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Abstract

The fluid-structure interaction and energy transfer from respiratory airflow to self-sustained vocal
fold oscillation continues to be a topic of interest in vocal fold research. Vocal fold vibration is
driven by pressures on the vocal fold surface, which are determined by the shape of the glottis and
the contact between vocal folds. Characterization of three-dimensional glottal shapes and contact
patterns can lead to increased understanding of normal and abnormal physiology of the voice, as
well as to development of improved vocal fold models, but a large inventory of shapes has not
been directly studied previously. This study aimed to take an initial step toward characterizing
vocal fold contact patterns systematically. Vocal fold motion and contact was modeled based on
normal mode vibration, as it has been shown that vocal fold vibration can be almost entirely
described by only the few lowest order vibrational modes. Symmetric and asymmetric
combinations of the four lowest normal modes of vibration were superimposed on left and right
vocal fold medial surfaces, for each of three prephonatory glottal configurations, according to a
surface wave approach. Contact patterns were generated from the interaction of modal shapes at
16 normalized phases during the vibratory cycle. Eight major contact patterns were identified and
characterized by the shape of the flow channel, with the following descriptors assigned:
convergent, divergent, convergent-divergent, uniform, split, merged, island, and multichannel.
Each of the contact patterns and its variation are described, and future work and applications are
discussed.
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Introduction

Many areas of biomechanics deal with the interactions between fluids and solid-like
structures. The fluid-structure interaction and energy transfer from respiratory airflow to
self-sustained vocal fold oscillation has challenged researchers for many decades (Ishizaka
and Flanagan, 1972; Titze, 1988; Thomson et al., 2005). In particular, the temporal and
spatial distributions of pressures on the vocal fold surfaces are only beginning to be
described in detail (Luo et al., 2009; Mihaescu et al, 2010; Chen and Mongeau, 2011; Oren
et al., 2014b). To accelerate this effort, an important step is to quantify the time-varying
airspace between the vocal folds, known as the glottis. Given that this airspace can collapse,
in whole or in part, it needs to be quantified in three dimensions over various time intervals
of the vibration cycle.

The three-dimensional shape of the glottis during phonation is determined largely by contact
between the vocal folds. The glottal shape in turn determines the pressure distribution in the
glottis (Scherer et al., 2001; 2002). Since pressure is the driving force for vocal fold self-
oscillation, glottal pressure distributions determine vibration patterns (van den Berg, 1957)
as well as glottal airflow patterns (Scherer et al., 1983; Deverge et al., 2003). Subtleties in
the glottal airflow waveform affect parameters such as voice quality and sound amplitude
(Gauffin and Sundberg, 1989; Childers and Lee, 1991; Childers and Ahn, 1995; Sodersten et
al., 1995).

Although vocal fold contact is related to many aspects of vocalization, contact area patterns
have been studied mainly indirectly. The electro-glottograph (EGG) signal has long been
used to estimate average (integrated) contact area between the vocal folds (Fourcin, 1981;
Baer et al., 1983; Childers et al., 1986; Rothenberg, 1992; Herbst and Ternstrém, 2006; Ma
and Love, 2010), but much of the spatial detail of contact is not revealed. A first attempt at
computational modeling and interpretations of the EGG signal has been offered in terms of
spatial and temporal features (Titze, 1990), but the model parameters were highly selective.
Transmission ultrasonic imaging across the larynx has been attempted to resolve vocal fold
contact area (Hamlet and Reid, 1972), but the beam width was too wide to capture much
spatial detail. Studies using high-speed digital imaging of human vocal folds from a superior
view, along with similar data from physical models, have presented glottal area shapes for
normal and pathological conditions (Neubauer et al., 2001; Zhang et al., 2010; Tsuji et al.,
2014), as well as associated “constriction modes” of the glottis with acoustic outputs (Krebs
et al., 2010). Excised larynx studies have considered medial surface dynamics by tracking
surface points in multiple anterior-posterior coronal planes (Berry et al., 2001; Déllinger et
al., 2005; Doellinger and Berry, 2006). Yet, no studies have visualized or characterized a
large variety of contact area patterns.

A study of contact patterns is highly relevant for computational modeling of normal and
abnormal vocalization. The patterns facilitate the development of simplified flow models for
near realtime voice simulation when thousands of cases need to be tested. This is
particularly important for modeling abnormal voices, which are marked by asymmetry in
movement between the left and right vocal folds. Such asymmetries are linked to anatomical
variation or altered vocal fold shape due to surgery or disease. Non-entrained modes of
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vibration then occur that result in complex contact patterns and glottal geometries. It has
been shown that a few modes of vibration are dominant in self-sustained oscillation of the
vocal folds, even when there is non-synchronized motion between the left and right folds
(Berry et al., 1994; Berry et al., 2001; Déllinger et al., 2005; Neubauer et al., 2001). The
modes are described with two indices (/m,1), where m indicates the number of half-
wavelengths in the anterior-posterior direction, and » indicates the approximate number of
half-wavelengths in the inferior-superior direction (Titze, 2000, Fig. 4.9). The most
dominant modes are the (1,0) and the (1,1) modes, but videostroboscopy has shown that the
(2,1) and (3,1) modes can be excited in abnormal vibration (Svec et al., 2000; Neubauer et
al., 2001; Berry, 2001).

The goal of this paper is to create a taxonomy for characterizing glottal contact patterns
based on normal modes of vibration. The modes will not be pulse-excited or self-excited
with fluid-structure interaction, but rather driven with a specific frequency governed by
mucosal surface wave propagation (Titze, 1988). The phases and amplitudes of the modes
will be determined parametrically as described in previous work (Titze, 1984; Story and
Titze, 1998). This approach is preferable to pulse excitation or flow-induced excitation
because it gives a wider range of possible contact patterns, even though not all patterns are
routinely encountered. A subset of the patterns can be expected in normal vocal fold
vibration and a greater subset in abnormal vibration. The ultimate purpose is to determine
possible complex glottal flow situations during vocal fold contact, from which pressure-flow
relations for self-sustained oscillation can be quantified, following the empirical work of
Scherer et al. (2001; 2002), Oren et al. (2014a; 2014b), and the computational work of Luo
et al. (2008), Xue et al. (2010), Zheng et al. (2010; 2011), Sciamarella and Le Quéré (2007),
and Zafartu et al. (2014). These pressure-flow relations can then be used in models of voice
simulation. Consideration of a wider range of possible contact patterns allows for
development of robust pressure-flow models that can handle complex, and even unexpected,
flow situations that will arise in pathological phonation. The set of contact patterns found
here is not an end goal, but an initial step toward development of accurate models for
simulating and studying voice disorders.

Medial Surface Geometry

An idealized medial surface geometry was adopted from Titze (2006) and is shown in Figure
1. It consists of a rectangular surface of vertical thickness 7 and anterior-posterior length L,
with posturing parameters to define the initial (prephonatory) three-dimensional geometry.
Following the original mathematics given by Titze (1984), each point on the right
prephonatory medial surface was defined by a glottal half-width, & gr, (x-distance from the
glottal midline) as a function of anterior-posterior () and inferior-superior (2) directions,
given by the following equation:

Sor(Y>2) = (1 = y/L)[Ero + (Gory — Eoro — 4épre/T(1 —2/T), (1)
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where £ gr1 is the glottal entrance half-width at the vocal process (posterior edge of
surface), & grz is the glottal exit half-width at the vocal process, and £ gr is a surface
bulging parameter that governs the vertical curvature of the medial surface. The subscript 7
denotes the right vocal fold. Geometry for the left vocal fold follows the same equation with
an L subscript.

The thickness, 7, and the length, L, were defined as 0.8 and 1.5 cm, respectively. These
dimensions are typical for human male vocal folds (Titze, 2006). Three initial posturing
configurations were considered for this study: convergent, uniform, and divergent. These
were defined by the parameter values in Table I.

Normal Modes of Vibration

To simulate normal modes of vibration over time, modal displacements were superimposed
on the prephonatory geometry based on the surface-wave approach (Titze, 1988). The modal
displacement £ g of the medial surface at any instant in time is defined by:

Er(Y, 2z, 1) = £ ¢ sin (mry/L)[sinot — n(w/c)(z — z_p)coswt],  (2)

along length of vocal fold), z;,z is the inflection point for the vertical half wavelength, w is
angular frequency, and cis speed of the mucosal wave. The w/c coefficient in Eq. (2)
accounts for vertical modal displacement (mucosal wave), when n=1. When n=0, no
mucosal wave is present. Again, equivalent equations exist for the left vocal fold (L
subscript). The three-dimensional shape of each medial surface at any instant in time is
given by the addition of the prephonatory medial surface coordinates and the modal
displacement, as follows:

EriLY> 2,0 = Sopyp + EryL (05 2,1 3

For this study, vibration frequency, £ was chosen to be 125 Hz, typical for a human male,
although the value was irrelevant with normalized cycles. The modal displacement
amplitude, € 4, was 1 mm. The angular frequency, w, and the mucosal wave speed, ¢,
were based on vibration frequency and defined as Zrfand 7rc7, respectively. The inflection
point z,r,, was defined as 7*(0.6 - 0.02 £gryy ). In preliminary simulations, varying Z,z,
alone within its realistic range (0.4-0.6), only showed quantitative, not qualitative changes in
contact patterns.

Simulation of Contact Patterns

In this study, the lowest four modes of vibration were considered: (1,0); (1,1); (2,0); and
(2,1). These are depicted in Figure 2. The (1,0) mode corresponds to medial-lateral
translation of the vocal folds, while (1,1) captures both the vocal fold medial-lateral
translation and the alternating convergent-divergent profile of the glottis that drives self-
oscillation (Berry et al., 1994). Modes similar to these two account for more than 90% of the
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vibration energy (Berry et al., 1994; Berry et al., 2001; Déllinger et al., 2005; Neubauer et
al., 2001). The other higher modes have been observed in vocal fold vibration (Svec et al.,
2000; Neubauer et al., 2001; Berry, 2001), but they contribute much less to the overall
energy. They were included here to consider other possible contact patterns. Contact patterns
were investigated for all symmetrical and asymmetrical combinations of these modes with
each of the three prephonatory glottal configurations (30 cases total). As for vocal fold
dimensions, prephonatory glottal configuration, and vibration frequency, only symmetric
cases are dealt with in this paper; asymmetry in these aspects will be addressed in future
studies.

Simulations were performed using a MATLAB script, modeling opposing left and right
medial surfaces with specified modal displacements. The medial surface was discretized into
a mesh with 0.01 cm resolution, resulting in an 81 x 151 array of points to model each of the
vocal fold surfaces. Modal vibration for each combination of left and right modes was
simulated for one cycle. Contact occurred where left and right surfaces overlapped, and the
contact surface was calculated as an average of the left and right surface coordinates. The
contact area was plotted and viewed at 16 phases during the vibration cycle (normalized
time steps of 0.0625), which gave sufficient temporal resolution to capture all contact
patterns. An example contact area plot is provided in Figure 3 to orient the reader with the
plots that will be presented in the results section. The plot shows a two-dimensional
representation of the rectangular medial surface, with the posterior end of the glottis at the
left edge and the inferior edge of the glottis at the bottom. Open glottal area is white, while
vocal fold contact areas are colored gray. Contact areas were analyzed qualitatively to
determine general, repeated contact patterns.

It should be noted that while vocal fold vibration has typically been reported as a
combination of eigenmodes similar to the (1,0) and (1,1) modes, the (1,1)-like eigenmode
observed in previous studies accounts more for the convergent-divergent motion (/=1
contribution) of the medial surface and less for the half-wavelength motion in the horizontal
dimension (/m=1 contribution) (Berry and Titze, 1996). In the current study, because the
(1,1) mode provides an equal contribution of sinusoidal motion in both the horizontal and
vertical directions, this mode alone can describe the full vibratory motion. The same applies
to (2,1) and (3,1) modes. Thus, a combination of independent modes is not necessary to fully
capture appropriate motion, and, in fact, a superposition of n=0modes with n7=1 modes -
(1,0) combined with (1,1), for example - would be redundant. However, in the interest of
addressing various contributions from /m versus 7 motion to the overall energy, simulations
were performed with a uniform glottis and various amplitude ratios of the mand nterms in
Equation (2), for all left-right mode combinations with at least one vocal fold exhibiting 7=1
motion. The results of these simulations showed changes in the occurrence of contact
patterns throughout the cycle, along with quantitative differences in contact area and
boundaries, but no additional qualitative differences in contact patterns were observed.
Hence, the results presented in this paper are not limited by the use of principal modes.
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Figure 4 shows two-dimensional contact patterns at each normalized time step for all cases
simulated in the present study. Patterns shown in Figure 4 are colored according to pattern
type. In addition, videos showing full cyclic medial surface motion and contact for three
cases, are included as Supplementary Material. Analysis of the contact areas for all cases
identified eight major distinct patterns, which were named as follows: convergent, divergent,
uniform, convergent-divergent, split, merged, multichannel, and island. Each of the contact
patterns is described in detail below.

The convergent contact pattern consisted of a single flow channel that converged in the
direction of flow. The convergent contact shapes exhibited various channel widths, angles of
convergence, and contact boundary curvatures. Figure 5 gives examples of the convergent
pattern and lists the case and phase where each was observed. Each row shows a different
convergent shape that was observed, while each column in the row generally shows varying
contact areas for the given shape. The bottom row shows some of the most complex shapes.
It was observed that the contact areas can range from covering most of the medial surface to
covering almost a negligible portion of the medial surface, as would be expected as the fold
transitions between a closed and open glottis. The curvature of the contact boundary ranged
from nearly straight to arc-shaped, and sometimes exhibited a change in the direction of
curvature.

The divergent contact pattern was characterized by a single flow channel that diverged in the
flow direction - essentially the inversion of the convergent pattern. Figure 6 shows various
manifestations of the divergent pattern. The various divergent contact patterns were highly
similar to the convergent patterns, but inverted. However, the divergent pattern variations
shown in Figure 6 are not all corresponding inversions of the convergent patterns shown in
Figure 5. Other variations have been intentionally shown to present a greater extent of the
variation.

Uniform and Convergent-Divergent

Island

The uniform channel was characterized by a single, straight channel through the glottis,
while the convergent-divergent pattern was a single channel that first converged and then
diverged in the flow direction. The uniform and convergent-divergent patterns are presented
together because, as contact boundary curvature straightens, the convergent-divergent pattern
transforms into a uniform pattern. The variations in these patterns are presented in Figure 7.
Both patterns varied in the contact area width and the contact boundary curvature, which
ranged from highly curved to virtually straight.

The island pattern (bottom right image in Figure 6) consisted of an isolated contact area in
the middle of the medial surface (not touching any edges). Thus, the glottal flow starts as
one channel, splits, and then merges again within the glottis. The shape seen in these
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simulations was essentially a long ellipse and was nearly identical for the two cases where it
was observed.

The split contact pattern manifested as a bifurcation from one flow channel to two.
Variations of the split pattern are given in Figure 8. Again for this pattern, there was
variation in the total contact area, angles of convergence after the split, and contact boundary
curvature. Here we also observed multiple contact areas, where one formed the split and
another created a divergent section in the glottis preceding the split.

The merged contact pattern was defined by the joining of two flow channels into one within
the glottis. Figure 9 shows the variety of merged patterns among the modal simulations.
Again here, cases were intentionally chosen that do not correspond to exact inversions of the
split pattern cases, for the sake of showing the extent of the variation. However, generally, all
of the merged patterns seen were inversions of split cases. Thus, all of the various cases
shown in the figures for the split and merged patterns were apparent in both patterns. As
with the split pattern, both single and multiple contact areas were observed for the merged
pattern.

Multichannel

The multichannel pattern was characterized as two separate channels through the entire
glottis. Figure 10 shows several cases that represent some of the variation in multichannel
patterns. The patterns varied in the width of the contact area, as well as the shape in either
channel. Some patterns exhibited convergent, divergent, or convergent-divergent (in flow
direction) shapes in both channels, while others possessed a combination of shapes between
the channels (e.g., one divergent, one convergent-divergent).

Discussion

This study addressed visualizing and characterizing vocal fold contact patterns. Contact
patterns were presented for left-right symmetric and asymmetric combinations of the lowest
four normal modes of vibration superimposed on three prephonatory vocal fold
configurations. Eight major vocal fold contact patterns were identified based on the shape of
the resulting flow channel(s): convergent, divergent, convergent-divergent, uniform, island,
split, merged, and multichannel. It is likely that patterns similar to the convergent, divergent,
and uniform shapes would occur with normal opening and closing of the glottis, particularly
since they are associated with the two lowest modes, (1,0) and (1,1), which account for
much of the vocal fold vibration energy. The patterns associated with the m=2 modes and
asymmetric modal combinations (split, merged, island, and multi-channel) might have a
lower likelihood of being observed in normal human phonation, but could be more common
in the disordered voice, where higher modes and asymmetry are present. The single-contact
split and merged, as well as the island, patterns could reasonably occur in normal or
abnormal phonation if the medial surface is bowed convexly. Patterns with multiple contact
areas, however, might be more probable in abnormal physiology due to voice disorders.

J Biomech. Author manuscript; available in PMC 2019 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith and Titze

Page 8

Although many of the contact patterns based on normal modes might be observed in
phonation, it must be kept in mind that these patterns are not based on flow-driven
oscillation, and therefore these particular patterns might be less probable or might be
significantly different with a fluid-structure interaction approach. However, it is acceptable
that these patterns are not necessarily the exact patterns observed in normal or pathological
vocal fold vibration. As stated in the introduction, the goal of this paper was to develop a
wide range of possible contact patterns that create a set of complex flow situations that will
be used to develop robust flow regimes for computationally efficient models of vocal fold
vibration. We acknowledge an iterative process in model refinement toward clinical
application. The first-order contact patterns described here lead to abbreviated first-order
flow calculation, which then lead to more likely contact patterns with self-sustained
oscillation, which then lead to further improvements and simplification in glottal flows and
pressure, on so on. In our finite-element modeling (Titze et al., 2017), computation time is of
essence because we test hundreds of conditions, each with hundreds of vibration cycles,
which means that brute-force three-dimensional Navier-Stokes solutions are prohibitive. Our
approach here is a cost-effective way of reaching the clinical application goal, and this
process must start with general approximations of possible vocal fold contact areas as
described here.

Two final notes are worthy of mention. First, because this is a kinematic approach, we do not
conjecture on flow patterns resulting from the contact patterns, nor do we relate pattern
types to any acoustic output or voice phenomena. Exploration of these types of kinetic
relationships is an ongoing goal that will be described incrementally in future work. Second,
in this paper we did not fully quantify the three-dimensional glottal shapes, only the two-
dimensional patterns of contact. Glottal width varies in the “open” glottal regions. This adds
another element of complexity to the pressure-flow relations that will be considered in future
studies based on contact patterns in three-dimensional configurations.

In conclusion, vocal fold contact patterns can be estimated based on normal modes of
vibration. A set of characteristic contact patterns was found for the lowest modes of
vibration that provides a starting point for future studies to further characterize the contact
patterns and, hence, three-dimensional glottal shapes that occur physiologically. These
glottal shapes can be used in the development of self-oscillating vocal fold models that can
accurately predict glottal pressure profiles and vocal fold motion for complex flow
situations, specifically in modeling voice disorders. This study has added to the
understanding of vocal fold mechanics and opens the door to more in-depth studies
regarding the relationship of muscle activity and voice disorder mechanisms to three-
dimensional glottal shapes and resulting vibration patterns.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of medial surface dimensions and posturing parameters.
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Figure 2.
Lowest four modes of vibration, denoted by (m,n), where m is number of half-wavelengths

in anterior-posterior direction and n stands for approximate number of half-wavelengths in
inferior-superior direction. Left and right images show extremes of displacement, with
corresponding normalized times during the cycle.
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Figure 3.
Example contact area plot, representing rectangular medial surface, showing glottal

orientation and areas of open glottis (white) and vocal fold contact (gray).
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Contact patterns for 16 phases of the cycle for each modal case, colored according to each

pattern type.
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Figure 5.

Examples of convergent contact patterns observed, with notation below each image
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indicating for which case and phase the pattern was observed.
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Page 17

Examples of divergent contact patterns observed, with notation below each image indicating
for which case and phase the pattern was observed.
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Figure 7.

Examples of convergent-divergent, uniform, and island contact patterns, with notation below
each image indicating for which case and phase the pattern was observed.
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Examples of split contact patterns, with notation below each image indicating for which case

and phase the pattern was observed.
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Examples of merged contact patterns, with notation below each image indicating for which

case and phase the pattern was observed.
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Figure 10.

Examples of multichannel contact patterns, with notation below each image indicating for
which case and phase the pattern was observed.

J Biomech. Author manuscript; available in PMC 2019 May 17.



Page 22

Smith and Titze

Author Manuscript

§S000 TO T0 5000
G000 8T0 €00 S000
G000 €00 8T0 S000

waoiun
jusbianig

Jusbianuo)d

1 m_..v Nn_o..v Hn_oM w_m_%

uoneanbiyuo) Buranisod

‘suoleinBiyuod fenolb Aioreuoydalad saayl sy Jo yoes Buluiap sanjen Jareweled Burinisod

I 9l1qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Biomech. Author manuscript; available in PMC 2019 May 17.



	Abstract
	Introduction
	Methods
	Medial Surface Geometry
	Normal Modes of Vibration
	Simulation of Contact Patterns

	Results
	Convergent
	Divergent
	Uniform and Convergent-Divergent
	Island
	Split
	Merged
	Multichannel

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Table I

