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Abstract

Voiced speech is a highly complex process involving coupled interactions between the vocal fold structure, aerodynamics, and acoustic
field. Reduced-order lumped-element models of the vocal fold structure, coupled with various aerodynamic and acoustic models, have
proven useful in a wide array of speech investigations. These simplified models of speech, in which the vocal folds are approximated as
arrays of lumped masses connected to one another via springs and dampers to simulate the viscoelastic tissue properties, have been used
to study phenomena ranging from sustained vowels and pitch glides to polyps and vocal fold paralysis. Over the past several decades a
variety of structural, aerodynamic, and acoustic models have been developed and deployed into the lumped-element modeling frame-
work. This paper aims to provide an overview of advances in lumped-element models and their constituents, with particular emphasis
on their physical foundations and limitations. Examples of the application of lumped-element models to speech studies will also be
addressed, as well as an outlook on the direction and future of these models.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The widely accepted myoelastic-acrodynamic theory of
vibration states that vocal fold (VF) vibrations are produced
by a coupling between the aerodynamic forces and the tissue
parameters (van den Berg, 1958), which generates a rich spec-
trum of acoustical sound that can feed back and influence
both the VF dynamics and the fluid flow. Interest in the field
of voiced speech production can be traced back nearly a cen-
tury (Wegel, 1930) and arises primarily from a desire to under-
stand the basic physics of phonation, as well as to provide
diagnosis and treatment to individuals that suffer from any
number of vocal pathologies. Due to the complexity of voiced
speech, simplified models are often employed for both scien-
tific and clinical investigations. As with all modeling practices,
scientific speech investigations seek to reduce the complex
problem down to the essential physical foundation to gain
traction in understanding the phenomena. This is, of course,
a fine balancing act between reducing the model enough to
be tractable, but not so far as to be trivial.

The most common modeling framework in voiced
speech investigations is the so-called lumped-element
approach, wherein the VF structure is modeled as a collec-
tion of discrete coupled mass-spring-damper systems sub-
jected to some external aerodynamic and/or acoustical
loading function. Generally speaking, in a damped vibrat-
ing system such as the VFs, the energy imparted to the sys-
tem must be as great as the energy dissipated by it in order

to sustain self-oscillation. This occurs physiologically, as
the aerodynamic loading is physically coupled to the VFs
and supplies energy to the system during each oscillation
cycle. Lumped-element models have proven capable of
emulating the physiological VF kinematics and acoustic
output. In the lumped-element framework, the dynamical
response of the VFs is governed by a system of coupled
nonhomogeneous autonomous ordinary differential equa-
tions. The number of equations needed to describe the sys-
tem is directly related to the number of degrees of freedom
employed in the model. The system of equations can usu-
ally be solved with relative ease using an explicit, forward
time-marching scheme, with appropriate initial conditions.

Lumped-element VF model investigations were initially
utilized because of the low computational cost that enables
quick, efficient calculations. In spite of ever-increasing
computer speeds, they still remain an attractive approach
for scientific speech investigations due to their clinical sig-
nificance and their ability to perform broad parametric
investigations relatively quickly (Erath et al., 2011b; Stei-
necke and Herzel, 1995). In addition, as lumped-element
models become more refined, the prospect of developing
short run-time models that can mimic patient-specific pho-
natory conditions becomes more realistic.

The objective of this paper is to review advancements in
lumped-element models of speech, focusing specifically on
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the push towards physics-based models. This article aims
to be a comprehensive reference for, and review of, the
state-of-the-art in lumped-element modeling for research-
ers seeking to employ these research. While a broad over-
view is provided, more recent findings are emphasized.
The paper begins with a brief overview of the anatomy
and physiology of the larynx in Section 2. This is followed
by a discussion of the strategies that have been implemented
for modeling the geometric structure (Section 3), tissue prop-
erties (Section 4), contact forces (Section 5), fluid loading
(Section 6), and acoustics (Section 7) that occur during voiced
speech. The utility and limitations of these strategies are given
due discourse in each section. Examples of the application of
lumped-element models to scientific speech investigations of
both normal and pathological speech are provided in Sec-
tion 8. The article closes with outlooks for the field of
lumped-element speech modeling in Section 9.

2. Anatomy and physiology of the vocal folds

The larynx is situated in the anterior portion of the neck at
the junction of the trachea and the hypopharynx, see Fig. 1
for a schematic of anatomical reference planes and orienta-
tions. It serves to protect the airway from pulmonary aspira-
tion, regulate lung pressure, and generate sound. Colloquially
referred to as the “voice box”, the larynx houses the VFs,
which as a unit, comprise the primary acoustic source in
voiced speech, as well as the more membranous, less active
ventricular folds. In this section we briefly introduce the ana-
tomical structure and physiological function of the larynx as
it pertains to phonation and the conception of the models of
interest. For a more comprehensive discussion of laryngeal
anatomy and physiology, see for example Titze (1994b).

2.1. Cartilages and intrinsic muscles of the larynx

The larynx consists of nine principle cartilages; three
individual cartilages (epiglottis, thyroid, and cricoid), and
three paired cartilages (arytenoid, cuneiform, and cornicu-
late). The geometry, location, and function of the primary
cartilages are shown schematically in Fig. 2 and tabulated
in Table 1.

Lateral

Medial

Lateral

Coronal Plane .
Superior

Sagittal Plane

Transverse Plane
s Posterior

Anterior

Inferior

Fig. 1. Description of physiological data planes and orientations.
Adapted from Mittal et al. (2013).

The intrinsic muscles of the larynx are those that have
both origin, defined as the fixed point of attachment where
the muscle begins, and insertion, defined as the point where
the muscle attaches to a moving joint, within the larynx.
The muscle locations are shown schematically in Fig. 2.
These muscles are essential for both VF posturing and
control of VF vibration. The thyroarytenoid muscles con-
stitute the bulk of the VF structure and primarily serve
to control tension, elasticity, and, to some degree, VF
adduction. The cricothyroid muscles control pitch by both
lengthening and tensioning the VFs, while adduction and
abduction of the VFs is controlled by the arytenoid mus-
cles. A brief summary of the muscles and their function
and innervation is provided in Table 2.

2.2. The vocal fold structure

Each VF is a multi-layered structure consisting of the
thyroarytenoid muscle as the deepest layer, the intermedi-
ate lamina propria and the epithelium as the superficial
layer, as shown in Fig. 2(d). The lamina propria is further
subdivided into deep, intermediate, and superficial layers
based on the density of the constituent elastic and collage-
nous fibers (Hirano, 1975). A coarser, yet arguably more
functional, division of the VFs separates them into “body”
and “cover” layers, where the body comprises the thyroar-
ytenoid muscle and the deep and intermediate layers of the
lamina propria, and the “cover” consists of the superficial
layer of the lamina propria and the epithelium. While the
body is a muscular structure (formally), the stiffness of
which can be modulated via muscle activation, the cover
is pliable and viscoelastic, sitting loosely on the VF body
much like the scalp sits on the head (Baken, 1997). In prep-
aration for speech, the VFs adduct and seal the trachea.
When a critical lung pressure is achieved, the VFs are
pushed apart by aerodynamic forces and begin self-sus-
tained oscillations, which are characterized by the propaga-
tion of a mucosal wave in the cover. This wave travels
along the medial surface of each VF. During each phona-
tory cycle, propagation of the mucosal wave causes the
space between the VFs, referred to as the glottis, to transi-
tion from a convergent to uniform, and finally to a diver-
gent passage before closing and repeating the cycle, see
Fig. 3.

2.3. Phonatory control

Phonatory output is regulated by coordinated control of
VF tension and elasticity and respiratory muscles; for a
comprehensive discussion, see for example Jiang et al.
(2000). The fundamental physical properties that determine
VF motion are tissue mass, stiffness, and viscosity. The
vibrating mass of the VFs can be adjusted through coordi-
nated contraction of the intrinsic and extrinsic muscles of
the larynx, thereby altering the fundamental frequency of
the structure. VF tension may be altered by passive stretch-
ing of the VFs due to contraction of the cricothyroid, as
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Fig. 2. Detailed view of the muscles (normal font) and cartilages (italicized font) of the larynx shown from (a) anterior, (b) oblique, (c) and superior views.
(d) A midcoronal section of the VF structure is also shown. Adapted from Mittal et al. (2013).

well as by activation of the thyroarytenoid muscle. The lat-
ter allows changes in the internal stiffness without any
alteration of VF length (Hirano, 1974; Titze, 1979). While
these muscles primarily influence the body of the VF struc-
ture, the stiffness of the cover is also affected due to longi-
tudinal strains imposed by surrounding structures.
Alteration of the stiffness in both the body and the cover
may also change the fundamental frequency of oscillation.
The VF tissue viscosity determines the ease with which the
mucosal wave propagates through the VF cover; high tis-
sue viscosity damps oscillations and impairs phonation
(Jiang et al., 2000).

3. Components of lumped-element vocal fold models:
Functionality and geometry

A significant challenge in modeling voiced speech is to
sufficiently simplify the VF structures so that the dynamics
can be reasonably assessed while maintaining sufficient
geometric and functional fidelity; that is, to borrow a
famous aphorism, the VF structure must be made as simple
as possible, but no simpler. Consequently, an array of VF
representations has been developed with the number of
degrees of freedom ranging from one to millions (Titze,
2006). The most ubiquitous VF models are lumped-element
models, in which the VFs are represented by a small num-
ber of discrete, rigid masses connected via a series of

springs and dampers that account for the viscoelastic nat-
ure of the VF structure. A comprehensive survey of the
lumped-element configurations that have been utilized for
scientific speech investigations is presented in Birkholz
(2011). Hence, the objective of this section is not to intro-
duce the gamut of existing models, but rather to discuss
the progression of model development from a functional
perspective, highlighting the advantages and shortcomings
of various implementations for voiced speech studies.

3.1. Single layer block models

Asintroduced in Section 2.2 and discussed in detail in Sec-
tion 4, the VFs can be functionally split into “body” and
“cover” layers. Lumped-element models can be similarly
classified by the number of layers employed to model the
VFs. The preponderance of models conform to either a sin-
gle or dual layer structure. The general layered VF structure
may consist of an array of m; masses in the anterior—poster-
ior direction and n; masses in the inferior—superior direction,
while the lateral VF layers are denoted by the subscripti = 1
or 2, withi = 1 corresponding to the “cover” layer, and i = 2
the “body” layer. Single layer models condense the layered
VF structure into a single layer of masses i = 1; that is, the
“body” and “cover” are not separated. This section focuses
on this class of models, see Fig. 4(a).
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Table 1

Cartilages of the larynx.

Name Function

Epiglottis Seals the airway to direct food to the esophagus

Thyroid Largest cartilage; forms the main structure and protective framework of the larynx

Cricoid Inferior to the thyroid; together the two create a point of rotation to allow VF lengthening and tensioning by the attached

muscles
Arytenoid (paired)
Corniculate (paired)

Cuneiform (paired) Small cartilage located anterior to the corniculate

Enable VF positioning through adduction and abduction as well as rotation
Small cartilage located at the superior tip of the arytenoid

One mass models are the simplest form of single layered
models, with the entire vocal fold structure condensed into
a single mass (m; = n; = 1). Some of the earliest lumped-
element VF investigations used one mass with a single
degree of freedom (Flanagan and Landgraf, 1968; Wegel,
1930). Generally speaking, for a viscoelastic VF model to
exhibit self-sustained oscillations, energy must be continu-
ously (or periodically) added to the system to overcome
internal friction in the tissue. Energy is added to the system
by an external load when the load is in phase with the
velocity of the VFs. Self-sustained oscillation will only
occur in the presence of acoustical loading or some other
imposed loading mechanisms (McGowan and Howe,
2010). Energy imparted to the VFs can be provided by
the glottal air flow, acoustic pressures, or a combination
thereof (Titze, 1988). The modification of the aerodynamic
pressures due to the changing convergent-to-divergent glot-
tal orientation is the primary mechanism by which this
occurs physiologically. For multi-mass lumped-element
models the time-varying glottal geometry can yield an
asymmetry in the pressure loading and thus enable self-sus-
tained oscillations (Titze, 1988). Single mass, single degree
of freedom systems by definition cannot develop the time-
varying glottal orientation necessary for asymmetric pres-
sure loading. To circumvent this constraint, Flanagan
and Landgraf (1968) impose an acoustic loading on a single
mass model via inertive and resistive loads in the supraglot-
tal tract, thereby introducing a lag between the glottal
velocity and area. In so doing, less energy is imparted to
the system during closing than during opening. Alterna-
tively, a capacitive load can be prescribed in the subglottal
tract in conjunction with a resistive load in the upstream
tract. This causes the subglottal pressure to deplete more
slowly as the VFs open and to remain lower as the VFs
close, thus producing the requisite asymmetry. However,
there must be a sufficiently high flow rate to ensure the
capacitive load is recharged each cycle (Gupta et al., 1973).

If the single-mass model is instead allowed two degrees
of freedom (one translational and one rotational), then a
time-varying glottal geometry is possible, which can pro-
duce self-sustained oscillations (Hordcek et al., 2005; Lilj-
encrants, 1991). Another approach to obtain the
necessary energy exchange is to employ time-varying orifice
discharge coefficients for the glottis. This technique
assumes the flow separation point within the glottis is fixed,
however the losses are assumed to vary throughout the

cycle (Zanartu et al., 2007). More recently, potential flow
theory has been applied to a single-mass system, demon-
strating that a flow separation point that shifts from the
upstream edge of the mass during opening to the down-
stream edge during closure can induce self-sustained oscil-
lations (McGowan and Howe, 2010). Non-traditional
forcing can also incite self-sustained oscillations in a sin-
gle-mass model through the mechanism of “negative Cou-
lomb damping” (Fulcher et al., 2006). Finally, a “pseudo”
one mass model has also been proposed, whereby the
phasing difference between the inferior and superior edges
is simulated by assuming that for large amplitude oscillations
one-to-one modal entrainment occurs, allowing the displace-
ment of the upper fold to be described in terms of the lower
mass by prescribing a time delay and scaling factor. In this
manner, only the dynamics of the lower mass are tracked,
thereby decreasing computation time (Avanzini, 2008).
Ishizaka and Flanagan (1972) added a second coupled
superior mass to each VF in the traditional one mass model
while restricting the masses to move in pure translation,
resulting in the popular two mass, two degree of freedom
model (m; = 1,n; = 2). The second mass enables the phas-
ing difference observed between the inferior and superior
edges of the VFs and thus captures the mucosal wave, how-
ever in this model the fluid loading is generally applied only
to the larger inferior mass. Thus the second mass exists
solely to capture the structural dynamics and is not influ-
enced directly by the fluid loading. Since its introduction,
the two-mass configuration has been one of the most oft-
employed models for the VF structure (Bailly et al., 2008;
Erath et al.,, 2011a,b; Lous et al., 1998; Lucero, 2005;
Mergell and Herzel, 1997; Jiang et al., 2001; Steinecke
and Herzel, 1995). Tokuda et al. (2007, 2008) append a
third superior mass to each VF (m; = 1,n; = 3) in order to
simulate register transition between chest and falsetto. The
addition of the third (superior) mass allows the model to
more accurately replicate the mucosal wave during falsetto
with the middle and superior masses vibrating out of phase.
A 10 mass three-dimensional block model
(my = 5,n; = 2) is introduced by Wong et al. (1991), which
enables longitudinal tensioning of the VFs by coupling the
anterior—posterior masses (Titze, 1973). The masses are
constrained to move only in the medial-lateral direction,
however. More recently, a similar approach has been uti-
lized to reproduce the three-dimensional dynamics of the
VFs during in vivo oscillations using a 6 mass model
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Table 2

Intrinsic muscles of the larynx. For innervation: RLN = recurrent laryngeal nerve; SLN = superior laryngeal nerve.

Name Function Innervation

Thyroarytenoid The “body” of the true VF; subdivided into the thyrovocalis and thyromusclaris, which aid in VF tension and RLN

adduction, respectively

Cricothyroid Further subdivided into the pars recta and pars oblique, contraction can both lengthen and tension the VF SLN

Interarytenoid Consists of both a transverse and oblique component, which adduct the arytenoid cartilages RLN

Lateral Adduct and rotate the arytenoid cartilages, bringing the VFs together RLN
cricoarytenoid

Posterior Abduct the arytnoid cartilages, causing the VFs to open RLN
cricoarytenoid

(m; = 2,n; = 3) (Schwarz et al., 2008; Wurzbacher et al.,
2008). Similar to the 10 mass model of Wong et al
(1991), this 6 mass model enables varying longitudinal stiff-
nesses, as well as the ability to vary anchor spring stiffness-
es in the longitudinal direction. Furthermore, it
incorporates an added degree of freedom, allowing the
masses to move in both the lateral and longitudinal direc-
tions. Yang et al. (2010) introduced a 25 mass model
(my = 5,n = 5) to provide higher resolution of the VF
geometry and enable parameter extraction based on high-
speed video endoscopy and excised human larynx motion
tracking of the medial VF surface (Yang et al., 2010,
2011, 2012). Similarly, the original model from Ishizaka
and Flanagan (1972) has been segmented in the anterior—
posterior direction using a variable number of masses to
model vocal posturing and some pathologies (Kob et al.,
2002; Fraile et al., 2012). An alternative strategy for incor-
porating anterior—posterior variations in the glottal area
while minimizing the degrees of freedom is introduced by
Birkholz (2011). In this model, two masses are used to rep-
resent each VF (m; = 1,n; = 2), however these masses are
angled with respect to a sagittal plane through the glottal
midline. That is, the model allows for varying levels of
VF adduction by allowing for different spacing between
the opposing masses at the anterior and posterior ends.

3.2. Dual layer models

The two functional layers of the VFs are structurally dif-
ferent, a feature that single layer lumped-element models
do not incorporate. The differentiated structural layering
of the VFs is incorporated into a second class of “body-
cover”, or dual layered, models, see Fig. 4(b). Titze
(1973, 1974) proposed a 16 mass model with 8 masses in
both the body and cover layers (m; =8,n, = 1;my, =8,
n, = 1). This approach is attractive as it provides appropri-
ate boundary constraints and allows for modeling coarse
spatial variations in tissue properties. The initial version
described the geometry in the streamwise flow direction
with only one mass, but accounted for the string-like
modes of the ligaments and muscle fibers with more
masses. At the time the model was proposed, there was
confusion about whether the first layer should represent
the ligament or the mucosa, as the model came before
the fundamental work of Hirano on the topic (Hirano,

1974). For this reason, the original version of the model
(Titze, 1973, 1974) was abandoned for years. More
recently, Titze (2006) updated the model’s layered struc-
ture, leading to a 175 point-mass model. The model now
features 7 layers to describe the vibrating tissue (mucosa,
ligament, and thyroarytenoid muscle), 5 divisions in the
inferior—superior direction, and 5 divisions in the ante-
rior—posterior direction (i.e., m;=5 and n, =95 for
i=1,...,7). This current version is widely accepted and
has been used to model various voice qualities, pitch glides,
singing, voice instabilities, etc. (Titze, 2006, 2008; Titze and
Worley, 2009).

A model closer in spirit to the two-mass model of Ishi-
zaka and Flanagan (1972) couples a two-mass representa-
tion of the cover with a single body mass (m; = 1,n; = 2,
my = ny = 1) (Story and Titze, 1995). This model configu-
ration enables a more natural connection between contrac-
tion of the cricothyroid and thyroarytenoid muscles to the
model (cover and body) stiffness parameters, see Section 4.
From a model comparison standpoint, this framework is
attractive because the standard two-mass model (m; = 1,
n; = 2) can be recovered by making the mass and stiffness
of the base approach infinity (Story and Titze, 1995; Titze,
2002). Tokuda et al. (2010) have also introduced a dual-
layer version of their three-mass model, in which the three
cover masses are coupled with a single body mass
(m1 = 1,1/11 = 3,7’I12 =Ny = 1)

3.3. Aerodynamically smooth models

From a VF dynamics perspective, models in which the
masses are represented as blocks are fully capable of cap-
turing the structural vibration modes within the limits of
the degrees of freedom on the model. However, from an
aerodynamic loading perspective, there are some subtle,
but significant, concerns that arise from the discontinuous
area change at the block junctions. Specifically, severely
asymmetric tissue properties, as occur in some pathologies,
can lead to vibration regimes where an inferior mass of one
VF may momentarily overlap with a neighboring superior
mass of the opposing VF, thus “closing” the glottis. This
leads to a large spike in the pressure loading during a nom-
inally open portion of the cycle, which can have a signifi-
cant impact on the VF dynamics, as discussed by
Sommer et al. (2013).
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Fig. 3. Nominal configuration of the glottis through one vibration cycle
representative of normal phonation at 9 instances during the cycle. In each
panel, a superior view is shown above a midcoronal section. During the
opening phases the glottis is pushed apart and assumes a convergent
configuration. It transitions from a convergent to divergent orientation

during the intermediate phases, and then during the closing phases the
medial VF surfaces come together and close.
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A more physically satisfying VF model construction
from an aerodynamic standpoint has a smooth medial sur-
face contour, irrespective of the number of discrete masses
employed for the structural dynamics. Indeed, a number of
aerodynamically smooth VF models have been introduced.
A simple modification of the two-mass model (m; =1,
ny = 2), whereby a plane representing the medial surface
of each VF is defined by connecting the two point masses
is explored in Erath et al. (2011a,b), Lous et al. (1998),
and Ruty et al. (1997), see Fig. 4(c). In this configuration,
the medial surface angle can change throughout the phona-
tory cycle, however closure of the glottis can only occur if
the leading or trailing edges of the VFs are in contact. A
more sophisticated approach is obtained by incorporating
smoothly-contoured radii at the VF inlet and exit, and pro-
viding a smooth boundary that adjoins both masses (Dresel
et al., 2006; Pelorson et al., 1994).

While identical to the block-type two-mass models
(m; = 1,n; =2) in terms of the tissue dynamics, smooth
contour models are fundamentally more appealing in terms
of the fluid mechanics, and experience subtle yet important
differences with regards to the fluid loading. For example,
aerodynamically smooth models enable temporally-varying
flow separation points, as will be discussed in Section 6.
The inclusion of a variable separation point along the
smoothly-contoured geometry causes, for example, a sig-
nificant decrease in the fundamental frequency (Pelorson
et al., 1994). Alternatively, the upper VF layer can be

represented as a single mass with two degrees of freedom;
that is, a plate that translates and rotates (Liljencrants,
1991; Titze, 2002; Titze and Story, 2002). This plate is con-
nected to the body via both linear and torsional springs
and dampers as shown in Fig. 4(d) (m; =n; =m, =
n, = 1). From a structural dynamics perspective, it can be
shown that this orientation 1is identical to a
my = 1,n =2,my =n, =1 Dblock representation (Titze,
2002). The aerodynamic loading is different, however, due
to the smooth nature of the medial surface in the bar-plate
model.

4. Components of lumped-element vocal fold models:
Structural characteristics

As discussed in Section 2, the human VFs are viscoelas-
tic structures whose stiffness and damping properties deter-
mine the vibration patterns of voiced speech (Chan and
Titze, 1999, 2000). In lumped-element models, the tissue
viscoelasticity is represented as springs and dampers in par-
allel configurations. While ad hoc tissue properties can
enable lumped-element models to accurately replicate VF
kinematics during sustained vowel phonation, relating
physiological tissue properties to the lumped-element sys-
tem parameters remains considerably challenging. This is
particularly difficult when attempting to incorporate the
intricate articulatory control that occurs during running
speech, where muscle activation states and vocal posturing
are important. Ultimately, direct correlation between
actual tissue properties and their lumped-element represen-
tations is necessary in order to use reduced-order models to
relate physiological control with vocal function. Conse-
quently, a number of strategies have been developed for
both selecting and optimizing lumped-element model
parameters.

4.1. Direct measurement and parameter tuning

Ishizaka and Flanagan (1972) sought lumped-element
parameters based upon physiologically measured values
for their two-mass model. They assigned lateral spring val-
ues from static tensile stress measurements of the thyroar-
ytenoid muscle from excised human larynges (Ishizaka and
Kaneko, 1968). This neglects the varying tissue properties
between the body and cover, as well as any modification
during muscle activation. Damping parameters were
extracted from the damped free vibration of human VF tis-
sue, while the masses were chosen such that their sum rep-
resented the total measured mass. The distribution of the
mass between the two blocks correlates with the physiolog-
ical variation in the thickness of the VFs (Ishizaka and
Flanagan, 1972). Similar approaches have been used in
subsequent model developments as well (Lous et al,
1998; Story and Titze, 1995), where system parameters
are chosen based on physiological measures of VF length
(Hirano et al., 1981), body/cover thickness (Baer, 1981;
Hirano, 1977; Hirano et al., 1981), tissue density (Perlman



674

B.D. Erath et al. | Speech Communication 55 (2013) 667-690

(d)

W@ ________ (mw@ (¢)
L.V | (msn)

Flow
—

tm L)) Wy /02, 1)
[ - : i
D (1, 1)//12) ;W(In,}& =
@/12)) [in)
[ A | (zz)w;mz)L (117
== = | ‘gl

............ =

il

Fig. 4. (a) Single layer model configuration, (b) dual layer model configuration, (c) single layer aerodynamically smooth model, (d) dual layer “bar-plate”

model.

et al., 19895), stiffness (Alipour-Haghighi and Titze, 1991),
and damping of the thyroarytenoid muscle (Isshiki, 1977;
Kaneko et al., 1972). As a result of the paucity of available
experimental data and the limitations inherent to the mea-
sured data, lumped-element models employing directly
measured physiological parameter values are often “tuned”
as well; that is, the parameters are adjusted to elicit the
desired response. (Avanzini, 2008; Cisonni et al., 2011;
Dresel et al., 2006; Lous et al., 1998; Ruty et al., 1997;
Story and Titze, 1995). Parametric variations of the
lumped-element parameters have also been performed to
correlate them to the system behavior (Ishizaka and Flan-
agan, 1972).
4.2. Correlation to muscle activation

The cricothyroid and thyroarytenoid muscles are the
primary regulators of fundamental frequency (Gay et al.,
1972; Hirano et al., 1970; van den Berg and Tan, 1959).
Fundamental frequency control is important for expressing
linguistical qualities such as syllable and word emphasis, as
well as speaker identification (Brown et al., 1974). Recent
investigations have sought to provide “rules” for control-
ling system parameters based on muscle activations in
order to provide real-time variations in the VF properties.
The pioneering work in this field by Titze and Story (2002)
resulted in a set of rules for controlling lumped-element VF
parameters based on cricothyroid, thyroarytenoid, and
lateral cricoarytenoid muscle activity. Muscle activation
controls VF elongation, nodal location of mucosal uphea-
val, which determines voice register, thickness and depth of
the body and cover, VF adduction and abduction, and
glottal orientation in both a “body-cover” (m; = 1,n; =
2,my =ny =1) and “bar-plate” (m; =n =my =n, =1)
lumped-element VF model (Titze and Story, 2002). Lowell
and Story (2006) further study cricothyroid and thyroary-
tenoid activation associated with fundamental frequency
determination using the same set of “rules”. They show
that muscle activation affects not only tissue properties
but also the aerodynamic quantities of glottal flow rate
and maximum flow declination rate.

This approach has also been used to explore mappings
between muscle activation and features of the voice source
signal. Avanzini et al. (2006) introduce a “codebook” that

fits the output of a two-mass model (m; = 1,n, =2) to
voice waveforms, which is related to speech synthesis, a
topic further discussed in Section 8.3. Although fitting
capabilities were only qualitative in nature, controlling
muscle activation is significantly more stable than prior
attempts at fitting physiological waveforms using regres-
sor-based mappings to control glottal pressure (Avanzini
et al., 2001; Drioli and Avanzini, 2002). In addition, this
approach shows promising scalability to lower dimen-
sional (e.g., one mass) VF models.

4.3. Inverse analysis methods

In the past decade, several researchers have utilized
inverse analysis methods to determine model system
parameters based on clinical high-speed video recordings
of normal (Déllinger et al., 2002; Qin et al., 2009; Rupitsch
et al., 2011; Schwarz et al., 2008; Tao and Jiang, 2007a;
Wurzbacher et al., 2008; Yang et al., 2011, 2012) and path-
ological voice (Schwarz et al., 2006). Typically, VF motion
in the transverse plane is first extracted from high-speed
video using image processing algorithms (Lohscheller
et al., 2007, 2009; Qin et al., 2009; Schwarz et al., 2008;
Voigt et al., 2010). An objective function is then created
by comparing the clinical trajectories with the theoretical,
lumped-element model trajectories. A parameter set that
allows variation in the system parameters (e.g., subglottal
pressure, block mass, spring stiffness, etc.) is then opti-
mized based on minimizing the objective function. In order
for the objective function to fit the criteria of a “well-
posed” problem, each solution must: (1) exist; (2) be
unique; and (3) be stable when subject to small perturba-
tions in the data or problem parameters. Generating a
well-posed problem for inverse analysis of tissue properties
and glottal kinematics using a lumped-element VF model
poses a significant challenge. Overly simple models are
unable to recreate the observed experimental data, thereby
violating the first criterion. Conversely, overly-elaborate
models may have multiple solutions that accurately repro-
duce the experimental data within experimental uncer-
tainty, or a very large set of parameters that very closely
explain the observed data, thereby violating the second cri-
terion. This is the challenge observed in the previously
reported methods, whereby the least-squares approach
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produces a non-convex objective function. This is exacer-
bated as models include additional degrees of freedom.
To address this problem, the objective function can be min-
imized by using genetic algorithms (Goldberg, 1989),
although care must be taken in interpreting the results
because uniqueness is still not guaranteed.

Initial inverse analysis investigations only tracked tra-
jectories at either one point along the medial surface
(Dollinger et al., 2002), or the glottal area as a whole
(Tao and Jiang, 2007a). Subsequent models have utilized
higher-order geometrical descriptions of the VF geometry,
tracking three points along each VF, as well as anchor
points at the anterior and posterior commissures (Schwarz
et al.,, 2008; Wurzbacher et al., 2008). More recently,
Yang et al. (2011, 2012) have employed a higher spatial
resolution three-dimensional cover model (m; =n; =5).
They generate an objective function by comparing the
motion of the lumped-element model blocks with corre-
sponding surface points on a hemi-laryngeal excised lar-
ynx. By extracting system parameters in both the
inferior—superior and anterior—posterior directions, they
show that the lateral stiffness is lower than the longitudi-
nal and vertical stiffnesses, while the local “effective” mass
and stiffness decrease in the vertical direction.

4.4. Reduction of finite-element to lumped-element vocal fold
models

Reduction of order from finite-element models to
lumped-element models is another potential avenue for
determining lumped-element VF system parameters
(Cook and Zanartu, 2010; Chen et al., 2008; de Vries
et al., 1999; Qiu et al., 2002). The first work to propose
this idea (de Vries et al., 1999) begins by specifying two
locations in a mid coronal plane on the finite-element
model at which the kinematics will be matched. The dis-
placement at these locations is then determined based on
a static pressure loading, representative of voiced speech.
Given the same aerodynamic loading, the spring stiffness-
es are then calculated by the known displacement, after
which the mass can be computed such that the normal
modes of both systems match (de Vries et al., 1999). A
shortcoming of this approach is that the location at
which displacements are measured are chosen ad hoc,
whereas displacements vary based on location. Further-
more, while the finite-element model used a body-cover
(dual-layer) representation, the lumped-element models
did not incorporate this distinction, using instead a
two-mass (m; = 1,n; = 2) arrangement. Consequently,
the computed masses and stiffnesses are significantly
lower than in previously reported lumped-element models
(Ishizaka and Flanagan, 1972; Pelorson et al., 1994),
since the extraction points are located in the superior
surface of the model.

Subsequent efforts have pursued the inverse approach,
whereby the mass is first determined by integrating the den-
sity over the volume of the model, with weighting factors

added to account for the displacement of the finite-element
model. Instead of describing displacements at discrete
points, the displacements along the entire surface are
extracted for a specific modal response of the system. With
the lumped mass known, the spring stiffness is chosen such
that the natural frequency of the lumped-element model
matches that of the finite-element model. Initially proposed
for only a one-mass (m; = n; = 1) model (Chen et al.,
2008), this method has been extended to two-mass
(my =1,n, =2) VF models (Cook and Zanartu, 2010).
For two-mass orientations, the lumped-clement masses
are determined by computing the kinetic energy and aver-
age velocities from the finite-element model for the transla-
tional and rotational kinetic modes and then computing
the corresponding masses based on these properties. By
computing modal frequencies next, the appropriate stiff-
nesses is determined (Cook and Zanartu, 2010). This
approach, however, is limited since the displacements are
computed based on a modal, rather than the dynamical
response of the structure.

5. Components of lumped-element vocal fold models: Contact
forces

In several phonatory modalities, including chest register,
the dynamics are such that the two opposing VFs collide
during the course of self-sustained oscillations. Mechani-
cally, as the VFs collide, the tissues of the folds deform,
inducing a stress field in the tissue. Deformation results
in elastic potential energy storage in the tissue, which con-
tributes to forcing the VFs apart for the next oscillation
cycle. Consequently, collision is important for good speech
quality, evidenced by its impact on acoustic metrics such as
the maximum flow declination rate (Holmberg et al., 1988).
However, excessive contact stresses, both normal and
shear, are hypothesized to be an impetus for structural
VF pathologies, see for example Jiang and Titze (1994),
Titze (1994a), and Gunter (2003).

5.1. Contact stress magnitudes

VF closure initiates at the anterior and posterior ends of
the folds and progresses towards the midline, which is gen-
erally the location of largest contact stresses. In vitro exper-
iments with a canine hemi-larynx by Jiang and Titze (1994)
indicate that peak contact pressure along the midline dur-
ing collision is in the range of approximately 3 kPa.
Intra-glottal measurements in human subjects using can-
nula-mounted sensors have reported contact pressures
ranging from 1 to 4 kPa (Hess et al., 1998; Yamana and
Kitajima, 2000), though the force sensors are typically rel-
atively large, which impacts phonation and consequently
the collision stresses. Numerical simulations by Tao and
Jiang (2007b) using a finite element VF representation pre-
dict peak impact pressures near 4 kPa, which agrees well
with the experimental studies. In general, the collision pres-
sure increases with increasing subglottal pressure and with
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decreasing glottal gap. Thus, breathy voice has lower
impact stresses than does pressed voice, for example (Jiang
and Titze, 1994).

5.2. Lumped-element model implementation

In the context of lumped-element models, the elastic
energy stored in the tissues during collision is typically
modeled as additional elastic members that are only acti-
vated when the folds are in contact. As discussed in
Section 4, the lumped masses are assumed perfectly rigid,
so in order to model collision, the masses are allowed to
overlap. During the overlap, an additional restoring force
is incorporated into the governing dynamical equations.
A few different collision models have been proposed, the
most common of which, typically employed in block-type
models, incorporates an additional set of springs to model
the collision elasticity. Both linear (Steinecke and Herzel,
1995) and nonlinear springs (Ishizaka and Flanagan,
1972; Story and Titze, 1995) have been used. For symmet-
ric tissue properties and mass deflections, the “deforma-
tion” of each VF is equal to one-half of the total overlap
distance, or equivalently, the distance of the medial block
surface from the glottal centerline. In the case of asymmet-
ric tissue properties, ensuring equal contact forces on the
two VFs requires that the overlap distance for each fold
be scaled by the inverse of the asymmetry parameter
(Sommer et al., 2012). That is, the stiffer VF should deform
by a relatively smaller amount than the softer fold. This
necessitates a slight modification to the governing equa-
tions presented by Steinecke and Herzel for investigating
asymmetric tissue parameters (Steinecke and Herzel, 1995).

Horacek et al. (2005) introduce a Hertz contact model
for VF collision. They employ a single-mass two degree
of freedom model with a curved, converging geometry.
The curved mass shape is allowed to translate and rotate,
while the glottal midline is treated as a symmetry plane.
They compute the local radius of curvature of their model,
then employ the classical Hertz contact force model of a
spherical shape impacting a rigid wall. While Hordcek
et al. (2005) present a viscoelastic collision model, they ulti-
mately neglect the damping term. Zanartu et al. (2007)
apply the Hertz contact model with the viscous damping
term to a single mass one degree of freedom curved model.

While for traditional block models the medial planes of
opposing blocks always remain parallel, the model of
Birkholz et al. (2011c), which has an anterior—posterior
variation, requires special consideration. In this case, the
overlap during collision varies in the anterior—posterior
direction, which necessitates a contact area weighting be
included in the governing equations. Similar contact
area weighting is required in bar-plate type models. In
these models, the overlap of the two folds depends not only
upon the location of the cover plate, but also upon its
angle. As discussed by Titze (2002), the bar-plate
(my =n, =my =n,=1) model does not incorporate
collision springs, but rather applies an average of the sub-

glottal and supraglottal pressures, which he refers to as a
hydrostatic pressure, to the overlapped region. Thus, the
force is not dependent upon the degree of overlap. It may
be argued then, that the bar-plate model does not include
contact forces.

6. Components of lumped-element vocal fold models: Fluid
mechanics

6.1. Bernoulli flow solvers

During voiced speech the aerodynamic and acoustic
pressures drive VF motion. The flow field is highly com-
plex, comprised of many viscous flow behaviors, including
unsteady flow separation, vortex shedding, transition to
turbulence, and asymmetric flow instabilities (Mittal
et al., 2013). Capturing the salient flow characteristics in
a low computational cost modeling framework is a signifi-
cant challenge. The earliest lumped-element flow solvers
modeled the flow field as one-dimensional, symmetric,
quasi-steady, incompressible, and inviscid, allowing simple
solution via the steady Bernoulli equation (Flanagan and
Landgraf, 1968). The seminal paper by Ishizaka and Flan-
agan (1972) utilizes the Bernoulli equation as a flow solver,
but with added correction terms to include both viscous
losses and pressure recovery in the supraglottal tract. The
viscous losses are included by superimposing a pressure
loss from a Poiseuille flow approximation through the glot-
tal channel.

The majority of lumped-element flow solvers still invoke
the quasi-steady assumption (Erath et al., 2011a; Ishizaka
and Flanagan, 1972; Liljencrants, 1991; Pelorson et al.,
1994; Vilain et al., 2004), whereby it is assumed that the
Strouhal number, which indicates the relative importance
of unsteady inertial terms to viscous terms in the governing
Navier-Stokes equations, is sufficiently small that the time-
dependent terms are negligible. In voiced speech, the Strou-
hal number is O(10™* — 10~?). While this range of Strouhal
numbers suggests that a quasi-steady assumption is valid,
at glottal opening and closure the flow experiences very
large accelerations that may violate the quasi-steady
assumption (Park and Mongeau, 2007). Furthermore, flow
separation investigations have demonstrated that it is a
Reynolds number-Strouhal number dependence that is
critical for predicting quasi-steady behavior, as opposed
to a Strouhal number dependence alone (Sobey, 1983).

6.2. Corrections for flow separation

Early flow solvers prescribed flow separation to occur at
the minimal glottal area throughout the cycle, impeding
any pressure recovery when the glottis forms a divergent
channel. By definition, this assumption precludes the possi-
bility of any variation in the flow separation location. Lilj-
encrants (1991) proposes an ad hoc correction, suggesting
that the point of flow separation for a divergent passage
should occur at a constant ratio of the glottal area at flow
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separation to the minimal glottal area equal to 1.3. A phys-
ics-based approach for determining flow separation based
upon solving the von Karmdn equation (Schlichting,
1968) using the Polhausen cubic method to find the separa-
tion location is also commonly used (Hirschberg et al.,
1996; Hofmans et al., 2003; Pelorson et al., 1994, 1995,
1996). Due to numerical instabilities, it is necessary, how-
ever, to solve the flow in two steps, whereby the Polhausen
method is used for the glottal inlet, but downstream a Bla-
sius solution for flow over a flat plate is applied. This
approach enables a moving separation point to form dur-
ing the closing phases of the phonatory cycle, which is
observed to first move upstream as the VFs first form a
divergent channel, and to then move downstream shortly
preceding complete glottal closure (Pelorson et al., 1994).
Surprisingly, this more complex approach yields a solution
that is very similar to the ad hoc area ratio criteria of Liljenc-
rants (1991) when that value is set to 1.1 (Hirschberg et al.,
1996). In order to circumvent the previously described com-
plexity of solving the von Karmén equation in two sections,
subsequent methods have proposed using Thwaites” method
to predict flow separation. Although it slightly over-predicts
the pressure recovery in the divergent glottis when com-
pared to experimental investigations, it still provides good
agreement and is significantly easier to implement numeri-
cally than the Polhausen approach (Vilain et al., 2004).

6.3. Computational fluid dynamics solvers

With increased computing power, more realistic flow
solvers have been coupled with lumped-element VF mod-
els in order to avoid the need for ad hoc assumptions
about the flow field. Although this approach eliminates
the advantage from a computational cost standpoint of
using a lumped-element VF model, it does elucidate the
manner in which flow features impact VF dynamics. de
Vries et al. (2002) couple a computational fluid dynamics
(CFD) Navier—Stokes flow solver with a lumped-element
VF model and compare the results to a traditional
Bernoulli flow solver. They note that that the CFD solver
produces a lower fundamental frequency and a peak flow
that is twice as high as the Bernoulli solver. The increase
in peak flow is attributed to the changing flow separation
points throughout the phonatory cycle. In addition, the
phonation threshold pressure is much more closely corre-
lated with clinical results. However, this study, as well as
prior works already discussed, assumes that the flow
separates symmetrically within the glottis, whereas
two-dimensional experimental investigations have demon-
strated that during the divergent phases of the phonatory
cycle, the flow fully separates from one wall and an
attached wall jet forms on the opposing wall (Erath and
Plesniak, 2006a, 2010a,b; Krane et al., 2007). This addi-
tional complexity has been investigated by coupling
lumped-element VF models with full CFD solvers that
are solved in tandem with the VF dynamics (Tao and
Jiang, 2008; Tao et al., 2007; Xue et al., 2010). These

studies show that even for symmetric tissue properties,
asymmetric airflow can induce asymmetric VF motion,
although the degree of asymmetry is relatively minor.
Asymmetries in the VF motion increase with subglottal
pressure, becoming more pronounced when tissue proper-
ties are also asymmetric, and can incite chaotic VF
motion (Tao and Jiang, 2008).

6.4. A simplified asymmetric flow solver

Recently, a theoretical asymmetric intraglottal flow sol-
ver has been developed for lumped-element VF models.
Using a Falkner—Skan-like similarity solution for flow over
a rotating and translating flat plate, a model of the asym-
metric pressure loading on the VFs is derived, termed the
boundary-layer estimation of the asymmetric pressures
(BLEAP) model (Erath et al., 2011a). This solution models
the aerodynamic loading that arises from an attached wall
jet. This scenario occurs when the glottis forms a divergent
passage, causing the glottal jet to asymmetrically attach to
one VF wall while completely separating from the oppos-
ing wall (Erath and Plesniak, 2006a, 2010c). This approach
specifies flow separation a priori from the non-flow wall to
occur at the minimal glottal area, while on the flow wall it
occurs at the glottal exit. The flow wall is specified as the
VF wall that has a shallower divergence angle when the
total included glottal angle becomes divergent. This behav-
ior has been confirmed with experimental measurements
(Erath and Plesniak, 2006¢, 2010a). The asymmetric wall
pressure that is produced by the attached wall jet induces
only slight asymmetries in the VF dynamics for symmetri-
cally tensioned tissues. However, for asymmetric model
parameters, indicative of unilateral paralysis, significant dis-
ruption of the dynamics occurs, which can introduce chaotic
VF motion (Erath et al., 2011b). When a smooth glottal
geometry is used, as in the coupled CFD/lumped-element
model investigations of Tao and Jiang (2008) and Tao
et al. (2007), very good agreement is observed between the
CFD simulations and the BLEAP solution, suggesting that
the BLEAP flow solver captures the pertinent physics of
asymmetric intraglottal flow for both normal and patholog-
ical models with minimal additional computational cost.

6.5. Impact of the ventricular folds

While the ventricular folds significantly impact the fluid
dynamics of phonation from both flow stability (Agarwal
et al., 2003, 2004; Drechsel et al., 2008; Li, 2007; Triep
et al., 2005; Zheng et al., 2009) and acoustical standpoints
(Alipour, 2013; Zhang et al., 2002), very little work has been
undertaken to model these effects from a fluid mechanics
perspective. The sole effort (Bailly et al., 2008) assumes
Bernoulli flow through the glottis, and then investigates both
uniform and turbulent supraglottal jet development before
passing through a ventricular gap, for which the pressure
drop is again solved from Bernoulli’s equation with
corrections for flow inertia and viscous effects. When
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compared with experimental results the theory provides
good qualitative agreement. Furthermore, it successfully
predicts that the ratio of ventricular to glottal area has a very
significant impact on phonation onset pressure. For ventric-
ular areas less than the glottal area, flow resistance is
increased, which increases phonation onset pressure. As
the ratio of ventricular to glottal area increases, an addi-
tional pressure recovery occurs, causing the phonation onset
pressure to decrease below the level of that found for flow
through the glottis with no ventricular folds. For area ratios
greater than about 7, the ventricular folds have negligible
impact on the flow and the phonation onset pressure acts
as if there are no ventricular folds.

6.6. Three-dimensionality and higher-order flow effects

A shortcoming of existing analytical flow solvers is their
inability to capture higher-order viscous flow effects that
may have a significant impact on aerodynamic pressure
loadings and acoustic output. The glottal jet is three-
dimensional in nature (Triep and Briicker, 2010), and
exhibits complex viscous behavior including axis-switching
(Khosla et al., 2008a; Triep and Briicker, 2010), intraglottal
and supraglottal vortex shedding (Khosla et al., 2007),
shear layer instabilities (Luo et al., 2009), and cycle-to-
cycle perturbations in flow trajectory (Erath and Plesniak,
2006c; Erath and Plesniak, 2010b; Neubauer et al., 2007).
Although VF geometries have been developed to incorpo-
rate three-dimensional contours as discussed in Section 3,
flow solvers applied to these three-dimensional geometries
still largely assume one-dimensional inviscid flow. Since
the geometry is commonly prescribed as a matrix of masses
in both the inferior-superior (streamwise) and anterior—
posterior (cross-stream) directions, each anterior—posterior
section is assumed independent of the other sections from
the fluid mechanics standpoint. It is further assumed that
the subglottal and supraglottal pressures in each plane
are the same, but due to the changing geometries for each
plane, the intraglottal pressures varies in the anterior—pos-
terior direction (Wong et al., 1991; Yang et al., 2010, 2011,
2012). This approach neglects viscous effects, and the
observation that velocity magnitudes in the anterior—pos-
terior (cross-stream) direction can be as high as 10% of
the streamwise velocity in three-dimensional geometries
(Scherer et al., 2010; Triep and Briicker, 2010; Triep
et al., 2005; Zheng et al., 2011).

6.7. A water hammer-based solver

Other novel approaches also exist for modeling the fluid
mechanics of voiced speech in lumped-element VF models,
one of the more interesting of which is based upon water
hammer theory. In Ishizaka et al. (1976) suggested that
the water hammer phenomena may be used in the study
of human phonation. Sciamarella and Artana (2009) for-
malize the water hammer theory for modeling human pho-
nation, in which the vocal tract is approximated as a

pipeline system with the VFs acting as a valve. The water
hammer formulation solves for the flow as well as the
unsteady pressure fluctuations in a naturally coupled man-
ner, as opposed to the more traditional methods discussed
in Section 7, in which a wave source model must be coupled
to an acoustic analogy. While Sciamarella and Artana
(2009) acknowledge this one-dimensional approach does
not produce more accurate results, per se, it is a more intu-
itive and direct method for computing unsteady intraglot-
tal pressures under the assumption of one dimensional
flow. A shortcoming of this approach is, however, the reli-
ance upon empirical orifice discharge coefficients, which
have only been measured for limited scenarios (Mongeau
et al., 1997; Park and Mongeau, 2007, 2008).

7. Components of lumped-element vocal fold models:
Acoustics

7.1. Sound generation

Although a small fraction of the sound emitted by the
vibrations of the VFs may be radiated through structural
vibrations of the bones and cartilages, most of the acoustic
energy is obtained from the pulsating glottal jet flow and its
interaction with the human airways (Mongeau et al., 1997).
The sound produced by the pulsing jet can be broadly cat-
egorized as monopole, dipole, and quadrupole sources. A
periodic monopole source is produced due to displacement
of the fluid by the moving tissue of the VFs (Zhao et al.,
2002). A dipole source is generated by the net force that
the surfaces of the glottal walls exert on the fluid, which
is governed by the instantaneous pressure drop across the
glottal opening (McGowan, 1988; Zhao et al., 2002).
Finally, a quadrupole source, which is random and broad-
band in nature, arises from the turbulent kinetic energy of
the flow (Zhao et al., 2002).

Self-oscillating lumped-mass models are capable of
readily incorporating multiple sound sources. By specifying
subglottal and supraglottal vocal tract geometries, the peri-
odic dipole source is inertly present due to the presence of a
subglottal tract and the continuity of volume below and
above the glottis, which yields phase-inverted pressures
on each side of the glottis. Additional sources can also be
incorporated into these models. A monopole source can
be added by calculating the instantaneous volume occupied
by the folds, and quadrupole sources can be included by
estimating the rate of change in the axial kinetic energy
in the source region (Zhang and Mongeau, 2006; Zhao
et al., 2002). Even though a simple addition of these com-
ponents will better represent the physics of phonation,
these higher-order terms are normally neglected and only
the predominant dipole source is utilized. The assumption
of a periodic dipole-only source may be sufficient to study
modal phonation, but it falls short in the instances of
higher pitch frequencies due to an increased monopole
component (Zhao et al., 2002). Furthermore, the presence
of ventricular folds or vocal tract occlusions will give rise
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to an additional dipole component (Zhang et al., 2002),
and incomplete glottal closure will increase the contribu-
tion of the quadrupole component (Park and Mongeau,
2008; Zhao et al., 2002).

7.2. Sound propagation

In general, sound propagation in the subglottal and
supraglottal tracts is modeled in the time domain under a
one-dimensional planar wave assumption. The three-
dimensional tracts are discretized into a finite number of
short length cylindrical sections with variable cross-sec-
tional areas. The tract shapes are typically generated from
magnetic resonance imaging (MRI) data (Story, 2008;
Story et al., 1996; Takemoto et al., 2006). Sound pressure
waves are tracked over time across each cylindrical section,
where the acoustic pressure is assumed to propagate as a
planar wave. The plane wave assumption in voiced speech
is a reasonable approximation for frequencies less than
approximately 4700 — 5700 Hz (Eriksson, 1980). Tube cur-
vature, which is most prevalent in the vocal tract, can either
increase or decrease the phase velocity of acoustic waves
around the bending region, thereby altering the resonances
of the tube. However, as discussed by Story et al. (19995),
these effects are minor and can be reasonably neglected.

Two standard approaches exist for tracking acoustic
wave propagation in the subglottal and supraglottal
regions. The wave reflection analog (WRA) scheme (Kelly
and Lochbaum, 1973; Liljencrants et al., 1985; Story et al.,
1995) is a time-domain transmission model, where the solu-
tion of the plane wave equation for each tube section is
expressed as the superposition of forward and backward
traveling acoustic pressures, see Fig. 5. In this approach,
the surface area of each section determines reflection coef-
ficients and each transmitted and reflected pressure is com-
puted using scattering equations. The technique is
conceptually simple and of low complexity for simple
geometries. It allows for radiation impedance, compliant
walls, and various other loss factors for the subglottal
and supraglottal tracts (Story et al., 1995; Zanartu, 2006).
When utilizing MRI data to construct the vocal tracts,
the WRA model shows good agreement of the first
three formant locations when compared with clinical data
(Story et al., 1996; Titze, 1994b). The technique, however,
becomes less intuitive and less efficient when handling tube
branching, frequency dependent losses, and temporal vari-
ations in the vocal tract. Thus, it is less attractive for mod-
eling running speech and physiological representations of
the subglottal pulmonary system.

An alternative sound propagation model uses a distrib-
uted transmission line method based upon a cascade of 7-
sections. Each section is constructed using electrical ana-
logs of the acoustic components, see Fig. 6. This approach
has been used extensively in the frequency domain (Fant,
1960; Flanagan et al., 1972; Stevens, 1998; Stevens and
House, 1955; Wodicka et al., 1989). It was first applied in
a time domain scheme by solving loop equations for each

node in the T-sections in early self-oscillating lumped-mass
models (Flanagan and Landgraf, 1968; Ishizaka and Flan-
agan, 1972). In order to simplify the computations, Maeda
(1982) proposes a matrix representation of a time-domain
transmission line network for sound wave propagation in
the vocal tract. This method has been extended to include
multiple side branch cavities of the supraglottal tract
(Mokhtari et al., 2008) and the subglottal system (Ho
et al., 2011). Even though current transmission line meth-
ods overcome the limitations of WRA methods for com-
plex tract representations, the simplicity of the latter still
prevails when studying static vowel production using self-
sustained models.

7.3. Acoustic interactions

The seminal linear source-filter theory (Fant, 1960)
defines the vocal tract as a simple filter that convolves the
glottal sound source. No interaction between the VF tissue,
glottal airflow, or acoustic waves is considered, and any
effects arising from the subglottal tract are neglected. Sub-
sequent theoretical studies, however, observed changes in
the glottal airflow due to fluid-acoustic interactions with
the subglottal and supraglottal vocal tract (Fant and Lin,
1987; Flanagan and Landgraf, 1968; Ishizaka and Flana-
gan, 1972; Rothenberg, 1981; van den Berg, 1968). Clinical
evidence of these early observations are also reported in the
literature (Hanson, 1997; Klatt et al., 1990; Rothenberg,
1973; Rothenberg and Zahorian, 1977).

Recent studies suggest that source-filter interactions can
be much stronger than initially believed, and completely
alter the dynamics of VF tissue motion in addition to pro-
ducing fluid-acoustic interactions. This claim is primarily
supported by observations made possible with advances
in vocal tract imaging (Honda et al., 2004; Story, 2008;
Story et al., 1996; Takemoto et al., 2006) that show vocal
tract impedance can be comparable to that of the glottis
(Titze, 2004, 2008; Titze and Story, 1997). The nonlinear
source-filter coupling theory (Titze, 2008) seeks to incorpo-
rate these observations and introduces the concept of inter-
actions due to impedance relations. Supporting evidence
for this theory can be observed in register transitions in
singers (Miller and Schutte, 2005), dynamic vocal exercises

Fr— —F

2

Section 1 Section 2

Fig. 5. Schematic of the WRA principle, where F| and F, are forward
traveling waves upstream and downstream of the junction, respectively,
while B; and B, are the backwards traveling analogs.
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Fig. 6. Schematic of the transmission line model. Each circuit node
consists of a series of resistors R, capacitors C, and inductors L that model
flow through the tube. The wall impedance is similarly modeled and
denoted by the subscript w. The glottal airflow into the kth node, U*, is
combined with a flow U, to produce the outflow U**!. The flow U,
accounts for air flow generated due to the articulated volume changes
within each segment. The pressure at the node is P*.

(Titze et al., 2008; Titze and Worley, 2009), and high-speed
visualization of acoustically-induced bifurcations (Zanartu
et al., 2011).

The nonlinear source-filter theory proposes two types of
source-filter interactions (Titze, 2008): a “level 1” interac-
tion, in which only the flow and sound interact; and a
“level 2” interaction, in which the tissue is now part of a
three-way interaction that affects the tissue motion. These
two classifications are not purely academic, as it has been
suggested that humans have the ability to operate their
voices with different levels of source-filter interactions by
changing the degree of adduction of the VFs and narrow-
ing the epilarynx tube (Titze, 2008). This implies that a
“level 2” interaction could be simplified into a “level 1”
interaction under certain conditions.

When implementing “level 1” interactions into lumped-
element VF models, the acoustic pressures are not included
in the differential equation that defines the motion of the
VFs, but are applied separately to the equations that com-
pute the glottal flow rate. Thus the VF dynamics are unal-
tered, but the volumetric flow rate (i.c., the acoustic source)
is influenced by acoustic interactions in the subglottal and
supraglottal tracts. Consequently, acoustic interactions
arise from the relation between tract impedances and the
harmonic composition of the glottal source. Harmonics
falling within the inertive portion of the vocal tract are
amplified, while those falling within the compliant portion
are reduced. “Level 1” interactions also introduce har-
monic distortion, increasing the frequency content of the
glottal flow signal.

In “level 2” interactions the subglottal and supraglottal
tracts impact both the glottal airflow and the VF dynamics
through the governing differential equations. This type of
acoustic interaction can yield favorable conditions for
self-sustained oscillations, producing increased amplitudes

of vibration, increased radiated sound pressure levels,
and reduced phonation threshold pressures (Alipour
et al., 2001; Titze, 2008). Likewise, unfavorable conditions
raise the phonation threshold, yield smaller amplitudes,
and can produce instabilities and bifurcations, such as fre-
quency jumps, deterministic chaos, aphonation, and sub-
harmonics (Titze, 2008; Titze et al., 2008; Tokuda et al.,
2010; Zhang et al., 2006; Zanartu et al., 2007, 2011). The
general “level 2” conditions where the acoustic interactions
favor or hamper the oscillations are described for each fre-
quency in terms of the series superposition of the tract reac-
tances (Titze, 2008). Favorable loading conditions are
produced by an inertive impedance (positive reactance) in
the supraglottal tract and compliant impedance (negative
reactance) in the subglottal tract (Titze, 2008; Zanartu
et al., 2007). For normal voiced speech at the fundamental
frequency, the vocal tract and the subglottal tract provide
inertive impedances. Consequently, the ideal condition is
not met and the subglottal tract acts to hamper the oscilla-
tions to some degree. However, because harmonics are fre-
quency dependent and different impedance relations may
exist, some frequency components may be amplified while
others are attenuated.

8. Applications of lumped-element models in speech research

In Sections 3-7 we introduced the constituents of the
lumped-element modeling framework. Therein we focused
primarily on the functional aspects of each constituent sep-
arately. In this section we shift the focus to what lumped-
element models can do and how they can do it. This section
will highlight a few key demonstrations of lumped-element
models in various speech studies, and as such is not meant
to serve as a comprehensive literature review on the
subject.

8.1. Normal phonation

In general, under normal phonation conditions the left
and right VFs are structurally equivalent; that is, the tissue
properties of the two VFs are identical. The myriad sounds
associated with voiced speech result from control and alter-
ation of the vocal tract configuration and VF tensioning
and posturing, see Section 7.3. Herein we discuss speech
simulations ranging in complexity from sustained vowels
to running speech.

8.1.1. Sustained vowels

In sustained vowel vocalization, the VF fundamental
frequency and vocal tract configuration remain constant
during phonation. The fundamental frequency is set by
the VF vibration while the sound spectrum is influenced
by the resonances of the vocal tract. Consequently, model-
ing sustained vowel phonation requires an appropriate
glottal flow, a VF model with the proper fundamental



B.D. Erath et al. | Speech Communication 55 (2013) 667-690 681

vibration frequency, and a vocal tract for acoustic filtering
(Story, 2005).

Lumped-element models of the vocal folds are well-
suited to sustained vowel simulations since the structural
parameters are constant and can be tuned to obtain the
desired frequency, see Section 4. As discussed in Section 7.2,
MRI data is frequently used to extract the vocal tract
configurations for vowel intonations, which can be
coupled with the VF model and solved using the wave
reflection analog method. Story et al. (1996, 2002),
for example, use a three-mass body-cover model (m; = 1,
n =2,my=n,=1) connected with MRI-measured
subglottal and supraglottal tracts and the WRA method
to investigate a range of sustained vowels. The pressure
waveforms for the /i/ and /a/ phonemes display a clear
influence of the vocal tract resonances.

As an example of the practical utility of sustained vowel
simulations, new voice production techniques can be
evaluated using data produced from lumped-element
models. For instance, a three-mass body-cover model
(m =1,n =2,m=n,=1) and the WRA method are
employed to evaluate the performance of an improved
closed-phase covariance method for glottal inverse filtering
by Alku et al. (2009). The new inverse filtering technique is
evaluated by comparing the glottal volume velocity waveform
estimated by applying the new inverse filtering method to an
acoustic signal generated from the lumped-element model to
the “actual” glottal waveform produced by the model.

8.1.2. Vocal registers and pitch glide

Vocal registers are associated with specific VF vibration
regimes and are often described by their glottal orientation
and muscular tension. Sounds produced in a given register
will be similar due to the consistent VF vibration patterns.
For example, in the modal register, the VFs are fully
adducted and a relatively large portion of the folds vibrate.
In contrast, in the falsetto register the majority of the
motion is relegated to the trailing edge of the folds with lit-
tle motion in the VF body. A pitch glide is a steady change
(typically rise) of pitch at constant loudness and effort.
Increasing pitch is largely accomplished by increasing vocal
fold tension, particularly in modal voice. Physiologically,
as the cricothyroid contracts, the VF tension increases,
which can result in the VF vibration pattern transitioning
from chest to falsetto register.

Lumped-element models are configured to simulate var-
ious registers, including vocal fry, chest, and falsetto, via
alteration of the model parameters and/or model structure.
Vocal fry is characterized by low-frequency glottal pulses
with a short open phase, which is mimicked by using less
stiff linear spring constants. In modal voice, or chest regis-
ter, the VFs are large and close completely during each
glottal cycle. In lumped-element models, this is achieved
by increasing the VF mass. The bulk of the oscillations
occur at the edge of the VFs during falsetto voice due to
increased tension and decreased mass. Correspondingly,
falsetto is modeled by decreasing VF mass, and increasing

the linear and coupling spring constants (Sciamarella and
d’Alessandro, 2003, 2004).

Lumped-element models are capable of simulating pitch
glides by adaptively modifying model parameters. For
example, a pitch raise is modeled using a multi-mass model
(my =3,n =2) with time-dependent parameters by
Wurzbacher et al. (2004, 2006). They use an iterative adap-
tation method that modulates the frequency and amplitude
of the model to match clinical vibration patterns measured
using high-speed glottography. The model very accurately
tracks the increasing frequency and subglottal pressures
of the simulated pitch raise and is able to replicate the pitch
raise acquired using high-speed glottography with only
slight discrepancies around the time of VF impact.

The increased cricothyroid tension needed for register
transition can be introduced to single layer lumped-element
models via a tensioning parameter, which increases the
stiffness and decreases the mass of the superior mass in
the model. Sciamarella and d’Alessandro (2004) use a
two-mass model (m; = 1,n, =2) to study vocal register
transitions from chest to falsetto. The three-mass model
(my = 1,n; = 3) introduced by Tokuda et al. (2007, 2008)
and discussed in Section 3.1 is specifically designed to sim-
ulate both chest and falsetto registers, as well as the transi-
tion between them, assuming no influence of vocal tract
resonances. Using Lyapunov exponents, they conclude that
the VF vibration during register transition, which occurs
over a range of tensioning parameters, is chaotic. Their
results demonstrate good agreement with analogous excised
larynx experiments, in which the longitudinal tension is var-
ied to cause register transition. Their improved dual-layer
version of the model (m; =1,n, =3, m =n, =1), dis-
cussed in Section 3.2, coupled with subglottal and supraglot-
tal resonators is used to replicate glissando singing of
untrained male singers by varying the tension parameter
(Tokuda et al., 2010). This study displays very similar regis-
ter transitions and frequency jumps between chest and fal-
setto registers. The study finds that coupling of the
subglottal and supraglottal resonances to the VF model
results in a drastic shift in the frequencies at which the reg-
ister transitions occur, with the transition dependency being
dominated by the supraglottal resonance.

8.1.3. Running speech

Running speech involves a sequence of sounds generated
in myriad ways, including fricatives, plosives, and the
voiced sounds generated at the VFs. Simulating full run-
ning speech requires models capable of modifying the vocal
tract, articulating and posturing the VFs, modulating VF
parameters, as well as incorporating other sound sources
for non-voiced sounds. Lumped mass models utilizing
time-varying laryngeal parameters in combination with
source-tract acoustical interactions are capable of simulat-
ing running speech to some degree. Running speech simu-
lations can be achieved by dynamically fitting the model to
oral airflow measurements acquired using a Rothenberg
mask (Lofqvist et al., 1995; Lucero, 2005; McGowan
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et al., 1995). McGowan et al. (1995) simulate an /aCa/
utterance, where C is replaced with a range of consonants,
using a two-mass model (m; = 1,n, =2) and a low-fre-
quency aerodynamic model. Although the model is able
to generally replicate the glottal dynamics, the authors sug-
gest that the two-mass model is too simplified for accurate
simulation of glottal pulses during the transition from
unvoiced to voice speech. Lucero (2005) simulate the spe-
cific utterance /aha/ for instances where the /h/ is both
voiced and unvoiced. Their iterative model is able to recre-
ate the voiced syllables with good agreement in the voiced /
h/ cases. In the cases containing an unvoiced /h/, the model
is less accurate in restarting the oscillation after its cessa-
tion, resulting in a nonphysical elongated unvoiced period.
Generally speaking, lumped-element models are not good
at modeling unvoiced sounds, in part due to neglecting
higher order sound sources, see Section 7.1.

8.2. Pathological phonation

Normal phonation is generally periodic, however small
perturbations are often present in the sound signal. The
introduction of pathological conditions most often result
in much more substantial perturbations or irregularities
of the vocal signal. A subset of pathological phonation
conditions, in which lumped-element phonation modeling
is utilized for scientific understanding, advancements, and
treatment, is presented in this section. A summary of the
vocal pathologies discussed herein, including their physio-
logical manifestations and the requisite lumped-element
model adaptations, is presented in Table 3.

8.2.1. Incomplete glottal closure
Incomplete glottal closure, or glottal leakage, is a com-
mon condition in both normal and disordered voices

Table 3

(Hanson, 1997; Hillman et al., 1989; Holmberg et al.,
1988; Stevens, 1998). As the name suggests, incomplete
glottal closure is a condition such that even when the
VFs are completely adducted there remains a gap through
which air can pass. It may present in healthy normal voice,
as is often observed in females, see for example Fig. 7. If
severe enough, the leakage flow can result in diminished
vocal quality to the point of being pathological. Incomplete
glottal closure may also arise as a manifestation of some
other underlying pathology, such as polyps or paralysis,
see Fig. 9. Indeed, incomplete glottal closure is related to
changes in the harmonic decay of the source spectra and
changes in the vocal tract formant and bandwidths (Han-
son, 1997; Klatt et al., 1990; Rothenberg, 1984), the intro-
duction of turbulent noise (Klatt et al., 1990; Stevens,
1998), fluctuations during the closed phase of the cycle
(Cranen and Boves, 1987; Cranen and Schroeter, 1995),
large open quotients (Sciamarella and d’Alessandro,
2003, 2004), and the need for an increased vocal effort that
may lead to vocal hyperfunction (Hillman et al., 1989).

Incomplete Glottal

Closure \

.

Fig. 7. Laryngocopic image of adducted VFs of a normal female showing
non-pathological incomplete glottal closure. Figure taken from http://
www.voicemedicine.com, used with permission from Lucian Sulica, MD.

Lumped-element model adaptations for modeling pathologies.

Pathology

Physiological manifestations

Model adaptations

Incomplete glottal closure

Unilateral paralysis
RLN

SLN

Polyps and nodules

Parkinson’s disease

Incomplete closure of the posterior
glottis resulting in leakage during VF
closure

Inability to adduct, position, and
tension affected VF; incomplete
closure

Inability to tension affected VF

Geometric abnormalities on VF
medial surface

Impairment of muscle voluntary
movement, reduced muscle speed,
muscle rigidity; presents with
vocal tremors, subharmonics,
vocal irregularities

Three-dimensional models allowing
abduction; bypass channel to allow
flow during closure

Decrease mass and increase
all stiffness except coupling
springs of damaged VF
Decrease mass and increase all
stiffnesses of damaged VF

Increase mass of affected fold;
modified nonlinear collision force;
modified pressure loading

Time-varying structural parameters;
increased stiffness
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While a common occurrence, very few lumped-element
model studies have incorporated incomplete glottal clo-
sure. Many models, particularly those with no anterior—
posterior variation, restrict the glottal area to be rectangu-
lar, and thus when the opposing masses collide the glottis is
completely closed. In order to incorporate incomplete glot-
tal closure, there must be either anterior—posterior varia-
tion or an ad hoc correction to a planar model (Birkholz
et al., 2011a; Childers et al., 1986). Different extensions
or corrections are proposed that include: an anterior—pos-
terior feature that restricts the vibration of the vocal folds
(McGowan et al., 1995); use of nonlinear damping coeffi-
cients (Lucero and Koenig, 2005), a pre-collision scheme
(Kuo et al., 1998; Pelorson et al., 1994), a separate flow
channel to mimic a posterior parallel gap (Zanartu,
2010), and inclined masses with respect to the dorso-ventral
axis that affects the flow solver and contact forces (Birkholz
et al., 2011c). These extensions or corrections to models
with no anterior—posterior variation are capable of mim-
icking the perceived effects of incomplete glottal closure,
although no comprehensive comparison among them has
been performed. Some of these extensions also explore
the effect of incomplete glottal closure on the energy trans-
fer that leads to hyperfunction (Zanartu, 2010) and the
production of different perceived voice qualities, ranging
from pressed to breathy voice (Birkholz et al., 2011c).

On the other hand, lumped-element models that include
anterior—posterior variations (Fraile et al., 2012; Kob et al.,
2002; Titze, 2006; Wong et al., 1991) can allow for incom-
plete glottal closure by means of separate Bernoulli flow
channels for each section (Titze, 2006). Even though it
increases the numerical complexity, this modeling
approach can mimic various normal and pathological con-
ditions and voice qualities, given the added degrees of free-
dom in the anterior—posterior direction.

8.2.2. Unilateral laryngeal nerve paralysis

As discussed in Section 2, the RLN innervates all intrin-
sic muscles of the larynx except the cricothyroid, which is
innervated by the SLN. The cricothyroid controls VF elon-
gation and tension, while the remaining muscles largely
serve to position the VFs in preparation for voiced speech.
Unilateral damage to the laryngeal nerve, which may arise
from neurological disease, viral infection, or thyroid sur-
gery (Lo et al., 1960; Schwarz et al., 2006; Yumoto et al.,
2002), inhibits proper voice production by either (i) pre-
venting adduction of one VF (RLN paralysis), see Fig. 8,
or (ii) inhibiting the ability to control VF tension when
both VFs are adducted (SLN paralysis). In addition, both
types of paralysis often create a persistent posterior glottal
gap. RLN paralysis is typically manifest by decreased
mucosal wave propagation, a phase lag caused by the
healthy VF leading the damaged VF (Sercarz et al.,
1992), and exaggerated lateral motion in the damaged VF
(Hanson et al., 1988). In SLN paralysis, phase lag between
the healthy and damaged fold can be as high as 90° (Han-
son et al., 1988). Due to the lack of tension, the damaged

VF is also usually at a lower vertical level (Arnold, 1961;
Dursun et al., 1996).

Prescribed tension asymmetries in lumped-element
investigations vary based on the pathology being modeled.
By applying different tension parameters for the left and
right VFs, which alter the masses and springs of one VF
in inverse proportion, Ishizaka and Isshiki (1976) investi-
gate vibratory regimes as a function of degree of asymme-
try. Using the two-mass model (m; = 1,n; = 2) of Koizumi
et al. (1987), Smith et al. (1992) introduce additional asym-
metry parameters to model the size of the vibratory gap
and thyrovocalis contraction and tension, in addition to
cricothyroid contraction, enabling the ability to model
both RLN, SLN, and combined RLN/SLN paralysis. A
simple and popular method for modeling VF paralysis is
presented by Steinecke and Herzel (1995). SLN paralysis
is modeled with all springs scaling linearly with an asym-
metry parameter, and masses scaling inversely. RLN paral-
ysis is also modeled by scaling the coupling and collision
springs and mass of one fold. Lumped-mass investigations
of VF paralysis have demonstrated that tension asymme-
tries can introduce highly irregular vocal fold kinematics
characterized by biphonation and multiple period oscilla-
tions (Steinecke and Herzel, 1995; Xue et al., 2010), as well
as highly-nonlinear, chaotic motion (Erath et al., 2011b;
Herzel and Knudsen, 1995; Herzel et al., 1995). Lumped-
element models of unilateral paralysis are also used suc-
cessfully to extract physiological asymmetry parameters
by correlating high-speed video with model kinematics
using the methods described in Section 4.3 (Mehta et al.,
2011; Wurzbacher et al., 2008).

Fig. 8. Laryngoscopic images VFs with unilateral paralysis in the
abducted (top) and adducted (bottom) configuration. Figures taken from
http://www.voicemedicine.com, used with permission from Lucian Sulica,
MD.
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8.2.3. Polyps and nodules

Polyps and nodules are common pathologies that pres-
ent as geometric abnormalities on the medial surface of
the VFs (Benjamin and Croxson, 1987; Hirano et al.,
1983), see Fig. 9. Polyps range in size, and may be classified
as one of three types: sessile, which results in a distributed
balloon like appearance; pedunculated, which is more
stalk-like, with a base and body; and polypocorditis, which
consists of a lesion that is distributed over the entire VF
surface (Titze, 1994B). The geometric protuberance often
prevents complete closure of the glottis, resulting in breath-
iness, and vocal fatigue (Johns et al., 2003), as well as
increased phonation threshold pressure (Zhuang et al.,
2009). Size, stiffness, and damping coefficients are all
important polyp parameters that alter VF dynamics due
to the impediment of the mucosal wave (Zhang et al.,
2004). Investigations of a polyp-like mass added to excised
canine VFs further reveal the inception of spatiotemporal
asymmetry and chaos in the vibratory patterns (Zhang
and Jiang, 2008a). In addition to structural modifications,
aerodynamic pressure loadings may also be disrupted due
to a polyp obstructing the glottal flow (Erath and Plesniak,
2012).

Dejonckere and Kob (2009) utilize a single layer model
(m; = 20,n; = 2) to investigate the pathogenesis of vocal
nodules, showing that anatomical differences in VF postur-
ing can lead to localized zones of high impact along the VF
surface. The incorporation of nodules and polyps into
lumped element investigations has been limited to struc-
tural variations of the VF model. By altering the cover stiff-
ness in a single-layer model (m; = 5,n; = 2) Wong et al.
(1991) demonstrate that localized increases in stiffness
damp subharmonics and increase irregularity. A two-mass
model (m; = 1,n; = 2) with an added mass on the medial
surface of the inferior mass, representative of a sessile
polyp, is shown to incite aperiodic vibrations that can be
attributed to low-dimensional chaos, while also producing
a non-zero mean flow due to inhibited glottal closure
(Zhang and Jiang, 2004). The more extreme case of a
“golf-ball-like” pedunculated polyp is presented by Koiz-
umi et al. (1993), where fluctuations in the fundamental
period and amplitude are modeled well using a two-mass
model (m; = 1,n; = 2) with a coupled mass on the superior
surface of one side (m; = 1,n; = 3) to represent the pedun-
culated polyp. In spite of the relative success in modeling
structural variations that arise due to polyps, the disrup-
tion of the aerodynamic loading due to the protruding geo-
metric abnormality remains unknown. Although recent
experiments have identified significant spatial and temporal
variations in the glottal flow patterns due to periodically
shed horseshoe vortices from a polyp, the impact on the
pressure loadings remains unknown (Erath and Plesniak,
2012).

8.2.4. Parkinson’s disease
Parkinson’s disease is a neurological degenerative disor-
der. Approximately 90% of patients with Parkinson’s dis-

.

Fig. 9. Laryngoscopic images of VFs with polyps (top) and nodules
(bottom). Figures taken from http://www.voicemedicine.com, used with
permission from Lucian Sulica, MD.

ease exhibit laryngeal disorders including breathiness, and
vocal tremor (Logemann et al., 1978), which can lead to
pathological hoarseness (Massey and P.G.W., 1985). Trem-
ulous voice as a result of Parkinson’s disease, which typi-
cally occurs in the range of 4 — 7 Hz, may also present
with elevated frequency and amplitude perturbations
(Hartman and Vishwanat, 1984).

Parkinsonian voice is modeled by including an addi-
tional normalized stiffness coefficient to account for
increased tissue stiffness, and to simulate low-frequency
fluctuations (Zhang et al., 2005). The stiffness coefficient
utilizes the standard tissue properties of Ishizaka and Flan-
agan (1972) while also allowing for a linear increase in stiff-
ness, with a superimposed sinusoidal oscillation with
variable amplitude and frequency. This approach enables
investigation of clinical manifestations of Parkinsonian
voice including incomplete glottal closure, increased pho-
nation threshold pressure, glottal tremor, and the emer-
gence of chaos for sufficiently large tremor amplitude
(Zhang and Jiang, 2008b; Zhang et al., 2005). Two-mass
models (m; = 1,n; = 2) also show promise as a prosodic
analysis tool for Parkinsonian voice (Bocklet et al., 2011).

8.3. Speech synthesis

Speech synthesis using physically-based modeling simu-
lates the radiated speech signal by mimicking the behavior
of the whole speech production system for running speech
conditions. This approach differs from the more traditional
concatenative speech synthesis (Schroete, 2008) in that the
speech is originated from a physiologically-relevant
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description rather than an ad hoc collection of short sam-
ples of recorded voice. Due to its high computational load,
this type of synthesis is feasible only by means of low-order
lumped-element models of the VFs and plane wave acous-
tic propagation (via WRA or time-domain transmission
line) in a time-varying vocal tract.

Physically-based speech synthesis is primarily directed
toward understanding speech production and speech per-
ception. Having access to the complete system behavior
allows the study of numerous research problems, such as
the dynamics of co-articulation (Birkholz et al., 2011b;
Story, 2007a; Story et al., 2010), acoustically-induced insta-
bilities (Titze, 2008), the effects of turbulence in time-vary-
ing vocal systems (Birkholz et al., 2007), speech perception
(Bunton and Story, 2010; Kroger et al., 2007), speech
development in children (Bunton and Story, 2011; Story,
2009), speech development in robotic speech (Kroger
et al., 2011a), and singing voice (Bailly et al., 2010; Titze,
2008; Titze and Worley, 2009). This method also has the
potential to mimic emotional variations, different voice
qualities, and other transformations that are not possible
to achieve for a single subject via concatenative speech syn-
thesis (Birkholz et al., 2011c¢; Story, 2007b).

As expected, physically-based speech synthesis requires
knowledge of numerous time-varying inputs and physical
phenomena that are generally not known, often producing
uncertain results and unintelligible speech. Efforts are
under way to better understand articulatory and laryngeal
movements in running speech to improve the current limi-
tations of this synthesis approach (Birkholz et al., 2011b;
Kroéger et al., 2011b,c¢).

9. Outlooks

Currently, there is a need to advance the understanding
of normal and pathological voice in order to assist in clin-
ical assessment and treatment of vocal function. Difficulties
arise when attempting to correlate irregularities in the
acoustical output with the underlying physical pathology
producing the anomaly. That is to say, in pathological
voice what is “heard” does not always correlate with what
is “seen” (e.g., high-speed video) and/or “measured” (e.g.,
airflow). One patient may have a normal acoustical output
despite irregular VF motion, while another with similar VF
motion may present severely degraded speech quality.
These seemingly incongruous observations give rise to
questions such as; up to what point are pathological man-
ifestations (e.g., incomplete glottal closure, polyps/nodules,
asymmetric motion, etc.) detrimental to acoustical output;
when should surgical intervention be considered in place of
clinical rehabilitation; and how can surgical procedures be
optimized to maximize vocal restoration? Lumped-element
investigations have the potential to provide all of these
answers since they are capable of modeling the fully-cou-
pled fluid-structure-acoustic interactions that occur in
voiced speech. However, in order to provide reliable and
accurate insight, it is necessary that the models first capture

the pertinent physics of the problem in order to relate
abnormal vocal outcomes with pathological physical
behaviors. For this reason, there is a need to advance the
current state-of-the-art in lumped-element investigations
to include higher-order physics modeling. Areas where
advancements can be made have been discussed in this
manuscript, and are briefly summarized below.

Recent experimental and numerical work has high-
lighted the importance of three-dimensional effects in
voiced speech (Triep and Briicker, 2010; Yang et al.,
2012; Zheng et al., 2011). These findings extend to both
fluid and tissue mechanics. Glottal flow fields are highly
three-dimensional, giving rise to anterior—posterior pres-
sure gradients (Scherer et al., 2010), axis-switching in
the glottal jet (Khosla et al., 2008a; Triep and Briicker,
2010), vortex shedding (Khosla et al., 2007, 2008b; Triep
and Briicker, 2010), and glottal jet instabilities (Erath and
Plesniak, 2006b; Erath and Plesniak, 2010b; Mittal et al.,
2013; Neubauer et al., 2007; Zheng et al., 2011). Similarly,
VF motion is not planar, but three-dimensional. Further-
more, active control of the larynx and surrounding struc-
tures as a means of reproducing posturing, control, and
articulation of the supraglottal VF tract is needed to
mimic higher-order vocal outcomes (Birkholz et al.,
2011a). Closely related to the structural mechanics of
the VFs, the contact mechanics of VF collision are not
yet well understood, where accurate contact force model-
ing has implications for determining VF dynamics as well
as injury initiation and development (Titze, 1994a). The
underlying assumptions for some, or all three, acoustic
components (generation, propagation, and interactions)
may also differ considerably under pathological condi-
tions. Since the contribution of acoustic sources and the
energy exchange due to acoustic interactions can vary
under different laryngeal configurations, it is not unlikely
that sound propagation for pathologies would introduce
considerable differences, including the emergence of com-
pletely new sound sources (e.g., a vortex sound compo-
nent produced by hairpin vortices shedding from a
polyp (Erath and Plesniak, 2012)).

In order to address and validate all of the aforemen-
tioned shortcomings, more direct comparisons between
clinical data and lumped-element model findings are
needed. To date, there has largely been a disconnect
between model observations and clinical data. By compar-
ing model behavior with human subject data, the field has
the potential to reach the point where we can fully-explain
and predict both normal and pathological voice behaviors,
thereby creating a path by which scientific modeling can
aid and support clinical and surgical decisions.
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