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of the glottal area is crucial to analyze the voice.6 It has
implications to the glottal airﬂow, the conditions of
contact between the vocal folds and hence contact
stresses, which all contribute to acoustic characteristics
of the voice as well as perceptual voice qualities.51
Photoglottography,5 video stroboscopy,31 and
kymography50 have been common techniques for
estimating the glottal area. More recently, advancements in high-speed endoscopic techniques have
enhanced the accuracy and capabilities of measuring
the glottal area.47 The myoelastic-aerodynamic theory
of voice production56 connects tissue elastic properties
to phonation events via the vibration characteristics of
the vocal folds as excited by the glottal airﬂow. It is
therefore appropriate to establish a potentially more
direct link between the glottal area and the biomechanical properties of the vocal folds.
Spatially varying properties of the vocal folds have
been investigated by several others in the past. Haji
et al.28 examined the transverse force–deﬂection
response at the anterior commissure, mid-membranous
vocal fold, and vocal process locations on canine vocal
folds, and reported that the mid-membranous region
was more compliant, though no quantitative analysis
was performed. Similarly, the local transverse stiffness
was measured in static tension via sutures and was
found to generally increase from posterior to anterior.18 Others have found a gradation of shear stiffness
in porcine larynges increasing from the vocal fold
inferiorly to the trachea23 and change in local shear
stiffness in the anterior-posterior direction.32 However,
spatial variations have not been examined for the
longitudinal tensile elastic modulus in human vocal
folds, except for one case study.37 In this recent case
study on the biomechanical properties of a vocal

Abstract—The physical mechanisms leading to the acoustic
and perceptual qualities of voice are not well understood.
This study examines the spatial distribution of biomechanical
properties in human vocal folds and explores the consequences of these properties on phonation. Vocal fold lamina
propria specimens isolated from nine excised human male
larynges were tested in uniaxial tension (six from nonsmokers, three from smokers). An optical method was
employed to determine the local stretch, from which the
elastic modulus of three segments in the anterior-posterior
direction was calculated. Several specimens exhibited a
signiﬁcant heterogeneity in the modulus with the middle
segment stiffer than the other segments. It was concluded
that such modulus gradients are stronger in specimens from
non-smokers than smokers. To understand the functional
implications of a modulus gradient, the ﬁrst eigenmode of
vibration was calculated with a ﬁnite element model. With a
modulus gradient, the vocal fold’s eigenmode deﬂection was
spread along the anterior-posterior length, whereas for a
homogeneous modulus distribution, the deﬂection was more
focused around the mid-coronal plane. Consequently, the
strong modulus gradient may enable more complete glottal
closure, which is important for normal phonation, while a
more homogeneous modulus may be responsible for poor
glottal closure and a perceived ‘‘breathy’’ voice.
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Functional gradient, Biomechanics.

INTRODUCTION
The glottis is deﬁned as the space between the true
vocal folds, and the glottal area is the area lying in the
transverse plane between the vocal folds. Determination
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ligament specimen it was found that the tissue at the
mid-coronal plane was approximately ten times stiffer
than the tissue located at the anterior and posterior (i.e.,
macula ﬂavae) regions when subjected to tensile stretch.
We hypothesize that such a gradient indeed exists in the
elastic properties of both the vocal fold cover and the
vocal ligament, and that the elastic heterogeneity would
be related to phonation. As smoking has been documented to potentially cause destructive consequences to
biological tissues,27 we also explore if smoking could
affect the biomechanical properties of vocal fold tissue,
potentially altering the modulus gradient. We further
conjecture that such gradients, or the absence of gradients, may result in changes to the vibratory characteristics of the vocal folds leading to acoustic, aerodynamic,
and perceptual changes in voice.
The inclusion of tissue specimens from subjects with a
history of smoking is motivated by previous ﬁndings that
smoking aﬀects phonation. Several past studies have
addressed such eﬀects from a clinical perspective.2,3,17
According to the Centers for Disease Control and Prevention, approximately 20% of U.S. adults smoke cigarettes as of 2009.11 It has clearly been documented that
smoking affects health.20 Pertaining to the larynx,
smoking is known to be a primary factor of laryngeal
cancer,8,10 Reinke’s edema,41 thickening of the vocal fold
epithelium,33 atypical cellular changes in the epithelium,1,45 inﬂammation in vocal fold ﬁbroblasts,7 and
possibly even causes neurological defects.22 Acoustically,
the fundamental frequency of vocal fold vibration F0
during phonation has been shown to be lower for
smokers than for non-smokers,49 even if one has been
smoking for less than 10 years.22 Smoking has been
shown to also affect the biomechanics of certain tissues,
such as vascular tissues.19 Smoking raises the blood
pressure which signiﬁcantly reduces the arterial distensibility thereby causing an increased stiffness. However,
the effect of smoking on the biomechanics of laryngeal
tissues should not necessarily be compared with that
of vascular tissues due to the different physiological
conditions. The studies on laryngeal tissues cited
above1,7,8,10,33,41,45 have indeed shown changes in the
tissue structure, but these studies do not provide information on the tissue mechanical properties. How changes
in biomechanical properties could translate to acoustical
and aerodynamic changes observed in vocal disorders
associated with smoking is thus not well understood.
MATERIALS AND METHODS
Experimental
Tissue specimens were isolated from the excised
larynges of nine human cadaveric subjects, see Table 1.
Six male non-smoker subjects, as well as three male
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smoker subjects were included, all of whom were
Caucasian. For each subject, one vocal ligament
specimen and the contralateral vocal fold cover specimen were tested with a tensile cyclic stretch-release
paradigm. The sample preparation and testing protocols were approved by the Institutional Review Board
of University of Texas Southwestern Medical Center.
Following the protocol of Chan et al.,13 the cover and
ligament specimens were dissected with instruments for
phonomicrosurgery, separated from the underlying
vocalis muscle and immediately placed in phosphate
buffered saline (PBS). 3-0 nylon sutures were inserted
through the center of a section of the arytenoid cartilage and the center of a section of the thyroid cartilage,
both naturally attached to the vocal ligament or vocal
fold cover specimen. The suture inserted through one
cartilage section was connected to the actuator (lever
arm) of a servo-controlled lever system,1 while the
suture in the other cartilage section was connected to
the support.
Figure 1 depicts the experimental setup. The lever
system was under displacement feedback control, and
was connected to a function generator and an oscilloscope to monitor the displacement input. A small
amount of pre-load (less than 0.023 N) was maintained
before the tensile test began to keep the sutures taut
and the specimen aligned vertically. The tensile force
response of the specimen was detected by the servocontrol lever system with a resolution of 0.3 mN,
digitized at 500 samples/s and output for further
analysis. The applied displacement was sinusoidal at
1 Hz with an amplitude of 3.0–8.0 mm, depending
upon the initial resting vocal fold length L0. The
applied displacement was set such that each tissue
specimen was stretched to approximately 130–140% of
its initial length. The uniaxial tensile test was conducted for 180 cycles, similar to previous studies on
vocal fold elasticity.13,36
A monochrome CCD camera2 (pixel size of
9.9 9 9.9 lm, maximum frame rate of 75 fps) together
with a macro-lens was used to capture images continuously during the experiment. A spirit level was used to
ensure that the optical path of the camera was perpendicular to the specimen axis. A traceable speckle
pattern was applied to the surface of the tissue specimen by applying black ink dots with a ﬁne tipped paint
brush, or by using black enamel based spray paint.
This procedure resulted in a covering of the tissue
specimen surface with a discontinuous speckle pattern
such that specimen stiffness and moisture ingress were
not disturbed.36 During the experiments, specimens

1

Aurora Scientiﬁc Model 300B-LR, Aurora, Ontario, Canada.

2

Allied Vision Technologies, Stingray F-033B.
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TABLE 1. Details on the tissue specimens for this study (L0 5 initial specimen length, D0 5 initial
specimen cross-sectional diameter).
Subject

Age

Postmortem hours

Specimen

L0 (mm)

D0 (mm)

A

68

20

B

68

32

C

87

43

D

45

18

E

64

19

F

57

44

G (smoker)

70

11

H (smoker)

78

48

I (smoker)

86

41

Average

69

31

Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
–

14.3
15.5
21.2
13.8
15.1
15.2
17.12
18.95
14.77
12.82
14.58
12.12
14.9
14.0
11.2
15.9
15.0
15.7
15.1

3.6
2.0
3.4
2.5
3.5
2.9
2.8
2.1
2.9
1.6
3.3
1.4
6.1
3.9
2.8
1.7
2.4
1.7
2.7

(a)

(b)
Lever Arm
Cartilage

Lever Arm
F, u
Suture

Posterior
L0

Middle

Cartilage
Tissue

Anterior

Computer
L0

Tissue
Cartilage
Suture

Cartilage
5 mm

Fixed Support

CCD camera

FIGURE 1. The experimental setup for the cyclic tensile stretch test. (a) the vocal fold cover from a non-smoker (subject E). The
four points that were optically tracked are shown as white circles. (b) Schematic drawing of the setup.

were kept in air to avoid optical distortions related to
the use of a glass chamber with physiological solution,
as well as dissolution of the ink or spray paint. Instead,
specimens were hydrated periodically by dripping PBS
onto the tissue.
Optical measurements of tensile deformation have
been shown to be crucial for vocal fold tissues.36 Thus,
displacements of four points on the specimen surface at
equidistant longitudinal locations were obtained from
image sequences via digital image correlation functions
of the Image Processing ToolboxTM of Matlab
(version 7.10), which have a resolution of 0.1 pixels.
This resulted in the specimen being divided into three
longitudinal segments—anterior, middle, and posterior
segments—of equal length (L0/3). The stretch k of each
segment can then be computed by

DLanterior
DLmiddle
; kmiddle ¼ 1 þ
;
L0 =3
L0 =3
DLposterior
¼1þ
L0 =3

kanterior ¼ 1 þ
kposterior

ð1Þ

where DL is the elongation of the corresponding segment as determined from the displacement data at the
four measurement points. The medio-lateral strains
were not of interest for this particular study and thus
were not measured. Distance measurements were calibrated by taking an image of an object of known
dimensions to establish a pixel-to-mm ratio. The
specimen diameter of each segment was optically
measured at ﬁve equidistant locations, and the crosssectional area was calculated assuming the tissue
specimen to be of circular cross-section. A second
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CCD camera, orthogonal to the ﬁrst, conﬁrmed the
circular cross-sections to be a reasonable assumption.
Then the ﬁve areas measurements were averaged to
estimate the cross-sectional area A0,i of each segment
(where i = anterior, middle, or posterior). The crosssectional diameter of the overall specimen (all three
segments) D0 is given in Table 1. Finally, the nominal
stress r = F/A0,i of each segment was determined from
the force output from the lever arm F and the segment’s cross-section area A0,i in the undeformed state.
The elastic modulus of each segment was estimated as
the slope of the initial linear regime of the loading
portion of the stress–stretch curve.
Analysis Model
For the analysis, the tissue specimens were
approximated as cylinders with length L0 ; and unit
cross section. The ﬁnite element method and a linear
perturbation method were used for the computation of
the eigenmode shapes by solving.
 2 pq

x M þ Kpq /q ¼ 0
ð2Þ
where M is the mass matrix, K is the stiffness matrix,
p and q are the degrees of freedom, x is the eigenfrequency, and / is the corresponding eigenvector
(eigenmode of vibration). Based on the eigenmodes,
the glottal area values and closure conditions can be
obtained.
In order to arrive at a concise analysis model, several model abstraction steps were considered. To arrive
at a unique geometry, the model considered an average
length L0 ¼ 15:1 mm based on data of all tested vocal
fold tissue specimens (Table 1). The model assumed a
constant cross-section in order to negate the effects of
subject-speciﬁc tissue geometry, enabling us to only
focus on the effects due to the spatially varying elastic
properties. Quantitative analysis of high-speed endoscopic imaging revealed that healthy subjects exhibited
a much higher degree of symmetry in vocal fold
vibrations than dysphonic subjects.40 Thus, the two
vocal folds were considered to be symmetric with
respect to the mid-sagittal plane. Consequently, only
one vocal fold would need to be considered in the
numerical analysis. In order to obtain a basic model,
the vocal fold was considered to possess a length and
elastic moduli of the combined means of the nonsmokers and smokers derived from the vocal ligament
and vocal fold cover specimens.
The model considered isotropic, linear elasticity, as
an approximation for small-amplitude oscillation.
From the experiments, elastic moduli data were
available as three discrete data values. A bell-shaped
curve consisting of the sum of two Gaussian distributions37 was ﬁtted to the average elastic modulus of the

2711

three segments. The spatial distribution of the elastic
modulus E along the anterior-posterior coordinate
xa2p is




xap  b1 2
xap  b2 2
Eðxap Þ ¼ a1 exp 
þa2 exp 
:
c1
c2
ð3Þ
One set of the parameters of this function was
computed for all vocal fold specimens. Eleven equallyspaced points along xa2p were selected and moduli
data at these locations were used as input into the ﬁnite
element model. A model with a homogeneous elastic
modulus was also created in order to elicit the effects
of a spatially varying modulus. The homogenous
elastic modulus E was taken to be the average of the
Gaussian distribution, thus
1
E ¼ 
L0

ZL0

Eðxap Þdxap

ð4Þ

0

Furthermore, a Poisson’s ratio of 0.45 was considered since studies have shown that soft tissue has some
compressibility at high deformation rates.46
57,825 ﬁrst order, reduced integration, eight-node
brick elements (C3D8R) were used to discretize the
geometry using a sweeping technique. The characteristic element size was 0.182 mm with 76 elements along
the length of the vocal fold’s surface. Computations
were conducted using the commercially available ﬁnite
element software package Abaqus (version 6.11). The
nodes representing the interface to the anterior commissure and the vocal process (i.e., top and bottom
surfaces of the cylinder) of the model were constrained
in all degrees of freedom. Also, all nodes were constrained such that motion occurred only in the plane
spanned by the anterior-posterior and medial–lateral
direction. The shape of the ﬁrst eigenmode of vibration
was obtained as normalized values of displacements
u^ml of points located along the medial surface of the
cylinder. The ﬁnite element model is appropriate for
this study because obtaining closed-form analytical
solutions of the mode shapes of a beam with a spatially
varying elastic modulus is not trivial.
For computation of glottal areas Ag the anterior
and posterior vocal fold ends were assumed to be
separated by pre-phonatory anterior and posterior
glottal gaps da = 0.5 mm and dp = 1.0 mm, respectively, such that the glottis can be described by a
physiologically relevant trapezoidal shape.55 The displacements of the vocal folds along the length of the
vocal fold were computed from the normalized
deﬂections predicted by the ﬁnite element model as
Uml ¼ g  u^ml . The amplitude factor g was obtained
by the condition that contact between the vocal folds
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was incipient in the closed conﬁguration. The area of
the glottis Ag can be calculated as

1
Ag ¼ da þ dp L0 cos a  2
2

ZL0

12

g  u^ml ðxap Þdxap

0




where a ¼ sin1 dp  da ð2L0 Þ and ± is for the
open and closed states, respectively. The integral calculation (area under the eigenmode shape) was conducted by the trapezoidal rule.

8

Stress [kPa]

ð5Þ

Anterior segment
Middle segment
Posterior segment

10

6

4

2

RESULTS
0

Experimental
All vocal fold tissue specimens exhibited a time
dependent response with the stress at maximum
applied stretch declining continuously with the number
of applied load cycles N so that no steady state
response was reached, as in other studies.14 Thus, the
tissue elastic moduli were obtained from a representative stretch cycle such that transient effects associated with tissue preconditioning were minimized. In
particular, data are presented for the 55th loading
cycle of the protocol. From cycles N = 1 to N = 180,
the average peak stress decayed by 28%. The detailed
analysis of the tissue specimens was conducted for
cycle N = 55 where the peak stress had experienced on
average 74% of the total decay. As an example, the
stress-stretch response of the anterior, middle, and
posterior segments of the 55th cycle for the vocal ligament of subject G is shown in Fig. 2. Further analysis
focuses on the small stretch region.
The values for the elastic moduli of all subjects are
given in Table 2. For all subjects, the elastic modulus
of the middle segment was generally larger than that of
the anterior or posterior segments. Hypothesis testing
of the data was conducted to determine if the heterogeneity in the elastic modulus was statistically signiﬁcant (p < 0.05). The mean ratios of the elastic modulus
of the middle segment to anterior segment and middle
segment to posterior segment were the test statistics.
The null hypothesis was that the mean middleto-anterior and the mean middle-to-posterior modulus
ratios were equal to one—signifying that no spatial
gradient exists and the tissue is homogeneous. The
alternative hypothesis was that the average modulus
ratios were greater than one—signifying that the middle segment is signiﬁcantly stiffer than the anterior
and/or posterior segments. The hypothesis tests were
performed using a one-tailed Student’s t-distribution
for three cases: n = 9 for all subjects, n = 6 for the
non-smokers, and n = 3 for the smokers.

1

1.02 1.04 1.06 1.08

1.1

1.12 1.14 1.16 1.18

1.2

Stretch
FIGURE 2. Typical stress–stretch curves of the anterior,
middle, and posterior segments of a vocal fold tissue sample.
The 55th load cycle for the vocal ligament from subject G.
TABLE 2. The elastic moduli of the anterior, middle, and
posterior segments for all subjects.
Elastic modulus (kPa)
Subject

Specimen

Anterior

Middle

Posterior

A

Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
Ligament
Cover
–

130
36
151
36
219
145
11
65
23
126
8
64
19
196
13
72
3
21
74

116
644
117
364
881
5129
41
226
39
637
21
626
13
291
20
149
7
62
521

24
24
30
65
60
167
28
32
14
197
17
284
18
19
28
49
10
20
60

B
C
D
E
F
G (smoker)
H (smoker)
I (smoker)
Average

The results on modulus ratios are displayed in Fig. 3
with the error bars representing one standard deviation.
For all subjects, the middle-to-anterior modulus ratio
was signiﬁcantly greater than one for the vocal fold
cover (p = 0.021) and vocal ligament (p = 0.022), and
the middle-to-posterior modulus ratio was signiﬁcant
only for the vocal fold cover (p = 0.014).
Upon examining the non-smokers and smokers
separately, several interesting observations could be
made. For non-smokers, it was found that the stretch
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(a)

Middle-to-Anterior:Allsubjects
Middle-to-Anterior:Non-smokers
Middle-to-Anterior:Smokers
Middle-to-Posterior:Allsubjects
Middle-to-Posterior:Non-smokers
Middle-to-Posterior:Smokers

(b)

2713

Middle-to-Anterior:Allsubjects
Middle-to-Anterior:Non-smokers
Middle-to-Anterior:Smokers
Middle-to-Posterior:Allsubjects
Middle-to-Posterior:Non-smokers
Middle-to-Posterior:Smokers
10

*

20

*

*

15

10

5

Elastic Modulus Ratios

Elastic Modulus Ratios

25

*
8

6

4

*

*

2

0

0

Vocal Fold Cover

Vocal Ligament

FIGURE 3. The ratio between elastic moduli of the middle, anterior, and posterior vocal fold segments for all subjects (n 5 9),
non-smokers (n 5 6), and smokers (n 5 3) for (a) vocal fold cover and (b) vocal ligament specimens. *denotes that the ratio is
greater than one with statistical significance (p < 0.05).

of the middle segment was generally lower than those
of the anterior and posterior segments in both vocal
fold cover and vocal ligament specimens. This ﬁnding
corroborates the results of our previous case study,37
but was not found to be true for vocal fold tissues from
the smokers. Consequently, for non-smokers the elastic moduli of the middle segments were much larger
than the moduli of the anterior or posterior segments,
yielding a strong heterogeneity/gradient. The elastic
moduli of the three segments in the smokers were more
homogeneous and a modulus gradient is not nearly as
strong as in the non-smokers.
For the vocal fold cover from non-smokers, it was
found that the middle-to-anterior and middle-to-posterior ratios of elastic moduli were signiﬁcantly greater
than one, with p = 0.024 and p = 0.038, respectively.
Also, for the vocal ligament from non-smokers, the
middle-to-anterior modulus ratio was signiﬁcantly
greater than one (p = 0.038), and the middle-toposterior modulus ratio was nearly signiﬁcant
(p = 0.060). The hypothesis testing on the elastic
moduli of vocal fold tissues from smokers did not yield
statistical signiﬁcance for the middle-to-anterior or the
middle-to-posterior modulus ratios, for neither the
vocal fold cover nor the vocal ligament specimens.
Thus, we concluded that the elastic modulus gradient
was largely absent in the smokers, unlike that of the
non-smokers. The anterior-to-posterior elastic modulus ratio was tested against unity following the same
procedure as described above. For both the nonsmokers and the smokers no signiﬁcant differences
were found, i.e., there was no evidence of a spatial
gradient in elastic modulus between the anterior and

the posterior segments. Finally, a one-way analysis of
variance (ANOVA) was conducted to compare the
mean elastic modulus ratios between groups (between
cover and ligament or between non-smokers and
smokers). Eight individual ANOVA were performed:
(1) middle-to-anterior ratio in covers between nonsmokers and smokers, (2) middle-to-anterior ratio in
ligaments between non-smokers and smokers, (3) middle-to-posterior ratio in covers between non-smokers
and smokers, (4) middle-to-posterior ratio in ligaments
between non-smokers and smokers, (5) middleto-anterior ratio in non-smokers between covers and
ligaments, (6) middle-to-anterior ratio in smokers
between covers and ligaments, (7) middle-to-posterior
ratio in non-smokers between covers and ligaments,
and (8) middle-to-posterior ratio in smokers between
covers and ligaments. Results of ANOVA revealed
statistical signiﬁcance only for the case of the middleto-anterior ratio in non-smokers between the cover and
ligament specimens (p = 0.042).
The vocal fold cover and the vocal ligament specimens for the non-smokers demonstrated substantial
heterogeneity in tissue elasticity, with the average
elastic modulus of the middle segment being approximately 8 times higher than that of the anterior segment, and approximately 9 times higher than that of
the posterior segment. However, for the tissue specimens from smokers, the degree of heterogeneity in the
elastic modulus is lesser since the average elastic
modulus of the middle segment was only 1.8 and 4.0
times higher than those of the anterior and the posterior segments, respectively. How this diﬀerence in the
spatial heterogeneity of tissue properties (i.e., graded

2714

KELLEHER et al.

vs. homogeneous elastic modulus) may aﬀect vocal
fold vibration characteristics was examined next.
Eigenmodes and Glottal Area
The set of parameters from Eq. (3) describing the
elastic modulus spatial distribution computed for all
vocal fold specimens was a1 = 558.6 kPa, b1 =
7.53 mm, c1 = 2.66 mm, a2 = 1.05 9 1015 kPa, b2 =
22.65 9 104 mm, c2 = 4.77 9 103 mm, depicted as
normalized values in Fig. 4. Additionally, the amplitude factor g, which ensures that contact was initiated
between the two vocal folds in the closed conﬁguration, was ﬁrst met in the model for the graded elastic
modulus at g = 0.353. The total amplitude of vibration (2g = 0.706 mm) is relatively small compared to
typical vibration amplitudes but is within the physiological range.52 Results of the computations using the
ﬁnite element model (Fig. 4) are displayed in Fig. 5.
Figures 5a and 5b are included to show the physiologically relevant vocal fold motion while 5c and 5d are
to provide a detailed view of the differences in the
shape of the ﬁrst eigenmodes of vibration for comparisons of graded vs. homogeneous elastic modulus
spatial distribution. Since the modulus at the anterior
and posterior segments in the graded case was
approximately 8 times smaller than that at the midcoronal section, the bending resistance of such vocal
fold tissue is locally low. This is reﬂected in the ﬁnding
that the deﬂection exhibits a more plateau-like shape.
On the other hand, for the constant elastic modulus
case, the shape of the ﬁrst eigenmode follows the
parabolic shape typically exhibited by homogeneous
beam-like structures. Thereby, the deﬂection is more

14
12
10

L0

8
6
4

a–p
m–l
i–s

2

Anteror-PosteriorPosition[mm]

16
Exp. data
Fit
Average

0
0

0.2

0.4

0.6

0.8

1

Normalized Elastic Modulus

FIGURE 4. The elastic modulus of the three vocal fold segments for all specimens is shown along with a fitted Gaussian
curve and the average modulus for the homogeneous case.
The geometry of the finite element model and the coordinate
system is displayed. a–p is the anterior–posterior, m–l is the
medial–lateral, and i–s is the inferior-superior direction,
respectively.

concentrated towards the mid-point (mid-coronal
plane) of the vocal fold.
Based on the predicted mode shapes, the glottal
areas in the open and the closed states were calculated.
The predicted broad or plateau-like shape (i.e., the
deﬂection is more evenly distributed across the length
of the vocal fold) of the eigenmode for the graded case
led to a smaller glottal area in the closed conﬁguration
and a larger glottal area in the open conﬁguration. On
the other hand, the predicted narrower mode shape
(i.e., the deﬂection is more concentrated at the midpoint of the vocal fold) for the homogeneous case
indicated a larger glottal area in the closed conﬁguration and a smaller glottal area in the open conﬁguration. Speciﬁc values of glottal area are provided in
Table 3. In addition, the ratio of the glottal areas of
the open and closed states was calculated and deﬁned
as the open-to-closed (OC) index. The OC index
computed for the graded case was nearly 1.5 times
greater than that computed for the homogeneous case.
This ﬁnding suggests that a vocal fold with a more
heterogeneous distribution of the elastic modulus in
the anterior-posterior direction could show more
contrast in vocal fold deﬂection between the closed
phase and the open phase during vocal fold vibration,
a factor important for normal phonation.24 Finally,
the choice of Poisson’s ratio had very little inﬂuence on
the predicted mode shape, hence the glottal areas.
Changing Poisson’s ratio to 0.4 or 0.49999 caused the
OC index of the graded and homogeneous cases to
change by approximately 2%.

DISCUSSION
For six of the nine subjects tested (i.e., the nonsmokers), the elastic modulus of the vocal fold lamina
propria was found to be on average 8 and 9 times
greater in the middle of the vocal fold than in the
anterior and posterior regions, respectively. However,
for three of the nine subjects tested (i.e., the smokers),
the average elastic modulus of the middle segment was
only 1.8 and four times greater than the anterior and
posterior regions, respectively. The large spatial variation in the elastic modulus caused the deﬂection to be
more broadly distributed along the length of the vocal
fold than for the case of a homogeneous tissue. In an
elastically homogeneous tissue, the deformation was
more uniform leading to a narrower eigenmode. The
results of the present biomechanical simulation model
indicate diﬀerences in the open and closed phases of
phonation between graded and non-graded vocal folds.
For the subjects who were smokers, the experimental results imply that smoking could aﬀect the
biomechanical properties of vocal fold tissues and lead
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FIGURE 5. A superior view of the glottis when the vocal folds are in the (a), (c) closed configuration, and (b), (d) open configuration. The abscissa of (c) and (d) has been scaled by a factor of 5 from the images (a) and (b) to show the differences in the
deflection of the graded and homogeneous cases. The vocal fold configurations are determined from the first eigenmode shapes of
the finite element model accounting for the spatial variations of elastic moduli as determined experimentally and for the average of
the graded modulus (i.e., homogeneous case).

to a reduced elastic heterogeneity in the tissue. It can
be deduced that as the histological architecture of the
vocal folds might be compromised by smoking,33,41
any tissue microstructural changes could be reﬂected in
the tissue elasticity as well. The altered vocal fold
histology of the smokers could change the longitudinal
heterogeneity of the elastic modulus, if the present
ﬁndings could be corroborated by further studies
involving more subjects. Indeed, the present ﬁndings

should be considered as preliminary. Tissue biomechanical properties depend upon a host of subjectspeciﬁc characteristics, such as gender, age, genetic
makeup, external stimuli, etc. Age-related effects on
the histology have been well documented in vocal fold
tissues. It has been documented that arrangement of
collagen ﬁbers are less organized in geriatric vocal
folds.26 However, in related studies, there was shown
to be no signiﬁcant differences in the collagen ﬁber
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TABLE 3. The predicted values of glottal area in the closed
and open configurations, and the open-to-closed index for the
graded and homogeneous elastic modulus cases.
Glottal area (mm2)

Graded
Homogeneous

Closed

Open

Open-to-closed index

3.27
4.45

19.37
18.20

5.92
4.09

content between adult (age 22–54 years) and geriatric
(age 65–82 years) vocal folds,29 and that most agedependent changes of vocal fold biomechanical properties could occur below age 60.57 Since all of the
subjects (except subject D) of the present investigation
are in the geriatric category, age-related effects may
not be a signiﬁcant confounding factor. The subjects
analyzed were selected based upon their biographical
similarities, i.e., the fact that they were all males,
Caucasian, and of comparable age. It is not our goal
by any means to extrapolate our results to the overall
population of smokers. Additional subjects and data
are deﬁnitely required to provide a more compelling
conclusion.
Suﬃcient glottal closure is important to normal
voice production because it facilitates self-sustained
vocal fold oscillation. From an aerodynamic perspective, phonation threshold pressure, or the minimum
subglottal pressure required to initiate and sustain
vocal fold oscillation, is directly related to the prephonatory glottal width.52 That is, the larger the
glottal gap, the more energy it takes to achieve sustained phonation. Incomplete glottal closure can also
lead to turbulent airﬂow. This turbulence causes
pressure ﬂuctuations in the vocal output and is perceived as a ‘‘breathy’’ voice.54 Various measures of
turbulence have been proposed to quantify the
breathiness of the voice signal, and to correlate to the
degree of closure of the vocal folds.9,42,44 Alternatively,
the OC index may be another valid measure of quantifying breathiness, with a smaller value suggesting less
contrast in the glottal area of the open and the closed
conﬁgurations. With advancements in the accuracy of
high-speed endoscopic imaging,47 the OC index could
be quantiﬁed clinically and correlated to a subject’s
voice quality. The voice of smokers has commonly
been characterized as breathy, among other perceptual
voice qualities that are typical of pathological phonation. Studies have shown that hoarseness, which can be
characterized as a voice that sounds breathy, raspy,
strained, or harsh, was more common among smokers
than non-smokers,21 and that the mean airﬂow rate of
passive smokers (i.e., non-smokers who are exposed to
environmental tobacco smoke) was higher than that of
non-smokers.38 Also, the mean glottal gap during the

closed phase of phonation was found to be larger in
female smokers than non-smokers.4 The present results
suggest that insufﬁcient glottal closure may exist in
vocal folds with a more homogeneous elastic modulus
distribution. It is interesting to note that the vocal
folds excised from smokers in this study demonstrated
a more homogeneous elastic modulus distribution than
the non-smoker specimens. This could then lead to a
more breathy voice which has been clinically documented in the studies above. However, it must also be
noted that breathiness can be due to age-related
effects, as indicated in previous studies showing
increased occurrence of glottal gaps34 and higher
noise-to-harmonic ratios, which correlates with
breathiness25 in geriatric men. Yet age alone may not
be able to fully account for these effects, as it has been
stated that ‘‘the age-related change in glottal closure in
men is not particularly dramatic.’’39
There were several potential limitations in this
study. First, the tensile experiment on the specimens
was conducted in air at room temperature. We do
recognize that most previous studies on vocal fold
tissue properties have been conducted at 37 C, presumably to simulate the physiological temperature
environment of the human larynx in vivo. However, it
has also been suggested in the literature that the actual
tissue temperature in the vocal folds during phonation
may be somewhat lower than the systemic body temperature of 37 C, due to convective and evaporative
cooling effects of the laryngeal airﬂow on the vibrating
vocal folds.12,16 Second, the tissue specimens were not
tested in a physiological ﬂuid as most previous vocal
fold biomechanical studies. Vocal fold hydration is
composed of systemic and superﬁcial components.48
Since the tissue was excised, hydration was maintained
by submerging the tissue in PBS and by periodically
dripping PBS during the testing. Dehydration studies
typically submerge the tissue in a hypertonic solution
for 30 min or greater to examine the effects of dehydration (e.g., increased stiffness).15,43 Superﬁcial
hydration is largely determined by the airﬂow around
the vocal folds and humidity of the ambient environment.30 The experiments were conducted in a laboratory environment in Dallas, Texas in June where the
relative humidity is typically 50–75%, which is much
higher than the desiccated air (0% humidity) used in
Hemler et al.30 Given this level of humidity, the periodic dripping of PBS onto the tissue, and the relatively
short duration (less than 10 min) in which the tissue
was not submerged in PBS, any dehydration effects
were likely to be minimal. Third, this investigation
focuses on the vocal fold eigenmodal response in only
the small stretch regime of the stress-stretch curve.
Under normal speaking conditions, vocal fold length
changes in the anterior-posterior direction are within
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the linear portion of the stress-stretch response (i.e.,
less than 10% elongation).35 It is mainly during situations involving signiﬁcant vocal pitch changes (such
as during singing) where there is substantial vocal fold
longitudinal stretch, which would induce nonlinear
effects. Additionally, the various mechanical stresses
encountered during normal phonation have been predicted to be relatively minor53; hence, the strains would
likely be small. Therefore, the analysis of the small
stretch (linear) regime of the stress-stretch curve is a
legitimate ﬁrst approximation for describing many
situations of normal phonation. The eigenmode analysis could be evaluated at higher levels of axial stretch
by linearizing the material properties at that stretch
level (i.e., using the tangent elastic modulus). The
behavior of the eigenmodes and glottal areas at higher
axial loads was not considered in this investigation,
and should be addressed in further studies.
In summary, the results of the current study suggested that heterogeneity in spatial distribution of the
elastic modulus along the length of the vocal fold could
enable more complete glottal closure, resulting in improved phonation. On the other hand, a relatively
homogeneous modulus distribution could lead to poor
glottal closure and a more breathy voice quality. While
such phonatory diﬀerences could also be correlated to
the eﬀects of smoking, further studies with a larger
number of subjects and knowledge of the subject’s
lifestyle and health history are necessary to establish a
more deﬁnitive link.
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