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ABSTRACT:
Synthetic vocal fold (VF) replicas were used to explore the role of nodule size and stiffness on kinematic,

aerodynamic, and acoustic measures of voiced speech production. Emphasis was placed on determining how

changes in collision pressure may contribute to the development of phonotrauma. This was performed by adding

spherical beads with different sizes and moduli of elasticity at the middle of the medial surface of synthetic silicone

VF models, representing nodules of varying size and stiffness. The VF models were incorporated into a

hemilaryngeal flow facility. For each case, self-sustained oscillations were investigated at the phonation threshold

pressure. It was found that increasing the nodule diameter increased the open quotient, phonation threshold pressure,

and phonation threshold flow rate. However, these values did not change considerably as a function of the modulus

of elasticity of the nodule. Nevertheless, the ratio of collision pressure to subglottal pressure increased significantly

for both increasing nodule size and stiffness. This suggests that over time, both growth in size and fibrosis of nodules

will lead to an increasing cycle of compensatory vocal hyperfunction that accelerates phonotrauma.
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I. INTRODUCTION

Nodules are benign vocal fold (VF) lesions that usually

protrude from the border of the anterior and middle third of

the medial surface of the VFs.1 They are commonly bilateral

and are believed to be caused by repetitive VF trauma,2,3

which can arise due to vocal hyperfunction.4–7 The presence

of VF nodules can disrupt VF oscillations and, conse-

quently, negatively impact phonation.8,9

Phonotraumatic vocal hyperfunction can create exces-

sive mechanical stresses in the mid-membranous VF and

disrupt the basement membrane, which is located beneath

the epithelial cells and protects the lamina propria against

internal stresses.10,11 It has been proposed that excessive

collision stress is likely responsible for VF damage because

it is applied directly to mucosal tissue and perpendicularly

to the direction of load-bearing tissue fibers.12 Studies with

canine,13 feline,14 and rabbit11 VFs have shown that both

short and long term durations of high intensity phonation

damage the basement membrane and decrease its protective

ability, consequently increasing injury to the mucosal layer

and underlying lamina propria. The wound healing

procedure remodels the basal layers of the epithelial cells

and results in localized thickening of the epithelium and/or

lamina propria.15 Over time, these areas can become stiffer

and fibrosed,16,17 leading to the formation of more well-

established lesions.18–21

If sufficiently large, benign VF lesions reduce the fun-

damental frequency of oscillation22 and impede glottal clo-

sure by producing an hourglass-shaped glottis.1,23,24 This

can reduce the aerodynamic energy that is transferred to the

VF tissue,25 thus increasing phonation threshold pressures

(PTPs)26,27 and minimum flow rates,28 as well as altering

the unsteady glottal aerodynamics29 and producing asym-

metric aerodynamic pressure loading within the glottis.30

The combination of aerodynamic and structural disruptions

can significantly alter vibration mechanics, potentially

resulting in asymmetric and chaotic VF oscillations15,31–33

that can manifest as breathy, hoarse, and/or rough

voices.34,35

VF nodules give rise to a slight increase in mass due to

localized swelling while also increasing the tissue stiffness,

which becomes more pronounced as the lesion becomes

fibrosed over time.16 These rheological alterations to the VF

tissue have been shown to influence the oscillation kinemat-

ics and collision dynamics.32 Of particular interest is thea)Electronic mail: berath@clarkson.edu
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influence of nodules during VF collision as it is the mechan-

ical stresses within the tissue that lead to continued lesion

growth. It has been proposed that lesion growth increases

the total mass of the VF,36 which may subsequently lead to

increased damage during collision. However, the increase in

mass due to a lesion, relative to the total mass of the vibrat-

ing VF tissue, is small. Conversely, the well-established

“hourglass” glottal shape, which arises with increasing nod-

ule size,15 suggests that changes in the collision mechanics

may arise due to the kinetic energy being distributed over a

reduced collision area. Increased stiffness of the nodule

would similarly reduce the collision time leading to a higher

magnitude in the collision pressure. Despite these observa-

tions the contribution of nodule size and stiffness to VF col-

lision mechanics remains unexplored.

This shortcoming exists, in part, because measurements

of VF collision forces are extremely challenging to acquire.

In vivo measures suffer due to the difficulty of accurately

positioning a sensor in the collision zone and the resulting

disruption of the airflow and VF dynamics due to physical

sensor intrusion.37–40 Nevertheless, recent advancements

using novel sensors39,41 and image processing techniques42

show significant promise. However, these methods have not

yet been applied to measuring collision forces in subjects

with VF nodules. Numerical studies have shown that the

magnitude of the normal and shear stresses is highest at the

center of the VF’s medial edge, where nodules are most

prevalent43 and that the physical presence of a nodule also

leads to increased mechanical stresses at the base of the

lesion.44 This can lead to new acute damage or continued

chronic injury and create a vicious cycle of phonotrauma.6

Nevertheless, prior numerical investigations have been lim-

ited to determining how lesions with fixed size and stiffness

impact the oscillatory response,32,44,45 as opposed to explor-

ing how these variables impact the collision mechanics.

Synthetic self-oscillating silicone VF models have also

explored the influence of lesions by incorporating a region

of localized tissue stiffness at the center of the medial sur-

face,46–48 showing that PTP and phonation threshold mean

flow rate (PTF) increase significantly in VFs with nodules.

However, the collision mechanics were not explored.

Consequently, it remains unclear how the progression

of nodule size and stiffness alters the VF collision

mechanics. This insight is critical for understanding the role

of nodule progression in phonotraumatic VF damage. The

objective of this work is to investigate the influence of the

size and stiffness of a representative VF lesion on VF colli-

sion mechanics using a test facility that enables exploring

cases with different nodule features in a controlled environ-

ment. That is, this study explores whether the presence and

progressive development (increasing size and stiffness) of a

simulated nodule results in increased collision pressure,

which could in turn contribute to increasing tissue trauma.

Because these temporally varying behaviors are difficult, if

not impossible, to assess clinically, a physical modeling

approach is implemented. These results will provide useful

insights for improving the prevention and diagnosis of pho-

notraumatic vocal hyperfunction.

II. METHODS

A. Flow facility

Investigations were performed with synthetic VF mod-

els in a hemilaryngeal flow facility, which was similar to

that used in prior work.49–51 A schematic of the experimen-

tal setup is shown in Fig. 1. Compressed air was regulated to

17 kPa by a Siemens 40–2 pressure regulator (Siemens,

Munich, Germany) before entering a Dwyer RMC 101-SSV

flow meter (Dwyer Instruments, Michigan City, IN), which

adjusted the subglottal pressure and measured the mean flow

rate. The air flow then exited to a plenum chamber with a

volume of 0.03 m3 and a cross-sectional area of 0.06 m2. A

20 mm thick foam sheet was attached to the inner walls of

the plenum chamber to minimize acoustic reflections. Upon

exiting the plenum chamber the flow entered a 150.0 mm

long rectangular channel representing the trachea with a

cross-sectional area of 213.0 mm2. A Kulite ET-3DC pres-

sure transducer (Kulite Semiconductor Products, Leonia,

NJ) was flush-mounted in the channel wall 30.0 mm from

the exit to measure the unsteady subglottal pressure. A

bracket was mounted at the exit of the tracheal channel that

housed the synthetic VF model. The geometry and material

properties of the synthetic VF model are discussed in

Sec. II B. The lateral, anterior, and posterior surfaces of the

synthetic VF model were secured to the bracket using

Smooth-On Sil-poxy (Smooth-On Inc., Macungie, PA).

FIG. 1. Schematic of the experimental flow facility. All dimensions are in mm.
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The hemilaryngeal VF oscillated against a flat plate that was

3D printed with polylactic acid. No vocal tract was included

in this study.

A Millar Mikro-Cath pressure transducer (Millar,

Houston, TX) embedded in the hemilaryngeal plate mea-

sured the unsteady intraglottal pressure during VF oscilla-

tion (see Motie-Shirazi et al.49 for details). The sensing area

of the transducer measured 1.5 mm (anterior-posterior) by

1.3 mm (inferior-superior). In this manner, the pressure sen-

sor measured the normal impact stresses during the collision

phase of VF oscillations and the aerodynamic pressure dur-

ing the non-collision phase. Details of the measurement

technique, calibration, and validation are provided in prior

work.49 The hemilaryngeal plate was superiorly connected

to a linear slide with a micropositioner that enabled move-

ment of the hemilaryngeal plate and, hence, the pressure

transducer in the inferior-superior direction with a spatial

resolution of 0.0254 mm.

The acoustic pressure was recorded with a B&K 4189

microphone (Br€uel & Kjær, Nærum, Denmark) located

15.0 cm from the VF model exit and oriented at 45�. VF

oscillations were recorded using a Photron AX200 high-

speed camera (Photron, Tokyo, Japan) with an Elicar V-HQ

Macro 90 mm f 2.5 lens (Jaca Corp., Tokyo, Japan). The

camera was positioned 300.0 mm superior to the VF model

and recorded at 20 000 frames per second with a spatial res-

olution of 0.052 mm/pixel. The subglottal, collision, and

acoustic pressure data were acquired with a National

Instruments PCIe-6321 data acquisition card (National

Instruments Corp., Austin, TX) using a custom LabVIEW

program at a sampling rate of 80 kHz for a duration of 0.75

s. The recorded high-speed video was synchronized with the

pressure data measurements by generating a custom trigger

signal in LabVIEW.

B. Vocal fold model

The VF model was fabricated using four layers of sili-

cone rubber:52,53 namely, a base layer of adipose tissue54

that supported the body, cover, and epithelium layers. The

geometry and dimensions of these layers can be found in

prior work, as well as demonstration of the ability of this

model to produce physiologically relevant oscilla-

tions.49–51,55 The accuracy of the intraglottal aerodynamic

and collision pressure measurements obtained with this VF

model has also been previously verified by comparing with

prior measurements in excised VFs and static VF

models.50,51

A geometric protuberance representative of a VF nod-

ule was modeled by adding a spherical bead between the

cover and the epithelium layers during the fabrication pro-

cess. During VF model fabrication the cover layer was cast

using a mold that produced a hemispherical cavity in the

medial surface with the same diameter as the bead and with

a depth equal to the radius of the bead. The cavity was posi-

tioned at the anterior-posterior and inferior-superior mid-

lines of the medial surface. The desired spherical bead was

then placed in the cavity and a layer of silicone representa-

tive of the epithelial layer was added such that the bead was

embedded and fixed in the VF model.15 The hemilaryngeal

orientation is representative of bilateral VF nodules due to

the plane of symmetry produced by the hemilaryngeal sur-

face. A schematic showing a coronal cross section of the VF

geometry is displayed in Fig. 2(a). A photograph of the cor-

responding physical model is shown in Fig. 2(b). The model

had an anterior-posterior length of 17.0 mm.

The varying stiffness of each layer was produced by

using different mixtures of Smooth-On silicone rubber and

thinner (Smooth-On Inc.). The moduli of elasticity of the

VF layers were measured using dynamic mechanical analy-

sis on a TA Instruments Q 800 (TA Instruments, New

Castle, DE) at a frequency of 1 Hz and 5% strain. Table I

presents the VF layer, silicone type, and mixture ratio; the

corresponding density and modulus of elasticity; and the

physiological modulus range for the analogous human VF

tissue reported in the literature. The mixture ratio of

A:B:thinner in Table I denotes the ratio by weight of parts A

and B of Smooth-On Ecoflex 0030 (EF) or Dragon Skin 10

(DS) silicone to thinner.

Nodules of varying diameter and stiffness were created

by first fabricating spherical molds using Smooth-Sil 950

silicone (Smooth-On Inc.). Diameters of D ¼ 1.6, 2.0, 2.4,

and 3.0 mm were selected based on physiological

FIG. 2. (a) Geometry and key dimen-

sions of a coronal cross section of the

synthetic vocal fold model with a nod-

ule. All dimensions are in mm. (b)

Photograph of a fabricated silicone

vocal fold model.
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observations that most nodules are smaller than 3 mm.24 The

beads were cast using either Smooth-On EF or DS silicone

mixtures to produce the desired modulus of elasticity.

The physiological range of nodule elastic moduli is not

well known, although nodules are typically stiffer than the

surrounding VF tissue44 and become more fibrosed over

time, thus, increasing in stiffness.16 Consequently, four dif-

ferent moduli of elasticity were generated to mimic nodules

of increasing stiffness. Three cast beads were implemented

to represent moduli of elasticity of Enodule ¼ 13.2, 54.7, and

102.5 kPa. The moduli of elasticity of the cast nodules were

measured with the same technique introduced above.

Finally, a nylon plastic sphere (Bal-Tec, Florence-Graham,

CA) was also implemented, which had an elastic modulus of

Enodule ¼ 3 � 106 kPa and acted as a limiting case of nodule

stiffness.

Table II presents the size, material, modulus of elastic-

ity, and density of the nodules used in this study. The influ-

ence of nodule size was investigated using a fixed bead with

Enodule ¼ 54.7 kPa and varying diameters of D ¼ 1.6, 2.0,

2.4, and 3.0 mm (nodules 1–4 in Table II), where L
¼ 17.0 mm was the anterior-posterior length of the VF

model. The effect of nodule stiffness was studied using a

fixed bead diameter of D ¼ 2.4 mm while varying the mod-

uli of elasticity across four discrete values of Enodule ¼ 13.2,

54.7, 102.5, and 3 � 106 kPa (nodules 3 and 5–7 in Table

II). The physiological value of the nodule density has not

been reported, but it can be reasonably expected to lie within

the range of density for human tissues, which has been

reported to be 950–1100 kg/m3.65,66 The percent increase in

the vibrating mass due to the added mass of the nodule,

which varied with size and nodule material, is presented in

the last column of Table II. It has been shown that the VF

vibration has the highest magnitude inside the cover layer in

regions close to the medial surface of the VF.67 Therefore,

the vibrating mass was conservatively estimated as the mass

of the cover layer that is located above (medially to) a plane

that is coincident with the top medial surface of the body

layer. This region had a width of 2.5 mm, as shown in Fig. 2.

The VF tissue was fixed at the anterior/posterior ends and

experienced the highest velocity at the anterior-posterior mid-

line. Assuming a linear change in velocity amplitude from

the midline to the anterior/posterior ends, the effective oscil-

latory mass can be estimated as one half of the total mass of

this region. This results in a vibratory mass of 0.14 g in the

cover layer. The largest nodule resulted in only a 5.67%

increase in vibratory mass. Consequently, the role of the

added vibratory mass due to the nodule was negligible.

C. Experimental procedure

A static medial prephonatory compression of 0.50 mm

was applied to the VF models to ensure repeatable VF colli-

sion. This compression was defined as the distance by which

the flat portion of the medial surface of the VF cover layer is

deformed medially into the hemilaryngeal plate.49

PTP, defined as the minimum subglottal pressure

required for self-sustained oscillations of the VFs, was

found by gradually increasing the subglottal pressure until

self-sustained VF oscillations were achieved. PTP, PTF,

sound pressure level at the threshold pressure (SPLt), and

fundamental frequency at the threshold pressure (fo;t) were

measured for each model. The inferior-superior location

along the VF midline at which peak collision pressure

occurred at PTP was identified by traversing the collision

pressure sensor in the inferior-superior direction. Once the

location of peak pressure was determined the time-varying

pressure waveform was acquired at that position over the

0.75 s data acquisition time (approximately 130 cycles). The

pressure waveforms were then segmented and phase-

averaged according to the oscillation period. As an example,

Fig. 3 shows the temporal evolution of two successive

cycles of intraglottal pressure, pint, for a VF with a nodule of

size D ¼ 3.0 mm and stiffness Enodule ¼ 54.7 kPa at the PTP

of 4.22 kPa. The time intervals of the different phases of VF

oscillation were extracted based on the synchronized high-

speed video and are labeled in Fig. 3. The high-speed video

can be found in the supplementary materials as

SuppPub1.mp4.68 The intraglottal pressure signal exhibits a

sharp peak during the collision phase (Tc) followed by a sec-

ond peak that is lower in magnitude and that corresponds to

the increase in the aerodynamic pressure as the pressure sen-

sor is exposed to the subglottal pressure during the glottal

opening phase (Tþ). The pressure then decreases during the

closing phase (T�) due to flow acceleration through the

TABLE I. Vocal fold layer, silicone mixture ratio, density, measured modu-

lus of elasticity, and the corresponding range of physiological values.

Smooth-On Ecoflex 0030 and Dragon Skin 10 silicone mixtures are denoted

parenthetically by EF and DS, respectively.

Layer

Silicone

ratio

Density

(kg/m3)

Modulus of

elasticity

(kPa)

Modulus of

elasticity

physiological

range (kPa)

Adipose tissue 1:1:4 (EF) 1041.2 5.8 1–10 (Ref. 56)

Body 1:1:2 (EF) 1061.5 13.2 1.5–50 (Refs. 57–59)

Cover 1:1:8 (EF) 1026.8 1.0 1–8 (Refs. 58 and 60–64)

Epithelium 1:1:1 (DS) 1081.2 102.5 Not measured

TABLE II. Size, material, modulus of elasticity, density, and percent

increase in the vibrating mass of the nodules. Smooth-On Ecoflex 0030 and

Dragon Skin 10 silicone mixtures are denoted parenthetically by EF and

DS, respectively.

Nodule

index

Diameter

(mm) Material

Modulus

of elasticity

(kPa)

Density

(kg/m3)

Mass

increase (%)

1 1.6 1:1:2 (DS) 54.7 1074.7 0.86

2 2.0 1:1:2 (DS) 54.7 1074.7 1.68

3 2.4 1:1:2 (DS) 54.7 1074.7 2.90

4 3.0 1:1:2 (DS) 54.7 1074.7 5.67

5 2.4 1:1:2 (EF) 13.2 1061.5 2.83

6 2.4 1:1:1 (DS) 102.5 1081.2 2.94

7 2.4 Nylon plastic 3� 106 1150.0 3.30
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glottis. During the VF collision phase the maximum pres-

sure magnitude corresponds to the peak collision pressure,

pc. This measure served as an indicator to quantitatively

compare the potential risk of further VF damage as a func-

tion of nodule size and stiffness.

The peak collision pressure was obtained only at the

phonation threshold condition because increasing the sub-

glottal pressure to a value significantly higher than the PTP

resulted in irregular, aperiodic VF oscillations. When this

occurred, the location and magnitude of the VF collision

changed significantly from cycle to cycle and repeatable

measurements could not be achieved. Numerical investiga-

tions have similarly shown that adding a mass to the VFs

produces chaotic vibrations at high subglottal pressures.32

The sound pressure level (SPL) normalized by aerody-

namic power, denoted as P0, was calculated as the ratio of SPL

at PTP (SPLt) to the logarithmically scaled product of PTP and

PTF, such that P0 ¼ SPLt=½10 log ðPTP � PTFÞ�. Clinical stud-

ies have shown that this measure can reliably differentiate

patients with VF lesions from healthy groups.69,70

III. RESULTS

A. Effect of nodule size

The PTP and PTF of the VF model without a nodule

were measured to be 1.75 kPa and 298 ml/s, respectively.

These values were higher than the expected physiological

range for PTP in healthy human phonation71 due to the hem-

ilaryngeal configuration, which is known to increase

PTP.41,72,73 Applying prephonatory compression, which was

required to achieve robust collision during VF oscillation,

also increases PTP.74 Nevertheless, the VF model exhibited

a fundamental frequency of fo;t ¼ 189 Hz and maximum

glottal hemilaryngeal width of 0.86 mm, which are physio-

logically representative values.75,76 In addition, the open

quotient was 0.70, and the speed quotient was 0.97, which

were within the range of physiological values.77,78

Furthermore, prior studies50,51 have shown that despite hav-

ing higher than normal subglottal pressure of the VF models,

normalizing the collision and intraglottal aerodynamic pres-

sures by the mean subglottal pressure results in very good

agreement with the values and behaviors reported with

excised VFs72 and static VF models.79 The SPL at phonation

threshold, SPLt, was 70 dB, measured at a distance of

15.0 cm from the glottal exit. High-speed video of oscilla-

tions for the VF without a nodule can be found in the sup-

plementary materials as SuppPub2.mp4.68

Adding a nodule to the VF model resulted in one side

of the typical hourglass-shaped glottal closure during oscil-

lations, which is commonly observed in vivo.23,80 This hour-

glass closure was more pronounced in models with larger

nodule sizes. See supplementary files SuppPub3.mp4,

SuppPub4.mp4, and SuppPub5.mp4 for the high-speed vid-

eos of the VFs with nodule size of 1.6, 2.0, and 2.4 mm,

respectively.68 Figure 4 displays an extracted image from

the high-speed video showing the resulting hourglass shape

when the glottal area was a minimum for the VF model with

the largest nodule (D ¼ 3.0 mm). For this VF model the

glottal width at the mid-anterior-posterior distance (wgt;mid)

where the nodule is located and the glottal area (Agt) are

plotted as functions of time in Fig. 5. The glottal area was

FIG. 3. Two successive cycles of the intraglottal pressure waveform

measured at the PTP (of 4.22 kPa for a vocal fold with a nodule of size

D¼ 3.0 mm and nodule modulus of Enodule ¼ 54.7 kPa. Three phases of the

oscillation cycle are indicated: collision phase (Tc), glottal opening phase

(Tþ), and glottal closing phase (T�).

FIG. 4. Superior view of the hourglass-shaped glottis at minimal glottal

area for the vocal fold with a nodule size of D ¼ 3 mm and nodule modulus

of Enodule ¼ 54.7 kPa.

FIG. 5. (Color online) Time series of the glottal width at the mid-anterior-

posterior distance wgt;mid (solid line, left axis) and the glottal area Agt (dot-

ted line, right axis) for the vocal fold with a nodule size of D ¼ 3 mm and

nodule modulus of Enodule ¼ 54.7 kPa.
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always greater than zero, indicating that the VF never expe-

rienced complete closure during oscillation.

Figure 6 presents aerodynamic and acoustic measures

as a function of nodule diameter with a constant nodule elas-

tic modulus of 54.7 kPa. Note that each data point in the

plots presented in this article refers to the value measured

using a single VF model. The error bars indicate the cumula-

tive error of the tolerance of the measuring instrument and

the variation in the measured parameter over the recorded

VF oscillation cycles. Figure 6(a) shows that increasing nod-

ule size resulted in a monotonic increase in PTP, which is in

agreement with prior clinical investigations reporting higher

PTPs in patients with VF lesions.26 The PTP for the largest

nodule (D ¼ 3 mm) was 140% higher than that of the VF

model without a nodule (D ¼ 0 mm). The increase in PTP

with nodule diameter resulted in similarly increasing PTFs

and SPLs, as shown in Figs. 6(b) and 6(c), respectively,

which is also consistent with trends observed in clinical

measurements.26,28 For the largest nodule size, the PTF and

SPL were 121% and 13.5 dB higher than corresponding val-

ues for the VF without a nodule, respectively. The funda-

mental frequency of oscillation at PTP, however, showed a

minor decrease in about 7 Hz, as shown in Fig. 6(d).

Figure 6(e) presents the open quotient as a function of

nodule diameter. As the nodule diameter increased, the

duration of glottal closure decreased, resulting in higher

FIG. 6. Values of (a) PTP, (b) PTF, (c) SPL, (d) fundamental frequency, (e) open quotient, and (f) SPL normalized by aerodynamic power as a function of

nodule diameter for Enodule ¼ 54.7 kPa. The markers denote the mean value, and the error bars indicate the maximum and minimum values recorded over

the 0.75 s acquisition time. D ¼ 0 mm represents the experimental condition with no simulated nodule present.
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open quotient values, which is also in agreement with clini-

cal investigations.81 The open quotient for the largest nodule

(D ¼ 3 mm) was 1, indicating that a glottal gap was always

present, as shown in Fig. 4. The influence of the nodule size

on the SPL normalized by the aerodynamic power, P0, is

shown in Fig. 6(f), where the values decreased by 6% with

increasing nodule diameter.

The ratio of the peak collision pressure to the PTP,

pc=PTP, as a function of nodule diameter is presented in

Fig. 7. An increase in pc=PTP was observed with increasing

nodule diameter, starting at 0.7, when no nodule was pre-

sent, and remaining largely unchanged for the VF with a

nodule size of D ¼ 1.6 mm. However, when the nodule size

increased to D ¼ 3 mm, the pressure ratio increased dramati-

cally to a value of 2. This was an increase of 186% relative

to the case without a nodule.

B. Effect of nodule stiffness

The influence of nodule stiffness was investigated by

varying the modulus of elasticity for a constant nodule

diameter of D ¼ 2.4 mm, as described in Sec. II C. High-

speed videos of the VF oscillations for nodule stiffnesses of

13.2, 54.7, 102.5, and 3 � 106 kPa can be found in the sup-

plementary materials as SuppPub6.mp4, SuppPub5.mp4,

SuppPub7.mp4, and SuppPub8.mp4, respectively.68 Figures

8(a)–8(e) present the PTP, PTF, SPLt, fo;t, and P0 as a func-

tion of the nodule modulus of elasticity. The investigated

moduli of elasticity were E1 ¼ 13.2 kPa, E2 ¼ 54.7 kPa, E3

¼ 102.5 kPa, and E4 ¼ 3 � 106 kPa. These parameters

changed by less than 8% over the broad range of elastic

moduli, indicating that nodule stiffness does not substan-

tially influence the aerodynamic, kinematic, and acoustic

parameters. In contrast, a significant increase in the peak

collision pressure as a function of increasing nodule stiff-

ness is observed in Fig. 8(f), with pc=PTP for the stiffest

nodule being nearly 400% higher than that for the softest

nodule.

The influence of nodule stiffness on collision mechanics

can be further explored by investigating the intraglottal pres-

sure waveform of the VFs as a function of nodule stiffness.

Figure 9 shows the ratio of VF intraglottal pressure to the

PTP (pint=PTP) as a function of time for the four nodule

stiffnesses. The intraglottal pressures were synchronized

based on the simultaneously recorded subglottal pressure

waveform and were phase-averaged over 130 oscillation

cycles. As shown in Fig. 9, as nodule stiffness increases, the

time of contact decreases, and the magnitude of the collision

pressure increases accordingly.

IV. DISCUSSION

The emergence and growth of VF nodules has commonly

been attributed to excessive mechanical stresses applied to the

VF tissue.12,18,19,21 Nodules become larger and stiffer over

time, which can increase collision stresses and create a vicious

cycle of increasing VF phonotrauma.5,6 This study sheds light

on how the progressive development of nodules contributes to

escalating phonotraumatic damage by studying the effect of

nodule size and stiffness on VF collision pressure. Unlike

in vivo investigations, the experimental framework utilized

herein does not disrupt the glottal airflow and VF dynamics

and has precise sensor positioning that allows high-fidelity

determination of the resultant collision pressures.

Increasing nodule size led to increased PTP and PTF,

which can be explained by considering the influence of nod-

ules on the VF geometry and the resultant dynamics. As

shown in Fig. 4, the presence of a nodule resulted in an

hourglass-shaped glottal closure. These findings were con-

sistent with prior work that has shown that increasing the

medial prephonatory distance between the VFs (i.e., incom-

plete glottal closure) increases the energy required for oscil-

lation and results in higher PTP.4,25,82,83 Both clinical and

experimental results have similarly shown that nodules pro-

duce higher PTP and PTF.26–28 Consistent with this observa-

tion, nodule stiffness did not have a considerable effect on

the bulk aerodynamic and VF kinematic measures.

However, the collision mechanics were profoundly

influenced by nodule stiffness and size. A nodule diameter

of 3.0 mm resulted in an increase in the ratio of collision

pressure to subglottal pressure of 186% (see Fig. 8). This

was despite the added vibratory mass, and hence the kinetic

energy of the VF, increasing by �5.67%. Consequently, the

influence of the added vibratory mass of a nodule on the col-

lision pressure was deemed inconsequential. The increase in

the ratio of collision to subglottal pressure was much higher

in VF models with a nodule when compared to those with-

out a nodule.42 For VFs without a nodule, increasing the

subglottal pressure from 2.0 to 3.4 kPa resulted in a 26%

increase in the of collision to subglottal pressure.42

Conversely, in VF models with a nodule, a similar increase

in subglottal pressure resulted in a 96% increase in the ratio

of collision to subglottal pressure. It can therefore be

inferred that the increase in the collision pressure is predom-

inantly due to the presence of a nodule rather than the

FIG. 7. The ratio of the collision pressure to the PTP as a function of nodule

diameter for the case of Enodule ¼ 54.7 kPa. The markers denote the mean

value, and the error bars indicate the maximum and minimum values.
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increase in the subglottal pressure, although increasing subglot-

tal pressure also plays a role. The implication is that as nodule

size increases, the potential for further phonotrauma rises dra-

matically. Similarly, increasing the nodule stiffness while

keeping the size constant resulted in a 400% increase in the

ratio of collision to subglottal pressure despite a negligible

increase of 0.5% in the vibrating mass (see Table II) and a

largely constant PTP. Together, these results provide novel

insights into the mechanics of VF collision, indicating that

nodule size and stiffness drastically influence collision stresses.

This occurs for two reasons. First, for increasing nodule

sizes, the total kinetic energy of the VF is distributed over a

smaller contact area. Collision first occurs at the cap of the

nodule, creating a drastically reduced initial contact patch

compared with that arising during healthy VF collision. In

addition, the protruding surface of the nodule prevents the

surrounding tissue from subsequently coming into contact

with the opposing VF surface, as observed by the hourglass

orientation during collision (see Fig. 4). As such, the contact

area at the cap of the VF nodule experiences the majority of

the load responsible for converting kinetic VF energy into

elastic potential energy during collision. Second, as nodule

stiffness increases, the nodule experiences a smaller defor-

mation during collision, which results in a shorter time of

collision (see Fig. 9), and the magnitude of the collision

pressure increases accordingly.

FIG. 8. Values of (a) PTP, (b) PTF, (c) SPLt, (d) fo;t, (e) P0, and (f) ratio of collision pressure to subglottal pressure as a function of the nodule modulus of

elasticity. The bars denote mean values, and the error bars indicate the maximum and minimum values.
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Simultaneously considering the effects of increasing

nodule size and stiffness provides unique insight into the

repetitive and worsening cycle of VF injury.5,6 Namely, as a

lesion develops and produces a geometric protuberance the

collision pressure and the associated tissue stress increase

with nodule size. Compensatory behaviors that aim to

restore SPL, such as increasing subglottal pressure, further

increase the magnitude of the collision pressures.4 As the

pathology progresses and the lesion becomes stiff and

fibrosed, collision pressures are further exacerbated, and the

cycle of damage is accelerated.

However, in the early stages of nodule development,

only modest increases in the collision pressure occur.

For example, the ratio of collision pressure to subglottal

pressure does not increase considerably for a small nodule

(D ¼ 1.6 mm; see Fig. 7). This result supports the prevailing

clinical view that early clinical diagnosis and treatment can

effectively stave off the more severe consequences that may

arise if left unaddressed.5,6 Further support for this theory is

also provided by clinical studies that have shown that per-

forming voice therapy can reduce nodule size and appears to

have a trauma-reducing effect on small nodules.7 In agree-

ment with these observations it was found that SPL normal-

ized by aerodynamic power, P0, decreased with increasing

nodule size, indicating increased phonatory effort. Similar

results have been reported in clinical investigations where

values of P0 were found to effectively differentiate between

individuals with VF nodules and vocally healthy

controls.69,70

It should be noted that the current modeling approach is

based on assumptions that may influence the physiological

interpretation. First, the nodules were modeled as a localized

stiffness when, in reality, they have a broad base of fibrous tis-

sue that creates a stiffness gradient inside the VF tissue.84

Second, the nodules were placed exactly at the inferior-

superior and medial-lateral midlines of the medical VF surface.

Changes in the position may give rise to more asymmetrical

VF oscillations, which could alter the VF dynamics. In addi-

tion, the collision pressures reported herein are measured at the

VF surface, as opposed to inside the tissue. Investigating the

influence of nodules on internal VF stresses remains a subject

of future work. Moreover, the VF models oscillated at a higher

than normal subglottal pressure, which may influence the phys-

ics of VF oscillations and, consequently, the collision mechan-

ics. Utilizing models with lower PTPs that more closely

correspond with the physiological range would help to verify

the collision pressure trends observed herein. Finally, due to

the complexity of the model fabrication and pressure measure-

ments, which required all VF models to be fabricated at the

same time and then tested within a one-day window, a limited

number of VF models (five nodule sizes and four moduli of

elasticity) were fabricated and tested. Nevertheless, a clear and

unambiguous trend of the collision pressure increasing as a

function of nodule size and stiffness was demonstrated.

V. CONCLUSIONS

The effect of VF nodule size and stiffness on peak col-

lision pressure was investigated with self-oscillating syn-

thetic VF models in a hemilaryngeal flow facility. The

presence of a simulated nodule created an hourglass clo-

sure and increased the open quotient. Increasing the nodule

diameter increased the PTP, PTF, and SPL. Most impor-

tantly, despite a minor increase in the VF mass due to

adding a nodule, the ratio of collision pressure to subglottal

pressure increased significantly with both increasing nod-

ule size and stiffness. These findings reinforce the hypothe-

sis of a chronic, deleterious cycle of VF damage that arises

due to phonotrauma as VF nodules increase in both size

and stiffness. Encouragingly, results indicate that these

damaging effects are most pronounced for relatively large,

stiff nodules, supporting the prevailing clinical view that

early clinical diagnosis and intervention may prevent fur-

ther VF tissue damage and, in some cases, can reduce the

damage that has already occurred.
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