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ABSTRACT:
The energy dissipated during vocal fold (VF) contact is a predictor of phonotrauma. Difficulty measuring contact

pressure has forced prior energy dissipation estimates to rely upon generalized approximations of the contact

dynamics. To address this shortcoming, contact pressure was measured in a self-oscillating synthetic VF model with

high spatiotemporal resolution using a hemilaryngeal configuration. The approach yields a temporal resolution of

less than 0.26 ms and a spatial resolution of 0.254 mm in the inferior-superior direction. The average contact pressure

was found to be 32% of the peak contact pressure, 60% higher than the ratio estimated in prior studies. It was found

that 52% of the total power was dissipated due to collision. The power dissipated during contact was an order of

magnitude higher than the power dissipated due to internal friction during the non-contact phase of oscillation. Both

the contact pressure magnitude and dissipated power were found to be maximums at the mid anterior-posterior posi-

tion, supporting the idea that collision is responsible for the formation of benign lesions, which normally appear at

the middle third of the VF. VC 2021 Acoustical Society of America. https://doi.org/10.1121/10.0005596

(Received 2 December 2020; revised 18 June 2021; accepted 21 June 2021; published online 21 July 2021)

[Editor: Zhaoyan Zhang] Pages: 478–489

I. INTRODUCTION

Repeated vocal fold (VF) collision during phonation

produces a surface contact pressure that imparts stresses act-

ing perpendicularly to the tissue load-bearing fibers.1

Therefore, abnormally high contact pressure is believed to

play a primary role in VF damage by harming the basement

membrane,2 which may lead to development of some struc-

tural VF pathologies, such as polyps and nodules.3

Consequently, the peak contact pressure, which usually

occurs at the middle of the contact zone,4 is considered an

important metric for identifying the formation of benign

lesions.

Vocal dose denotes the accumulated exposure of the VF

tissue to vibration5,6 and aims to quantify long timescale VF

damage. The collision dissipated-energy dose is defined as

the total energy dissipated due to collision of the VFs.7 As

such, it has been proposed as a measure for assessing the

risk of phonotraumatic VF damage due to VF fatigue and

injury.7 To calculate the collision dissipated-energy dose,

the measured contact pressure signal must be acquired at a

spatiotemporal resolution that is significantly finer than the

VF contact length scale [Oð1 mmÞ], and the contact duration

[Oð1 msÞ]. Due to the difficulty of acquiring these mea-

sures,2,8,9 prior efforts have been forced to rely upon gross

estimates of the contact dynamics. This poses additional

challenges as the predicted damage can be highly sensitive

to these estimates.7 Although a significant body of work has

focused on quantifying VF contact mechanics,4,10,11 com-

prehensive measurements that are capable of accurately pre-

dicting vocal dose remain elusive.

A variety of modalities have been explored to resolve

contact pressure. In vivo peak contact pressure has been

directly investigated in a large number of studies,12–15

although measurement accuracy has proven problematic, as

it requires repeatable, periodic VF oscillations. Fabrication

of a sufficiently small sensor with an appropriate frequency

response to provide the desired spatial and temporal resolu-

tion within the small VF contact zone is a significant chal-

lenge.16 Peak contact pressure measurements have been

acquired in excised larynges via direct measurement with

physical sensors,4,17 as well as indirect estimation based on

digital image correlation (DIC).18 Most notable is the semi-

nal work of Jiang and Titze,4 where the temporally-varying

dynamics of contact were elucidated, identifying an

impulse-like pressure peak with a magnitude that is gener-

ally higher than the subglottal pressure. Unfortunately, the

relatively large sensor size diminished the spatial resolution

of the contact pressure measurements. Self-oscillating sili-

cone VF models have also been employed to determine con-

tact dynamics, using both direct11,19 and indirect measures

via DIC,20 although the high experimental uncertainties

associated with the measurement techniques employed in

these studies have led to questions regarding their validity.16

Computational models, which are not constrained by experi-

mental limitations, have found broader use in contact
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pressure investigations.21–25 However, the universal short-

coming is that a collision model must be prescribed, and the

experimental contact measures against which these

approaches can be validated are limited.

Recently, a new approach for measuring intraglottal

aerodynamic and contact pressures with synthetic, self-

oscillating VF models in a hemilaryngeal configuration was

developed and validated.16 The self-oscillating VF model

captures both three-dimensional and unsteady flow effects,

and the measurement technique provides high spatial and

temporal resolution of the intraglottal pressure field.

The aim of this work is to directly compute the VF con-

tact pressure and resultant vocal dose using the experimental

framework of Motie-Shirazi et al.16 In addition, the ratio of

average to peak contact pressure and the dissipated fraction

of the VF energy during the contact phase are investigated

to enable estimation of vocal dose based on VF kinematics.

Section II is devoted to the introduction and analysis of

dissipated-power dose; the flow facility and methods are

introduced in Sec. III; the results are presented in Sec. IV

and discussed in Sec. V, while Sec. VI is left for the

conclusions.

II. ANALYSIS OF POWER TRANSFER DURING
COLLISION

A. Dissipated power

Dissipated-energy dose, which can be used as a measure

of VF damage,5 can be divided into two parts: the energy

dissipated by friction in the VF tissue due to viscosity, and

the energy dissipated during collision.7 The ratio of dissi-

pated energy during collision to the total VF energy can

then be expressed as a dissipation coefficient. The coeffi-

cient can also be expressed in terms of power by dividing

the energies by the period of oscillation, such that

C ¼
_Wd

_WT

; (1)

where _Wd is the dissipated power per unit volume, and _WT is

the total VF power per unit volume immediately preceding con-

tact. Because all parameters discussed herein are computed

over a per unit period of oscillation, subsequent analysis will be

performed based on power. Furthermore, although all subse-

quent discussions are on a per unit volume basis, the text will

only refer to the fundamental variable for brevity.

In their initial formulation for the dissipation coeffi-

cient, C, Titze and Hunter7 assumed that the dissipated

power was equal to the power transferred to the VFs during

contact, _W cont, and the total power immediately preceding

contact was approximated by the kinetic power of the oscil-

lating VFs, _Wk. They then estimated the kinetic power of

the VF as _Wk ¼ ð1=2ÞQcqx2l2
g;wfo, where Qc is the closed

quotient, q is the density of the VF tissue, x is the angular

velocity, lg;w is the amplitude of oscillation, and fo is the

oscillation frequency. The dissipation coefficient was then

approximated as

C ¼
_W cont

_Wk

¼ pcont;avg=T
1

2
Qcqx2l2g;w fo

: (2)

The units of dissipated power, which arises due to contact,

can be expressed as Pa/s and it was therefore argued that

this could be expressed as the mean contact pressure,

pcont;avg, divided by the period of oscillation, T. The advan-

tage of this formulation is that if the dissipation coefficient,

C, is known, the dissipated collision power (i.e., the colli-

sion dose) can be computed solely from kinematic parame-

ters of the VF oscillation. This coefficient was then

computed based on estimates of VF contact pressure and

kinematic parameters reported in prior excised VF studies,

namely, pcont;avg ¼ 1:0 kPa; Qc ¼ 0:5; q ¼ 1020 kg=m3,

lg;w ¼ 1:0 mm, and fo ¼ 160 Hz. Plugging these values into

Eq. (2) gives C ¼ 3.88. However, they erroneously reported

this coefficient to be C ¼ 0.02. It appears an error was made

as this value is only arrived at if pcont;avg is not divided by T
in the numerator of Eq. (2), which produces a dimensionally

inconsistent result if used this way. The value of C ¼ 3.88

is, however, nonphysical, since by definition 0 � C � 1,

suggesting that there is a flaw in the analysis.

To uncover the flaw, an energy budget analysis during

contact is performed, noting that the total energy prior to

contact, which is assumed to be fully-captured by the VF

kinetic energy, must equal the total energy of the VF at the

point that it stops moving. The energy transferred to the VF

during contact can be expressed in terms of an elastic com-

ponent, which restores energy to the VFs during collision,

and a viscous dissipation component, capturing energy lost

during the event. Dividing the energy by the period of oscil-

lation to obtain the corresponding power, this can be

expressed as

_Wd ¼ _WT � _W cont; (3)

where _W cont is the purely potential elastic component of the

contact, which can be computed as the product of the aver-

age contact force, Fcont;avg and a fictitious medial-lateral

penetration depth of the VF due to contact, dcont, divided by

the VF volume and the oscillation period, such that

_W cont ¼
Fcont;avgdcont

AcontlVF;w T
¼ pcont;avg

T

dcont

lVF;w
: (4)

Similar to the previous work,5 the volume of the VF can be

approximated by a parallelepiped having a constant cross-

sectional area, Acont, equal to the area of contact, and a

medial-lateral width of lVF;w.

This formulation identifies an additional nuance.

Comparing Eq. (4) with the numerator of Eq. (2), as formu-

lated in Titze and Hunter,7 reveals that although both equa-

tions are dimensionally consistent, Eq. (4) correctly includes

a nondimensionalized distance over which the force acts,

dcont=lVF;w. By excluding this term in the prior theory, it is

inherently implied that its value is 1, which is representative
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of the contact force displacing the VF a distance equal to the

medial-lateral width. In reality, the nondimensionalized

deformation distance should be much less, but the precise

value remains to be determined.

Returning to the updated formulation for computing the

dissipated power, Eq. (3), the total power can further be

expressed as the VF kinetic power, _Wk, immediately preced-

ing contact. The potential elastic power preceding contact,

which is stored due to the VF adduction, is not included in

the total power because this form of energy is only a func-

tion of the medial compression of the VF, which remains

unchanged during VF collision. Substituting the kinetic

power into Eq. (3), combining it with Eq. (4), and then

substituting into Eq. (1) yields

C ¼
_Wk � _W cont

_Wk

¼ 1�

pcont;avg

T

dcont

lVF;w

_Wk

:
(5)

Note, the kinetic power can still be expressed in terms of the

VF kinematics (see Sec. II B), but additional information is

needed to solve for the dissipated power coefficient, C.

Namely, the average contact pressure, pcont;avg, and the VF

medial-lateral deformation distance during contact, dcont,

which must be estimated.

The method of calculating the values for each of the

terms in Eq. (5) is introduced in the following sections, lead-

ing to an updated prescription of the dissipated power coeffi-

cient, C.

B. VF kinetic power

The total VF kinetic power, _Wk, is estimated based on

the medial VF surface velocity immediately preceding con-

tact, Vcont. Prior studies showed that for a VF with a stiff

body and a soft cover layer, the oscillation amplitude is

much greater within the cover layer and decays in the body

layer.26 However, the internal displacement and velocity

profile of the VF have not been well quantified in the litera-

ture. To estimate the kinetic power of the VF, it is assumed

that the tissue velocity within the VF decreases quadratically

as a function of distance from the VF medial surface and

reaches a value of zero at the lateral face of the VF, defined

in Sec. III B as the lateral surface of the adipose tissue layer.

In addition, the inferior-superior thickness of the VF, lVF;t,

varies as a function of the distance from the lateral face of

the VF model, z. This gives

_Wk ¼
1

A lVF;l T

ðlVF;w

0

1

2
q Vcont

z

lVF;w

� �2
 !2

lVF;l lVF;tðzÞdz;

(6)

where A is the coronal cross-sectional area of the VF model,

lVF;l is the anterior-posterior length of the VF, T is the oscil-

lation period, lVF;w is the medial-lateral width of the VF, q is

the average density of the VF, and Vcont is the average VF

surface velocity immediately preceding contact, which is

estimated based on kymogram plots of the VF, as will be

discussed in Sec. IV C 1.

C. Contact power

The contact power, _W cont, was previously defined as the

elastic component of energy during VF collision, per period

of oscillation [see Sec. II A and Eq. (3)]. It can be calculated

based on the work done on the VF by the average contact

pressure, divided by the total volume of the VF, V�, and the

oscillation period. Therefore, it is found according to

_W cont ¼
Fcont;avgdcont

�VT
¼ pcont;avgAcont;avgdcont

A lVF;l T
; (7)

where Fcont;avg; pcont;avg, and Acont;avg are the average contact

force, pressure, and area during the contact phase, respec-

tively, and dcont is the fictitious penetration depth of the VF

during contact that yields the resultant contact pressure.

This will be found assuming a Hertzian model of contact.

Crucially, calculating the values of pcont;avg; Acont;avg, and

dcont requires measurements of the contact pressure with suf-

ficiently high spatial and temporal resolution. Consequently,

an experimental campaign is undertaken to obtain these val-

ues and to simultaneously explore the spatiotemporal

mechanics of VF contact.

III. METHODS

A. Flow facility

Contact pressure measurements were acquired using a

synthetic, self-oscillating VF model in a hemilarynegal flow

facility, which was similar to that employed in prior work.16

A schematic of the experimental facility is shown in Fig. 1(a).

The details of the facility have been previously reported,16,27

and are only discussed briefly herein. Pressurized air was

regulated to 17 kPa by a Siemens 40-2 pressure regulator

(Siemens, Munich, Germany) prior to entering a Dwyer RMC

103-SSV flow meter (Dwyer, Michigan City, IN) that adjusted

the upstream air pressure and measured the time-averaged

flow rate. The airflow then entered a 0:03 m3 plenum chamber

with a cross-sectional area of 0:06 m2 that was acoustically

insulated by securing 2 cm thick foam to the inner walls. The

flow exited the plenum chamber into a rectangular channel with

a length of 150:0 mm and a cross-sectional area of 213:0 mm2,

representing the trachea. A Kulite ET-3DC pressure transducer

(Kulite, Leonia, NJ) measured the unsteady subglottal pressure

at a distance of 30:0 mm from the channel exit.

At the end of the tracheal channel, a bracket with a rect-

angular cut-out that holds the VF model was bolted to the

channel exit. The VF model oscillated against a movable

flat contact plate that formed the medial surface of the tra-

cheal wall, thereby creating a hemilaryngeal configuration.

The anterior-posterior length was 17:0 mm. A Millar-

Mikro-Cath pressure sensor (Millar, Houston, TX) was

embedded in a groove under the surface of the hemilaryne-

gal plate such that the sensing element was positioned

beneath a 1:3 mm by 1:5 mm window that was open to the
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surface of the plate. The groove was filled with Smooth-On

Dragon Skin 10 silicone (Smooth-On Inc., Macungie, PA)

to create a flat contact surface, with the silicone transmit-

ting the pressure to the sensor. This method for measuring

the intraglottal pressure was validated in Ref. 16. The fre-

quency response of the Millar pressure transducer in this

configuration was found to be greater than 3:8 kHz,16 yield-

ing a temporal resolution of better than 0:26 ms for contact

pressure measurements. The superior end of the hemilar-

yngeal plate was connected to a Thorlabs PT1 linear slide

(Thorlabs, Newton, NJ) that enabled movement of the plate

in the inferior-superior direction and, thereby, adjustment

of the embedded sensor position with an accuracy of

0:0254 mm, although the measurements were performed

with an increment of 0:254 mm. The x coordinate corre-

sponds to the inferior-superior distance from the inferior

edge of the glottis when the VF was at rest. Four separate

contact plates were fabricated with a separate pressure sen-

sor embedded at a different anterior-posterior location in

each plate, as measured from the midline, and indicated by

the y coordinate. In this manner, interchanging contact

plates in the facility enabled measurement of the contact

pressure at locations of y ¼ 0, 1.78, 3.56, and 5:34 mm, as

shown in Fig. 1(b).

A simplified vocal tract was attached to the superior

exit of the VF with an idealized cross-sectional area similar

to a human vocal tract producing the vowel /o/.28 The vocal

tract had a total height of 180:0 mm in the inferior-superior

direction and a length of 26:2 mm in the anterior-posterior

direction. It consisted of two connected channels with differ-

ent medial-lateral widths, similar to the vocal tract used in

prior investigations.29 The inferior portion of the tract had a

constant rectangular cross-sectional area of 262:0 mm2 over

a height of 130:0 mm, representing the epilaryngeal tube. It

was connected superiorly to another section with a constant

rectangular cross-sectional area of 799:1 mm2 over a height

of 50:0 mm, representing the oral cavity. Unfortunately, the

similarity between the acoustic behavior of this simplified

vocal tract geometry and the human vocal tract was not

investigated in this study. This remains the subject of future

work.

A Photron AX200 high-speed camera (Photron, Tokyo,

Japan) with an Elicar V-HQ Macro 90 mm f 2.5 lens (Jaca

Corporation, Tokyo, Japan) was positioned 300:0 mm supe-

rior to the VF exit and recorded high-speed video (HSV) of

the VF oscillations. The video was recorded at 20 000

frames-per-second and with a spatial resolution of

0:075 mm=pixel. The subglottal and contact pressures were

acquired simultaneously with a National Instruments PCIe-

6321 data acquisition card and a custom LabVIEW program

(National Instruments Corporation, Austin, TX) at a sam-

pling rate of 80 kHz over a total acquisition time of 0:75 s.

A custom LabVIEW program was used to synchronize the

pressure measurements and HSV recordings.

B. VF model

A four-layer synthetic VF model was fabricated from

silicone rubber with the same geometry, material, and mix-

ture ratios as previously reported.16 A schematic of the coro-

nal cross section of the model layers is shown in Fig. 2, with

a more detailed description provided in Ref. 16, including

the mixture ratios for each layer. The model had a uniform

profile in the anterior-posterior direction with a length of

17:0 mm.

FIG. 1. (a) Schematic of the experimental flow facility. (b) A close-up top view of the contact plate and the relative position of the pressure sensors. All

dimensions are in mm.
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Note that all of the lengths in the text are presented by

the symbol “l” with two subscripts. The first subscript

denotes the glottal dimensions, g, or the VF dimensions, VF.

The second subscript of l, w, or t indicates the anatomical

directions along the anterior-posterior, medial-lateral, and

inferior-superior axes, respectively. For instance, the VF

model had an anterior-posterior length of lVF;l ¼ 17:0 mm, a

medial-lateral width of lVF;w ¼ 7:50 mm, and an inferior-

superior thickness of lVF;t, which varied from 12:50 mm at

the lateral surface to 4:26 mm at the medial surface. The

glottal length was equal to the VF length, lg;l ¼ lVF;l, and the

glottal thickness was equal to the VF thickness at the medial

surface, lg;t ¼ 4:26 mm.

Elastic and viscous shear moduli of each layer of the

VF model were measured with a TA Instruments AR 2000

Rheometer (TA Instruments, New Castle, DE) at 1% strain

for 20 frequencies between 1 and 100 Hz. The magnitude of

the complex modulus of elasticity of each layer was calcu-

lated at a frequency of 100 Hz and is presented with the

reported range of physiological values in Table I. The mea-

sured moduli of the silicone layers were all within the physi-

ological range.

To ensure robust collision during VF oscillation, a

medial prephonatory compression of 0:75 mm was applied

to the VF model, which resulted in a medial prephonatory

pressure of 1:25 kPa. The medial prephonatory compression

is the amount the VF is compressed in the medial-lateral

direction against the contact plate when the VF is at rest,

and the medial prephonatory pressure is the resulting surface

pressure.16

C. Contact pressure measurement

Each of the four hemilaryngeal plates were initially

placed with the sensor located at x ¼ 21:62 mm, superior to

the VF contact region. The sensor was then moved inferiorly

in increments of 0:254 mm until reaching the inferior

position of x ¼ �4:78 mm, yielding a total of 104 pressure

measurements in the inferior-superior direction at each

anterior-posterior position. The pressure magnitude at each

position was measured as a function of time for 0:75 s. The

measured pressure waveforms in the inferior-superior direc-

tion were synchronized and phase-averaged by identifying

the start of each individual oscillation cycle, referenced by

the unchanging subglottal pressure waveform.

IV. RESULTS

A. Oscillation dynamics

The VF had an onset pressure of 1:70 kPa. The contact

measurements were performed for a mean subglottal pres-

sure of psub ¼ 2:20 kPa, which produced a mean flow rate

of 338 mL=s. The fundamental frequency was 160 Hz,

which resulted in a period of T ¼ 6:25 ms, producing

approximately 120 oscillation cycles over the 0:75 s acqui-

sition time.

A kymogram at the VF midline was extracted from the

HSV (not shown for brevity), from which the open and

speed quotients were computed to be 0.78 and 2.09, respec-

tively. Both of these values are within the range of physio-

logical values.39,40 The maximum medial-lateral glottal

width and glottal area were calculated to be 0:67 mm and

8:45 mm2, respectively, which are also physiologically rele-

vant.41,42 The onset pressure was higher than the physiologi-

cal value of approximately 0:5 kPa,43 which also led to a

higher than normal flow rate. This is likely because of two

reasons. First, it has been shown that employing VFs in a

hemilaryngeal flow facility results in an increase in the onset

pressure.4,10,17,44 Second, because synthetic VF models do

not normally exhibit complete closure,11,44 a medial prepho-

natory compression was applied to the VFs to achieve robust

collision, which also increased the onset pressure.

Nevertheless, the kinematic features of the VF oscillations

were representative of physiological behavior.

B. Contact pressure

The spatial variation of the normalized pressure drop

relative to the mean subglottal pressure, ðp� psubÞ=psub, is

plotted in Figs. 3(a)–3(d) at the four anterior-posterior loca-

tions of interest, and at four different instances in time as

VF closure progresses. The inferior-superior distance, x, is

normalized by the inferior-superior glottal thickness of the

VF at rest and before applying the medial compression,

defined as lg;t ¼ 4:26 mm (see Fig. 2). The anterior-

posterior distance, y, is normalized by the glottal half length

in the anterior-posterior direction, lg;l=2 ¼ 0:85 mm, and the

time, t, is normalized by the period of an oscillation cycle,

T. The time is adjusted such that at t=T ¼ 0:0, the VF is at

FIG. 2. Geometry and key dimensions of the synthetic VF model. All

dimensions are in mm.

TABLE I. Moduli of elasticity of physiological and silicone vocal fold

models for each layer.

Layer Physiological range (kPa) Silicone VF Model (kPa)

Adipose tissue 1–10 (Ref. 30) 4.04

Body 1.5–50 (Refs. 31–33) 7.13

Cover 1–8 (Refs. 32,34–38) 1.10

Epithelium Not measured 81.10
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the beginning of the opening phase. Also included are supe-

rior view images of the VF at the corresponding time with

overlaid lines indicating the anterior position of the spatial

pressure measurement locations.

In Fig. 3(a), the VF is open at the midline but closure

has occurred at the most anterior position of 2y=lg;l ¼ 0:63.

This can be observed in the plot by noting that at the inferior

position along the VF surface (x=lg;t ¼ �1), the pressure is

approximately equal to the subglottal pressure. Moving

superiorly, the pressure at 2y=lg;l ¼ 0:63 slowly decreases,

followed by a sudden rise to a local maxima, as indicated by

an arrow. This peak indicates VF contact, which occurs due

to a sudden change in the VF momentum.4,16 The point of

local minimum of the pressure distribution preceding the

peak identifies the inferior edge of the contact area, while

the superior edge is demarcated by the location at which the

intraglottal pressure reaches the constant supraglottal pres-

sure (x=lg;t � 2). The progression of contact can be tracked

in time by following the variation in the contact pressure

peak, as clearly identified in the supplementary video,45

which presents the time-varying intraglottal pressure distri-

bution during contact with a temporal resolution of

t=T ¼ 0:01.

Subsequent time points in Fig. 3 track the spatiotempo-

ral progression of contact as it moves towards the midline,

evidenced by peaks in the contact pressure at successive

anterior locations of 2y=lg;l ¼ 0:63, 0.42, 0.21, and 0.0. The

maximum contact pressure, pcont;max, occurring at each of

FIG. 3. (Color online) The normalized pressure drop versus the normalized inferior-superior distance, plotted at four positions in the anterior-posterior direc-

tion, and at the normalized times of (a) t=T ¼ 0:63, (b) t=T ¼ 0:79, (c) t=T ¼ 0:86, and (d) t=T ¼ 0:90. The times coincide with the maximum contact pres-

sure of the VF at the anterior measurement locations, indicated by an arrow, at (a) 2y=lg;l ¼ 0:63, (b) 2y=lg;l ¼ 0:42, (c) 2y=lg;l ¼ 0:21, and (d) 2y=lg;l ¼ 0:0.

Each inset presents a superior view of the VF orientation at that specific instance in time. Dashed and solid vertical lines at x=lg;t ¼ 0 and x=lg;t ¼ 1, respec-

tively, identify the glottal entrance and exit when the VF is in its rest configuration.
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the anterior locations, is denoted by an arrow. Comparing

the inferior-superior position of the contact peak across

anterior-posterior positions highlights the three-dimensional

nature of the contact evolution, wherein contact near the

midline occurs at a more superior location as the VF bulges

in that direction. Specifically, the maximum contact pres-

sure, pcont;max, occurred at inferior-superior locations of

x=lg;t ¼ 1:02, 1.38, 1.44, and 1.50 for the anterior-posterior

positions of 2y=lg;l ¼ 0:0; 0:21; 0:42, and 0.63, respectively.

The progression of the pressure distribution also shows that

the VF contact peak vanished sooner at the more anterior

locations. This can be observed in Fig. 3(d), in which the

peak in the pressure distribution is visible at all of the ante-

rior locations, except at 2y=lg;l ¼ 0:63. This denotes that the

VF opening, and consequently the contact, started from the

more anterior positions and moved toward the midline,

which is also obvious in the supplementary video.

The maximum contact pressure, pcont;max, also varied in

the anterior-posterior position. Figure 4 indicates the nor-

malized value of pcont;max=psub. The highest value of contact

pressure occurred at the midline with pcont;max ¼ 2:72 kPa

and a standard deviation of 0:06 kPa, and decreased in the

anterior direction, with the value at 2y=lg;l ¼ 0:63 being

approximately 40% of that at the midline. The ratio of peak

contact pressure to subglottal pressure of pcont;max=psub

¼ 1:24 was within the span of previously reported values

that ranged from approximately 1.0 to 2.0.4,17

1. Average contact pressure

Calculating the contact power, _W cont, from Eq. (7)

requires estimation of the average contact pressure, pcont;avg.

This was computed by temporally and spatially averaging

the contact pressure at each of the four anterior-posterior

locations according to

pcont;avgk
¼ 1

Tclosek

ðtek

tik

1

lcont;tkðtÞ

ðxsupk

xinfk

pðx; tÞ dx dt; (8)

where p(x, t) indicates the intraglottal pressure at the

inferior-superior location of x at time t, xsup and xinf are the

inferior and superior margins of the contact region with a

thickness equal to lcont;t, and the values ti and te are the initial

and ending time of the contact phase, respectively, with

their difference equal to the duration of contact, Tclose. The

subscript k varies from 1 to 4 and denotes the location of the

four anterior-posterior positions moving from the midline to

the most anterior point, respectively.

The locations of the margins of contact were deter-

mined by identifying the spatial contact pressure distribution

in the inferior-superior direction at each anterior location, as

previously discussed. For example, the contact thickness

is identified by the vertical dashed lines in Fig. 5 at time

t=T ¼ 0:93 along the glottal midline.

The time-varying contact thickness, lcont;t, is extracted

from the experimental data and plotted in Fig. 6(a) as a

function of normalized time at the four locations in the

anterior-posterior direction. The temporal change in the con-

tact area, Acont, was calculated by integrating lcont;t over the

anterior-posterior length and is presented in Fig. 6(b) as a

function of time. At each location, lcont;t was shortest at the

beginning of contact, and increased in time as the VF con-

tacted the hemilarynx surface. The contact thickness

remained largely constant during the remainder of contact,

only decreasing slightly at the more central locations, prior

to the end of contact. The average contact thickness as a

function of anterior position is presented in Fig. 6(c), and is

extrapolated to the anterior end point.

The tendency for the contact thickness not to decrease

back to zero at the end of contact, as the VF begins to open,

is likely a limitation of the method used for estimating the

contact boundaries. That is, at the beginning and end of the

contact phase, the pressure peaks observed in Fig. 3 are less

pronounced, and it becomes difficult to discern the exact

location of the inferior and superior edges of contact. More

accurate measures to identify the contact margins could be

FIG. 4. The ratio of maximum contact pressure to subglottal pressure mea-

sured at various locations in the anterior-posterior direction.

FIG. 5. Intraglottal pressure at the anterior-posterior midline of the VF at

t=T ¼ 0:93 with the inferior-superior contact region indicated by dashed lines.
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performed using previously employed approaches based on

measuring changes to the electrical resistance of the VFs

during contact.16,46

With the contact thickness, lcont;t, estimated, the spatio-

temporal mean of the contact pressure was computed from

Eq. (8) at each anterior position and plotted in Fig. 6(d).

The mean contact pressure was a maximum at the midline

and decreased by approximately 35% at the most anterior

location (2y=lg;l ¼ 0:63). This behavior is similar to the

peak contact pressure (see Fig. 4). The ratio

pcont;avgk
=pcont;maxk

is almost constant at about 0.57 across all

of the anterior-posterior locations, denoting a linear relation-

ship between peak and average contact pressure.

Finally, the average contact pressure over the entire

contact area and period, pcont;avg, was calculated by averag-

ing the mean contact pressures over the anterior-posterior

contact length. This was computed to be 0:87 kPa, yielding

pcont;avg=pcont;max ¼ 0:32 at the midline. Note, this value is

60% higher than the ratio of 0.20 that was proposed by Titze

and Hunter7 for estimating the average contact pressure from a

known (i.e., measured) peak value. Calculating the standard

deviation of the average contact pressure over the entire oscilla-

tion cycles is computationally cumbersome. Therefore, it can

be reasonably approximated by considering the same ratio of

standard deviation to average pressure found for pcont;max. This

gives a standard deviation of 0:02 kPa for pcont;avg.

C. Dissipated-energy coefficient calculation

From the VF kinematics and the contact pressure data,

the coefficient C can be computed from the values of
_Wk; _W cont, and _Wd, that were introduced in Sec. II.

1. Computing VF kinetic power

To calculate the VF kinetic power, _Wk, from Eq. (6), the

VF geometry was approximated as a trapezoid with a medial

thickness of lg;t ¼ 4:26 mm in the inferior-superior direction,

lateral thickness of lla;t ¼ 12:50 mm in the inferior-superior

direction, medial-lateral width of lVF;w ¼ 7:50 mm, and

anterior-posterior length of lVF;l ¼ 17:0 mm. Therefore, the

inferior-superior thickness of the trapezoid geometry can be

expressed as lVF;tðzÞ ¼ ½ðlg;t � lla;tÞ=lVF;w�zþ lla;t (note, the z
coordinate is defined in Fig. 2). The VF has a coronal cross-

sectional area of A ¼ 69:70 mm2. Based on these values,

Eq. (6) can be evaluated, yielding _Wk � ð0:06=TÞqV2
cont.

The VF medial surface velocity immediately preceding

contact, Vcont, was estimated using the recorded HSV. The

medial surface had a wave-like motion along the inferior-

superior direction, such that the VF closure began at the

inferior glottal edge and then progressed toward the superior

edge. Therefore, the entire medial surface did not come into

contact with the hemilaryngeal surface at once. The glottis

had a divergent orientation during the closing phase, and the

FIG. 6. (Color online) Temporal change in (a) contact thickness and (b) contact area. (c) Average contact thickness and (d) average contact pressure at each

anterior-posterior location.
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inferior edge of the VF was the visible VF boundary in the

HSV. It was assumed that the medial surface velocity is con-

stant along the inferior-superior direction and is equal to the

velocity of the inferior edge. To find this velocity, kymo-

grams were extracted at the four anterior-posterior locations

at which the pressure data were acquired and a least-squares

regression approach47 was used to fit a sinusoidal function

to the closing phase of each kymogram. The VF medial sur-

face velocity at each location was computed from the deriv-

ative of this function over time, and the contact velocity was

approximated as the VF surface velocity at the end of the

closing phase (see Ref. 27 for more details). Averaging

along the anterior-posterior direction, Vcont was calculated to

be 0:58 m=s. The VF tissue density, q, was measured to be

1040 kg=m3. This resulted in _Wk � 3392:2 W=m3.

2. Computing contact power

Calculating the contact power, _W cont, from Eq. (7)

requires calculation of pcont;avg, which was found in Sec.

IV B 1, and estimation of the fictitious VF penetration dis-

tance, dcont. To estimate this latter value, a Hertzian contact

model between two identical homogeneous elastic cylinders

was employed25 where the maximum contact pressure can

be given by

pmax

E�
¼ 4

dcont

lcont;t
; (9)

where pmax is the maximum contact pressure, dcont is the

penetration distance due to contact, lcont;t is the contact

thickness, and E� ¼ E=2ð1� �2Þ is the effective Young’s

modulus defined where E is the equivalent Young’s modulus

of the layered VF structure, and � is Poisson’s ratio.

Because the silicone VF model consists of different

layers of varying stiffness (see Fig. 2), the equivalent value

of E is not known. Therefore, E� was first computed using

the known static prephonatory conditions of the VF. The VF

had a medial-lateral width of lVF;w ¼ 7:50 mm and an

inferior-superior medial thickness of lg;t ¼ 4:26 mm. In the

compressed prephonatory orientation, the medial thickness

in the inferior-superior direction, defined as lpre;t, was esti-

mated by approximating the VF geometry as a deformed

trapezoid that was compressed medially by 0:75 mm. This

resulted in a value of lpre;t ¼ 6:12 mm. The applied medial

prephonatory pressure in this situation was 1:25 kPa. The

VF contact behavior was modeled with a Hertzian contact

model between two cylinders with the axial coordinate

along the anterior-posterior direction. When at rest, the syn-

thetic VF model had a flat medial surface, as opposed to the

curved surface of a cylinder. To account for this discrete

contact thickness at the onset of contact in the VF model, it

was assumed that the cylinders were initially compressed in

the medial direction such the resultant contact thickness was

equal to the VF glottal thickness, lg;t, and then were further

compressed by a pressure equal to the medial prephonatory

pressure of the VF to create a contact thickness equal to the

prephonatory medial thickness, lpre;t. Using these initial and

prephonatory contact scenarios in Eq. (9) of the Hertzian

contact model gives E� ¼ 3:90 kPa. This effective modulus

falls within the span of the measured values of the elastic

moduli measured for the different VF layers (see Table I).

With E� estimated from the static measurements, the

penetration depth during contact, dcont, was subsequently

estimated using the same Hertzian model, except with the

maximum contact pressure determined from the dynamic

measurements. The mean values of the maximum contact

pressure and contact thickness during the contact phase of

the VF were calculated by averaging the magnitudes pre-

sented in Figs. 4 and 6(c) over the anterior-posterior contact

length. They were found to be pmax;avg ¼ 1:62 kPa and

lcont;avg ¼ 2:84 mm, respectively. Using these quantities for

pmax and lcont;t in Eq. (9), and substituting the estimated

value of E� ¼ 3:90 kPa, produced an estimate of the contact

penetration depth of dcont ¼ 0:29 mm.

Using the previously computed values for the average

contact pressure, pcont;avg ¼ 0:87 kPa, the fictitious penetra-

tion distance during contact, dcont ¼ 0:29 mm, and the aver-

age contact area, Acont;avg ¼ lcont;avg lg;l ¼ 48:28 mm2 and

substituting them into Eq. (7), the contact power was found

to be _W cont ¼ 1644:8 W=m3.

3. Computing dissipated power

The local dissipated power was computed based on the

calculated values of _W cont and _Wk according to
_Wd ¼ _Wk � _W cont, as previously introduced. The local dis-

sipated power is plotted at each of the four anterior-

posterior locations in Fig. 7. It can be seen that the dissi-

pated power reaches the highest value along the VF midline

and then decreases in the anterior direction. The dissipated

power at 2y=lg;l ¼ 0:63 is 48% of the magnitude at the mid-

line (2y=lg;l ¼ 0:0). These findings help explain the preva-

lence of benign VF lesions forming along the midline of the

glottis, as this is the region where the dissipated power is the

highest.

FIG. 7. Dissipated power per unit volume at various locations in the

anterior-posterior direction.
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Similarly, the average dissipated power across the entire

VF surface during contact was computed and found to be
_Wd ¼ _Wk � _W cont ¼ 1747:4 W=m3.

With the average dissipated power known, the dissipa-

tion coefficient, C, was finally computed from Eq. (5) as C
¼ 0.52. Note, this value is significantly higher than that esti-

mated in the prior work of Titze and Hunter.7 The implica-

tions are discussed next.

V. DISCUSSION

It has been proposed that the power dissipated within

the VFs can lead to the formation of benign lesions.5 Due to

the difficulty in acquiring the contact pressure with the

needed spatiotemporal resolution, correlations between the

average and peak contact pressure have been estimated in

prior studies, with the relationship that the average pressure

is 20% of the peak pressure being previously suggested.7

Quantitative measures of these values were performed in the

current work, showing that the spatially and temporally-

averaged contact pressure is 32% of the peak contact pres-

sure, 60% higher than previously-reported approximations.7

This difference is substantial, highlighting the importance of

fully resolving the spatial and temporal variations in the

contact pressure when computing the dissipated-energy/

power dose. As the current work only investigated a single

phonatory condition, it is expected that additional scenarios

that depend on VF posturing (e.g., breathy versus pressed

voice) as well as in the presence of benign lesions (e.g., nod-

ules and polyps) will likely lead to different values. As such,

care should be taken in estimating vocal dose measures

based solely on peak contact pressure for a specific phona-

tory condition. It is interesting to note that the ratio of aver-

age pressure (in the inferior-superior direction) at a

particular anterior-posterior location to the peak pressure at

the same anterior-posterior location is largely constant

across the VF length.

A coefficient that specifies the ratio of dissipated power

to total power during VF collision, C, has been previously

introduced as a parameter for estimating the VF energy-

dissipation dose. The advantage in specifying the coefficient

is that it allows estimation of VF dissipated power based

solely on kinematic parameters of VF oscillation, which can

be reliably estimated in the clinic. Unfortunately, prior

work, suggesting a value of C ¼ 0.027 was shown to be

based upon a mathematical error and using an inaccurate

assumption for computing the dissipated power. The current

work corrected the mathematical error and revised the treat-

ment to incorporate important physics that were neglected

in the prior study. The value was estimated here to be C
¼ 0.52, meaning that 52% of the total VF power prior to

contact is dissipated during the collision phase, which is sig-

nificantly larger than the previously proposed value, which

indicated that VF collision was nearly a purely elastic phe-

nomenon. The coefficient of restitution during VF collision

can be approximated by taking the square root of the ratio of

the kinetic power after contact to the kinetic power before

contact. The dissipation coefficients of C ¼ 0.02 obtained in

the prior work7 and C ¼ 0.52 found in the current study,

yield coefficients of restitution of e � 0:99 and e � 0:69,

respectively. Studies of the coefficient of restitution in

human tissue and cartilage have shown values to range

between e � 0:4–0:76.48,49 This indicates that the dissipa-

tion coefficient found using the updated model in this study

is consistent with physiological values. It should be noted

that the dissipation coefficient is likely to be influenced by

the VF properties (i.e., geometry and material properties),

and aerodynamics (i.e., subglottal pressure and flow rate).

Therefore, the reported value for the dissipation coefficient

should be interpreted within the constraints of the current

work. The accuracy, and clinical relevance, of this work can

be advanced in future studies by employing excised VFs to

continue to explore these behaviors.

The updated dissipation coefficient also provides addi-

tional insights into vocal dose. The total dissipated power is

the sum of power dissipated due to (1) internal friction dur-

ing the non-contact phase of the VFs, and (2) the dissipated

collision power, where only the second contribution has

been considered in the current work. Prior work found the

frictional dissipated power to be on the order of 100 W=m3

for females and 400 W=m3 for males.7 These values were

such that, using the previously proposed dissipation coeffi-

cient of C ¼ 0.02 in Titze and Hunter,7 the internal friction

and dissipated collision power were of the same order of

magnitude. However, with the updated value of C ¼ 0.52

estimated herein, the dissipated collision power was found

to be _Wd ¼ 1747:4 W=m3, which is an order of magnitude

greater than the estimated power dissipated due to friction.

This suggests that collision is most likely the greatest con-

tributor to VF damage during normal phonation, and that

internal friction plays a secondary role. However, situations

may arise (e.g., very high frequency during singing) where

this relationship may change.

Using a Hertzian contact model to estimate the penetra-

tion distance of the VF assumes the VFs can be approxi-

mated as a cylinder.25 Furthermore, the Hertzian contact

model has been developed for static contact, does not

include the effect of tissue inertia, and assumes that the

material is purely elastic, whereas the VF tissue and the sili-

cone rubber both have viscoelastic properties.37,44 In spite

of these limitations, it was found that the results obtained

using this approach were reasonable. Nevertheless, imple-

menting a viscoelastic model of contact to estimate the pen-

etration depth during contact would provide a more accurate

measure of the power dissipated during collision and is a

focus of ongoing work. This advancement will also provide

a more accurate prescription for modeling contact mechan-

ics in numerical representations of VF collision.

Finally, the dissipation coefficient is also influenced by

estimations of the VF kinetic power preceding contact. In

the updated approach, a generalization of the medial surface

velocity, and an estimation of how the VF velocity varies

with medial-lateral depth, was utilized. More accurate esti-

mates of the spatial variation of the VF velocity preceding
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contact are needed. The implementation of a finite element

approach to estimate the total VF kinetic power could also

yield useful advancements in the estimation of the dissipa-

tion coefficient.

VI. CONCLUSIONS

A synthetic self-oscillating VF model was implemented

in a hemilaryngeal flow facility to measure the VF contact

pressure and to estimate the contact dissipation dose with

high temporal and spatial resolution. The oscillation kine-

matics of the VF model, such as frequency, open quotient,

speed quotient, and glottal width, were found to be within

the range of physiological values.

Analysis of the VF contact pressure showed that there

is a spatial evolution of contact, occurring first at the

anterior-posterior edges, and then progressing towards the

midline. This behavior is indicative of the “zipper-like”

closure that occurs in vivo. The contact area was found to

have a crescent shape, closing at more inferior locations at

the anterior/posterior edges and more superiorly at the

midline. The peak contact pressure occurred along the mid

anterior-posterior length of contact, with values that were

representative of prior investigations. The peak contact

pressure was 40% higher along the VF midline than at the

most anterior position where the pressure was measured.

A previously proposed method for estimating contact

dose was updated based on performing quantifiable mea-

sures of contact pressure and area. The average VF contact

pressure was found to be 32% of the peak contact pressure,

significantly higher than prior estimations. The percent of

power dissipated due to VF collision was found to be 52%

of the total VF power immediately preceding contact. These

values provide useful information for clinical vocal dose

investigations in which the measurement of average contact

pressure is highly challenging. Nevertheless, additional pho-

natory conditions, including pathological ones, need to be

investigated to explore these relationships over a broader

range.

It was shown that for normal phonation, the collision

dissipation dose is an order of magnitude higher than the

shear dissipation dose that was reported in prior work.7 This

finding suggests that VF collision is the primary contributor

to VF damage. In addition, the dissipated power was found

to be highest along the midline of the VF, consistent with

clinical observations that this is the location where benign

VF lesions are most likely to occur.
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