Measurement of Young’s Modulus of Vocal Folds

by Indentation
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Summary: Objectives. To assess the accuracy of the indentation method for stiffness measurements and to estimate
the Young’s modulus of the vocal fold using this technique.

Study Design. Basic science.

Methods. Indentation tests were performed using a range of indenter diameters and indentation depths on single- and
double-layer silicone rubber models with various cover-layer thicknesses with known geometry and Young’s moduli.
Measurements were repeated on intact vocal folds and isolated muscle and cover-layer samples from three cadaveric
human larynges.

Results. Indentation on single-layer rubber models yielded Young’s moduli with acceptable accuracy when the inden-
tation depth was equal to or smaller than the indenter diameter, and both were smaller than the physical dimensions of
the material sample. On two-layer models, the stiffness estimation was similarly influenced by indenter diameter and
indentation depth, and acceptable accuracy was reached when indentation depth was much smaller than the height of the
top cover layer. Measurements on midmembranous vocal fold tissue revealed location-dependent Young’s moduli
(in kPa) as follows: intact hemilarynx, 8.6 (range = 5.3—13.1); isolated inferior medial surface cover, 7.5 (range = 7—
7.9); isolated medial surface cover, 4.8 (range = 3.9-5.7); isolated superior surface cover, 2.9 (range = 2.7-3.2); and
isolated thyroarytenoid muscle, 2.0 (range = 1.3-2.7).

Conclusions. Indenter diameter, indentation depth, and material thickness are important parameters in the measure-
ment of vocal fold stiffness using the indentation technique. Measurements on human larynges showed location-
dependent differences in stiffness. The stiffness of the vocal folds was also found to be higher when the vocal fold
structure was still attached to the laryngeal framework compared with that when the vocal fold was separated from
the framework.
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INTRODUCTION

Vocal fold vibration is determined to a large extent by the bio-
mechanical properties of the vocal folds. The primary biome-
chanical property of interest in understanding self-sustained
oscillation (phonation) is the stiffness (viscoelasticity) of the
vocal folds."! The relative stiffness of the layers of the vocal
folds has been shown to have a large influence on vocal fold
vibration.”™ For detailed understanding of how vocal fold bio-
mechanics affects phonation, accurate characterization of the
material properties of the vocal folds is needed. Such an
improved characterization of vocal fold biomechanics would
help us to better understand phonation physics (eg, pitch control
mechanisms). Clinically, a better quantification of vocal fold
biomechanics would allow selection of vocal fold augmentation
materials and tissue-engineered replacement constructs with
the appropriate material properties.
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The multilayered structure of the vocal fold consists of a deep
thyroarytenoid (TA) muscle layer, an intermediate lamina prop-
ria layer, and a superficial epithelial layer. The three layers of
the vocal folds have unique viscoelastic properties because
of their morphological structure. The muscle layer consists of
loosely packed skeletal muscle about 6 mm thick; the lamina
propria is a paucicellular layer about 2 mm thick and consists
mostly of extracellular matrix molecules, such as collagen
and elastin, whereas the epithelial layer is a nonkeratinizing
stratified squamous cell layer about 100-200 um thick. As
the epithelium is very thin compared with the lamina propria,
we adopt a two-layer “body-cover” approximation of the vocal
fold: the “body” layer consists of the TA muscle, and the
“cover” layer comprises the lamina propria and the epithe-
lium.? The TA muscle is activated under neural control and,
thus, can actively change its stress state, whereas the “cover”
layer has no intrinsic contractile properties, and thus, its stress
state can only be changed passively by the actions of intrinsic
laryngeal muscles.

There have been a few attempts to measure elastic properties
of vocal fold tissue. Chan and Titze used parallel-plate rota-
tional rtheometry to measure the shear modulus of the cover
layer isolated from cadaveric human larynges.” They found
that the shear modulus ranged from 10 to 1000 Pascals (Pa).
Goodyer et al measured the shear modulus by applying shear
forces to the intact vocal fold surface and estimated shear mod-
uli to be between 246 and 3356 Pa in males and between 286
and 3332 Pa in females.® The same method was used by Chhetri
et al to measure the shear modulus of an ex vivo human larynx
and an in vivo canine larynx during laryngeal nerve
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stimulation.” They estimated the shear modulus of intact vocal
folds at rest between 1076 to 1307 Pa. These latter studies mea-
sured the intact vocal fold surface and could not make the
distinction between the cover and body.

Because of the small size of the larynx, in particular the
thickness of the cover layer, accurate stiffness measurements
using either stretching or shear rheometry are challenging, as
these methods require a relatively large sample size to ensure
accuracy. For small-size samples, such as biological tissues,
the indentation method is often used in the measurement of
material properties.®'® This method uses a small rigid body
(indenter) to locally deform the sample surface and measures
the contact force caused by imposed indenter displacements.
The Young’s modulus is then calculated from the slope of the
force-displacement curve, based on the Hertzian contact theory
of elastic bodies.'” The indentation method was used earlier by
Haji et al*? to qualitatively study the relative stiffness of differ-
ent regions of intact vocal folds in excised canine larynges.
However, these authors did not calculate the Young’s modulus.

Although the Hertzian contact theory and indentation
method are suitable for use in the measurement of vocal fold
stiffness, some methodological considerations need to be first
addressed. In a Hertzian contact situation, the physical dimen-
sion of the material being tested is typically at least 10 times the
radius of the indenter.'® Thus, for a typical vocal fold cover
layer with a thickness of 2 mm, an indenter radius of 0.2 mm
or less would be desirable. However, slightly larger diameter in-
denters may be desirable because of improved signal to noise
ratio. In addition, the effects of indentation depth on stiffness
measurement are not directly addressed by Hertzian theory.
Such effects are known to influence the accuracy of the esti-
mated Young’s modulus.'' Thus, to quantitatively measure
the Young’s modulus of the vocal fold, the effects of experimen-
tal parameters, such as indenter diameter, indentation depth,
and material thickness, need to be assessed to establish the
accuracy of the experimental setup. The multilayer structure
of the vocal fold also poses extra challenges for stiffness mea-
surement. For homogeneous materials, Young’s modulus can be
measured in arelatively straightforward way, whereas for a mul-
tilayered structure, such as the intact vocal fold, the indentation
method gives an effective modulus rather than the individual
modulus of the body and cover layers. Understanding how dif-
ferent experimental parameters affect the estimated Young’s
modulus would help in choosing different experimental condi-
tions that may allow better estimates of the stiffness of both the
cover and body layers of the vocal folds.

This study attempts to provide empirical data about the
Young’s modulus of the vocal fold using the indentation tech-
nique. First, the accuracy of this technique was investigated us-
ing single- and double-layer silicone rubber models of various
cover thicknesses and Young’s moduli. The effects of experi-
mental parameters (eg, indenter size, indentation depth, mate-
rial thickness) were documented. Finally, the indentation
method was used to estimate the Young’s moduli of vocal folds
from cadaveric human larynges in a variety of conditions (intact
hemilarynx, isolated multilayered vocal fold, isolated cover,
and isolated TA muscle).

METHODS

Preparation of the silicone rubber models

To study the influence of experimental parameters (indenter size,
indentation depth, and material thickness), measurements were
first made using single- and double-layer silicone rubber models.
A two-component polymer and flexibilizer solution (Silicone
rubber “Ecoflex 0010” and Silicone thinner; Smooth-On Inc.,
Easton, PA) at various mixing ratios of the two liquid compounds
was used to make models with different Young’s moduli. The
Young’s modulus for each model was measured using an Instron
mechanical testing system (Model 5544; Instron Corp. Canton,
MA). This uniaxial tensile test had an accuracy of measurement
of +5% and was used as the reference measurement for compari-
son with the results from indentation tests. Unless otherwise
stated, the models were cubes of approximately 25.4 mm side
length. To simulate the layered structure of the vocal folds and
to study the influence of cover-layer thickness, two-layered
models were made by curing one layer and then pouring the sec-
ond layer on top of the first layer. For the two-layer models, differ-
ent mixing ratios were used for each layer according to the desired
modulus. For each stiffness combination, three models were made
with different thicknesses of the top cover layer while keeping the
combined thickness of the two layers constant (25.4 mm).

Preparation of the vocal fold tissue

The University of California Los Angeles Institutional Review
Board reviewed and approved the use of donated human laryn-
ges for research. Adult human larynges were harvested from
autopsy cases within 48 hours postmortem, quick-frozen, and
kept at —80°C until the day before the indentation measure-
ments. The larynx was thawed overnight at —4°C in a refriger-
ator and bisected at the anterior and posterior commissures to
make two intact hemilarynges. Indentation experiments were
performed in a variety of vocal fold tissue specimens labeled
as follows: “hemilarynx” = bisected larynx with the intact
vocal fold still attached to the laryngeal framework; “vocal
fold” =intact vocal folds separated from the laryngeal
framework by detaching at their cartilaginous attachments at
the anterior commissure, vocal process, and thyroid ala;
“cover” = combined vocal fold epithelium and lamina propria
layers dissected and separated from the vocal fold muscle; and
“muscle” = isolated TA muscle left after the “cover” layer was
dissected off. Measurements were also made on a few muscle
specimens that were detached from the vocal process and ante-
rior commissure but still attached laterally to the thyroid carti-
lage. Samples were measured from both sides of the larynx
(Table 1-3).

The muscle and cover layers were isolated by sharp scissor
dissection under 3.5X loupe magnification. The isolated tissue
was kept moist by spraying 0.9% saline solution and placing in-
side a sealed plastic bag until measurements were made. During
indentation testing, tissue samples were kept at room tempera-
ture and were kept moist by submerging just to the surface in
0.9% saline solution (Figure 1). Measurements from the iso-
lated cover layers were typically performed with the epithelium
facing the indenter, unless otherwise noted in the results tables.
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TABLE 1.

Estimated Young’s Modulus Using the Indentation Method (Male Larynx, 49 y Old)

Sample Measured Dingent (Mmm) T (mm) Amax (Mm) Mean E +1QR (kPa)
Side 1

Hemilarynx—medial vocal fold surface 0.5 — 0.8 7.4+1.6
Cover—medial surface 0.5 2 0.5 5.4+2
Cover—inferior medial surface 0.5 3 0.75 7.9+4.6
Muscle (TA)—attached to cartilage 0.5 5 0.6 2.0+2.1
Muscle (TA)—attached to cartilage 2.0 5 0.8 1.5+0.8
Side 2

Hemilarynx—medial vocal fold surface 0.5 — 0.75 5.3+0.5
Muscle (TA)—attached to cartilage 0.5 5 0.75 1.3+24
Muscle (TA)—isolated 0.5 5 0.75 2.1+£1.0
Muscle (TA)—isolated 1.0 5 0.75 1.6+1.0

Abbreviations: Di,qent, diameter of indenter; T, sample thickness; hnax, maximal depth of indentation; E+IQR, mean Young’s modulus * interquartile range.

Measurement of loading-unloading
force-displacement data

A photograph of the indentation setup is shown in Figure 1. A
small cylindrical indenter was mounted onto a force transducer.
The force transducer was mounted onto a motorized linear tra-
verse (Model MA2506W1-S2.5-0; Velmex, Bloomfield, NY).
The voltage from the strain gauge of the force transducer
(Shimpo DF-0.5R, 220 grams load cell; Shimpo Instruments,
Itasca, IL) was amplified by a factor of 100 and recorded
with a PC-based AD board (UEI PowerDAQ, 16-bit resolution
of 10-V input span, 2000-Hz sampling rate, UEI, Walpole,
MA). The motorized linear traverse moved the cylindrical in-
denter at a speed of 12.7 mm/s into the sample in a direction
perpendicular to the sample. Before each measurement, efforts
were made to manually position the indenter as close as possi-
ble to the testing sample, without making contact. During mea-
surements, the indenter was moved by the traverse in steps
toward the testing sample (loading) and then moved back to
its original position (unloading). For a maximum indentation
depth of less than 2 mm, a traverse step size of 0.025 mm
was used, and for maximum indentation depths of more than
2 mm a step size of 0.05 mm was used. After a wait time of
1.5 second after each traverse movement, the average of the
force signal over 0.5 seconds was recorded as the indentation
force (F) for the imposed indentation depth (#).

TABLE 2.

Calculation of Young’s modulus (E)

For each tested sample, five loading-unloading cycles were re-
corded (Figure 2). The slope of the initial portion of the unload-
ing force-indentation depth curve (dF/dh) was then estimated
similar to that by Pawlak and Keller'®: the unloading curve
was fitted to a fourth-order polynomial. If the first or second
derivative of the fitted function was negative, the polynomial
of the next lower order was used so that both the first and second
derivatives were nonnegative. Half of the data points along the
unloading curve (from the start of unloading to halfway through
the unloading curve) were used for this fit. The Young’s modu-
lus of the tested sample (E) was then estimated based on
a Hertzian model for a cylindrical contact as follows:

-132(6)
2R \dh
where v is the Poisson’s ratio, and R is the radius of the cylindrical
indenter. Poisson’s ratio is the ratio, when an object is stretched, of
the transverse strain (perpendicular to the applied force) to the
axial strain (parallel to the applied force) and is assumed to be
0.47 in our case for vocal fold tissue. The mean and the inter-
quartile range (difference between the third and first quartiles)

of the estimated Young’s modulus are reported to indicate the ac-
curacy of our measurements based on the five unloading curves.

Estimated Young’s Modulus Using the Indentation Method (Female Larynx, 19 y Old)

Sample Measured Dingent (Mmm) T (mm) Amax (Mm) Mean E +1QR (kPa)
Side 1

Hemilarynx 0.5 — 1.0 13.1+1.5
Cover—superior surface 0.5 2.0 0.75 29+1.1
Cover—medial surface 0.5 2.0 0.75 4.7 +1.2
Side 2

Vocal fold—medial surface 0.5 — 1.0 3.9+0.7
Vocal fold—inferior medial 0.5 — 1.0 7.0+£0.9
surface

Abbreviations: Di,gent, diameter of indenter; T, sample thickness; h..x, maximal depth of indentation; E +IQR, mean Young’s modulus + interquartile range.
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TABLE 3.

Estimated Young’s Modulus Using the Indentation Method (Male Larynx, 30 y Old)

Sample Measured Dingent (Mmm) T (mm) Amax (Mm) Mean E +1QR (kPa)
Side 1

Cover—superior surface 1.0 1.6 0.4 3.2+1.8
Cover—medial surface 1.0 2.0 0.4 5.7+2.0
Cover—medial surface, LP layer up 1.0 2.0 0.4 27+23
Muscle (TA)—isolated 1.0 3.3 0.5 27+15
Side 2

Cover—superior surface 1.0 1.6 0.4 27+1.6
Cover—medial surface 1.0 1.6 0.4 43+1.9
Cover—medial surface, LP layer up 1.0 1.6 0.4 44+1.9
Muscle (TA)—isolated 1.0 4.0 0.4 3.1+1.4

Abbreviations: Dingent, diameter of indenter; T, sample thickness; hy,ax, maximal depth of indentation; E+1QR, mean Young’s modulus * interquartile range; LP,

Lamina Propria.

RESULTS

Influence of indenter size and indentation depth in
single-layer silicone rubber models

Figure 3 shows the estimated Young’s modulus for a one-layer
rubber model as a function of indentation depth (%) for four in-
denter diameters (D). The Young’s modulus of the model as es-
timated in the stretching test was 3.14 kPa. Young’s modulus as
estimated by the indentation method increased with increasing
indentation depth and decreasing indenter diameter. As the in-
dentation depth decreased, the estimations for all indenter sizes
approached the value measured in the stretching test. Figure 3
suggests that an excessively large indentation depth compared
with the indenter diameter led to large overestimation of the
Young’s modulus. Note that the thickness of this silicone model
was 25.4 mm, which was much larger than both the indenter
diameters and indentation depths used in Figure 3.

To further illustrate the effect of indenter diameter and inden-
tation depth on modulus measurements, Figure 4 shows the
normalized Young’s moduli as a function of the ratio between
the indentation depth (%) and the indenter diameter (D). The

FIGURE 1. Indentation setup shows the cylindrical indenter tip (¥)
attached to the force transducer in contact with vocal fold tissue (#),
which is placed in saline to prevent desiccation. Arrows point to the
edge of the saline pool.

Young’s modulus measured by indentation (E) was normalized
by the value measured in stretching-test experiment (Ej).
In Figure 4, different symbols represent silicone models with
different Young’s moduli. A good match between E and E,
was obtained (E/E( ~ 1) when the indentation depth was com-
parable or less than the indenter diameter (4/D < 1). Too large
an indentation depth as compared with the indenter diameter
led to significant overestimation.

Another geometric factor that may affect the measurement
accuracy is the size of the material sample and its relative ratio
with the indenter diameter and the indentation depth. To evalu-
ate the influence of material thickness (7), indentation measure-
ments were made on three single-layered silicone models with
a thickness of 2, 5, and 25.4 mm (Figure 5). All three models
had the same Young’s modulus of 3.14 kPa as measured from
stretching tests. Indenter diameters (D) of 1, 2, and 5.5 mm
were used to obtain a range of ratios between the indentation
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FIGURE 2. An example of the loading-unloading data over five
cycles from a single-layer rubber model with material thick-
ness = 25.4 mm, E = 3.14 kPa, indentation depth = 5 mm, and indenter
diameter = 5.5 mm. The slope (dF/dh) at the initial portion of the
unloading cycle (red line) is calculated and is used to determine Young’s
modulus (discussed in text).
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FIGURE 3. Estimated Young’s modulus for a one-layer rubber
model (cube with side lengths of 25.4 mm) as a function of indentation
depth for four indenter diameters. The Young’s modulus as estimated
in the stretching test was 3.14 kPa.

depth (k) and the indenter diameter (4/D) and ratios between the
indenter diameter and sample thickness (D/T). Figure 5 shows
the estimated Young’s moduli as a function of the ratio between
the indentation depth and the indenter diameter (4/D) for vari-
ous ratios of indenter diameter to material thickness (D/T). Note
that the ratio 4/T can be obtained from the product of the two
ratios /D and D/T. Figure 5 shows that the Young’s modulus
was significantly overestimated for large values of D/T
(DIT > 1). For small values of D/T, more accurate estimations
were obtained at small values of A/D. For the 2- and 5-mm
models, Young’s modulus was reasonably estimated for
DIT<0.22 and h/D <0.5. In the 25.4-mm model, Young’s
modulus was accurately estimated up to /D of 1.0 within the
range of D/T between 0.04 and 0.22, which is consistent with
Figure 4.

These measurements on single-layer silicone models suggest
that for accurate modulus measurements using the indentation
technique, the indentation depth has to be smaller than or com-
parable to the indenter diameter and both have to be much
smaller than all physical dimensions of the material sample.
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FIGURE 4. Normalized Young’s modulus (E/E,) as a function of the
ratio of indentation depth (%) and indenter diameter (D). E = modulus
measured by indentation and Ey= modulus measured by stretching
(Instron). Different symbols represent data from single-layer silicone
models of different Young’s moduli.
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FIGURE 5. Measured Young’s modulus (E) as a function of the ratio
of indentation depth (k) and indenter diameter (D) for different ratios
between indenter diameter and material thickness D/T. Different sym-
bols indicate different values of the ratio D/T. Single-layer models of
various thicknesses with Young’s modulus 3.14 kPa were used.

Specifically, Figure 5 suggests that the experimental parameters
should be selected so that conditions D/T <0.22 and A/D < 0.5
are satisfied.

Influence of indentation depth in double-layer
silicone rubber models

Figure 6 shows the estimated Young’s moduli as a function of
indentation depth for three different two-layer models. An in-
denter diameter of 1 mm was used. For all three two-layer
models, the Young’s moduli of the body and cover layers
were 3.14 and 1.1 kPa, respectively, as measured by stretching
tests (also shown in Figure 6 as solid horizontal lines). The only
difference between these three models was the thickness of the
cover layer of 2, 4, and 6 mm. The cover layer faced the in-
denter. At small indentation depths, the effective Young’s mod-
ulus was closer to the Young’s modulus of the cover layer than
that of the body layer. The estimated Young modulus increased
with increasing depth of indentation. This increase could be
either because of the increasing influence of the underlying
body layer, or because of the indentation depth effect as demon-
strated in Figure 3. Figure 6 suggests that the stiffness of the

—— Cover Depth 2mm
2.5+ |-=-Cover Depth 4mm

E 4 Cover Depth 6mm - o
x 2 - o
w
1.5f = -1
1k 2
0.5
0 . . . . . .
0 0.5 1 1.5 2 25 3 3.5

Indentation Depth (mm)
FIGURE 6. Estimated Young’s modulus as a function of indentation
depth for three two-layer models. The depths of the cover layers were
2,4, and 6 mm, and indenter diameter was 1 mm. The Young’s modu-
lus as estimated in the stretching test was 3.14 kPa for body and
1.1 kPa for cover layer (represented by solid horizontal lines).
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FIGURE 7. Coronal section of ex vivo vocal fold illustrating the or-
der of the estimated Young’s modulus from stiffest (1) to softest (4):
1 =medial inferior cover; 2=medial cover; 3 = superior cover;
4 = TA muscle (body).

cover layer in double-layer structures may be reliably measured
by using a small indentation depth compared with the depth of
the cover layer. For example, in the model with a 2-mm cover
layer (similar to human vocal fold cover-layer thickness), the
Young’s modulus of the cover layer was estimated with a slight
overestimation at indentation depths smaller than 1 mm while
using a 1-mm-diameter indenter.

Estimation of Young’s modulus in ex vivo laryngeal
specimens

Measurements were performed in three ex vivo adult human
larynges using a variety of specimens (Tables 1-3). All measure-
ments were made at the midmembranous vocal fold region or the
center of the TA muscle. There was interlaryngeal variability, but
the following location-dependent estimates of stiffness could be
consistently discerned (N =number of specimens measured):
intact hemilarynges (mean = 8.6 kPa; range =5.3-13.1 kPa;
N =23), inferior medial surface of isolated cover (mean =
7.5 kPa; range = 7-7.9 kPa; N = 2), medial surface of isolated
cover (mean = 4.8 kPa; range = 3.9-5.7 kPa; N =5), superior
surface of isolated cover (mean=2.9 kPa; range=2.7—
32kPa; N=3), and TA muscle (mean=2.0; range = 1.3—
2.7kPa; N =7). These findings are illustrated in Figure 7. The
stiffness estimates at the locations shown in Figure 7 were all
statistically significantly different from each other (Wilcoxon
rank sum test, P <0.05). Several isolated muscle specimens
were measured using two different indenter diameters (Table 1).
Several measurements on the isolated medial surface cover layer
were also made to compare differences when the epithelium faced
the indenter versus the lamina propria side (Table 3). Estimated
Young’s modulus with lamina propria side facing the indenter
(mean = 3.6 kPa; range =2.7-4.4 kPa, N = 2) seemed slightly
lower; however, the measurement errors were large.

DISCUSSION
In this study, the indentation technique was used to measure the
Young’s modulus of the intact vocal fold as well as isolated

cover and muscle layers from ex vivo human larynges. The
technique was first validated on silicone rubber models with
known material properties, and the influence of indenter size
and indentation depth was investigated. The measurements on
silicone models show that the Young’s modulus can be mea-
sured within a reasonable accuracy when (1) the indentation
depth is smaller than the indenter diameter (Figures 3-5) and
(2) both the indenter diameter and the indentation depth are
much smaller than the material thickness (Figures 5 and 6).
In the double-layer silicone model with a 2 mm cover layer
designed to match the typical thickness of the laryngeal cover
layer, the indentation technique only slightly overestimated
the true Young’s modulus at indentation depths of less than
1 mm when a I-mm-diameter indenter was used (Figure 6).

Measurements in the ex vivo vocal fold were made following
the principles learned from the silicone models, with respect to
the indenter diameter and indentation depth. However, the
interquartile range for our measurements was large for some spec-
imens (Tables 1-3). This is likely because of the lower signal to
noise ratio of the measurement setup for thin specimens. How-
ever, a general trend in stiffness following the morphological
structure of the vocal fold could be discerned. The cover layer
of the vocal fold starts at the cricoid cartilage as a membrane of
connective tissue (cricothyroid membrane) and acquires the
lamina propria layer about halfway along the medial surface.
The superior surface is slightly thinner and also appears softer
during surgical dissection. This morphological variation is likely
to cause the cover-layer stiffness to be the highest at the inferior
portion of the medial surface and gradually decrease toward the
superior surface, which is consistent with the observations of
the current study. Interestingly, the modulus of the muscle
(body) layer was found to be significantly lower than that of the
cover layer. Thus, in the paralyzed or denervated larynx, the cover
mostly contributes to the overall stiffness of the vocal fold. Sim-
ilar observation was also made by Haji et al.*° They found that
when the mucosa was stripped off, the stiffness of the vocal fold
decreased. However, note that our measurements might only
reveal the transverse Young’s modulus of the muscle, whereas
the longitudinal (in-fiber direction) modulus might be higher.

One vocal fold boundary condition that appears to affect
estimated Young’s modulus is the attachment of the vocal
fold to the cartilaginous framework. The attachment of the
vocal fold cover from the anterior commissure to the vocal pro-
cess itself appears to increase the cover stiffness compared with
the stiffness in an isolated state. Estimated Young’s modulus of
the vocal fold medial surface was consistently higher in the
intact hemilarynx specimens compared with intact vocal folds
removed from their attachments or isolated cover specimens
(Tables 1-3). These findings indicate that the vocal fold is
already in a slightly stretched state at rest.

Although this study sheds new light on the stiffness of the
vocal fold during a nonstimulated state, it remains unclear how
vocal fold moduli change with activation of various intrinsic
laryngeal muscles. Ultimately, to understand the role of vocal
fold stiffness changes in control of voice production, stiffness
measurements should be made in an in vivo larynx model
during neural stimulation.
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CONCLUSIONS

Measurements of the Young’s modulus using the indentation
technique on silicone rubber models indicated that this tech-
nique is a relatively accurate method to measure vocal fold
Young’s modulus. For intact vocal folds, the results suggest
that the indentation depth has to be limited to half the thickness
of the cover layer or even smaller to obtain accurate estimates
of cover-layer stiffness. Measurements on human larynges
showed location-dependent differences in stiffness. The stiff-
ness of the vocal folds was the highest in a hemilarynx setting
when the vocal fold structure was still attached to the laryngeal
framework. When the vocal fold was separated from the laryn-
geal framework and each part was isolated, the stiffness
changed from the highest to the lowest from the inferior medial
surface cover, the medial midmembranous cover, the superior
surface cover, and finally the TA muscle.
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