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The goal of this study is to better understand the cause-effect relation between vocal fold

physiology and the resulting vibration pattern and voice acoustics. Using a three-dimensional

continuum model of phonation, the effects of changes in vocal fold stiffness, medial surface

thickness in the vertical direction, resting glottal opening, and subglottal pressure on vocal fold

vibration and different acoustic measures are investigated. The results show that the medial surface

thickness has dominant effects on the vertical phase difference between the upper and lower

margins of the medial surface, closed quotient, H1-H2, and higher-order harmonics excitation. The

main effects of vocal fold approximation or decreasing resting glottal opening are to lower the

phonation threshold pressure, reduce noise production, and increase the fundamental frequency.

Increasing subglottal pressure is primarily responsible for vocal intensity increase but also leads to

significant increase in noise production and an increased fundamental frequency. Increasing AP

stiffness significantly increases the fundamental frequency and slightly reduces noise production.

The interaction among vocal fold thickness, stiffness, approximation, and subglottal pressure in the

control of F0, vocal intensity, and voice quality is discussed.VC 2016 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4944754]
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I. INTRODUCTION

Phonation results from the self-sustained vibration of

the vocal folds, which modulates the glottal airflow and pro-

duces sounds. Although voice control is ultimately achieved

through laryngeal and respiratory muscle activation, the

vibration pattern of the vocal folds and the resulting voice

depend on the geometry and biomechanical properties of the

vocal folds, with different vocal fold conditions leading to

different voice characteristics (Hirano, 1974). An important

goal of voice research is to understand the cause-effect rela-

tion between biomechanical properties of the vocal folds and

the acoustics of the produced voice and identify the biome-

chanical properties required to produce different voice types.

Clinically, such improvement in understanding would allow

us to determine the mechanical adjustments to the vocal

folds that we wish to achieve to restore or improve voice and

predict the outcome of such mechanical adjustments. This

knowledge would also allow us to better understand how we

use and control our voice. As a step toward this goal, this

study investigates changes in vocal fold vibration and the

resulting acoustics of the produced voice due to systematic

and parametric changes in vocal fold stiffness, medial sur-

face thickness in the vertical direction, resting glottal open-

ing, and subglottal pressure in a large range of conditions,

using a computational model of phonation.

Despite many previous research studies on voice pro-

duction, there have been few systematic studies on the effect

of vocal fold biomechanical properties on phonation. Due to

limited access to the larynx, human subject experiments

(e.g., Isshiki, 1964; Hirano et al., 1969; Hirano et al., 1970;

Gay et al., 1972; Stathopoulos and Sapienza, 1993;

Holmberg et al., 1988; Henrich et al., 2005) are often limited

to observation and measurements of vocal fold vibration and

acoustic output (e.g., closed quotient, fundamental fre-

quency, vocal intensity, and various voice spectral measures)

and laryngeal muscle activity in different voice conditions or

tasks. Although these studies are able to reveal how different

vibratory and acoustic measures vary with each other, they

are unable to explain why such relationships occur and what

biomechanical properties are required to produce the

observed voice and vibration patterns. Experiments using

physiological larynx models, either excised larynges (e.g.,

van den Berg and Tan, 1959; Isshiki, 1989) or in vivo models

(e.g., Moore and Berke, 1988; Chhetri et al., 2012; Berke

et al., 2013), have provided valuable insight toward the

physics and control of voice production. However, manipu-

lation of the larynx in these models, either mechanical or

through nerve/muscle stimulation, often leads to complex

and simultaneous changes in vocal fold stiffness, geometry,

and glottal opening, which were often not monitored or

measured. For example, elongation of the vocal folds is

known to also thin and stiffen the vocal folds. Vocal fold

adduction, depending on the specific muscles involved and

their activation levels, may also change medial surface shape

and/or vocal fold stiffness in addition to vocal fold approxi-

mation (Hirano and Kakita, 1985). So far, these experiments

have yet to provide a systematic understanding of the effects

of individual and combined effects of vocal fold stiffness,

geometry, and resting glottal opening. Finally, physicala)Electronic mail: zyzhang@ucla.edu
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models allow direct and systematic manipulations of vocal

fold biomechanical properties. However, except for a few

recent studies (e.g., Murray and Thomson, 2012; Xuan and

Zhang, 2014), most physical models have yet to incorporate

the nonlinear anisotropic material properties of the vocal

folds.

Due to these experimental difficulties, computational

models have been developed and used for systematic investi-

gations of the influence of vocal fold properties on phona-

tion. The very first such investigation was conducted by

Ishizaka and Flanagan (1972), which investigated the effects

of vocal fold stiffness and the resting glottal area on the fun-

damental frequency, vibration amplitude, and glottal closure

in the original two-mass model. Similar lumped-mass mod-

els were also used in later studies by Story and Titze (1985),

Steinecke and Herzel (1995), and Sciamarella and

d’Alessandro (2004). Titze and Talkin (1979) used a finite

element three-dimensional model of the vocal folds to inves-

tigate the effects of vocal fold stiffness, viscosity, geometry,

resting glottal opening, and subglottal pressure on vocal fold

vibration, fundamental frequency, average glottal flow, out-

put acoustic power, and vocal efficiency. A more detailed

analysis of the effect of vocal fold geometry was reported in

Pickup and Thomson (2011) using a two-dimensional vocal

fold model. One important limitation of these and other simi-

lar modeling studies is that they often focused on vocal fold

vibration and the glottal flow but seldom included the acous-

tics of the produced voice (other than the fundamental fre-

quency and vocal intensity).

In this study, the effects of vocal fold properties on

vocal fold vibration and the resulting acoustics are investi-

gated using a three-dimensional reduced-order continuum

model of phonation (Zhang, 2015). To facilitate linking

vocal fold biomechanics to the acoustics of the produced

voice, this study focuses on the glottal closure pattern and

various voice spectral measures and how they can be regu-

lated by changes in vocal fold stiffness and medial surface

thickness, the resting glottal opening, and the subglottal

pressure. Glottal closure within each vocal fold oscillation

cycle creates abrupt flow cessation and has important effects

on the low-frequency harmonic structure and the excitation

of higher-order harmonics in the voice spectrum (Fant, 1980,

1982; Fant et al., 1985; Stevens, 1998), both of which are

perceptually important features of normal voice production.

Despite this importance in linking vocal fold physiology and

voice acoustics, the physical mechanisms of glottal closure

control still remain unclear. It is generally assumed that glot-

tal closure is achieved by vocal fold approximation through

arytenoid adduction with varying degrees of arytenoid

adduction leading to changes in voice from a breathy to a

pressed quality (Klatt and Klatt, 1990). However, it has been

observed that some excised larynges vibrate with incomplete

glottal closure despite that the arytenoids are tightly sutured

together (Zhang, 2011). This indicates that vocal fold

approximation alone does not guarantee glottal closure dur-

ing phonation. On the other hand, although it is generally

accepted that stiffness conditions in the different layers of

the vocal fold are important in determining the actual vibra-

tion pattern (Hirano et al., 1969; Hirano, 1974, 1981; Titze

and Talkin, 1979; Hirano and Kakita, 1985), the effect of

vocal fold stiffness on the glottal closure pattern remains

unclear. In their experiment with excised larynges, van den

Berg and Tan (1959) showed that the glottal closure was

reduced or disappeared completely with increasing longitu-

dinal tension of the vocal folds. However, it is not clear

whether this change in glottal closure was due to the

increased longitudinal tension itself or the geometric

changes induced by the increased longitudinal tension.

Indeed, in a later paper, van den Berg (1968) argued that

increased thickness of the vocal folds would lead to a large

vertical phase difference between vibrations in various hori-

zontal planes and allow the glottis to remain closed longer.

Increased thickness may also facilitate longer glottal closure

by improving the vocal folds’ capability to maintain adduc-

tory position against the subglottal pressure (Zhang, 2009).

In summary, although previous excised larynx experiments

(van den Berg and Tan, 1959; Isshiki, 1989, 1998) showed

that glottal closure and the resulting voice are highly depend-

ent on the balance among vocal fold stiffness/tension, geom-

etry, initial glottal opening, and subglottal pressure, a clear

picture of how glottal closure is controlled by such interac-

tion is still missing.

It is possible that this balance between vocal fold prop-

erties and the subglottal pressure is monitored and main-

tained through laryngeal adjustments during phonation to

achieve specific communication goals. For example,

although many studies have shown that various laryngeal

adjustments have only a slight effect on vocal intensity

(Tanaka and Gould, 1983; Titze, 1988; Tanaka and Tanabe,

1986; Zhang, 2015), human subjects experiments show that

as vocal intensity increases, the increasing subglottal pres-

sure is often accompanied by a proportional increase in the

glottal resistance, particularly at low pitch voice production

(Isshiki, 1964; Hirano et al., 1969; Tanaka and Tanabe,

1986; Holmberg et al., 1988; Stathopoulos and Sapienza,

1993). It has been hypothesized that the observed increase in

the glottal resistance accompanying vocal intensity increase

is due to laryngeal adjustments required to maintain suffi-

cient glottal closure and certain acoustic goals (Isshiki,

1964; Zhang, 2011). Understanding the effects of individual

mechanisms (i.e., vocal fold stiffening, tighter approxima-

tion, and increased vocal fold thickness) and their interaction

on glottal closure and the produced acoustics would identify

such goals and elucidate the individual roles of laryngeal

muscles in vocal control.

In the following, the computational model and data

analysis are first described in Sec. II. The effects of vocal

fold thickness, vocal fold stiffness, resting glottal opening,

and subglottal pressure on vocal fold vibration and the

acoustics of the produced voice are 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
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is imposed so that only one vocal fold is considered in this

study with the contralateral fold exhibiting mirror-image

motion. The vocal fold is 17mm long along the anterior-

posterior direction. The posterior cross-sectional geometry

of the vocal fold model is similarly defined as in Zhang

(2009, Fig. 2), with a depth (dimension along the medial-

lateral direction) of 7.5mm and a variable medial surface

thickness T in the vertical direction. The vocal fold cross-

section tapers quadratically toward the anterior direction

with the depth reduced to 3.75mm at the anterior surface of

the vocal fold. The medial surfaces of the two vocal folds

form an angle a, which controls the resting glottal opening.

The vocal fold model is fixed at the lateral surface and the

two side surfaces at the anterior and posterior ends. To avoid

possible source-tract interaction, no sub- or supra-glottal

tracts are included in this study. The effects of source-tract

interaction will be addressed in a subsequent study.

Modeling the three-dimensional glottal fluid-structure

interaction is computationally expensive. Considering the

large number of conditions to be investigated, the reduced-

order three-dimensional phonation model described in

Zhang (2015) is used. The reader is referred to the Zhang

(2015) paper for details of the model. The Zhang (2015)

model is computationally efficient due to the following three

major simplifications. First, linear elasticity is assumed for

vocal fold mechanics, neglecting both material and geomet-

ric nonlinearities. Thus the material moduli (discussed in the

following text) used in this study should be interpreted as the

tangent moduli around specific vocal fold posturing condi-

tions with different stiffness values representing different

posturing conditions (e.g., different degrees of elongation).

The use of a linear elastic material implicitly assumes small-

strain deformations, which may not be valid for very large-

amplitude vocal fold vibrations. Second, the glottal flow is

modeled as a one-dimensional quasi-steady potential flow

until it separates from the glottal wall at a location down-

stream of the minimum glottal constriction where the glottal

area is 1.2 times the minimum glottal area. Downstream of

the flow separation point the pressure is assumed equal to

atmospheric pressure. Finally, the use of vocal fold eigenmo-

des as basis functions in Zhang (2015) significantly reduces

the degrees of freedom of the system governing equations.

The eigenmodes can be pre-computed prior to phonation

simulations instead of at every single time step, which fur-

ther improves computational efficiency.

Despite these simplifications, our previous studies using

similar computational models have been able to reproduce

experimental observations regarding sound production by

confined pulsating jet flows (Zhang et al., 2002), dependence

of phonation threshold pressure on vocal fold properties

(Zhang, 2010; Mendelsohn and Zhang, 2011), and vocal fold

vibration patterns in different vibratory regimes and transi-

tions between regimes (Zhang and Luu, 2012; Zhang, 2014).

Therefore it is reasonable to conclude that this model

captures the essential features of the glottal fluid-structure

interaction. Nevertheless, study is under way to validate this

model by comparison to experiments.

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 activation

of the cricothyroid (CT) and the thyroarytenoid (TA)

muscles generally led to varying difference between the

anterior-posterior (AP) and transverse stiffnesses but not

much stiffness difference between the body and cover layers.

In other words, the vocal folds behaved mechanically as a

one-layer structure for most activation conditions of the

CT/TA muscles except for conditions of strong TA activa-

tion and weak CT activation. In this study, to further reduce

the number of parametric conditions to be investigated, a

one-layer vocal fold structure is assumed. The vocal fold is

modeled as a one-layer transversely isotropic, nearly incom-

pressible, linear material with a plane of isotropy perpendic-

ular to the AP direction, as in previous studies (Titze and

Talkin, 1979; Itskov and Askel, 2002; Zhang, 2011, 2015).

The material control parameters for the transversely-

isotropic vocal fold include the transverse Young’s modulus

FIG. 1. The three-dimensional vocal fold model.

FIG. 2. (Color online) Definition of the closed quotient (CQ) used in this

study. The solid and dashed curves are the normalized glottal flow wave-

form and its time derivative. The two vertical lines indicate the instant of

glottal opening and glottal closing, which define the open phase of the glot-

tal cycle. The CQ is calculated as one minus the ratio between the open

phase and the period of the glottal cycle.
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Et, the AP Young’s modulus Eap, the AP shear modulus Gap,

and density. The longitudinal Poisson’s ratio is assumed to

be 0.495.

B. Simulation conditions

To limit the number of conditions to be investigated,

parametric variations are considered only for the medial sur-

face thickness, vocal fold stiffness along the AP direction,

resting glottal angle, and the subglottal pressure, which are

known to vary significantly during phonation and can be

controlled through activation of laryngeal and respiratory

muscles. To further reduce the number of conditions to be

investigated, Eap¼ 4 Gap is also assumed in this study. All

other control parameters are kept constant. A total of 19 008

conditions are investigated as summarized in Table I. For

each condition, the simulation was run for 0.5 s with the sub-

glottal pressure linearly increased from zero to a target value

in 30 time steps and then kept constant.

The medial surface of realistic vocal folds is more

rounded, unlike the idealized geometry as in Fig. 1. Thus the

medial surface thickness in this study should be interpreted

as an approximate measure of the thickness of the most con-

stricted portion of the glottis in the flow direction. Four val-

ues of the vocal fold medial surface thickness are considered

in this study, from 1 to 4.5mm, which roughly covers the

range as used in previous studies (Titze and Talkin, 1979;

Alipour et al., 2000; Scherer et al., 2001; Thomson et al.,

2005; Luo et al., 2009) and estimated from reported experi-

mental data (Sidlof et al., 2008). The initial glottal angle is

varied in a range between 0� and 4�, which corresponds to a

resting glottal opening of 0–10.1mm2. This range is slightly

larger than that investigated in Titze and Talkin (1979) and

the range of normal phonation in Isshiki (1998).

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 varia-

tion with varying CT/TA activations, whereas changes in the

transverse stiffness was much smaller. Thus in this study, the

transverse stiffness is kept constant at 4 kPa, similar to previ-

ous studies (Titze and Talkin, 1979; Berry et al., 1994;

Chhetri et al., 2011). The AP shear modulus Gap on the other

hand is varied in a large range to encompass possible physio-

logical range. Note that the minimum value of Gap in Table I

is 4 kPa below which no phonation is observed for the

subglottal pressure range investigated (up to 2.4 kPa).

Examination of vocal fold deformation in these conditions

(i.e., Gap< 4 kPa, corresponding to isotropic or a small

degree of anisotropy) showed large static deformation,

which may have violated the small-strain assumption, and

these conditions are thus not included in the discussion in

the following text.

C. Data analysis

Data analysis is performed using the last 0.25 s of each

simulation by which time vocal fold vibration has reached

steady state or nearly steady state. In addition to the mean

glottal area Ag0 and mean glottal flow rate Qmean, the glottal

area amplitude Agamp is calculated as half of the difference

between maximum and minimum glottal areas. The mean

and amplitude of the medial-lateral (ML) and superior-

inferior (SI) displacement at the lower margin of the medial

surface in the coronal plane are similarly calculated. The

vertical phase difference (VPD) is calculated as the phase

difference in the ML motion between the upper and lower

margins of the medial surface in the coronal plane.

The closed quotient is generally defined as the fraction

of the cycle that the glottis remains completely closed (i.e., a

zero glottal area) and thus will be zero for large initial glottal

angles even though glottal closure is present in the anterior

portion of the glottis. In the following, closed quotient thus

defined is referred to as CQ0. To take into account partial

glottal closure, in this study, another measure of the closed

quotient (CQ) is calculated as one minus the ratio between

the open phase and the period of the glottal cycle, with the

beginning and end of the open phase within each cycle

defined as illustrated in Fig. 2. The beginning of the open

phase is defined as the instant the waveform of the time de-

rivative of the glottal flow last crosses zero before the curve

reaches its positive peak. The end of the open phase is

defined as the instant when the waveform of the time deriva-

tive of the glottal flow first crosses zero after the curve

reaches its negative peak. This process is automated using a

MATLAB script subject to manual inspection and correction if

necessary. Unlike CQ0, which quantifies the duration of

complete glottal closure, CQ quantifies the duration of vocal

fold contact, no matter whether the contact closes the glottis

completely or partially. The CQ may be large for vibrations

with incomplete glottal closure but a long period of partial

vocal fold contact and small if glottal closure is complete

but brief.

The sound pressure level (SPL) is calculated as the root-

mean-square value of the produced sound 30 cm away from

the glottal exit, assuming a simple monopole sound source

at the glottal exit. To calculate the relative perceived loud-

ness, the A-weighted SPL is also calculated. Because the

A-weighted and un-weighted SPLs are generally similar,

only the A-weighted SPL is discussed in the following text.

A similar measure (un-weighted) is also calculated for the

noise component of the voices (Zhang, 2015) from which

the un-weighted harmonic-to-noise ratio (HNR) is calcu-

lated. The spectra of the time derivative of the glottal flow

waveform are calculated using fast Fourier transform with a

Hanning window, from which the spectral amplitude

TABLE I. Simulation conditions. For all conditions, the vocal fold density

is 1.2 kg/m3, the AP Poisson’s ratio is 0.495, the transverse Young’ modulus

is 4 kPa, and the length is 17mm; 19 008 conditions in total with each condi-

tion 0.5 s long.

Vocal fold thickness T¼ [1, 2, 3, 4.5] mm

AP shear modulus Gap¼ 4 – 50 kPa in a step of 2 kPa

AP Young’s modulus Eap¼ 4Gap

Initial glottal angle g0¼ 0–4� in a step of 0.4�

Subglottal pressure Ps¼ [50, 100, 200, 300, 400, 500,

600, 700, 800, 900, 1000, 1200,

1400, 1600, 1800, 2000, 2200, 2400] Pa
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difference between the first harmonic and the second har-

monic (H1-H2), the fourth harmonic (H1-H4), the harmonic

nearest 2 kHz (H1-H2k), and the harmonic nearest 5 kHz

(H1-H5k) are extracted. These spectral measures have been

shown to be perceptually important (Klatt and Klatt, 1990).

III. RESULTS

A. Phonation threshold pressure

Figure 3 shows the phonation threshold pressure as a

function of the vocal fold medial surface thickness, the AP

stiffness, and the resting glottal angle. Note that regions in

the figure without data indicate conditions at which no pho-

nation is observed. The resting glottal angle has the largest

effect on phonation threshold pressure with the phonation

threshold pressure generally increasing with increasing rest-

ing glottal angle, particularly for conditions with T> 1mm.

The AP stiffness appears to have the smallest effect on pho-

nation threshold pressure, similar to the observation in

Zhang (2015). Note that the transverse stiffness, which is

expected to have a large effect on phonation threshold pres-

sure, is kept constant in this study.

With increasing medial surface thickness, the phonation

threshold pressure first decreases and reaches the minimum

for T¼ 2mm and then increases with further increase in the

medial surface thickness. The trend for conditions of large

medial surface thickness (T> 1mm), i.e., phonation thresh-

old pressure increases with increasing medial surface thick-

ness, is consistent with our previous computational and

experimental observations (Zhang, 2010; Mendelsohn and

Zhang, 2011). The significant increase in phonation thresh-

old pressure for very thin vocal folds is most likely due to

the inability of the vocal folds to maintain the resting glottal

opening against the subglottal pressure (Fig. 4, as discussed

in the following text), which leads to a prephonatory glottal

opening much larger than the resting glottal opening and

reduces the fluid-structure coupling strength.

B. Vocal fold vibration, glottal closure, and CQ

Figure 4 shows the mean glottal opening Ag0 at different

vocal fold conditions for a subglottal pressure of 2 kPa (this

high subglottal pressure is chosen so that phonatory data are

available for all thickness conditions because of the high

FIG. 3. (Color online) Phonation threshold pressure as a function of the

medial surface thickness T, the AP stiffness (Gap), and the resting glottal

angle (a).

FIG. 4. (Color online) The mean (upper) and amplitude (bottom) of the glottal area (left panels), the medial-lateral (ML; middle panels) and superior-inferior

(SI; right panels) displacements of the lower margin of the medial surface in the coronal plane, as a function of the medial surface thickness, the AP stiffness

(Gap), and the resting glottal angle (a), for Ps¼ 2 kPa. Positive values of the mean ML and SI displacement indicate lateral and upward motion, respectively.
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phonation threshold pressure associated with the thinnest

vocal folds). Vocal folds with a medial surface thickness

greater than 2mm are better able to maintain the resting glot-

tal opening, with the mean glottal area either similar to or

slightly smaller than the resting glottal opening. For thinner

vocal folds, the prephonatory glottal opening is much larger

than the resting glottal opening. This improved ability of

thick vocal folds to maintain their resting position against

airflow is due to that increasing medial surface thickness sig-

nificantly reduces the mean ML displacement of the vocal

fold MLmean but has a relatively smaller effect on the ML

vibration amplitude MLamp, as shown also in Fig. 4. As a

result, increasing medial surface allows the vocal fold to

vibrate with improved glottal closure as illustrated in Fig. 5,

which compares the vibratory pattern during one oscillation

cycle between T¼ 1 and 4.5mm. Despite zero resting glottal

angle (i.e., glottis completely closed at rest), the thinner

vocal fold is unable to maintain its resting position against

the subglottal pressure and vibrates with a persistent glottal

opening throughout the entire oscillation cycle. In contrast,

the thicker fold (T¼ 4.5mm) is able to maintain its position

and vibrates with a considerably long period of complete

glottal closure.

Figure 4 also shows that the vocal fold exhibits a very

large mean vertical displacement at conditions of small verti-

cal thickness (see also Fig. 5) or small AP stiffness; this is

consistent with experimental observation in isotropic physi-

cal models of the vocal folds (Thomson et al., 2005; Zhang

et al., 2006; Murray and Thomson, 2012). This large vertical

deformation is suppressed with an increase in either the AP

stiffness (or increasing anisotropy) or medial surface

thickness. For most conditions, the ML vibration amplitude

is larger than the vertical vibration amplitude (Fig. 4).

As expected, complete glottal closure in this study is

achieved only for conditions of a zero resting glottal angle.

Figure 6 shows CQ0, which quantifies the degree of com-

plete glottal closure, as a function of the medial surface

thickness, AP stiffness, and subglottal pressure, for condi-

tions of a¼ 0�. In general, complete glottal closure is

achieved for conditions of large AP stiffness and large

medial surface thickness, except for conditions of very low

subglottal pressures in which a vocal fry-like vibration is

observed as discussed further in the following text.

Figure 7 shows the CQ as a function of the medial sur-

face thickness, the AP stiffness, and the resting glottal angle,

for a subglottal pressure of 2 kPa. Note that CQ quantifies

the duration of vocal fold contact, which is not necessarily

related to complete glottal closure. A large CQ value may

occur with an incomplete (i.e., CQ0¼ 0) but a long period of

partial vocal fold contact. Figure 7 shows that the CQ is pri-

marily determined by the medial surface thickness with

some secondary effects of the resting glottal angle and AP

stiffness. The reason underlying this strong dependence of

CQ on the medial surface thickness is that for the same vocal

fold condition, a larger medial surface thickness generally

leads to a larger vertical phase difference (VPD) in vocal

fold motion between the upper and lower margins of the

medial surface, as shown in Fig. 7 (bottom panel). A non-

zero VPD means that when the lower margins of the medial

surface start to open, the glottis would continue to remain

closed until the upper margins start to open. The larger the

VPD, the longer the closed phase or the CQ (van den Berg,

FIG. 5. (Color online) Vocal fold vibration over one cycle for T¼ 1mm and T¼ 4.5mm. For each condition, the first panel shows the superior view of vocal

fold vibration during one oscillation cycle, and the second panel shows the vocal fold surface shape in the coronal plane during one oscillation cycle (the thin

lines indicate the resting vocal fold surface shape and glottal midline).
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1968). Indeed, the VPD and CQ exhibit high similarity in

their dependence on the control parameters in Fig. 7, both of

which depend primarily on the medial surface thickness.

Similar results have also been observed in the original two-

mass model (Ishizaka and Flanagan, 1972).

Although it is generally assumed that increased CQ can

be achieved through tighter vocal fold approximation

(Isshiki, 1964; Klatt and Klatt, 1990), Fig. 7 shows that nei-

ther the resting glottal angle, a measure of vocal fold approx-

imation, nor AP stiffness has any large and consistent effect

on the CQ. In this study, the overall effect of increasing

vocal fold approximation is only a slight increase in the CQ,

mostly for thin vocal folds (T<¼ 2mm) under low subglot-

tal pressures (Figs. 8, and 9, as discussed later). The effect of

increasing AP stiffness on the CQ is generally small except

for conditions of very low AP stiffness and low subglottal

pressure (Fig. 10), as discussed further in the following text.

Although Fig. 7 only shows the data for a subglottal

pressure (2 kPa) much higher than the typical values

observed in speech, the general pattern does not appear to

change much with the subglottal pressure, as further dis-

cussed in Sec. III D 4.

It is worth noting that the highest CQ in this study is

obtained for thick vocal folds (T¼ 3 and 4.5mm) when the

vocal folds are tightly approximated and both the AP stiffness

and subglottal pressure are very low (Fig. 10). In these condi-

tions, the vocal fold exhibits a vocal fry-like vibration and

sound quality, with the CQ as high as 0.85 and the F0 as low as

41Hz. The required degree of approximation for this vibration

mode decreases slightly with increasing thickness. This mode

of vibration is very sensitive to the stiffness and the subglottal

pressure and disappears with an increase in either parameter.

C. F0, SPL, and mean glottal flow

Figures 8–10 also show various aerodynamic and acous-

tic measures as a function of vocal fold thickness, AP stiff-

ness, resting glottal angle, and the subglottal pressure for

selected conditions. These figures show that the F0 increases

with increasing AP stiffness, increasing subglottal pressure,

and decreasing resting glottal angle. Because of the linear

material assumption of the vocal folds, the effect of the sub-

glottal pressure and resting glottal angle on F0 is probably

related to changes in the degree of vocal fold contact, which

effectively stiffens the vocal folds. The F0 generally

decreases with increasing medial surface thickness

(T¼ 1–3mm) and then slightly increases for T¼ 4.5mm.

Note that, in general, the highest F0 is reached for the thin-

nest vocal fold T¼ 1mm (Figs. 9 and 10).

The A-weighted SPL depends mainly on the subglottal

pressure, particularly for subglottal pressures way above

phonation onset, consistent with previous observations

(Tanaka and Gould, 1983; Titze, 1988; Tanaka and Tanabe,

1986; Zhang, 2015). The effects of the AP stiffness, resting

glottal angle, and medial surface thickness become important

only for subglottal pressures close to phonation onset in

which case the SPL slightly increases with either increasing

AP stiffness or decreasing resting glottal angle (Fig. 8).

The mean glottal flow increases with increasing subglot-

tal pressure and resting glottal angle and decreases with

increasing medial surface thickness and AP stiffness (Figs.

8–10). Note that increasing medial surface thickness is simi-

larly effective as, if not more than, decreasing the resting

glottal angle in reducing the glottal flow (Fig. 9). In other

FIG. 6. (Color online) The closed quotient CQ0, which quantifies the degree

of complete glottal closure, as a function of the medial surface thickness, the

AP stiffness (Gap), and the subglottal pressure (Ps), for a¼ 0�.

FIG. 7. (Color online) The closed quotient CQ and vertical phase difference

VPD as a function of the medial surface thickness, the AP stiffness (Gap),

and the resting glottal angle (a), for Ps¼ 2 kPa.
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words, the glottal resistance (the ratio between the subglottal

pressure and mean glottal flow) increases with increasing

medial surface thickness, decreasing resting glottal angle,

and to a lesser degree with increasing AP stiffness.

D. Voice spectral characteristics

Figures 8–10 show that the harmonic structure of the

voice spectra depends primarily on the medial surface thick-

ness and, to a much lesser degree, on the resting glottal angle

and the AP stiffness. Noise production is mainly controlled

by the subglottal pressure and the resting glottal angle and to

a lesser degree by the medial surface thickness and the AP

stiffness. Strong interactions between the stiffness, thickness,

resting glottal opening, and subglottal pressure in the control

of the voice spectra are observed. In the following, the

effects of individual control parameters on the glottal flow

waveform and its time derivative and acoustics are described

in detail.

1. Effects of vocal fold thickness

Figure 11 shows the glottal flow waveform, the time de-

rivative of the glottal flow, and the corresponding sound

spectrum for three different medial surface thicknesses. For

the thinnest vocal folds, due to the reduced capability to

maintain the resting glottal position, vocal fold contact is

minimal, and there is a non-zero minimal glottal flow

throughout the entire oscillation cycle. As a result, the glottal

flow waveform and its time derivative are smooth and almost

sinusoidal. This leads to a sound spectrum with only a few

lower-order harmonics excited. The persistent glottal open-

ing also leads to significant noise production, which can be

observed in both the glottal flow time derivative and the

sound spectrum.

Increasing medial surface thickness leads to improved

vocal fold contact and complete shutoff of the glottal flow

and thus discontinuity in both the glottal flow waveform and

its time derivative. The acoustic consequences are twofold.

First, the change from incomplete to complete glottal closure

introduces discontinuity in the time derivative of the glottal

flow waveform and leads to strong excitation of higher-order

harmonics (compare the top row of Fig. 11 to the other two

rows and also Figs. 8–10). Second, the increasingly longer

period of glottal closure (or CQ) leads to a local peak in the

low-frequency portion of the sound spectra, with the peak

frequency slightly higher than the F0 and increasing roughly

FIG. 8. (Color online) Effects of the medial surface thickness, vocal fold AP stiffness Gap, and the resting glottal angle (a). Ps¼ 800 Pa. See Sec. II for defini-

tions of different measures. The region without data indicates conditions at which no phonation is observed. For clarify, the upper color scale for HNR is

clipped at 50 dB.
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with CQ (Fant, 1980; Henrich et al., 2001). In other words,

increasing medial surface thickness reduces H1-H2, with a

large positive value for the thinnest vocal folds and a nega-

tive value for the thickest vocal folds (Figs. 8, 9, and 11).

2. Effects of resting glottal opening

Figure 12 shows the effect of the resting glottal angle on

the glottal flow waveform, its time derivative, and the result-

ing sound spectrum. Two major effects can be observed.

First, increasing the resting glottal angle increases the mini-

mum flow through the glottis and thus noise production.

Second, for large resting glottal angles (third row in Fig. 12),

because the posterior portion of the vocal folds needs to

travel a farther distance than the anterior portion to reach

glottal midline, there is considerable AP phase difference in

glottal closure as closure often starts from the anterior and

spreads to the posterior end. As a result, glottal closure takes

longer and is much less abrupt with increasing resting glottal

angle, leading to an increasingly smoother waveform of the

time derivative of the glottal flow, particularly in the closing

phase after the instant of negative peak in the flow derivative

waveform (third row in Fig. 12). Acoustically, this reduces

excitation of higher-order harmonics. Overall, increasing

resting glottal angle leads to a voice with reduced

higher-order harmonics and increased noise production at

high frequencies, particularly for large resting glottal angles

(Figs. 8, 9, and 12). In contrast, increasing the resting glottal

angle alone has only small effect on the low-frequency por-

tion of the voice spectra (mostly H1-H4, Fig. 9) except for

conditions of large resting glottal angle and subglottal pres-

sures close to phonation onset (Figs. 8 and 9) in which the

effect can be relatively large.

3. Effects of vocal fold stiffness

The effect of vocal fold stiffness on the voice spectrum

is generally small. In addition to an increased F0, increasing

AP stiffness slightly reduces the noise (Fig. 13, right col-

umn) and improves the HNR (Figs. 8 and 10) although the

effect is smaller compared with the other controls.

For conditions of very small AP stiffness and not so

thick vocal folds under low to medium subglottal pressure,

increasing the AP stiffness may increase the excitation of

higher-order harmonics. Figure 13 illustrates such effects for

a vocal fold condition with T¼ 2mm. For very small AP

stiffness, the vocal fold vibrates with incomplete glottal clo-

sure with a persistent leak flow through the middle glottis

FIG. 9. (Color online) Effects of the medial surface thickness, resting glottal angle (a), and subglottal pressure (Ps). Gap¼ 20 kPa. See Sec. II for definitions of

different measures. The region without data indicates conditions at which no phonation is observed.
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throughout the entire oscillation cycle, similar to observa-

tions in physical vocal fold models with isotropic material

properties (Zhang, 2011; Mendelsohn and Zhang, 2011;

Xuan and Zhang, 2014). As a result, the time derivative of

the glottal flow is rather smooth, which leads to weak excita-

tion of higher-order harmonics. Increasing the AP stiffness

leads to brief complete glottal closure (Fig. 6; but not much

change in CQ) and relatively faster changes in the time de-

rivative of the glottal flow waveform (Fig. 13), which

improves excitation of higher-order harmonics in the result-

ing voice spectra (Figs. 8, 10, and 13). However, further

increase in AP stiffness does not appear to produce any fur-

ther improvement.

4. Effects of subglottal pressure

Increasing subglottal pressure increases the vibration

amplitude and the glottal flow amplitude, which leads to sig-

nificant increase in the produced noise and a reduction in

HNR. Despite the increased vibration amplitude with

increasing subglottal pressure, there appears to be little

effect on the CQ (Figs. 9 and 10), the glottal flow wave and

the waveform of its time derivative (Fig. 14). As a result, the

effect of the subglottal pressure on the spectral shape and the

harmonic structure is generally small, as shown in Figs. 9

and 10.

Two exceptions are observed in which the effect of the

subglottal pressure on the voice spectra is no longer small,

both of which occur when the subglottal pressure is slightly

above phonation onset. The first exception is when the vocal

fold is not too thick (T<¼ 2mm) and the resting glottal

angle is relatively large (Fig. 9) in which case the vocal fold

vibrates with minimum contact. Increasing the subglottal

pressure in this case leads to vocal fold contact during vibra-

tion and significantly increases the higher-order harmonics

excitation. The second exception occurs when the vocal fold

has a low AP stiffness and is tightly approximated and

vibrates in a vocal fry-like mode (a large CQ, a negative H1-

H2, and a very low F0, as discussed earlier; Fig. 10).

Increasing the subglottal pressure in this case would cause

the vocal fold to leave this vibration mode, significantly

reducing the CQ and increasing the F0 and H1-H2.

E. Multiple linear regression between physiological

controls and output variables

Stepwise multiple linear regression is conducted to

predict the vibration and acoustic measures from the four

FIG. 10. (Color online) Effects of the medial surface thickness, vocal fold AP stiffness Gap, and subglottal pressure (Ps). a¼ 0�. See Sec. II for definitions of

different measures. The region without data indicates conditions at which no phonation is observed.
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FIG. 11. The effect of the medial surface

thickness on the glottal flow waveform,

its time derivative, and the corresponding

voice spectrum. T¼ 1mm (top), 3mm

(middle), and 4.5mm (bottom). a¼ 0�,

Gap¼ 50 kPa, Ps¼ 2.4 kPa.

FIG. 12. The effect of the resting glot-

tal angle on the glottal flow waveform,

its time derivative, and the correspond-

ing voice spectrum. a¼ 0�, (top), 0.6�,

(middle), and 2�, (bottom). T¼ 2mm,

Gap¼ 30 kPa, Ps¼ 1.2 kPa.
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control parameters (thickness, AP stiffness, resting glottal

angle, and subglottal pressure). Table II shows the regression

coefficients and the corresponding R2 values. Interpretation

of Table II requires consideration of both the absolute values

of the coefficients and the ranges of variation of the corre-

sponding control and output variables. Consider H1-H2 as

an example. Table II shows a coefficient of �4.3104 for the

medial surface thickness, which indicates a change in the

medial surface thickness from 1 to 4.5mm (the range of vari-

ation of this study) will reduce the H1-H2 by 15.1 dB. In

contrast, for changes in the resting glottal angle (from 0� to

4�), AP stiffness (10–50 kPa), and subglottal pressure

(0.5–1.5 kPa), Table II would predict much smaller changes

in H1-H2 (0.5, 3.6, and 1.9 dB, respectively). Thus in the

case of H1-H2, the medial surface is the dominant determin-

ing factor. In Table II, similarly identified dominant deter-

mining factors are highlighted. In general, the identified

main relationships correspond to primary cause-effect rela-

tions that are observed consistently across a large range of

conditions.

FIG. 13. The effect of the AP stiffness

on the glottal flow waveform, its time

derivative, and the corresponding

voice spectrum. Gap¼ 10 kPa (top), 20

kPa (middle), and 40 kPa (bottom).

T¼ 2mm, a¼ 0�, Ps¼ 1.2 kPa.

FIG. 14. The effect of the subglottal

pressure on the glottal flow waveform,

its time derivative, and the correspond-

ing voice spectrum. Ps¼ 0.8 kPa (top)

and 2 kPa (bottom). T¼ 3mm, a¼ 0�,

Gap¼ 20 kPa.
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The R2 values in Table II are about 0.8 for F0 and SPL

(with log10 Ps as input), but vary from 0.4 to 0.6 for the CQ

and spectral measures, indicating a moderately nonlinear

relationship between the control parameters and these output

variables. Considering the strong interaction between control

parameters observed in this study, a more complex nonlinear

regression may be required to accurately predict the acoustic

consequence of changes in vocal fold physiology or to

recover the control parameters from the output acoustic

measures. However, the relatively high correlations do sug-

gest the possibility for a rough and fast estimation of vocal

fold properties and the glottal configuration from output

acoustic measures.

IV. DISCUSSION AND CONCLUSIONS

This study shows that vocal fold approximation has a

dominant effect on phonation threshold pressure and thus is

essential to achieving phonation at low subglottal pressures

and reducing respiratory effort of phonation. With properly

approximated vocal folds, the VPD, CQ, and voice spectral

shape (both low frequency and high frequency) are largely

controlled by the medial surface thickness. In general, thin

vocal folds tend to vibrate with small vertical phase differ-

ence between the lower and upper margins of the medial sur-

face, no or brief glottal closure, relatively high glottal flow

rate, a smooth or nearly sinusoidal flow waveform, a large

and positive H1-H2, and a small number of harmonics

excited. In contrast, thick vocal folds vibrate with large verti-

cal phase difference between the upper and lower margins of

the medial surface, long closure of the glottis, relatively

small flow rate, a small or negative H1-H2, and strong har-

monics excitation in the voice spectra. This large impact of

medial surface thickness on voice acoustics and voice qual-

ity indicates that control of medial surface thickness plays an

importance role in voice quality control. Clinically, this also

suggests that one of the goals of phonosurgery should be to

maintain or establish a reasonable medial surface thickness,

e.g., by medializing or augmenting the inferior portion of the

medial surface.

In contrast, the main acoustic effect of changes in the

AP stiffness, resting glottal angle and subglottal pressure

that is consistently observed in a large range of conditions,

other than F0 control and vocal intensity control (for sub-

glottal pressure), is on noise production, which decreases

with increasing AP stiffness, decreasing resting glottal angle,

and decreasing subglottal pressure. For some limited range

of conditions (mostly for large resting glottal angle, small

AP stiffness, and/or small subglottal pressure), increasing

AP stiffness and subglottal pressure and decreasing resting

glottal angle may improve vocal fold contact and thus

increase the excitation of high-order harmonics.

It may appear surprising that vocal fold approximation

has only a slight effect on the CQ in this study. However, it

is noted that the phonation threshold pressure is very sensi-

tive to the resting glottal angle. For subglottal pressures typi-

cal of speech, phonation is only possible for very small

resting glottal angles (less than 4� in this study). Similarly

high sensitivity of phonation onset to the resting glottal

opening was also observed in Titze and Talkin (1979) and

Isshiki (1989). Therefore the possible range of variation for

the resting glottal opening while still maintaining phonation

is quite limited. Within this small range of variation, it is not

surprising that changes in the resting glottal angle only have

small effect on the CQ, particularly for a triangle-shaped

glottis for which vocal fold contact will occur at least for

some portion of the glottis. Thus starting from the resting

configuration of the glottis, the main purpose of vocal fold

approximation is to bring down the phonation threshold pres-

sure to initiate phonation. Further increase in vocal fold

approximation only serves to reduce noise production and

increase fundamental frequency and has little effect on the

CQ.

Although it is generally assumed that the CQ can be

increased through increased vocal fold adduction as one

changes voice from breathy to pressed, the results of this

study indicate that in addition to vocal fold approximation,

vocal fold adduction must also increase the medial surface

thickness to increase the CQ significantly. In humans, vocal

fold adduction is achieved through stimulation of the recur-

rent laryngeal nerve (RLN), which innervates the lateral cri-

coarytenoid (LCA) muscle, the interarytenoid (IA) muscle,

and the TA muscle. It is generally assumed that activation of

the LCA and IA muscles leads to rotation and translation of

the arytenoid cartilage, which approximates and slightly

thins the vocal folds (Hirano and Kakita, 1985). Activation

of the TA muscle, on the other hand, has been hypothesized

to be able to approximate the lower portion of the medial

surface toward the glottal centerline, thus changing the

medial surface contour. If these hypotheses hold, it would

TABLE II. Regression coefficients between physiological controls and vibration and acoustic output measures and the corresponding R2 values. Numbers in

bold indicate large effect as determined by consideration of the coefficient value and the range of variation of the corresponding physiological and output vari-

ables. For SPL, the numbers in parenthesis are values obtained when log10 (Ps) is used. For H1-H4, the AP stiffness does not enter the regression equation.

T (mm) a (�) Gap (kPa) Ps (kPa) Intercept R2

F0 (Hz) �12.8862 224.4709 2.7912 44.8626 171.7038 0.80

SPL (dB) 1.5617 (1.3493) �0.3605 (�0.8373) 0.1049 (0.1056) 13.0858 (34.3627) 39.1633 (56.0832) 0.70 (0.77)

CQ 0.1054 �0.0247 �0.0003 0.0283 �0.0135 0.61

H1-H2 (dB) 24.3104 �0.1248 0.0888 1.9427 10.8227 0.44

H1-H4 (dB) 25.2865 0.4156 2.6273 30.3599 0.41

H1-H2k (dB) 26.2679 1.4282 �0.1352 �2.1378 50.0072 0.52

H1-H5k (dB) 25.3545 1.3718 �0.0963 �3.7513 57.0543 0.47

HNR (dB) 11.4960 228.1858 0.7802 2111.2251 241.6140 0.62
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indicate that the thyroarytenoid muscle, instead of the LCA/

IA muscles, plays an exclusive role in the control of the CQ

and the low-frequency portion (e.g., H1-H2) of the resulting

voice spectra as voice quality changes within a breathy/

pressed continuum.

This study shows that the effect of the medial surface

thickness on F0 is relatively small so that adjustment of the

medial surface thickness by itself is not critical to F0 control

(although Figs. 9 and 10 do show that the highest F0 is

reached for the thinnest vocal fold, indicating a thin vocal

fold is preferred for very high-F0 voice production). In

humans, however, the medial surface thickness often co-

varies with the AP stiffness and the resting glottal angle.

Control of the AP stiffness is achieved through activation of

the CT muscle, which has been generally assumed to also

reduce the medial surface thickness and in some conditions

increase the resting glottal angle (van den Berg, 1968;

Hirano and Kakita, 1985). On the other hand, activation

of the TA muscle is also known to reduce AP stiffness,

decrease the resting glottal opening, and increase medial

surface thickness (Hirano and Kakita, 1985). Thus if one

attempts to increase F0 by increasing vocal fold approxima-

tion alone (with or without simultaneous increase in the

subglottal pressure), the vocal folds are likely to have a large

medial surface thickness and probably low AP stiffness,

which, according to the results of this study, will produce a

chest-like voice with large phase difference along the medial

surface, long closure of the glottis, small flow rate, and

strong harmonic excitation. In this study, the maximum F0

that can be reached in this way is around 250–300Hz,

depending on the values of other control parameters. In con-

trast, if one attempts to increase F0 by increasing the AP

stiffness alone (with or without increase in the subglottal

pressure), the vocal folds, with a small medial surface thick-

ness, are likely to produce a falsetto-like voice with incom-

plete glottal closure and a nearly sinusoidal flow waveform,

high flow rate, very high F0, and a very small number of

harmonics. This antagonistic role of the CT/TA muscles in

the control of vocal fold posturing has been hypothesized by

Van den Berg (1968) to be a possible origin of vocal regis-

ters and their transitions; this is supported by the results of

this study.

Similar to previous studies (Tanaka and Gould, 1983;

Titze, 1988; Tanaka and Tanabe, 1986; Finnegan et al.,

2000; Zhang, 2015), the SPL (both un-weighted and

A-weighted) in this study depends primarily on the subglot-

tal pressure. The effect of vocal fold properties (thickness,

AP stiffness, and resting glottal angle) on the SPL is gener-

ally small except near phonation onset. Increasing subglottal

pressure also leads to significant noise production, which can

be counterbalanced by decreasing the resting glottal angle,

increasing the thickness, and/or increasing AP stiffness, all

of which increase the glottal resistance, to maintain a desira-

ble HNR. This may explain why vocal intensity increase in

humans, particularly at the low-middle pitch range, is often

accompanied by simultaneous increases in both the subglot-

tal pressure and the glottal resistance (Isshiki, 1964; Hirano,

1981; Holmberg et al., 1988; Stathopoulos and Sapienza,

1993) despite the relative small effect of laryngeal

adjustments on vocal intensity. Additionally, this study also

shows that at conditions close to phonation onset, increasing

AP stiffness or decreasing resting glottal angle can increase

the SPL by a few decibels. Thus the glottal resistance may

be increased at conditions of low subglottal pressures (and

most likely a relaxed vocal fold) to take advantage of this

additional gain in vocal intensity.

The main limitation of this study, in addition to model

simplifications as discussed earlier, is that only one-layer

vocal fold conditions are considered. Physiologically, the

vocal folds are multi-layered structures, and it has been

hypothesized that this layered structure may have dynamical

importance. Limiting our focus to a one-layer vocal fold

structure in this study is necessary to reduce the number of

conditions to be investigated and makes it easier to sort out

the effects of the already complex interaction between differ-

ent control parameters on voice production. However, future

work is required to extend this study to a multi-layered vocal

fold model. Also the transverse stiffness and vocal fold

length in this study are kept constant. Variation of the trans-

verse stiffness is expected to have a significant effect on pho-

nation threshold pressure, the vertical phase difference, and

possibly the CQ and the spectral shapes. It is possible that in

a multi-layered model, vocal fold stiffness, both in the AP

direction and the transverse plane, may have a more impor-

tant impact on the voice spectra than observed in the present

study. Finally, inclusion of a subglottal and supraglottal tract

is expected to interact with the glottal flow and its effect will

be reported in a future study.
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