
Modeling the effects of a posterior glottal opening on vocal fold
dynamics with implications for vocal hyperfunctiona)

Mat�ıas Za~nartub) and Gabriel E. Galindo
Department of Electronic Engineering, Universidad T�ecnica Federico Santa Mar�ıa, Valpara�ıso, Chile

Byron D. Erath
Department of Mechanical and Aeronautical Engineering, Clarkson University, Potsdam, New York 13699

Sean D. Peterson
Department of Mechanical and Mechatronics Engineering, University of Waterloo, Waterloo,
Ontario N2L 3G1, Canada

George R. Wodickac)

Weldon School of Biomedical Engineering, Purdue University, West Lafayette, Indiana 47907

Robert E. Hillmand)

Center for Laryngeal Surgery and Voice Rehabilitation, Massachusetts General Hospital, Boston,
Massachusetts 02114

(Received 4 June 2014; revised 16 October 2014; accepted 3 November 2014)

Despite the frequent observation of a persistent opening in the posterior cartilaginous glottis in nor-

mal and pathological phonation, its influence on the self-sustained oscillations of the vocal folds is

not well understood. The effects of a posterior gap on the vocal fold tissue dynamics and resulting

acoustics were numerically investigated using a specially designed flow solver and a reduced-order

model of human phonation. The inclusion of posterior gap areas of 0.03–0.1 cm2 reduced the

energy transfer from the fluid to the vocal folds by more than 42%–80% and the radiated sound

pressure level by 6–14 dB, respectively. The model was used to simulate vocal hyperfucntion, i.e.,

patterns of vocal misuse/abuse associated with many of the most common voice disorders. In this

first approximation, vocal hyperfunction was modeled by introducing a compensatory increase in

lung air pressure to regain the vocal loudness level that was produced prior to introducing a large

glottal gap. This resulted in a significant increase in maximum flow declination rate and amplitude

of unsteady flow, thereby mimicking clinical studies. The amplitude of unsteady flow was found to

be linearly correlated with collision forces, thus being an indicative measure of vocal hyperfunc-

tion. VC 2014 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4901714]

PACS number(s): 43.70.Bk, 43.70.Aj, 43.70.Dn [BHS] Pages: 3262–3271

I. INTRODUCTION

A. Posterior glottal opening

Incomplete glottal closure is known to be ubiquitous in

both normal and disordered voices. The lack of complete

closure during the closed phase of the vocal fold cycle

results in airflow leaking through the glottis into the vocal

tract, thus changing the aerodynamic, acoustic, and subse-

quent dynamic behavior of the larynx. Incomplete glottal

closure can occur between the vibrating segments of the

vocal folds (membranous glottis) and/or between the non-

vibrating arytenoid cartilages (cartilaginous glottis), which is

referred to as a posterior glottal opening (PGO). In normal

voices, a membranous leak can be the result of an abducted

vocal fold process configuration, which results in a triangular

glottal shape. This configuration is common in female speak-

ers,1–3 children,4 and voice pathologies that alter prephona-

tory adduction, such as vocal fold paralysis, abductor

spasmodic dysphonia, and muscle tension dysphonia. A

membranous leak can also occur due to organic vocal fold

lesions (nodules, polyps) and superior laryngeal nerve inju-

ries. On the other hand, incomplete glottal closure due to a

PGO results from vocal posturing by creating a gap confined

to the posterior cartilaginous glottis. The PGO cannot always

be observed via laryngeal endoscopy because it is sometimes

hidden by the arytenoid cartilages, but it is consistently

revealed by a steady flow component (also referred to as DC

or minimum flow).5–7 The PGO is present in normal modal

phonation and becomes more apparent in higher frequency

registers and pathological conditions.

The aerodynamic differences between leakage through

the membranous portion of the vocal folds and leakage

through a PGO were studied using a driven parametric

model by Cranen et al.8,9 As noted before, it was found that

both types of leaks increased DC flow and source-filter inter-

action,10,11 and introduced fluctuations during the closed

phase of the cycle.11 However, a leak in the membranous
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portion gave rise to a steeper decay of the glottal flow spec-

trum, whereas a PGO decreased the low-frequency content

and maintained the higher frequency content with respect to

the fully-closed scenario.8,9 In spite of other efforts devoted

to understand the acoustic and aerodynamic effects of

incomplete glottal closure,2,3,12 the overall role of glottal

leakage on the net energy transfer during phonation remains

unclear. Progress in that direction was made by Park and

Mongeau13 in their experimental study of the influence of a

PGO on the net energy transfer using a flow-driven, physio-

logical-scale synthetic vocal fold model with no vocal tract.

They found that a PGO of 0.08 cm2 reduced the net energy

transfer to roughly 10%. However, the lack of a vocal tract

eliminated the presence of source-filter interactions that have

been noted to be of importance in this phenomenon.10,11

B. Numerical modeling

Even though self-sustained models of the vocal folds are

designed to provide insights into the mechanisms that control

phonation in normal and pathological cases,14 limited efforts

have been made to include the effects of incomplete glottal

closure in these representations. It is noted that the aforemen-

tioned work of Cranen et al.8,9,11 imposed a glottal area wave-

form that was obtained from a parametric model8,9 or a two-

mass model,11 but did not use three way interactions between

airflow, tissue, and sound, as is commonly employed in self-

sustained models. Thus, these efforts were unable to explore

the influence of the PGO on the vocal fold dynamics. A few

other studies that have incorporated some type of incomplete

glottal closure in low-dimensional, self-sustained models,

have included pre-contact changes in the stiffness,15 an

anterior-posterior feature that restricted the vibration of the

vocal folds,16 a nonlinear damping coefficient,17 and a gradual

anterior-posterior closure due to a triangular glottis.18 These

distinct approaches have been used to mimic polyps and nod-

ules,15,19 to minimize the unrealistically large amplitudes pro-

duced when increasing the degree of abduction to reproduce

consonant-vowel-consonant gestures,16,20 and to synthesize

different voice qualities.21 More recently, a self-sustained

model with PGO was proposed,22 to predict AC and DC

flows, as compared with inverse filtered glottal airflow from

human recordings. However, this work did not include an

acoustic propagation model and hence did not provide insights

into the influence of the PGO on the self-sustained oscillations

of the vocal folds in a fully fluid-structure-acoustic scenario.

Despite the aforementioned efforts, incomplete glottal

closure, and particularly PGO, remains largely neglected in

studies using self-sustained numerical models. In addition,

inclusion of the changes in the net energy transfer from flow

and sound to the vibrating tissue introduced due to incom-

plete closure has not been studied with a fully coupled model

that accounts for flow-sound-tissue interactions. These

acoustic interactions have been noted to be of importance in

this phenomenon10,11 and must be considered. Investigating

the effects of a PGO on the vocal fold dynamics in this fash-

ion will help to understand the phenomena affecting the driv-

ing forces of vocal fold oscillation. As noted by Park and

Mongeau,13 a PGO can reduce the net energy transfer

significantly. This reduction in energy may come with a

reduction in loudness, which might spur compensations from

the subject. These attempts to compensate may contribute to

vocal hyperfunction, which can lead to the development of a

voice disorder. An abnormally large PGO is probably caused

by the hyperfunction in the first place.

C. Vocal hyperfunction

Vocal hyperfunction is associated with a majority of the

most common voice disorders. At a basic level it refers to

patterns of vocal misuse/abuse caused by excessive or imbal-

anced forces in the muscles involved in phonation.6 In a

common scenario, attempts to compensate for a deficit in

voice production (e.g., reduced loudness) in this fashion

could contribute to a vicious cycle in which increased mus-

cular and aerodynamic forces cause further deterioration in

vocal function (e.g., vocal fatigue, vocal fold tissue damage,

dysphonia, etc.) and the need to drive the system at ever

increasing levels.6 Two types of vocal hyperfunction that

can be quantitatively described and differentiated from each

other and normal voice production have been proposed;

adducted hyperfunction and non-adducted hyperfunction.6

Adducted hyperfunction is associated with the formation

of benign vocal fold lesions, such as nodules and polyps, and

is accompanied by abnormalities in various vocal function

measures. This behavior is produced by stiff and tightly

approximated vocal folds, and accompanied by increased

lung pressure. All these conditions are expected to produce

abnormally high vocal fold collision forces that lead to tissue

trauma and the formation of benign vocal fold lesions. Since

measuring collision forces during in vivo recordings is not

trivial, these forces are indirectly estimated via aerodynamic

measures, such as maximum flow declination rate (MFDR)

and the amplitude of unsteady flow (AC flow), both being

related to vocal fold closing velocity and amplitude. Despite

this intuitive rationale, there is limited evidence that relates

these measures to the actual collision forces.

Non-adducted hyperfunction is associated with vocal fa-

tigue and dysphonia, but with an absence of vocal fold tissue

trauma. Other clinical terms for non-adducted hyperfunction

encountered in the literature include functional dysphonia and

muscle tension dysphonia. Non-adducted hyperfunction is pro-

duced when high levels of stiffness and tension in the vocal

folds are observed, but the folds are not completely approxi-

mated. Muscle fatigue may occur with voice use, but there is

no vocal fold trauma, and therefore, no development of second-

ary organic pathology. The most consistent finding for this type

of hyperfunction is a significant increase in the minimum flow

(or DC flow), which reflects the reduction in glottal closure.

Using a Rothenberg mask,23 salient measures of

adducted and non-adducted hyperfunction have been

detected in patients by relating aerodynamic and acoustic pa-

rameters from recordings of a single sustained vowel.6

Detection of abnormal behavior was performed by contrast-

ing data from pathological subjects to that of a normative

population, using normal and regressed Z-scores.6 Z-scores

are measures of the number of standard deviations a given

data point deviates from the mean of a normative set.
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Methods to detect hyperfunctional voice disorders based on

long-term recordings are also possible.24–26

D. Aims of the study

In this study, the effects of a PGO on tissue dynamics,

energy transfer, acoustic interactions, and glottal aerodynam-

ics were numerically investigated. We first introduce a sim-

ple tool that facilitates the inclusion of a PGO in self-

sustained models of phonation. With this tool, we explore

the changes in the fluid-structure-acoustic energy exchange

due to the presence of a PGO and evaluate the effect on the

resulting loudness. In an effort to relate the numerical model

to actual clinical data, this study aims to contrast the acoustic

and aerodynamic effects of a PGO with actual human

recordings to gain further insights into its potential role in

vocal hyperfunction.

The manuscript outline is as follows: Details of the

reduced-order vocal fold model, selected measures, and

analysis tools are presented in Sec. II, including a derivation

of the PGO flow solver; numerical simulations and their con-

trast with clinical data are presented and discussed in Sec.

III; and conclusions are put forth in Sec. IV.

II. METHODS

A. Numerical model selection

Self-sustained models of the vocal folds are designed to

provide insights into the mechanisms that control phonation

in normal and pathological cases. Low-dimensional models

are more commonly used, as they efficiently capture the most

dominant modes of vibration and are expected to reproduce

many fundamental aspects of phonation with acceptable accu-

racy at lower computational cost. The three-mass body-cover

model,27 one of the most accepted low-dimensional models,

was used to evaluate the proposed PGO scheme. A schematic

of the model representation, including the addition of the

PGO, is shown in Fig. 1. This model is an extension of the

classical two-mass model28 that better represents physiologi-

cal aspects of the vocal folds, and has been used to study

source-filter interaction,29,30 voice pathologies,19,31 inverse

filtering,32 and muscle activation,33 among others. The

equations of motion for the vocal fold model are taken exactly

as in the original paper27 and are thus omitted for brevity.

Model parameters were selected to yield a male modal

voice using muscle activation principles,34 thus selecting a

10% cricothyroid and 20% thyroarytenoid muscle activation.

A wave-reflection analog scheme35 was used to account for

sound propagation and interaction, based on a sustained vowel

/e/.36 The subglottal area function was adapted from respiratory

system measurements of human cadavers37 and includes the

trachea, bronchi, and a resistive termination impedance (zeroth

and first airway generations). Unless otherwise stated, the sim-

ulation parameter of the model were set as the following:

Speed of sound¼ 350 m/s; simulation time¼ 200 ms; sampling

frequency¼ 70 kHz; and subglottal pressure¼ 800 Pa.

Although it is well-established that the presence of

incomplete glottal closure is associated with an increase in

turbulent noise,3 and that the cepstral peak prominence (CPP)

is highly correlated to the presence of turbulence in voice,38

turbulent noise was not included in these initial investigations

due to the apparent small influence of turbulence on vocal

fold dynamics.39 Thus, the present study focused only on the

main dipole component of voice production,40 leaving for

future investigations the addition of turbulent sound sources

due to the PGO.

The effects of the posterior gap were investigated

through parametrical variations of the PGO area. To isolate

the effect of the posterior gap, no other mechanisms of

incomplete closure were included. Slightly larger than nor-

mal posterior gaps were used as a first approximation of

pathological conditions in which gaps could extend into the

membranous glottis.

B. Airflow through the posterior glottal opening

The volumetric flow rate through the combined mem-

branous portion of the vocal folds and the posterior glottal

gap, subjected to acoustic driving pressures, is derived using

the control volume depicted in Fig. 2. The geometry shown

in Fig. 2 is a two-dimensional schematic representation of

the more physiological geometry shown in Fig. 1, and is

meant for illustration of the control volume only. The infe-

rior surface of the control volume spans the exit of the glottis

Ad, and the gap Ag, while the superior surface is placed suffi-

ciently far downstream that the velocity of the fluid and the

FIG. 1. Three-dimensional representation of the body cover model showing

the posterior glottal opening, the vocal fold masses (body and cover), and

the membranous area.

FIG. 2. Diagram representing the vocal fold area, the trachea area, and the

posterior glottal opening used for calculation of the flow.
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pressure field can once again be considered uniform. The

area at this downstream location is Ae. Thus, the complex

viscous effects associated with the interaction of the glottal

jet with flow emanating from the gap is fully contained

within the control volume.

The jet of air that passes through both orifices exhausts

into the supraglottal tract, and it is assumed that the pres-

sure at the exit plane is uniform. It is further assumed that

the fluid is incompressible and inviscid, and thus the fric-

tional losses leading into the glottis and PGO are negligi-

ble. Consequently, from Bernoulli’s equation, the velocity

at the exit of the gap Vg and the velocity at the exit of the

glottis Vd are also equal. Using the control volume in

Fig. 2, conservation of mass then yields the velocity at

the exit of the vocal tract as Ve¼Vd((AdþAg)/Ae).

Conservation of linear momentum for the control volume

reduces to the sum of the forces acting on the volume

being balanced by the momentum flux through the control

volume boundaries. This assumes that a steady state condi-

tion applies. Conservation of linear momentum reduces to

Pe�Pdð Þ ¼ 1

2
q

Q

AdþAg

� �2

� 2
AdþAg

Ae

� �
1� AdþAg

Ae

� �� �� �
; (1)

where Pd is the pressure at the glottal exit plane (which is

equal to the pressure at the gap exit), Pe is the pressure in the

vocal tract, Q¼Vd(AdþAg) is the total volumetric flow rate

of air through the system, and q is the fluid density. The

pressure Pd can be expressed in terms of the sub glottal pres-

sure Ps as

Pd ¼ Ps �
1

2
q

Q

Ad þ Ag

� �2

: (2)

To enable comparison with similar approaches,41 a kinetic

loss coefficient ke is defined as

ke ¼ 2
Ad þ Ag

Ae

� �
1� Ad þ Ag

Ae

� �� �
; (3)

allowing conservation of linear momentum to be expressed as

Ps � Peð Þ ¼ 1

2
q

Q

Ad þ Ag

� �2

1� keð Þ: (4)

The subglottal pressure and the vocal tract pressure are

equal to the sum of the forward and backward traveling

acoustic waves in those regions that, following Liljencrants

wave reflection analog,42 can be expressed as

2Ps ¼ 2pþs � q
cQ

As
; (5)

Pe ¼ 2p�e þ q
cQ

Ae
; (6)

where c is the speed of sound of the air, and pþs and p�e are

the forward traveling and backward traveling acoustic waves

in the subglottal and vocal tract regions, respectively.

Substituting Eqs. (5) and (6) into Eq. (4) and rearranging

yields a quadratic equation for the volumetric flow rate

Q2þQ
2c Ad þAgð Þ2

A� 1� keð Þ �
4 pþs � p�e
� �

Ad þAgð Þ2

q 1� keð Þ ¼ 0; (7)

where A*¼ [AsAe/(AsþAe)] is the equivalent vocal tract

area. The solutions to this equation are

Q ¼ c Ad þ Agð Þ
1� ke

� Ad þ Ag

A�

� �2
4

6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ad þ Ag

A�

� �2

þ 4 1� keð Þ
qc2

pþs � p�eð Þ

s 3
5; (8)

which is identical to Titze’s flow solver41 with kt¼ 1� ke

and the glottal area increased by the gap area.

The aerodynamic domain was prescribed as flow

through two separate orifices (posterior gap and membranous

vocal folds) that merge in the supraglottal tract, with the

governing flow equations determined from a control volume

analysis based on conservation of mass and linear momen-

tum. The proposed method is based on a wave-reflection

analog (WRA) scheme to account for the acoustic pressures

in the system. Note that the proposed method does not alter

the general structure of the governing dynamical equations

for flow through only a membranous glottis due to the invis-

cid flow assumption through the glottis and the gap; the cur-

rent approach is equivalent to solving for the glottal airflow

using the total glottal area, i.e., summing both posterior gap

and membranous glottal areas. This simple alteration for

modeling flow through a PGO is readily applicable to any

self-sustained vocal fold model that similarly employs one-

dimensional, incompressible, and inviscid flow assumptions.

Thus, source-filter interaction43 is responsible for any

changes in the net energy transfer and consequent vocal fold

dynamics in this approach.

The proposed airflow solver can be used in conjunction

with any voice production model that resolves the acoustic

field using a WRA propagation scheme. It is important to

include a fully interactive representation, where there is a

three-way interaction between sound, flow, and vocal fold

tissue, i.e., level 2 of interaction.43 As discussed by

Titze,41,43 the source-filter interaction is primarily controlled

by the coupling parameter f¼ ag/A*, where ag is the total

glottal area and A* is the equivalent vocal tract area as

defined before, leading to Titze’s asymptotic flow solutions

for an uncoupled scenario given by

Quncoupled ¼ ag

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

ktq
pþs � p�eð Þ

s
; (9)

and for a highly coupled scenario,

Qcoupled ¼
2A�

qc
pþs � p�e
� �

: (10)
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C. Selected measures of vocal function

Numerous acoustic parameters have been proposed to

detect the associated breathiness produced by excessive

incomplete glottal closure, including cepstral peak prominence

(CPP),38 amplitude of the first harmonic relative to the second

harmonic (H1�H2)
3, and harmonic richness factor (HRF).44

Aerodynamic parameters such as, maximum flow declination

rate, subglottal pressure (Ps), steady flow rate (DC flow), and

unsteady flow rate (AC flow) allow for identifying hyperfunc-

tional voices that are in many cases a product of incorrect

compensations due to excessive incomplete glottal closure.6

To evaluate the effects of the posterior gap, selected pa-

rameters were computed, including fundamental frequency

(F0), maximum flow declination rate, radiated sound pres-

sure level, steady and unsteady glottal airflow components,

spectral tilt, and net energy transfer (denoted as Pm). Sound

pressure level (SPL) is obtained at the lips and was projected

to a 15 cm distance by subtracting 30 dB, based upon our

empirical observations. The energy transfer was computed

as in previous studies13,45 and given by Eq. (11), where pi(t)
is the driving pressure acting on mass i (upper or lower), T is

the period, and vi(t) is the velocity of the ith mass,

Pmi
ðtÞ ¼ piðtÞviðtÞ; (11)

Pmi RMS
¼ 1

T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðT

0

Pmi
tð Þ2dt

s
: (12)

D. Modeling hyperfunction

Vocal hyperfunction is associated with compensations

that are believed to contribute to increased muscular and

contact forces that can cause further deterioration in vocal

function. Although there are different hyperfunctional mech-

anisms, in this study, vocal hyperfunction was associated

with increased lung pressure to regain vocal loudness,

assuming that this could only be accomplished by increasing

the activity of the respiratory and laryngeal muscles involved

in producing phonation. Thus, the compensation was repre-

sented as an increase in the subglottal pressure to match a

given SPL target with a 0.1 dB of error. The results of the

simulation were then compared with actual measurements

performed on a normative population to identify abnormal

behavior based on regressed Z-scores.6 A Z-score measures

the numbers of standard deviations (rN) between a given

data point (x) and the mean of a given normative (�xN) data

set,

Z ¼ x� �xN

rN
; (13)

where a Z-score with a magnitude higher than 2 (>2 stand-

ard deviations) is typically considered indicative of

abnormality.6

A normative set was taken from the data reported by

Perkell et al.,7 considering parameters such as MFDR, AC

flow, and DC flow for two loudness condition (normal and

increased). Because of the lack of intermediate values of

loudness, the mean (�xN) and standard deviation (rN) for each

parameter were linearly projected between the two loudness

conditions, producing a regressed Z-score given by the dis-

tance to the regression line, normalized by the standard devi-

ation. While variance was projected linearly between the

two loudness conditions, outside this range the variances

were maintained on the values indicated by Perkell et al.,7

avoiding irregularities due to a zero variance projection.

III. RESULTS

A. Resulting waveforms

The predicted effects of a PGO on the resulting glottal

airflow are depicted in Fig. 3, where a posterior glottal open-

ing of 0.05 cm2 was considered. It is noted that the addition

of the gap yields smooth contours of the glottal airflow dur-

ing the closed portion of the cycle, which is in agreement

with experimental observations from inverse filtering in

human subjects.8,32 However, it is noted that this smoothing

of the glottal airflow may occur from multiple other condi-

tions and is not uniquely tied to the PGO effects.

The resulting airflow is contrasted with two other flow

solvers that account for a PGO in an idealized fashion: An

uncoupled Bernoulli flow solver that is proportional to the

glottal area; and a simplified flow solver for highly coupled

scenarios that is proportional to the incident transglottal

pressure.41 These idealized cases are asymptotic conditions

that are representative of minimum and maximum flow-

sound coupling41 and are described by Eqs. (9) and (10),

respectively. It is noted that the resulting glottal airflow

(solid line in Fig. 3) better matches the highly coupled solver

(dotted line in Fig. 3), suggesting that the posterior glottal

gap significantly increases source-filter interactions, which

becomes more evident for large gap areas. It is also noted

that for large gap areas, the transglottal pressure term

becomes smoother and relatively proportional to the glottal

area, further reducing the harmonic content of the source

spectra. These findings are explained by the coupling param-

eter43 given by f¼ ag/A*. Note that the PGO area adds to the

total glottal area, such that ag¼AdþAg, which leads to a

higher coupling parameter f and a highly coupled scenario.
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FIG. 3. (Color online) Resulting glottal airflow with proposed PGO method

(–), uncoupled Bernoulli flow solution (- -), and highly coupled airflow solu-

tion (-.-).
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This discussion follows the same principles that are used to

claim that a narrow vocal tract can increase the source filter-

interaction.41,43 Note that this scenario has a smaller DC and

AC flow components than the uncoupled Bernoulli flow.

B. Acoustic, aerodynamic, and energy transfer effects

The acoustic and aerodynamic effects of a parametric

variation of the posterior gap area are presented in Fig. 4. As

expected, the increment in gap area increases the DC compo-

nent of the glottal airflow linearly. In contrast, a decay in AC

flow and MFDR is observed with larger gap areas. The gap

area has similar acoustic effects in the source spectra and

radiated SPL.

The energy transfer from the flow to the vocal fold tis-

sue is also affected by increments in gap area, as observed in

Fig. 5. Larger gap areas reduce the net energy that drives the

vocal fold vibration, where the superior cover mass (mass 2)

suffers a more rapid decay due to the more predominant

influence of the downstream pressure on the driving force.

For this mass, an increase of 0.1 cm2 resulted in a reduction

in energy transfer from 1.22 J/s to 0.22 J/s, i.e., a decrease of

82%. A similar decrease in energy transfer (90%) was

observed in previous studies for synthetic vocal fold mod-

els.13 Note that due to the incorporation of a normal posterior

gap opening (e.g., 0.03–0.05 cm2), the body-cover model

produced acoustic and aerodynamic outputs that were

squarely in the range of normal human speech production,7

which was not the case for the non-gap scenario. This is not

a singularity of the particular condition or model that was

used, as it was seen for other conditions and vocal fold mod-

els, and it is associated to the non-natural fully closed glottal

condition most lumped models produce in chest register.
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FIG. 5. (Color online) Net energy transfer vs PGO. Upper cover mass (–),

lower cover mass (- -).
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FIG. 4. (Color online) Effect of the posterior glottal gap on selected glottal

measures: (a) AC flow (–, left axis), DC flow (- -, left axis), MFDR (-þ-,

right axis) (b) SPL (-�-, left axis) and Spectral tilt (-�-, right axis).

FIG. 6. (Color online) Effect of the posterior glottal opening on selected

glottal measures with sub glottal pressure compensation: (a) AC flow (–, left

axis), DC flow (- -, left axis), MFDR (-þ-, right axis), (b) SPL (-�-, left

axis) and Spectral tilt (-�-, right axis).
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C. Vocal hyperfunction: Effects on selected measures

It is noted from the previous sections that PGO yields a

decrease in the energy transfer from the airflow to the vocal

fold tissue that in turn results in a reduced SPL. A compensa-

tion for the reduced SPL is introduced by increasing subglot-

tal pressure up to the point where a target SPL is achieved.

A target given by the no-gap scenario was selected, i.e.,

86 dB SPL. This scenario is referred to as the “compensated”

case, which results in higher aerodynamic measures and

increased energy transfer, as shown in Fig. 6 and Fig. 7,

respectively. These figures are the paired compensated sce-

narios previously presented in Fig. 4 and Fig. 5. Larger gap

areas require a more significant compensation effort and

higher values for all selected aerodynamic measures, e.g.,

the AC flow increases over 76%, DC flow increases almost

linearly from 0 to 400 mL/s, and MFDR clearly indicates a

more dynamic behavior in comparison with the non gap case

and non-compensated case. Figure 6(b) illustrates that the

target SPL is maintained for all gap areas and a slight

increase in spectral tilt is observed, indicating that the pro-

posed compensation does not make a considerable alteration

in the resulting voice quality of the main dipole component.

The observed changes in aerodynamic measures due to

the lung pressure compensation are produced by increased net

energy transfer from airflow to tissue, as shown in Fig. 7. The

magnitude of the net energy transfer (RMS) is a monotonically

increasing function of the PGO and almost linearly related to

the increasing lung pressure. This finding is explained by the

construction of Eq. (11), which implies a direct increase in the

net energy transfer due to pressure acting on the vocal folds.

Since the sub glottal pressure is increased in order to obtain

the targeted SPL, the net energy transfer is also driven to a

higher value proportional to the increased pressure.

D. Vocal hyperfunction: Contrast with normative data

The effects of sub glottal pressure compensation can be

assessed in terms of actual human data via Z-scores. The ra-

tionale to obtain the regressed Z-scores for one of the

selected measures (AC Flow) is shown in Fig. 8. In this fig-

ure, the thresholds are fixed by 2 standard deviations (dotted

lines) and are depicted along with the linear relation

obtained between AC flow deviations and SPL. The mean

values and the standard deviations are obtained from human

data in Perkell et al.7 The data points from the non-

compensated simulations for various gap areas (circles)

fall within the normal range, and the compensated ones for a

given target (asterisks) fall, in some cases, outside of the

normal range. This means that hyperfunctional subjects

will be outside of a normal range for this measure while hav-

ing a normal SPL. In other words, all subjects achieve the

same normal SPL but those with hyperfunction exceed the

normal ranges on other measures of vocal function due to

the extra effort required to compensate for incomplete glottal

closure.

Table I illustrates the idea of hyperfunctional compensa-

tions, where a scenario without a posterior gap is compared

with cases with gap areas of 0.03 cm2 (normal gap opening)

and 0.1 cm2 (excessive gap opening). As noted before, when

compensating for the reduction in SPL in the latter case to

match the no-gap scenario with an increased subglottal pres-

sure, an increase in MFDR, AC flow, and DC flow is

observed. This observation is in agreement with measure-

ments on adducted hyperfunctional subjects.6

The same principle is used for the selected gap areas

and conditions from Table I, yielding Z-scores for MFDR,

AC flow, and DC flow. Those scores with magnitudes

higher than 2 are considered abnormal; it is noteworthy that

DC flow and AC flow are the only scores in that range. DC

flow becomes abnormally high for a large gap area, with

and without lung pressure compensations. On the other

hand, AC flow exhibits abnormally high values only when

compensated with increased lung pressure. It is observed

that MFDR becomes much higher with compensations, but

not sufficiently high to be considered pathological. All of

these observations are in agreement with the findings of
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FIG. 7. (Color online) Net energy transfer vs PGO. Upper cover mass (–),

lower cover mass (- -).
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FIG. 8. (Color online) Illustration of the computation of regressed Z-scores

for AC Flow. Mean values of AC Flow are linearly related to SPL (–), and

62 standard deviations across SPL (- -). Simulations for various gap areas

for the non-compensated scenario are shown in circles, and those for the

compensated scenario in asterisks.
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previous studies,6 where DC flow is always independent of

the type of hyperfunction, AC flow becomes much higher

when compensated with increased lung pressure, and

MFDR follows a similar trend with a less salient behavior.

Note that DC flow is almost pathologically low when no

gap is present, implying that some degree of incomplete

glottal closure is needed to mimic normal behavior in nu-

merical models.

Given that the compensated scenario mimics adducted

hyperfunction, it is of interest to evaluate if the common

measures such as AC flow and MFDR are correlated with

the actual collision forces, as typically suspected. Several

simulations with and without compensations are shown in

Fig. 9, where it is observed that increased AC flow is linearly

related to contact forces. Alternatively, MFDR exhibits a

similar trend but with lower correlation, which is in agree-

ment with the lower Z-score and smaller prevalence of this

measure in human recordings.6 These results suggest that

high AC flow is a good indicator of high vocal fold collision

forces that may lead to the formation of benign vocal fold

lesions, such as nodules and polyps.

IV. CONCLUSIONS

The effects of a posterior glottal gap on the glottal aero-

dynamics, energy transfer, tissue dynamics, and resulting

acoustics were numerically investigated using a specially

designed flow solver and a reduced-order model of human

phonation. The proposed representation of the posterior

glottal gap yielded results that are in agreement with obser-

vations in both human subjects, for normal and hyperfunc-

tional voices,6,7 and rubber model experiments.13 The

proposed method has the additional benefit that it can be

readily applied to any self-sustained model of the vocal folds

with acoustic interaction. In this modeling approach, the

presence of a posterior glottal opening produced changes in

the resulting upstream and downstream acoustic pressures

that, in turn, affected the glottal airflow and net energy trans-

fer to the vibrating vocal fold tissue. The ratio between total

glottal area and the equivalent vocal tract area, normally

referred to as the coupling parameter,43 became larger due to

the offset in the total glottal area, for which the posterior gap

opening constituted a scenario with high source-filter inter-

action. The inclusion of a posterior glottal opening produced

rather expected changes in selected glottal measures, such as

the presence of non-zero minimum flow, a steeper spectral

TABLE I. Simulation of hyperfunction due to the compensation of the reduction in SPL by an increased subglottal pressure. The values in parentheses are per-

centage differences with respect to the no gap scenario, which was the target for SPL.

Parameter Units No gap Normal Large gap Hyperfunction

Amin cm2 0 0.03 0.1 0.1

Ps Pa 800 800 (0%) 800 (0%) 1581 (98%)

SPL dB 86 80 (�50%) 72 (�80%) 86 (0%)

F0 Hz 147.7 144.9 (�2%) 141.1 (�4%) 150.9 (2%)

MFDR L/s2 806.1 535.8 (�34%) 205.3 (�75%) 1016.7 (26%)

DC flow mL/s 0 78 313 405

AC flow mL/s 420 377 (�10%) 224 (�47%) 772 (84%)

H1�H2 dB 12.4 15.5 (25%) 20.6 (66%) 17.3 (39%)

PRMSm1
J/s 1.19 0.84 (�29%) 0.52 (�57%) 2.74 (131%)

PRMSm2
J/s 1.22 0.71 (�42%) 0.22 (�82%) 2.57 (110%)

Z - MFDR – 0.56 0.68 0.79 1.40

Z - AC flow – �0.41 0.09 �0.02 2.11

Z - DC flow – �1.6 �0.03 4.66 6.49

FIG. 9. (Color online) Relation between measures and collision forces: (a)

Collision force vs ac-flow, not compensated (–, R2¼ 0.93570), SPL compen-

sated (- -, R2¼ 0.83806). (b) Collision force vs MFDR, not compensated (–,

R2¼ 0.94006), SPL compensated (- -, R2¼ 0.73927).
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tilt, and a reduction in maximum flow declination rate and

unsteady flow amplitude. However, a significant reduction in

the energy transfer from the fluid to the vocal folds was also

observed and resulted in a considerable reduction of the radi-

ated sound pressure level from 6 to 14 dB for a range of

small to large gaps, respectively. Thanks to the incorporation

of a normal posterior gap opening, the body-cover model

produced acoustic and aerodynamic outputs that were in the

range of normal human speech production,7 which was not

the case without the gap. Compensating for a large reduction

in sound pressure level (due to a large posterior gap) with

higher subglottal pressure resulted in a behavior that mim-

icked adducted hyperfunction. In particular, a hyperfunc-

tional behavior was observed as an abnormally high

maximum flow declination rate, amplitude of unsteady flow,

and minimum flow, when contrasted with the no-gap sce-

nario and a normative data set from recordings of human

subjects.7 Insights into how these measures of vocal function

are related to actual collision forces were also put forth,

where the amplitude of unsteady flow was shown to be line-

arly correlated to the impact forces and thus was a good indi-

cator of the potential formation of organic pathologies in the

vocal folds. Future studies will explore other compensation

mechanisms to increase radiated sound pressure such as

vocal tract constrictions and vocal fold posturing, as well as

variations arising from asymmetric tissue conditions.
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