshold pressure was the lowest.

Despite this large effect on the phonation threshold pres-
sure, decreasing initial glottal width only slightly decreased
the SPL [Fig. 6(c)], which appeared to depend primarily on
the subglottal pressure, except for around phonation onset. As
a result, the region of soft (low-intensity) voice production in
the pressure-stiffness space was significantly reduced when the
initial glottal width significantly deviated (either increase or
decrease) from the zero value. In other words, production of
soft voice became increasingly difficult with either a very
open glottis or a tightly compressed glottis. Increasing initial
glottal width also led to reduced range of fundamental fre-
quency, especially at the upper end, as shown in Fig. 6(d).

Increasing initial glottal width significantly reduced
both the GR [Fig. 6(e)] and vocal efficiency [Fig. 6(f)],
mostly due to the increased mean flow rate. The variation
patterns of the GR and vocal efficiency as a function of the
subglottal pressure also varied with the initial glottal width.
For conditions of zero or negative initial glottal width, both
the GR and vocal efficiency decreased with increasing sub-
glottal pressure, whereas for larger initial glottal widths,
both measures first increased then decreased with increasing
subglottal pressure.

Zhaoyan Zhang: Regulation of glottal closure and flow 903
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C. Effects of vocal fold transverse stiffness

Figure 7 shows similar results obtained for conditions
with a lower transverse stiffness E, of 2kPa. The general
observations discussed above remained qualitatively the
same. Decreasing the transverse stiffness of the vocal folds
reduced the vocal fold’s ability to maintain its position
against the subglottal pressure. As a result, the mean glottal
flow rate for a given subglottal pressure increased signifi-
cantly with decreasing transverse stiffness. For example, for
an initial glottal width of 0.4 mm and a subglottal pressure of
2 kPa, the maximum mean glottal flow rate increased from
421 to 721 ml/s as the transverse stiffness decreased from 4
to 2kPa. On the other hand, vocal fold stiffening became
more important in maintaining a low mean flow rate, espe-
cially for high subglottal pressures. For example, for the two
conditions above, increasing the AP stiffness to 45 kPa was
able to bring the mean flow rate down to almost the same
level for the two transverse stiffness conditions (336 and
387ml/s for a transverse stiffness of 4 and 2kPa, respec-
tively). The effect of medial compression also seemed to be
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reduced, with the conditions of 0 and —0.2 mm initial glottal
widths having almost the same minimum mean flow rate
possible.

Comparing Figs. 6(b) and 7(b) also shows that the trans-
verse stiffness had a much larger effect than the AP stiffness
on the phonation threshold pressure. The relatively smaller
effect of the AP stiffness on phonation threshold pressure
was probably due to its small effect on the frequency spacing
between the first few in vacuo eigenmodes, an important de-
terminant of the phonation threshold pressure (Zhang, 2011).
Thus, vocal fold stiffening along the AP direction is more
advantageous than stiffening in all directions as the restrain-
ing effect is achieved without much increase in the phona-
tion threshold pressure.

IV. DISCUSSION AND CONCLUSIONS
A. Summary of results

This study confirmed a previous experimental observa-
tion that anisotropic vocal folds were better able to maintain
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their position against the subglottal pressure (Zhang, 2011,
2014; Xuan and Zhang, 2014). Although the vocal folds
were still pushed open with increasing subglottal pressure,
the increase in the mean glottal area and flow rate decreased
with increasing vocal fold AP stiffening (i.e., increasing ani-
sotropy) and were much smaller than those observed in iso-
tropic models. With this improved capability of maintaining
position, a small glottal opening and a relatively constant
mean flow can be maintained against increasing subglottal
pressure by a proportional increase in vocal fold approxima-
tion alone without extra vocal fold stiffening. We further
showed that increasing vocal fold approximation was more
effective in reducing the glottal flow at low to medium sub-
glottal pressures whereas vocal fold stiffening became
increasingly more effective at high subglottal pressures.
Sound intensity was found to depend primarily on the sub-
glottal pressure, which was consistent with the observation in
Tanaka and Tanabe (1986). For a given subglottal pressure
(and a constant vocal fold geometry), changes in vocal fold
stiffness or initial glottal width had only a slight effect on
sound intensity. However, increasing vocal fold approximation
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and stiffening did significantly increase the GR, which would
facilitate establishing the desired subglottal pressure without
an excessively large glottal flow and thus maintaining a normal
duration of speech between breaths. Thus, although an increase
in the GR was often observed to accompany intensity increase
in humans (Isshiki, 1964), it does not increase sound intensity
by itself. It appears that the GR 1is increased simply to achieve
the subglottal pressure required for such intensity increase
while still maintaining a small glottal opening and a low glottal
flow rate, as further demonstrated in Sec. IV B.

The results of this study also showed that neither a large
glottal opening nor a very tightly compressed glottis is desir-
able for phonation. A large initial glottal width, as in the
case of recurrent laryngeal nerve paralysis or vocal fold atro-
phy, increases the demand for subglottal pressure (increased
phonation threshold pressure) when at the same time it
reduces the capability to maintain a normal glottal flow rate
of phonation (because of reduced GR). This results in a large
glottal flow, which reduces the possible duration of speech
between breaths and increases the respiratory effort required.
In the extreme case, one may suffer from reduced loudness
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range as it becomes difficult to achieve and maintain sufficient
subglottal pressure required for a loud voice long enough for
continuous speech. On the other hand, a tightly compressed
glottis, as in the case of adductory spasmodic dysphonia, sig-
nificantly increased phonation threshold pressure, thus requires
an excessively high lung pressure to even initial phonation. At
the extreme cases, the compression may be too tight that pho-
nation becomes impossible (e.g., go = —0.4 mm in this study).
Finally, because of the high phonation threshold pressure, soft
voice production becomes difficult for either a large glottal
opening or a very tightly compressed glottis.

B. Implications for human voice control: Balance
between subglottal pressure and glottal resistance

The mean flow rate in normal human phonation is in the
range between 60 and 340ml/s, with the average ranging
from 120 to 200 ml/s (Hirano, 1981; Holmberg et al., 1988;
Stathopoulos and Sapienza, 1993). To demonstrate the
effects of maintaining a small glottal flow rate on phonation,
we consider a target mean flow rate of 160ml/s and
E,=4kPa. Figure 8(a) (the symbols) shows the minimum
degree of vocal fold stiffening required to maintain a flow
rate at or below the target level, for a given subglottal pres-
sure and initial glottal width. The corresponding mean flow
rate was shown in Fig. 8(b). Note that tight vocal fold

50
a
40 + —
_ ¢ 2
€ 30 E
= c
o ©
ow 20 g
t TR 3 le]
10
s xx
0
0 0.5 1 1.5 2
3
o
I
-
o
7}
0
0 0.5 1 1.5 2
P, (kPa)
x107
4
g 3
E 8
a L
g L2
o ©
] 81
>
0 [ ——
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Ps (kPa) Ps (kPa)

FIG. 8. (Color online) (a) The AP stiffness required to maintain a mean glot-
tal flow below 160 ml/s and (b) the corresponding mean glottal flow rate, (c)
SPL, (d) fundamental frequency, (e) the GR, and (f) vocal efficiency as a
function of the subglottal pressure. x: go=—0.2mm; +: go=0mm; O:
g0=0.2mm; A: go=0.4 mm; —: the optimal posturing with the least laryn-
geal effort.
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approximation with g, at least 0.4 mm (or initial glottal area
of 6 mm?) is required to maintain such low flow rate (thus to
appear in Fig. 8), similar to observations in Isshiki (1989,
1998). If we consider a larger initial glottal width as requir-
ing less laryngeal efforts (i.e., less laryngeal muscle activa-
tion), an optimal posturing route with the least laryngeal
effort can be determined by choosing, for each subglottal
pressure, the posture with the largest initial glottal width yet
still capable of maintaining a flow rate below 160 ml/s.
Following this optimal posturing route (lines in Fig. 8), the
low intensity sound does not require extra vocal fold stiffen-
ing, and only medium approximation is required
(go=0.4mm in this case, except for the lowest intensity
sound which requires tight but not compressed vocal fold
approximation). As the target sound intensity increases, in
addition to an increase in the subglottal pressure, the degree
of vocal fold approximation must also be increased. For sub-
glottal pressures above around 1.4kPa, simultaneous vocal
fold stiffening is required to further increase sound intensity
while still maintaining a flow rate below 160 ml/s. Thus, in
order to maintain a small glottal flow rate, an increase in
sound intensity necessarily requires a simultaneous increase
in the GR [Fig. 8(e); first due to increased vocal fold approx-
imation then increased vocal fold stiffening], although sound
intensity was primarily controlled by the subglottal pressure
[Fig. 8(c)]. Increasing sound intensity in this way also led to
an increase in the fundamental frequency and vocal effi-
ciency. Such a simultaneous increase in GR and vocal effi-
ciency with increasing sound intensity has also been
observed in the human subjects experiment by Isshiki
(1964). Note that the predicted values of the GR in Fig. 8(e)
are also comparable to those reported in Isshiki (1964).

In humans, although the LCA and IA muscles are re-
sponsible for bringing the vocal folds close to each other,
in vivo canine larynx experiments (Choi et al., 1993; Chhetri
et al., 2012) showed that LCA/IA activation alone is unable
to completely close the mid-membranous glottis and activa-
tion of the TA muscle is required to completely close the
mid-membranous glottis. A rough estimation of the mid-
membranous glottal width at maximum LCA/IA activation
alone from Choi et al. (1993) is about 0.5-1 mm, whereas a
recent numerical study (Yin and Zhang, 2014) predicted a
mid-membranous glottal width around 0.8 mm. Thus, while
LCA/IA activation alone is able to provide the minimum
vocal fold approximation required (0.4 mm in this study), it
is the TA muscle whose activation provides the fine adjust-
ment in the degree of vocal fold approximation required to
maintain small glottal opening and a glottal flow rate typical
of normal phonation against the varying subglottal pressure.
On the other hand, the AP stiffness of the vocal folds is gen-
erally assumed to be regulated primarily by the CT muscle.
Thus, according to Fig. 8, to increase vocal intensity, in addi-
tion to LCA/IA activation, one may initially rely on TA acti-
vation to increase the degree of vocal fold approximation at
low—medium subglottal pressures, and then increase CT acti-
vation for high subglottal pressures. This is consistent with a
previous observation that activity of the TA muscle was pos-
itively correlated with vocal intensity for low pitches in chest
register (Hirano et al., 1969, 1970).
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However, the TA and CT muscles are known to have
antagonistic effects on both vocal fold approximation and
vocal fold stiffening. Activation of the CT muscle at some
conditions may also abduct the vocal folds (van den Berg
and Tan, 1959), whereas TA activation may also shorten the
vocal fold and reduce AP stiffness (Hirano, 1974; Yin and
Zhang, 2013). These antagonistic effects of the CT/TA
muscles indicate that, as the sound intensity is increased
from low to high, at some point one has to switch from a
TA-dominant posture at low-to-medium subglottal pressures
to a CT-dominant posture at high subglottal pressures. Our
results showed that such a switch is more likely to occur at a
high subglottal pressure when TA deactivation is required to
reach maximum stiffening. Such deactivation of the TA
muscle at high pitches has been observed in previous human
subject studies (Hirano et al., 1969, 1970). The point of
switch depends on the stiffness conditions (the transverse
stiffness, comparing Figs. 6 and 7) and contact properties
(which determine medial compression’s effect on phonation
threshold pressure). Because the fundamental frequency is
primarily controlled by the CT muscle (see, e.g., Chhetri
et al., 2012), such a switch is likely to lead to an abrupt jump
in fundamental frequency and possible voice quality changes
similar to those observed in register changes, a possibility
which requires further investigation.

C. Limitations and future work

The limitations of this study lie in the simplifications
made in the numerical model, including simplified vocal
fold geometry and simplified physics in both the flow and
structure models. One major simplification is the neglect of
material and geometric nonlinearity in the vocal fold model.
These simplifications were necessary to reduce the computa-
tional costs required for parametric studies involving a large
number of conditions as in this study, but they may be inad-
equate for certain aspects of phonation. For example, it is
possible that inclusion of the nonlinear effects will lead to a
much larger increase in phonation frequency with increasing
subglottal pressure than observed in this study. Use of a
large-displacement large-strain formulation would also
require more accurate data of the material properties of the
vocal folds (both soft tissue layer and the muscle layer),
another direction needing further attention. Also, the glottal
flow has been known to exhibit many complex features
(Neubauer et al., 2007; Sidlof et al., 2011), which may need
to be included in future flow models. However, despite these
simplifications, our previous studies using similar computa-
tional models have been able to qualitatively reproduce ex-
perimental observations (Zhang et al., 2002; Mendelsohn
and Zhang, 2011; Zhang and Luu, 2012; Zhang, 2014), and
thus it is reasonable to assume this model captures the essen-
tial features of the glottal fluid-structure interaction and the
general conclusions of this study are qualitatively applicable
to human phonation. Nevertheless, this study needs to be
repeated using a more realistic vocal fold model or in experi-
ments in future investigations.

Human phonation often involves an opening in the carti-
laginous portion of the glottis, which was not modeled in
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this study. The presence of this posterior opening will lead
to a baseline glottal flow throughout the entire oscillation
cycle, in the presence of which stronger approximation and/
or stiffening in the membranous vocal folds are required if
the same mean flow rate were to be maintained.

As discussed above, in humans, the initial glottal width
and vocal fold stiffness are not independent from each other as
both are controlled by the same set of laryngeal muscles.
Laryngeal muscle activation may also lead to simultaneous
changes in vocal fold geometry, e.g., the medial surface shape,
changes of which may significantly affect the glottal fluid-
structure interaction (Hirano et al., 1970; Titze, 1994). Future
work will focus on using a muscular model (e.g., Yin and
Zhang, 2014) to link muscular activities to vocal fold stiffness,
tension, geometry, and position so that the interaction between
laryngeal muscle activation and the varying subglottal pressure
and its effect on phonation can be properly understood.
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APPENDIX: DETAILS OF THE NUMERICAL MODEL

A. Vocal fold model

The vocal fold displacement vector U was approximated
as linear superposition of the in vacuo eigenmodes of the
vocal folds

=

UXo,1) = ailt)pi(Xo),

i=1

(AD)

where ¢; is the displacement vector of the ith in vacuo nor-
malized eigenmode of the vocal fold, ¢; is the ith generalized
coordinate, Xy =[xy, Yo, Zo] is the position vector of vocal
fold surface at the resting condition, and N is the number of
eigenmodes included in the numerical simulation. In this
study, N =40 was used. The instantaneous vocal fold surface
position X = [x, y, z] was calculated as

X(Xo,t) = Xo + U(Xo, 1). (A2)
The governing equations of the vocal folds were derived
from Lagrange’s equations as

Mg+ Cq+Kq =0, (A3)
where M, C, and K are the mass, damping, and stiffness mat-
rices of the vocal fold structure, respectively, and Q is the
generalized force vector associated with the intraglottal pres-
sure and contact pressure. The mass and stiffness matrices M
and K were defined as

0 (d (0L 0 OL
Mj=——\—\52-]) Ki=a-\—5-) A4
/ 56]_,‘ (dt (a‘li>> ! dq; ( 861:‘) (A4
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where Lagrangian L =V—U. The associated kinetic energy
V and potential energy U of the vocal fold structure were
defined similarly to that in Zhang et al. (2007). The general-
ized force Q was calculated as

Qk:_J ((p+Pr')a—U'n>dsv k=12,...,N, (A5)
Skst an

where Sggp denotes the fluid-structure interface of the vocal
fold with the normal vector n pointing outward from the
vocal fold volume, p and p, are the flow pressure and contact
pressure acting on the fluid-structure interface, which were
calculated based on the instantaneous glottal area and the
imposed subglottal pressure as described below.

In this study, a constant loss factor ¢ of 0.4 was used,
similar to previous studies (e.g., Zhang, 2009). With the
assumptions of a linear elastic material and small-strain de-
formation, the use of the normalized in vacuo eigenmodes as
the basis functions in Eq. (A1) simplifies the mass, damping,
and stiffness matrices in Eq. (A3) to diagonal matrices, with
the diagonal elements given as below,

Mi;=1; Ki=0w}; Ci=oaw, (A6)

where o is the ith in vacuo angular eigenfrequency.

Note that, although the vocal fold eigenmodes contained
information of the three-dimensional motion within the
vocal fold volume, only the motion on vocal fold surface
was required in calculating the glottal flow pressure and
solving Eq. (A3). In this study, the vocal fold eigenmodes
were calculated using the commercial software COMSOL.

B. Glottal flow model

The glottal flow was assumed to be a one-dimensional
quasi-steady potential flow until it separated from the glottal
wall at a location downstream of the minimum glottal con-
striction where the glottal area was 1.2 times the minimum
glottal area. Downstream of the flow separation point the
pressure was assumed to equal to atmospheric pressure or
pressure at the entrance to the vocal tract if present. The
intraglottal pressure p at a location within the glottis with a
cross-sectional area A(z) was given by

Lo 4
p:psup‘f'ipuj 1_1? ) (AT)
where p is the density of air, pg,, is the instantaneous
supra-glottal pressure immediately above the glottis, and A;
and u; are the glottal area and flow velocity of the jet
formed at the flow separation point. The jet velocity was
calculated as described in Sec. D below. The instantaneous
glottal opening area at a superior-inferior location z was
calculated by integrating the glottal width along the vocal
fold surface contour /(z),

Az,1) = 2L< )max(O, (Ymidiine

—y))dl, (A8)

where Yiqiine 1 the y-coordinate of the glottal midline along
the medial-lateral direction. The factor of 2 appears due to
the imposed left-right symmetry in vocal fold vibration.
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Noise production due to turbulent flow developed down-
stream of the glottis was modeled by adding an additional
component u; noise to the instantaneous jet velocity, similar to
previous studies (e.g., Samlan and Story, 2011),

1 X 1072 Nyoise (Re? —ReZ, ), Re > Regie
UjnoiseAlj = .
0, otherwise,
(A9)

where N,isc 18 a random variable with a uniform distribution
between —0.5 and 0.5. The Reynolds number Re = u;A;/(Lv),
where L is vocal fold length and v is the dynamic viscosity
of air. For this study, Re ., was set to 1200 as in Samlan and
Story (2011).

C. Vocal fold contact model

Due to the imposed left—right symmetry in vocal fold
vibration, vocal fold collision was considered to occur when
the vocal fold crossed the glottal midline, in which case a con-
tact pressure along the medial-lateral direction into the vocal
fold was applied to the contact area on vocal fold surface. The
contact pressure was related to the degree the vocal fold
crossed the midline, similar to Ishizaka and Flanagan (1972),

Pe=ke1 07 (Ymidiine — ¥)[1 + k207 Ymidiine )7,

ify > Ymidline s (AIO)
where ) is the first in vacuo angular eigenfrequency of the
vocal fold, and k., and k., are two contact coefficients. In
this study, k.; and k., were set to 600 and 6000, respectively,
so that the calculated contact pressure was in the range as
measured in Jiang and Titze (1994).

D. Acoustic propagation within the sub- and
supra-glottal tracts

Although no vocal tract was considered in this study,
coupling between vocal fold vibration to the sub- and supra-
glottal tracts is included here for completeness of the model
description. Only plane-wave sound propagation was consid-
ered, which is generally valid for frequencies up to 4-5 kHz
depending on the cross-sectional dimension of the sub- and
supra-glottal tracts. A digital waveguide model as described
in Story (1995) was used, in which the acoustic pressure and
velocity within the tracts were decomposed into a forward-
propagating (away from the glottis) wave f and a backward-
propagating (toward the glottis) wave b,

Pa(z,8) =f(z,1) + b(z,1);  uu(z,t) = — ,

(Al1)

where ¢ is the speed of sound. The acoustic model was
coupled to the glottal flow model in a similar way as
described in Titze (1984) and Zhang et al. (2002), by relating
the acoustic velocities and the glottal flow velocities at the
entrance and exit of the glottis:
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where the subscripts

(A12)

and “sup” indicate the values evaluated at locations immediately below (sub-) and above (supra-) the

glottis, respectively. The jet velocity can be obtained by solving Eqs. (A7) and (A12), similar to Titze (1984),

AR w1 g
Al — 202 — 4
! Aent Acxit + / Aent  Aexit + 2(Ps - Psup + 2b, — 2bsup).

u = Al3
i AJ; B 2 A} ( )
__J i __J
2 —— p
A Agm Agnt

E. Time-domain integration

Equation (A3) was solved using a fourth-order Runge-
Kutta procedure, with a time step of 2.27 x 107> s (or
44 100 Hz). A zero initial condition was imposed for all three
components of vocal fold displacement, the glottal flow ve-
locity, and the acoustic pressure and velocity in the vocal
tract. The subglottal pressure P was first linearly increased
from zero to a target value in 30 time steps, and then kept
constant. For each condition, simulation was run for 0.5 s. In
all simulation conditions, by the end of this half-second sim-
ulation, vocal fold vibration either had already reached
steady state or completely damped out.
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