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A B S T R A C T

Purpose: The goal of this study was to experimentally evaluate how compen-
sating for the adverse acoustic effects of a posterior glottal opening (PGO) by
increasing subglottal pressure and changing supraglottal compression, as have
been associated with vocal hyperfunction, influences the risk of vocal fold (VF)
trauma.
Method: A self-oscillating synthetic silicone model of the VFs with an airflow
bypass that modeled a PGO was investigated in a hemilaryngeal flow facility.
The influence of compensatory mechanisms on collision pressure and dissi-
pated collision power was investigated for different PGO areas and supraglottal
compression. Compensatory behaviors were mimicked by increasing the sub-
glottal pressure to achieve a target sound pressure level (SPL).
Results: Increasing the subglottal pressure to compensate for decreased SPL
due to a PGO produced higher values for both collision pressure and dissipated
collision power. Whereas a 10-mm2 PGO area produced a 12% increase in the
peak collision pressure, the dissipated collision power increased by 122%,
mainly due to an increase in the magnitude of the collision velocity. This sug-
gests that the value of peak collision pressure may not fully capture the mecha-
nisms by which phonotrauma occurs. It was also found that an optimal value of
supraglottal compression exists that maximizes the radiated SPL, indicating the
potential utility of supraglottal compression as a compensatory mechanism.
Conclusions: Larger PGO areas are expected to increase the risk of phono-
trauma due to the concomitant increase in dissipated collision power associ-
ated with maintaining SPL. Furthermore, the risk of VF damage may not be fully
characterized by only the peak collision pressure.
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Incomplete closure of the vocal folds (VFs) has been
commonly observed in normal phonation, especially in
women (Cielo et al., 2019; Linville, 1992; Patel et al.,
2012; Schneider & Bigenzahn, 2003). Incomplete or
impaired closure can also be caused by some pathological
conditions such as VF paralysis, VF lesions (e.g., nodules
and polyps), and muscle tension dysphonia (Choi et al.,
2012; Morrison et al., 1983; Nguyen et al., 2009). Incom-
plete closure of the posterior (nonvibratory) cartilaginous
portion of the VFs, which may extend into the (vibratory)
membranous portion (Morrison et al., 1986), is described
as a posterior glottal opening (PGO).
right © 2022 American Speech-Language-Hearing Association 1
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The presence of a PGO results in persistent airflow
leakage during phonation (Holmberg et al., 1988), which
changes both the dynamics of VF oscillation and the acous-
tic output (Birk et al., 2017; G. Chen et al., 2011). Clinical
(Holmberg et al., 1988; Perkell et al., 1994) and numerical
(Cranen & Schroeter, 1995; Scherer et al., 2013) investiga-
tions have demonstrated that the presence of a PGO is
highly correlated with an increase in the amplitude of mean
flow rate and maximum flow declination rate at the glottis.
Acoustically, as the PGO area increases, the voice becomes
breathier (Fritzen et al., 1986) with a lower sound pressure
level (SPL) (Schneider & Bigenzahn, 2003). Different physi-
ological mechanisms can be implemented to compensate
for the undesirable effects of a PGO (e.g., reduced loud-
ness). These include increasing the adduction level of the
VFs (Döllinger et al., 2016), raising the subglottal pressure
(Åkerlund & Gramming, 1994; Björklund & Sundberg,
2016; Herbst et al., 2015; Isshiki, 1964; Ladefoged &
McKinney, 1963), and changing the acoustic loading of the
vocal tract by constricting the epilarynx (Titze et al., 2008).
Prior work (Galindo et al., 2017) has suggested that raising
the subglottal pressure is the most effective compensatory
mechanism, which is consistent with numerical and clinical
studies showing that for nodules and polyps, which simi-
larly impede complete glottal closure, subglottal pressure is
increased (Espinoza et al., 2017, 2020; Morrison et al.,
1986). Therefore, increased subglottal pressure is similarly
expected to be implemented in individuals with a PGO.

The aforementioned compensatory actions are also
correlated with a change in the collision behavior of the
VFs and the resultant collision stresses imparted to the
VF tissue, also known as contact/collision/impact pres-
sures (Hess et al., 1998; Jiang & Titze, 1994; Mehta et al.,
2019). Note that references to both contact and collision
pressure can be found in the literature when referring to
the pressures that arise during the closing phases of the
phonatory cycle. It is proposed that collision pressure is a
more appropriate term because it captures the dynamic
nature of the process. In contrast, contact pressures may
arise due to other scenarios such as static posturing/
adduction of the VFs.

Compensatory behaviors also influence the energy
dissipated during VF collision, which is characterized by
the collision pressure and velocity along the surface of the
VF tissue (Motie-Shirazi et al., 2021a; Titze & Hunter,
2015). Abnormally high peak collision pressure has been
commonly postulated to play a primary role in the emer-
gence of benign VF lesions (Hillman et al., 1989, 2020).
This hypothesis has been supported by showing that high-
intensity phonation leads to disruption of the basement
membrane of the VFs (Gray & Titze, 1988; Kojima et al.,
2014; Levendoski et al., 2014; Rousseau et al., 2011; Zhao
et al., 1991). However, it has been argued that high values
of dissipated collision power are responsible for increased
2 Journal of Speech, Language, and Hearing Research • 1–17
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internal heat and breaking of the molecular bonds of VF
tissues (Titze & Hunter, 2015; Titze et al., 2003). As such,
dissipated collision power may provide a better indicator
of phonotrauma than peak collision pressure. It is not well
known how these two measures of damage are influenced
by changes in the collision behavior of the VFs in the
presence of voice disorders. Consequently, understanding
the influence of compensatory behaviors on the VF colli-
sion mechanics could shed light on the pathophysiology of
collision-related VF pathologies. Specifically, insight into
how the peak collision pressure and dissipated collision
power vary due to the presence of a PGO could provide
insight into the prevention, diagnosis, and treatment of
these hyperfunctional voice disorders.

There is limited understanding of how a PGO might
contribute to hyperfunctional vocal response and affect VF
collision forces. Investigating the effects of incomplete VF
closure on VF collision pressure and the associated com-
pensatory mechanisms is prohibitively difficult in vivo.
Although technically feasible (Mehta et al., 2021), direct
in vivo measurements of VF collision pressure continues to
be a challenge due to the physical intrusion of any mea-
surement sensor and the difficulty in achieving stable,
repeatable sensor positioning (Gunter et al., 2005; Hess
et al., 1998; Verdolini et al., 1999). Simultaneously acquir-
ing the medial VF surface dynamics and dissipated collision
power with sufficiently high spatial resolution further com-
plicates the situation. Therefore, alternative approaches,
such as numerical and benchtop models, have been
employed to overcome the challenges associated with
in vivo investigations.

The effect of increasing subglottal pressure as com-
pensation for the adverse consequences of a PGO has been
investigated numerically in the context of modeling the
vicious cycle of phonotraumatic vocal hyperfunction
(Hillman et al., 2020). A posterior airflow bypass was
implemented into a lumped-element modeling approach
(Zañartu et al., 2014) based on a body cover formulation
(Story & Titze, 1995). Increasing the PGO area signifi-
cantly attenuated the radiated sound SPL. Increasing the
subglottal pressure to compensate for the reduced SPL
increased the steady and unsteady components of the flow
rate to values that were much higher than normal physio-
logical ranges and produced much greater VF collision
forces. A subsequent study modeled the effect of both a
posterior and membranous opening using an improved tri-
angular body cover lumped-element model while also
including the effects of intrinsic laryngeal muscle activation
(Galindo et al., 2017). The posterior glottal distance, which
denoted the arytenoid displacement, was adjusted to model
different sizes of glottal openings. At a fixed subglottal
pressure, the SPL initially increased for very small poste-
rior glottal distances and then decreased as the glottal area
continued to increase. Compensating for the reduced SPL
Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



resulted in drastic increases (up to 100%) in the flow rate
and collision pressure as a function of the posterior glottal
distance.

In contrast to prior lumped-element investigations
(Galindo et al., 2017; Zañartu et al., 2014), results from a
three-dimensional computational model that simulated the
effects of incomplete closure (Zhang, 2016) found that
increasing the initial angle of the VFs (i.e., introducing a
membranous gap) only slightly reduced the SPL. The SPL
was found to mainly be dependent on the subglottal pres-
sure. Therefore, a significant increase in the subglottal
pressure was not required to compensate for the modest
SPL reduction. However, no supraglottal acoustic tract
was utilized in these investigations, which may influence
the accuracy of the acquired results due to the absence of
acoustic loading effects.

Narrowing the epilaryngeal area via supraglottal com-
pression has also been considered as a reactive and/or com-
pensatory behavior during voice production (Galindo et al.,
2017; Yanagisawa et al., 1989; Zhang, 2021). Although
supraglottal compression is sometimes observed in individ-
uals with normal voices (Behrman et al., 2003; Stager et al.,
2000), its acoustic role has been controversial. Numerical
analysis has shown that constricting the epilarynx increases
the vocal tract impedance to a level comparable to that of
the glottis, resulting in a decrease in the oscillation threshold
pressure and an increase in the acoustic power (Titze, 2006;
Titze et al., 2008; Titze & Story, 1997). A slight increase in
the SPL has also been observed to occur by increasing
medial compression of the false VFs (Alipour et al., 2007).
Recently, studies utilizing a three-dimensional computational
model that simulated a simplified source–tract interaction in
the epilaryngeal region showed that decreasing the epilaryn-
geal area resulted in a drastic increase in the SPL when the
initial glottal angle was small (Zhang, 2021). That is, a nar-
rower epilarynx resulted in a lower subglottal pressure neces-
sary to produce a target SPL, which resulted in lower values
of peak collision pressure. On the other hand, studies of
excised human VFs in a hemilaryngeal configuration with a
fabricated glass vocal tract found that reducing the epilaryn-
geal area did not have a significant effect on the SPL
(Döllinger et al., 2012) and, in some cases, even decreased
the SPL (Döllinger et al., 2006). Finally, lumped-element VF
model investigations reported that supraglottal compression
did not play a significant role in compensatory outcomes
when compared with the effects of subglottal pressure and
intrinsic laryngeal muscle activation (Galindo et al., 2017).
A minor increase in SPL was found at an optimal value of
the epilarynx area, whereas the SPL decreased for subopti-
mal constriction values that were either too large or small
(Galindo et al., 2017).

Unfortunately, a problem that plagues both lumped-
element and computational VF models is that, tradition-
ally, the VF collision forces are not solved directly.
M
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Instead, they are traditionally prescribed a priori, often
relying on simplifying assumptions. In these cases, the
accuracy of the VF collision forces is limited by the fidel-
ity of the collision model that is implemented. Initial
efforts have sought to assess the accuracy of the collision
pressure formulations using a lumped-element model and
a Hertzian contact framework (Díaz-Cádiz et al., 2019).
However, to the authors’ knowledge, rigorous validation
of these collision models is lacking, and there is a need to
explore advancements, such as incorporating viscoelastic
formulations of VF contact (Erath et al., 2017).

Synthetic silicone models of the VFs have been devel-
oped as reliable surrogates for investigating aerodynamic,
acoustic, and collision behaviors of the VFs. Driven syn-
thetic models have been employed for studying the effect of
a PGO on the glottal flow field (Park & Mongeau, 2008),
although the influence on VF collision was not explicitly
investigated. Self-oscillating synthetic models have been used
for wide-ranging applications, such as estimating the energy
transfer to the VFs (Motie-Shirazi et al., 2021b; Thomson
et al., 2005), investigating acoustic interactions (Migimatsu
& Tokuda, 2019; Zhang et al., 2006), studying asymmetric
VF behaviors (Zhang et al., 2013; Zhang & Hieu Luu,
2012), and measuring collision pressures (L. Chen &
Mongeau, 2011; Horáček et al., 2016; Motie-Shirazi et al.,
2019, 2021a; Spencer et al., 2008; Weiss et al., 2013). The
advantage of synthetic models is that they do not require a
priori prescription of the collision mechanics. Recently, a
novel technique was introduced for acquiring high spatial
and temporal resolution of the collision pressure in a self-
oscillating synthetic silicone VF model (Motie-Shirazi et al.,
2019). A method for calculating the dissipated power dose
based on the VF kinematics and collision pressure was
simultaneously developed (Motie-Shirazi et al., 2021a). This
procedure is advantageous in that it can also be implemented
to evaluate how the collision power and dissipated power
dose are influenced by a PGO when common compensatory
behaviors are performed.

This study aims to gain insight into the pathophysi-
ology of phonotraumatic VF damage by quantifying how
compensating for a PGO affects VF collision pressure and
the power dissipated during collision. Self-oscillating syn-
thetic VF models are used to evaluate the influence of a
PGO on glottal aerodynamics, oscillation kinematics, and
collision dynamics in a previously validated hemilaryngeal
facility (Motie-Shirazi et al., 2019, 2021a, 2021b). The
effect of compensating for SPL by raising the subglottal
pressure and constricting the epilaryngeal area is investi-
gated, with an emphasis on how these behaviors influence
VF collision mechanics. The Method section introduces
the experimental setup, describes the measurement proce-
dure, and briefly reviews the process for computing the
dissipated power. The results are presented and compared
with prior findings in the Results section, and the
otie-Shirazi et al.: Collision in a Vocal Fold Model With a PGO 3
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implications are discussed in the Discussion section.
Finally, the Conclusions section highlights the important
findings of this study.
Method

Flow Facility

The hemilaryngeal flow facility and the synthetic
VF model used in this work were similar to that reported
in prior research efforts (Motie-Shirazi et al., 2019, 2021a,
2021b). Figure 1a shows a schematic of the flow facility.
Briefly, compressed air at 1,000 kPa was regulated to 17
kPa before passing through a Dwyer RMC 103-SSV inline
flow meter that adjusted and measured the mean flow
rate. The airflow then entered a cylindrical plenum cham-
ber with a cross-sectional area of 0.06 m2 and a volume of
0.03 m3. The inner walls of the chamber were covered
with 20-mm-thick foam to acoustically insulate the cham-
ber. The flow exited the plenum chamber through a 150.0-
mm-long tracheal channel with a rectangular cross-
sectional area of 213.0 mm2. A Kulite ET-3 DC pressure
transducer was flush-mounted in the wall 30.0 mm
upstream of the exit of the tracheal channel and recorded
the time-varying static subglottal pressure.

A mounting bracket was bolted to the exit of the
tracheal channel. A silicone VF model was secured in the
bracket by gluing the anterior, posterior, and lateral walls
of the VF model to a corresponding cut-out in the bracket
using Smooth-On Sil-Poxy. The mounting bracket had an
Figure 1. (a) Schematic of the experimental flow facility. (b) A close-up to
sensor and the copper strip. (c) Photograph of the experimental setup wi
model and the posterior glottal opening. All dimensions are in millimeters.
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additional cut-out posterior to the VF that enabled the
insertion of five different insets. The tracheal channel
spanned across both the VF and the inset in the anterior–
posterior direction. Each inset had a semicircular opening
that connected the subglottal and supraglottal flow chan-
nels, thereby creating an airflow bypass representative of a
PGO. A photograph of the VF model and the PGO inset
is presented in Figure 1c. The cross-sectional area of the
semicircular openings in each inset represented half of the
area of a physiological PGO and varied in size as APGO/
2 = 0.0, 1.0, 2.5, 4.0, and 5.0 mm2. In this article, we refer
to the corresponding bilateral PGO area, APGO, which is
twice the value of the size implemented in the hemilaryn-
geal facility, to avoid confusion. The selected PGO areas
fall within the normal range of physiological PGO values
(Omori et al., 1996). As shown in Figure 1c, the PGO was
distinct from the VFs, separated by a distance of 1.5 mm.
The center of the PGO channels was positioned 10.5 mm
from the posterior surface of the VF. A PGO arises due
to incomplete approximation of the arytenoid cartilages at
the posterior end of the VFs. Therefore, it is not usually
separated from the membranous opening of the VFs
(Choi et al., 2012; Patel et al., 2012). Nevertheless, the
modeling approach implemented herein is appropriate for
determining how a PGO influences the VF oscillation
dynamics and acoustics and is analogous to prior lumped-
element PGO investigations (Zañartu et al., 2014).

The VF oscillated against a hemilaryngeal plate and
was compressed medially against the plate with a static,
medial prephonatory compression of 0.75 mm. This pro-
duced a medial prephonatory pressure of 1.58 kPa (see
p view of the contact plate and the relative position of the pressure
thout the vocal tract, showing the relative position of the vocal fold
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Figure 2. Geometry and key dimensions of the synthetic vocal fold
model. All dimensions are in millimeters.
Motie-Shirazi et al., 2019, 2021a, 2021b, for the details of
these measures). A Millar Mikro-Cath pressure transducer
was embedded into a channel beneath the hemilaryngeal
plate surface. The sensor was positioned in the channel
below a 1.3 × 1.5 mm window that was filled with
Smooth-On Dragon Skin 10 such that the silicone surface
was flush with the surrounding contact plate. The sensing
surface of the pressure transducer was positioned directly
below the window. In this manner, any pressure applied
to the window was directly transmitted to the sensor. A
top view of the hemilaryngeal plate and the location of
the contact sensor is shown in Figure 1b. The accuracy of
the pressure sensor was validated by applying uniformly
distributed static loads to the pressure sensor and compar-
ing the measured pressures with ground truth values. The
details of the facility and the measurement procedure can
be found in prior work (Motie-Shirazi et al., 2019).

The hemilaryngeal plate was inferiorly connected to
a Thorlabs PT1 linear slide that adjusted the plate’s loca-
tion and, therefore, the embedded contact sensor, with a
precision of 0.0254 mm in the inferior–superior direction.
To determine the precise position of VF collision, a cop-
per strip was positioned at a distance of 3.0 mm inferior
to the contact pressure sensor (see Figure 1b). This copper
strip comprised part of a Wheatstone Bridge circuit that
was also connected to the VF. The silicone VF was cov-
ered with electrically conductive graphite powder so that
when the VF contacted the copper plate, a notable change
in resistance through the Wheatstone Bridge was observed
(Syndergaard et al., 2017). Using this approach, the pre-
cise locations of the inferior and superior edges of the VF
during collision were identified by moving the contact
plate in these same directions and observing the change in
circuit resistance. With the known distance between the
copper plate and the pressure sensor, the precise location
of the pressure measurement relative to the inferior and
superior edges of the VF during collision could be deter-
mined. The details of this procedure are similarly found in
prior work (Motie-Shirazi et al., 2019).

A supraglottal vocal tract was 3D printed with poly-
lactic acid plastic and placed at the exit of the VF. The
surpraglottal vocal tract was a simplified model of previ-
ously reported human vocal tract geometry (Story, 2008)
during the production of the vowel /a/. The vocal tract
had a constant length of 26.2 mm in the anterior–
posterior direction and consisted of two connected sections
with discrete cross-sectional areas. The inferior section
had a medial–lateral width of 10.0 mm and an inferior–
superior height of 130.0 mm, which transitioned to the
superior section with a width of 30.5 mm and a height of
50.0 mm (see Figure 1a). The supraglottal compression
was controlled by individually inserting three separate
plastic insets of varying width inside the epilarynx tube
and bolting them to the vocal tract at a distance of
M
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10.0 mm superior to the VF exit (see Figure 1a). All three
insets had an inferior–superior height of 20.0 mm and an
anterior–posterior length of 26.2 mm (equal to the length
of the vocal tract). The medial–lateral widths of the insets
varied as 6.2, 8.4, and 9.2 mm, creating epilaryngeal areas
of Aep = 99.6, 41.9, and 21.0 mm2, respectively, which
were within the range of physiological values (Döllinger
et al., 2006; Story et al., 1996; Titze, 2006).

A B&K 4189 (Brüel & Kjær) microphone was
placed at a distance of 150 mm from the vocal tract exit
in a 45° orientation relative to the air channel to measure
the acoustic pressure and calculate the radiated SPL. This
microphone is suited for use in Class 1 sound-level meters
and was calibrated prior to each measurement with a
Rion NC-74 Class I sound calibrator (Rion Co.). High-
speed video (HSV) of the VF oscillations was recorded by
a Photron AX2000 high-speed camera with an Elicar
V-HQ Macro 90 mm f 2:5 lens (Jaca Corporation), posi-
tioned superior to the VF. The HSV was recorded at
80,000 frames per second at a spatial resolution of
0.088 mm/pixel. The entire facility was located inside an
acoustic booth to minimize ambient noise. The A-
weighted background SPL was measured to be 33 dBA
inside the acoustic booth.

The unsteady subglottal, collision, and acoustic pres-
sure data were acquired with a National Instruments
PCIe-6321 data acquisition card and a custom LabVIEW
program. The sampling rate was 80 kHz, and the data
were collected for a duration of 0.75 s.

Vocal Fold Model

The VF model consisted of four layers of adipose
tissue, body, cover, and epithelium. The details of each
layer and the fabrication process can be found in the
study of Motie-Shirazi et al. (2019). Figure 2 displays a
schematic of the coronal cross-section of the model. It has
been shown that inclusion of the adipose tissue, a fatty
layer that fills the paraglottic space (Reidenbach, 1996), in
otie-Shirazi et al.: Collision in a Vocal Fold Model With a PGO 5
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VF models improves VF oscillations by reducing the fun-
damental frequency (Jones et al., 2015; Wu & Zhang,
2021). The anterior–posterior length of the model was
17 mm. The magnitude of the complex modulus of elastic-
ity of each layer and the corresponding physiological
range are presented in Table 1, showing that the measured
silicone moduli were physiologically relevant. Note that
although the silicone mixture ratios used for the fabrica-
tion of each layer were the same as those used in prior
studies (Motie-Shirazi et al., 2021a, 2021b), the moduli of
elasticity were slightly different. This variation arises
because the material properties of the silicone rubber can
vary across different batches and depends on local envi-
ronmental conditions such as humidity and temperature
during the casting process.

Experimental Procedure

To investigate the influence of compensatory behav-
iors, the subglottal pressure, psub, was adjusted to reach a
reference SPL value of 88.0 dB SPL, in which persistent
VF oscillations were obtained for all of the cases that
were studied. First, the influence of PGO size was studied
by inserting the five different PGO insets individually,
under the condition of no supraglottal compression. For
each case, the inferior and superior margins of the colli-
sion region at the anterior–posterior midline were deter-
mined. The unsteady collision pressure data were then col-
lected by moving the pressure sensor in the inferior–
superior direction within the collision region in increments
of 0.254 mm.

In addition, for each condition, the magnitude of
the VF surface velocity immediately preceding collision,
Vc, was calculated based on HSV recordings of the VF
oscillation, which is a commonly accepted approach in
extracting the VF kinematics in clinical and synthetic VF
investigations (DeJonckere & Lebacq, 2020; Murray &
Thomson, 2012). To accomplish this, a threshold value of
the pixel brightness intensity was defined to discern the
medial edge of the VF in each frame of the video, thereby
tracking its movement. The collision velocity, Vc, was
specified as the average velocity of the medial edge of the
VF as it traversed the last three pixels in the medial–
lateral direction before impacting the contact plate. This
Table 1. Moduli of elasticity of physiological and silicone vocal fold mode

Layer Physiological range (kPa

Adipose tissue 1–10 (Comley & Fleck, 2012)
Body 1.5–50 (Chhetri et al., 2011; Dion et al., 2017; Min e
Cover 1–8 (Alipour & Vigmostad, 2012; Chan et al., 2007;

Chan & Titze, 1999; Chhetri et al., 2011; Oren et
Epithelium Not measured

6 Journal of Speech, Language, and Hearing Research • 1–17

Downloaded from: https://pubs.asha.org Matias Zanartu on 08/08/2022, 
distance was 0.264 mm, which took about 0.25 ms (i.e.,
20 frames of the video) to traverse. Because the window
that connected the embedded pressure sensor to the hemi-
laryngeal plate at the anterior–posterior midline had an
anterior–posterior length of 1.5 mm (see Figure 1b), the
collision velocity was calculated over this same range of
anterior–posterior locations and then averaged to find the
mean VF collision velocity. The collision pressure data,
together with the VF collision velocity, were used to com-
pute the dissipated power of the VF during collision using
the method initially proposed by Titze and Hunter (2015)
and subsequently refined in the study of Motie-Shirazi
et al. (2021a). This method is briefly reviewed in the Dissi-
pated Power Dose Analysis section.

In the second set of experiments, the three epilaryn-
geal insets were independently added to the supraglottal
vocal tract, and the experiments were repeated by chang-
ing the PGO area and adjusting the subglottal pressure,
psub, to reach an SPL of 88.0 dB SPL at 150.0 mm. The
zone of VF collision was identified for each case, and the
collision pressure was recorded. Because insertion of the
epilaryngeal insets obscured the camera viewpoint, visuali-
zation of the VF oscillations could not be recorded for
these cases.

It should be noted that in similar numerical studies
(Galindo et al., 2017; Zañartu et al., 2014; Zhang, 2021),
the compensation procedure aimed to compare the influ-
ence of different PGO sizes and epilaryngeal areas on the
collision dynamics of the VFs by maintaining a constant
vocal intensity (i.e., SPL). This approach allows for direct
comparison, but it does not consider the importance of
the excess pressure over the threshold pressure, which has
been proposed as an important factor affecting vocal
intensity (Titze & Sundberg, 1998). Nevertheless, it does
quantify how compensatory efforts to achieve a constant
SPL likely lead to phonotrauma.

Dissipated Power Dose Analysis

The total dissipated power of the VFs during colli-
sion, which is a combination of the dissipated power due
to internal friction and collision, has been suggested as a
measure of phonotraumatic VF damage (Titze & Hunter,
2015; Titze et al., 2003). Prior work has shown that the
ls for each layer.

) Silicone vocal fold model (kPa)

4.85
t al., 1995) 8.37
Chan & Rodriguez, 2008;
al., 2014)

1.31

75.43
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dissipated collision power is an order of magnitude greater
than the dissipated frictional power and, consequently, is
likely the primary cause of VF injury (Motie-Shirazi et al.,
2021a). Moreover, it has been observed that the dissipated
power has the highest magnitude at the anterior–posterior
midline (Motie-Shirazi et al., 2021a), where VF lesions are
normally formed (Dikkers & Nikkels, 1999). Therefore,
dissipated collision power was only measured along the
anterior–posterior midline in this study. A short review of
the method developed in the prior work (Motie-Shirazi
et al., 2021a) to calculate the dissipated power during VF
collision is presented below.

Based on an energy budget analysis, the dissipated
energy during collision (Wd) can be expressed as the total
energy of the VF prior to collision, which is the difference
between the kinetic energy (Wk) and the elastic energy
restored to the VF at the end of collision when the VF stops
moving (Wc). Dividing these values by the period of VF
oscillation (T) and the volume (V) of the VF, the equation
for dissipated power per unit volume, _W d; is obtained as

_W d ¼ _W k � _W c (1)

where _Wk is the kinetic power and _W c is the collision
power. These values are defined on a per-unit VF volume
basis. However, for brevity, they will be referred to by
their fundamental units for the remainder of the article. It
should be noted that it is inappropriate to calculate the
dissipated power as the difference between the kinetic
power of the VF before and after collision because aero-
dynamic power is still applied to the VF during the closed
portion of the vibratory cycle. This has the effect of
increasing the velocity at which the VFs open following
collision.

The kinetic power, _W k; was estimated by approximat-
ing the velocity profile inside the VF. It has been shown that
the cover layer experiences a higher deformation than the
body layer during VF oscillation (Mendelsohn et al., 2007).
However, the internal displacement and velocity magnitudes
have not been evaluated. Approximating the VF geometry
as a trapezoid, with a medial surface velocity of Vc immedi-
ately preceding collision, and assuming that the velocity
within the VF quadratically decreases to zero at the lateral
surface yield

_W k ≈
0:06
T

ρV 2
c ; (2)

where ρ ≈ 1,040 kg/m3 is the average density of the VF
and T is the period of oscillation.

The collision power, _W c; was computed as the work
done on the VF by the average collision force divided by
the VF volume and period of oscillation. This gives
_W c ≈ Fc;avg δc

� �
= VTð Þ , where δc is the fictitious penetra-

tion depth of the VF during collision, which could not be
M
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measured directly and is therefore approximated by
assuming a Hertzian model of contact. Subsequently, the
collision power at the mid coronal plane of the VF can be
written based on the average collision pressure as

_W c ≈
pc;avg lc δc

A T
; (3)

where pc,avg is the temporal and spatial average of the col-
lision pressure, lc is the inferior–superior thickness of con-
tact during collision, and A is the coronal cross-sectional
area of the VF. The Hertzian contact model correlates the
deformation during collision to the resultant collision pres-
sure, the geometrical shape of the body, and its material
properties. To estimate δc, a Hertzian model of contact
between two identical cylinders was employed (Díaz-Cádiz
et al., 2019). The accuracy of this method has been vali-
dated previously by obtaining the fictitious penetration
depth from HSV of VF oscillations and comparing the
value of the peak collision pressure predicted by the
Hertzian model with the actual value measured with a
pressure sensor (Díaz-Cádiz et al., 2019; Mehta et al., 2021).
Using this approach, the maximum collision pressure, pc,max,
is given by

pc;max

E� ¼ 4
δc
lc
; (4)

where E* = E/[2(1 − v2)] is the effective Young’s modulus of
the VF, E is the equivalent Young’s modulus of the layered
VF structure, and v is Poisson’s ratio. Because the VF model
comprises multiple layers with different material properties,
the equivalent value of E cannot be measured directly.
Therefore, the effective Young’s modulus, E*, was estimated
by utilizing the proposed Hertzian contact model but apply-
ing it to the prephonatory condition of the VF. The VF had
a medial–lateral length of 7.50 mm and an inferior–superior
thickness of 4.26 mm. Approximating the VF as a deformed
trapezoid that was compressed medially by a distance of
0.75 mm results in a medial thickness of 6.12 mm in the pre-
phonatory condition. Substituting these prephonatory values
into Equation 4 yields a value of E* = 4.93 kPa. The compu-
tation details for this technique can be found in the study of
Motie-Shirazi et al. (2021a).

The proposed Hertzian contact model approximates
the penetration depth of the VF tissue during collision by
assuming contact between two elastic cylinders with the axial
coordinate along the anterior–posterior direction. Therefore,
the Hertzian model does not include the viscoelastic proper-
ties of the VF tissue. Nevertheless, it has been shown that
this method provides reasonable approximations of the VF
collision pressure (Díaz-Cádiz et al., 2019; Mehta et al.,
2021). In addition, it has been shown that the VF tissue coef-
ficient of restitution predicted with this method is consistent
with physiological values (Motie-Shirazi et al., 2021a). This
otie-Shirazi et al.: Collision in a Vocal Fold Model With a PGO 7
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Figure 3. Onset pressure, ponset (square markers, left axis), and
onset sound pressure level, SPLonset (circle markers, right axis), as
a function of posterior glottal opening area. The markers denote
the mean value, and the error bars indicate the maximum and min-
imum values.
suggests that the employed model provides reasonable
approximations of the VF penetration depth and dissipated
collision power. More precise calculations of the dissipated
collision power may be achieved by directly measuring inter-
nal VF stress and strain fields, which would enable imple-
mentation of material damping models. Although these
efforts are a focus of ongoing work, they are beyond the
scope of this study.
Figure 4. Sound pressure level (SPL) as a function of posterior
glottal opening area, APGO, at a constant subglottal pressure of
2.53 kPa. The markers denote the mean value, and the error bars
indicate the maximum and minimum values.
Results

VF Dynamics

The key oscillation features of the VF model were
first compared to physiological values. The onset pressure,
ponset, with no PGO and no supraglottal compression was
measured to be 1.72 kPa. The radiated SPL at the phona-
tion onset pressure, SPLonset, was 81.7 dB SPL. To pro-
duce the target SPL of 88.0 dB SPL, the subglottal pres-
sure, psub, was increased to 2.53 kPa. This produced a
mean flow rate of Q = 585 ml/s and a fundamental fre-
quency of fo = 149 Hz. Although the acoustic and aerody-
namic measures fall within the range of physiological
values, the onset pressure is abnormally high. This can be
attributed, in part, to the hemilaryngeal configuration,
which is known to increase onset pressure (Jiang & Titze,
1994; Mehta et al., 2019; Murray & Thomson, 2012). In
addition, the application of prephonatory compression of
the VF with the medial wall, which was applied to ensure
robust collision during oscillation, also increased the onset
pressure. At the mid anterior–posterior location, the open
quotient, the ratio of time that the VF is open to the
period of one oscillation cycle, was 0.71, and the speed
quotient, the ratio of the time of the opening phase to the
closing phase, was 2.03. These values fall within normal
physiological ranges (Kania et al., 2004; Lohscheller
et al., 2013). For psub = 2.53 kPa, the maximum medial–
lateral glottal distance at the midline and the maximum
glottal hemilaryngeal area were 1.05 mm and 13.71 mm2,
respectively, which are also representative of human VF
values (Döllinger & Berry, 2006; Titze & Alipour, 2006).
These findings indicate that although the onset pressure
was high, the resultant VF kinematics and dynamics are
physiologically relevant.

Influence of a PGO

The dynamics of the VF oscillation were initially
investigated as a function of the posterior glottal area,
APGO, for the situation of no supraglottal compression
(Aep = 262.0 mm2). Figure 3 presents the change in the
onset pressure, ponset, and SPL at onset, SPLonset, as a
function of PGO area, APGO. Note that all the plots
8 Journal of Speech, Language, and Hearing Research • 1–17

Downloaded from: https://pubs.asha.org Matias Zanartu on 08/08/2022, 
presented in this study display different parameter magni-
tudes at five discrete PGO areas, and the dashed lines con-
necting the symbols have been added for better visualiza-
tion of the trends. A monotonically increasing trend is
generally observed for both. The value of SPL at onset
corresponds to the ability to produce low-intensity voice
as the PGO area increases. Similar behavior has been
observed using a computational model of the VFs (Zhang,
2019).

The effect of the PGO area on the SPL was investi-
gated for a fixed subglottal pressure of psub = 2.53 kPa.
As shown in Figure 4, the SPL initially increased for the
smallest PGO area (APGO = 2 mm2) and then decreased
linearly with increasing PGO area. This finding was in
agreement with previous numerical studies (Galindo et al.,
2017) that demonstrated that the SPL actually achieved a
local maximum for a very small PGO area. It has
Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



Figure 5. The (a) subglottal pressure (psub) and peak collision pres-
sure (pc,max), (b) mean flow rate (Q), and (c) fundamental frequency
(fo) as a function of posterior glottal opening area, where the sub-
glottal pressure was adjusted (i.e., compensated) to achieve a tar-
get sound pressure level of 88.0 dB SPL. The markers denote the
mean value, and the error bars indicate the maximum and mini-
mum values.
similarly been argued that maintaining a small glottal
opening is actually beneficial for normal voice production
(Zhang, 2015). Note that the observed SPL variations
were within the range of the 1-dB uncertainty of the
microphone, as shown by the error bars in Figure 4. The
identifiable trend in SPL as a function of PGO area, how-
ever, suggests that the microphone was able to reliably
capture the small SPL variations in this range. Regardless,
the microphone uncertainty is a clear limitation that could
be improved in future studies.

The radiated SPL was 1.1 dB lower for APGO =
10.0 mm2 than for the case with no PGO. This reduction
was significantly less than the decrease of about 15 dB
that was reported in lumped-element model investigations
(Galindo et al., 2017; Zañartu et al., 2014). Clinical stud-
ies have reported a decrease of 3.7 dB at maximum pho-
nation intensity when a PGO exists (Schneider &
Bigenzahn, 2003), although this difference was not corre-
lated with PGO size. These discrepancies likely arise from
the strength of the acoustic loading effects, which can be
estimated by determining the acoustic gain of the vocal
tract at the resonance frequency. The resonance frequency
and the acoustic gain of the current physical vocal tract
model were found by using a loudspeaker at the entrance
of the vocal tract and measuring the acoustic pressure at
the vocal tract exit. The first resonance frequency was
found to be at 660 Hz, close to the first formant fre-
quency of 750 Hz for the vowel /a/ in male voice
(Catford, 1988). The power gain at this frequency was 7.8
dB. In the lumped-element investigations (Galindo et al.,
2017; Zañartu et al., 2014), the acoustic gain value for the
vocal tract model of vowel /e/, which has a first formant
of approximately 390 Hz, was computed to be around 20
dB. Clinical studies have measured a 10–15 dB power
gain at the first formant of the human vocal tract
(Harrison, 2013; Sundberg, 1988). The lower value of the
acoustic gain in the current work, particularly with
respect to the prior lumped-element model investigations,
indicates that the influence of acoustic loading effects
may be diminished. In addition, the first formant fre-
quency, relative to the fundamental frequency of VF
oscillation, is much higher for the supraglottal tract orien-
tation representative of /a/ than it is for /e/, which will
further reduce the impact of acoustic loading. Neverthe-
less, the physics of the fluid–structure–acoustic interac-
tions is captured, which enables investigation of the main
study objective, namely, determining how measures of
collision pressure and dissipated collision power vary as a
function of PGO size.

Similar to previously employed approaches (Galindo
et al., 2017; Zañartu et al., 2014), compensation for the
decreased SPL was performed by adjusting the subglottal
pressure to achieve the target SPL (88.0 dB), which was
recorded for a PGO area of APGO = 0.0 mm2 at a
M
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subglottal pressure of psub = 2.53 kPa. The compensated
subglottal pressure, psub, and the associated peak collision
pressure at the anterior–posterior midline, pc, max, are plot-
ted in Figure 5a. The latter is reported as the maximum
collision pressure that occurred in the inferior–superior
direction at the anterior–posterior midline. The reported
mean values denote the average pressure magnitudes over
all of the oscillation cycles recorded during the 0.75-s data
otie-Shirazi et al.: Collision in a Vocal Fold Model With a PGO 9
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collection interval, and the error bars indicate a combina-
tion of the variation in the measured values over the
recorded cycles and the error of the measuring device.

The subglottal pressure required to achieve the refer-
ence SPL was the lowest for APGO = 2.0 mm2 and then
increased, reaching a maximum value for APGO =
10 mm2, as shown in Figure 5a. A similar trend was
observed for the peak collision pressure, pc,max. Interest-
ingly, although the subglottal pressure had a modest
increase of 5% as the PGO area increased to APGO =
10.0 mm2, a more notable rise of 12% was observed for
the peak collision pressure. Although this increase was
substantial, it was not as pronounced as that predicted by
lumped-element model investigations (Galindo et al.,
2017; Zañartu et al., 2014), which reported up to a 100%
increase in the collision force for a PGO of APGO =
10 mm2.

As displayed in Figure 5b, increasing the PGO area
resulted in higher mean flow rates, with a 31% increase
observed for the largest PGO when subglottal pressure
compensation was performed to maintain the target SPL.
Unfortunately, the measurement limitations precluded dis-
tinguishing the AC and DC components of the flow. Only
Figure 6. The (a) collision velocity; (b) spatially averaged collision press
powers; and (d) dissipation coefficient, as a function of posterior glottal o
level of 88 dB SPL was achieved by adjusting the subglottal pressure. T
maximum and minimum values.
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a minor fluctuation of 4 Hz was observed in the funda-
mental frequency (see Figure 5c).

Computing Dissipated Collision Power

Using the method introduced in the Dissipated
Power Dose Analysis section, the dissipated collision
power was also calculated as a function of PGO for the
case where the subglottal pressure was adjusted to achieve
the target SPL value of 88 dB. To compute the dissipated
collision power, the kinetic power, _W k , was first calcu-
lated using Equation 2. This required estimating the mag-
nitude of the VF collision velocity, Vc, for each case. The
velocity magnitudes and the associated errors are pre-
sented in Figure 6a. Note that preceding closure, the visi-
ble medial boundary corresponded to the inferior edge of
the VF. Therefore, the reported collision velocities present
the velocity of the inferior VF edge.

An increase in the mean collision velocity, Vc, is
observed for increasing PGO area. For the largest PGO
area of APGO = 10 mm2, compensating to maintain the
target SPL created a 13% larger glottal area, which, on
average, resulted in a 20% increase in the collision
ure; (c) kinetic (diamond), collision (triangle), and dissipated (circle)
pening area. Compensation to maintain the target sound pressure
he markers denote the mean value, and the error bars indicate the
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velocity. Prior in vivo investigations have similarly
observed that collision velocity is highly correlated with
subglottal pressure and radiated SPL (DeJonckere &
Lebacq, 2020). The collision velocity values were then
used to compute the kinetic power, _W k , for each of the
PGO areas. For kinetic power calculations, the VF surface
velocity is assumed to be constant along the inferior–
superior direction and equal to the velocity of the inferior
edge. Note that due to the experimental limitations, com-
puting the velocity from the HSV recordings resulted in
roughly 10% error, as shown in Figure 6a. A higher frame
rate and/or spatial resolution is needed to decrease the
uncertainty of these measurements, which is a focus of
ongoing efforts.

For each PGO size, the average collision pressure,
pc,avg, was computed along the anterior–posterior midline
by spatiotemporally averaging the collision pressure over
the inferior–superior collision thickness, throughout the
collision period. The values are presented in Figure 6b. A
10% rise in the average collision pressure was observed for
the largest PGO area, which was higher than the increase
in the subglottal pressure but less than for the peak colli-
sion pressure. For all of the PGO areas, the collision
thickness, lc, remained largely constant at 2.75 mm. The
values of maximum collision pressure, collision thickness,
and effective Young’s modulus were used to compute the
penetration distance, δc, from Equation 4. Equation 3 was
then used to calculate the collision power, _W c , as a func-
tion of PGO area.

Finally, the dissipated power, _W d, was calculated as
the difference between the kinetic and collision power
(Equation 1). The variation of the kinetic, collision, and
dissipated powers is displayed as a function of PGO area
in Figure 6c. Note that the power magnitudes presented in
this figure satisfy the power balance of _W d ¼ _W k � _W c .
The mean value of the dissipated power increased as the
PGO area increased. Interestingly, although the increase
in the peak collision pressure, pc,max, was only 12% for the
PGO area of APGO = 10.0 mm2 (see Figure 5a), the dissi-
pated power, _W d , increased by 122% on average. This
deviation from the more modest variation exhibited by the
peak collision pressure as a function of PGO area is
because the dissipated collision power is derived from the
collision pressure and the squared VF collision velocity,
which also increased with PGO area. This is an important
new finding, as dissipated power during collision is
believed to be a more accurate predictor of phonotrauma.
It predicts that, with increasing PGO area, the potential
for phonotrauma is greatly increased and that this risk
may not be adequately captured by only considering the
peak collision pressure.

It should be noted that the uncertainty in the com-
puted dissipated power was around 40% due to the rela-
tively high error in the estimation of the collision velocity.
M
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Nevertheless, a clear nonlinear increase in the mean dis-
sipated power is evident. Figure 6d presents the com-
puted dissipation coefficient, C, defined as the ratio of
dissipated to kinetic power (C ¼ _W d= _W k ). Prior work
for a single phonatory condition reported a value of
C = 0.52 (Motie-Shirazi et al., 2021a), resulting in a
coefficient of restitution of e ≈ 0.69, which was found to
fall within the range of similar biological tissues (e ≈
0.4–0.76; Anderson et al., 2014; Edelsten et al., 2010).
In this study, compensating for the 1.1-dB reduction in
SPL resulted in a 41% increase in the dissipation coeffi-
cient for a PGO area of APGO = 10.0 mm2, indicating
that as PGO area increases, a greater portion of the
kinetic power is dissipated during VF collision. This is
also a useful finding as it expands upon prior work to
show that patient-specific dissipation coefficients can be
expected to vary as a function of physiological and pho-
natory conditions.

Influence of Supraglottal Compression

The influence of supraglottal compression on the
collision dynamics was explored following the method
described in the Experimental Procedure section. The
studied epilaryngeal areas were Aep = 21.0, 41.9, 99.6, and
262.0 mm2, giving ratios of epilaryngeal area to maximum
bilateral glottal area of 0.77, 1.53, 3.63, and 9.56, respec-
tively. Figure 7a presents the subglottal pressure, psub,
required to maintain the target SPL of 88.0 dB as a func-
tion of epilaryngeal and PGO area. The trend in subglot-
tal pressure versus PGO area was very similar to that of
the nonconstricted vocal tract with a PGO area of Aep =
262.0 mm2 (shown in Figure 5a). The magnitude of the
subglottal pressure was lowest for APGO = 2.0 mm2 and
then increased as the PGO area increased. The rise in the
subglottal pressure was a modest 3%–5% across all epilar-
yngeal areas.

Interestingly, as shown in Figure 7a, as the epilaryn-
geal area decreased from Aep = 262.0 mm2 to Aep =
99.6 mm2, the subglottal pressure needed to reach the tar-
get SPL actually decreased by about 4%. That is, as the
epilaryngeal area decreased, the SPL showed a modest
increase. Further reduction in the epilaryngeal area to
Aep = 41.9 mm2 and Aep = 21.0 mm2 increased the sub-
glottal pressure needed to reach the target SPL. This is in
agreement with prior lumped-element model investigations
(Galindo et al., 2017) that showed that the supraglottal
compression has an optimum value that maximizes SPL.
However, this finding contradicts the results obtained
from a three-dimensional computational modeling that
found the SPL continuously increased with epilaryngeal
narrowing (Zhang, 2021).

Similar to the subglottal pressure, the peak collision
pressure, pc,max, had the lowest magnitude for an
otie-Shirazi et al.: Collision in a Vocal Fold Model With a PGO 11
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Figure 7. The (a) subglottal pressure (psub) and (b) peak collision
pressure (pc, max) for different epilaryngeal areas (Aep) as a function
of posterior glottal opening area (APGO) when compensating to
achieve a target sound pressure level of 88.0 dB.
epilaryngeal area of Aep = 99.6 mm2 (as shown in
Figure 7b). On average, the variation in the peak colli-
sion pressure as a function of epilaryngeal area was
around 9%. In addition, variation of the peak collision
pressure versus PGO area for the constricted configura-
tions exhibited similar trends to the case with no supra-
glottal compression. In all cases, the peak collision pres-
sure increased by 11%–15% for the largest PGO area
when compared to zero PGO area.

Unfortunately, the collision velocity and, conse-
quently, the dissipated power could not be obtained in the
investigations with the supraglottal compression due to
lack of optical access. However, based on similar behav-
iors of the peak collision pressure and the dissipated
power observed for the nonconstricted epilarynx discussed
in the Influence of a PGO section, it can be reasonably
concluded that the dissipated power will likely be the low-
est for an epilaryngeal area of Aep = 99.6 mm2. If true,
this would indicate that constricting the epilarynx to
achieve an optimal level of constriction and thereby maxi-
mize SPL could be an effective compensatory behavior
that avoids the destructive effects of compensating for
increased PGO area by increasing the subglottal pressure.
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Discussion

It is believed that compensatory behaviors due to
the presence of a PGO can contribute to chronic tissue
trauma, where further phonatory compensations in the
presence of the resultant pathology exacerbate the prob-
lem and create a deleterious cycle of VF damage (Hillman
et al., 1989, 2020). However, the mechanism by which
compensation causes phonotraumatic VF damage is not
well understood. This study provides new insights into the
pathophysiology of VF trauma resulting from compensa-
tory behaviors. An important advantage of the method
used in this study was that it facilitated investigation of
not only the peak collision pressure, which is commonly
used as a precursor for predicting VF damage, but also
the spatial variation of the collision pressure over the col-
lision thickness. Resolving the spatial distribution of the
collision pressure enabled computation of the power that
is dissipated during VF collision.

The most interesting observation of this work was
that although modest increases in collision pressure were
observed with increasing PGO area, the dissipated colli-
sion power exhibited a much more marked and nonlinear
increase. For the largest PGO area, the peak collision
pressure increased by 12%, whereas the corresponding dis-
sipated collision power increased by 122%. This finding is
important because the dissipated power, which is manifest
as thermal energy inside the VF, is believed to be a more
accurate predictor of phonotrauma that will likely lead to
the formation of benign VF lesions (Gray & Titze, 1988;
Rousseau et al., 2011; Zhao et al., 1991).

These findings also indicate that peak VF collision
pressure may not, by itself, be an adequate measure for
predicting phonotrauma. This is evidenced by noting
that, in this study, the peak collision pressure initially
decreased with increasing PGO area (see Figure 5a),
suggesting that a small amount of PGO may be benefi-
cial for sound production. This observation has simi-
larly been reported in prior work (Galindo et al., 2017).
However, inspection of Figure 6c reveals that the dissi-
pated power consistently increases with increasing PGO
area. The reason is that although the peak collision
pressure initially decreases with increasing PGO area,
the collision velocity increases (see Figure 6a), which
results in a higher dissipated power. Therefore, although
a small PGO area appears to boost the SPL, the dissi-
pated collision power still increases, thereby theoreti-
cally increasing the potential for phonotrauma. How-
ever, the thresholds at which dissipated collision power
begins to cause VF tissue damage are unknown. Thus,
the small increase in dissipated collision power due to a
small PGO area that optimizes SPL may fall within safe
limits. This is supported by common observations of
small PGOs in vocally healthy speakers (Cielo et al.,
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2019; Linville, 1992; Patel et al., 2012; Schneider &
Bigenzahn, 2003).

Noting the importance of dissipated power as a pre-
dictor of phonotrauma may also help explain the high
prevalence of benign VF lesions in women. Namely, the
increased prevalence of a PGO (Hanson, 1997; Linville,
1992), in tandem with the higher VF velocities that natu-
rally occur due to higher fundamental frequencies, gives
rise to an environment that is more likely to support
higher values of dissipated collision power.

Patients with phonotraumatic VF lesions are often
advised to reduce their loudness (Holmberg et al., 2001),
which is indirectly supported by the results of this investi-
gation, which showed that efforts to compensate for even
a small 1.1-dB drop in vocal intensity resulted in a 122%
increase in the dissipated power (see Figure 6c). Thus, tol-
erating a lower vocal SPL would be expected to prevent a
large increase in dissipated collision power and thereby
reduce the potential for continued phonotrauma.

It was discovered that although reducing the epilar-
yngeal area did not have a significant influence on the
radiated SPL, some degree of compression can be benefi-
cial to compensate for the reduced SPL when a PGO was
present. The SPL achieved a local maximum for an epilar-
yngeal area of Aep = 99.6 mm2. As a result, a lower sub-
glottal pressure was required to produce the same SPL as
the nonconstricted condition, which also reduced the peak
collision pressure (as shown in Figure 7b). Although this
was consistent with prior observations (Galindo et al.,
2017), care should be taken in interpreting these results
because the corresponding VF collision velocity, which is
a key measure in computing the dissipated power, was not
able to be determined due to the lack of optical access.
Therefore, the variation of dissipated collision power with
the epilaryngeal area could not be studied to investigate if
it also shows a similar trend as the peak collision pressure.
In addition, investigating these behaviors using a smaller
increment in epilaryngeal areas would provide a more
accurate estimation of an optimal area.

The measured decrease in SPL as a function of
PGO area was consistent with computational investiga-
tions (Zhang, 2016), but it was significantly lower than
that predicted via lumped-element models (Zañartu et al.,
2014), whereas clinical measures fall in between the two
(Schneider & Bigenzahn, 2003). This discrepancy likely
arises from differences in how the supraglottal tract and
associated acoustic loading effects are modeled.

Finally, it should be taken into account that these
results have been obtained by performing investigations
with a synthetic VF model in a hemilaryngeal facility,
which is not without limitations. Although it was shown
that the synthetic models produce physiologically relevant
oscillation kinematics, these models suffer from higher-
than-normal phonation threshold pressure. Therefore, the
M
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study was conducted with subglottal pressures that were
higher than the normal range of speech. Although it is
expected that this does not influence the overall trends of
the collision dynamics, the resultant magnitudes and their
ratios might change at lower subglottal pressures. Another
source of error was the measurement uncertainty of the
microphone, which was greater than some of the mea-
sured variations in SPL. Therefore, care should be taken
when interpreting the results. Nevertheless, an identifiable
pattern of decreasing SPL with increasing PGO size was
observed for all cases. In addition, various assumptions
were employed to compute the dissipated collision power.
First, a Hertzian contact model was utilized to estimate
the fictitious penetration depth of the VF, which does not
consider the viscoelastic properties of the material. Sec-
ond, the VF surface velocity, which was used to compute
the kinetic power of the VF, was considered to be con-
stant in the inferior–superior direction. Lastly, the kinetic
power was estimated based on the assumption that the
velocity decreases quadratically inside the VF tissue. More
accurate magnitudes of penetration depth and kinetic
power can be achieved by measuring the displacement and
velocity fields inside the VF tissue, which is the subject of
ongoing work.
Conclusions

Abnormally high peak collision pressure and dissi-
pated collision power of the VFs have been considered as
the main contributors to the emergence of phonotrauma and
the subsequent formation of benign lesions. The phono-
traumatic effect of a PGO on these two measures of damage
was investigated by employing synthetic silicone models
of the VFs in a hemilaryngeal setup. Although both the
peak collision pressure and dissipated collision power
increased nonlinearly as a function of the PGO area, the
peak collision pressure increased by 12% for the largest
PGO area of 10.0 mm2, whereas the dissipated collision
power increased by 122%. These results indicate that dis-
sipated collision power may be a more accurate predictor
of phonotrauma than peak VF collision pressure. It was
also shown that, acoustically, there is an optimal degree
of supraglottal compression that increases the radiated
SPL. However, drastic narrowing of the epilarynx cre-
ated an adverse effect, reducing the SPL and increasing
the resultant peak collision pressure. The influence of
supraglottal compression on dissipated collision power
remains a subject of future work. Finally, the uncertainty
of the SPL measurements, which was higher than some
of the observed variations in the SPL measurements, was
one of the limitations of this study. Improving the micro-
phone accuracy in future investigations would enable
more reliable interpretations of the results.
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