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Interaction Between
the Thyroarytenoid
and Lateral Cricoarytenoid
Muscles in the Control
of Vocal Fold Adduction
and Eigenfrequencies
Although it is known vocal fold adduction is achieved through laryngeal muscle activa-
tion, it is still unclear how interaction between individual laryngeal muscle activations
affects vocal fold adduction and vocal fold stiffness, both of which are important factors
determining vocal fold vibration and the resulting voice quality. In this study, a three-
dimensional (3D) finite element model was developed to investigate vocal fold adduction
and changes in vocal fold eigenfrequencies due to the interaction between the lateral cri-
coarytenoid (LCA) and thyroarytenoid (TA) muscles. The results showed that LCA con-
traction led to a medial and downward rocking motion of the arytenoid cartilage in the
coronal plane about the long axis of the cricoid cartilage facet, which adducted the pos-
terior portion of the glottis but had little influence on vocal fold eigenfrequencies. In con-
trast, TA activation caused a medial rotation of the vocal folds toward the glottal
midline, resulting in adduction of the anterior portion of the glottis and significant
increase in vocal fold eigenfrequencies. This vocal fold-stiffening effect of TA activation
also reduced the posterior adductory effect of LCA activation. The implications of the
results for phonation control are discussed. [DOI: 10.1115/1.4028428]

Keywords: vocal fold adduction, muscle activation, thyroarytenoid, lateral
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1 Introduction

A prerequisite for phonation is vocal fold adduction or approxi-
mation of the two vocal folds to close the glottis (the airspace
between the two folds), which enhances the glottal fluid–structure
interaction and induces the vocal folds into a self-sustained vibra-
tion. The resulting vibration pattern and consequently the pro-
duced voice depend on the geometry and stiffness conditions of
the adducted vocal folds [1–3], with different vocal fold posturing
producing different voice types [4–7]. Understanding the muscu-
lar control mechanisms of vocal fold adduction and the stiffness
and stress consequence of different adductory patterns is critical
to understanding how humans are able to produce a variety of
voice types.

It is generally assumed that vocal fold adduction is achieved
primarily through motion of the arytenoid cartilages due to activa-
tion of the LCA and the interarytenoid (IA) muscles. The vocal
folds are layered soft tissue structures that attach anteriorly to the
thyroid cartilage and posteriorly to the arytenoid cartilages
(Fig. 1(a)). The arytenoid cartilages sit on the upper posterior bor-
der of the cricoid cartilage, forming the cricoarytenoid joint
(CAJ), which is a synovial joint of the ball-and-socket type [8].
The LCA muscles run between the muscular process of the aryte-
noid cartilage and the side of the cricoid cartilage, and the IA
muscles attach to the muscular processes of the two arytenoid

cartilages. Contraction of both muscles is generally considered to
adduct the arytenoid cartilages and approximate the two vocal
folds. Another muscle, the posterior cricoarytenoid (PCA) muscle
(not shown in Fig. 1), also attaches to the arytenoid but its con-
traction abducts the arytenoid cartilages and opens the glottis. In
addition to these three muscles, previous studies [9,10] showed
that the TA muscle also plays an important role in anterior vocal
fold adduction. The TA muscle originates from the thyroid carti-
lage and inserts into the anterolateral surface of the arytenoid car-
tilages and forms the main body of the vocal folds. Choi et al.
[10] showed that contraction of the LCA/IA alone closed the carti-
laginous portion of the glottis (the portion between the vocal proc-
esses of the arytenoid cartilages and the posterior commissure)
but left an opening in the membranous portion (the portion
between the anterior commissure and the vocal processes of the
arytenoid cartilages) of the glottis (Fig. 1(c)), whereas TA muscle
contraction completely closed the anterior glottis (Fig. 1(d)).
Similar observation was also reported in a more recent study by
Chhetri et al. [9].

Despite these general observations, the interaction between the
LCA/IA/TA muscles in the control of vocal fold adduction has
never been systematically investigated. Furthermore, it remains
essentially unknown how the stiffness and stress conditions within
the vocal folds change with different vocal fold adductory pat-
terns, due to the lack of reliable techniques for in vivo measure-
ment of the stiffness and stress within the vocal folds (in both
animal models or live humans). Inference of changes in stiffness
from vocal fold deformation is also difficult because in vivo ob-
servation of the motion of the arytenoid cartilages and the vocal
folds is limited to an endoscopic superior view, which can be mis-
leading. For example, although the arytenoid cartilage motion
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appears to be a “pivoting” rotation about a vertical axis (an axis
perpendicular to the cricoid facet) from an endoscopic view, ana-
tomical studies suggested that this pivoting rotational motion
along a vertical axis may be restricted by the cricoid–arytenoid
cartilage interaction in the CAJ, and the arytenoid cartilage
motion may be limited to either a translational sliding motion and/
or a rigid-body rocking motion (rotation in the coronal plane)
along the long axis of the cricoid facet [11–16]. In fact, the exact
arytenoid motion during vocal fold adduction, due to either LCA
or TA activation, is still debatable.

Due to these experimental difficulties, numerical models of
vocal fold adduction have been developed in previous studies e.g.,
Refs. [17–20] However, because of the highly nonlinear nature of
muscle activation and vocal fold deformation, the interactions
within the CAJ and its interaction with muscle activation were
often not modeled in these studies and motion of the arytenoid
cartilages was either imposed or constrained along a predefined
rocking–sliding axis so that the interaction between the arytenoid
and cricoid cartilages in the CAJ and its influence on arytenoid
cartilage motion was not investigated. More importantly, because
these previous models often assumed a rigid-body motion of the
vocal folds, the induced vocal fold tissue deformation and changes
in stress distribution within the vocal fold were thus not studied.

The goal of this study was to investigate the interaction
between laryngeal muscles in determining arytenoid cartilage
motion, the resulting adductory pattern, and changes in the stiff-
ness condition within the vocal fold. Specifically, this study
focused on the interaction between the LCA and the TA muscles,
the two primary adductory muscles responsible for adduction of
the membranous portion of the glottis. Inclusion of the IA muscle,
which is generally assumed to be responsible for adduction of the
cartilaginous glottis, significantly increases the complexity of the
model and the number of interaction conditions to be investigated,
and was thus not considered in this study. A 3D finite element
model of the CAJ was developed in the commercial software COM-

SOL, using realistic geometry of the CAJ obtained from a MRI
study [21,13]. Arytenoid cartilage motion and vocal fold deforma-
tion were investigated for different LCA/TA activation conditions.
Since phonation onset occurs as two or more vocal fold eigenmo-
des are synchronized by the glottal flow and the resulting vocal
fold vibration pattern was critically dependent on the vibration
pattern in the vocal fold eigenmodes that are synchronized
[22–25], the first ten in vacuo eigenfrequencies of the vocal fold
at different conditions of LCA/TA activation were studied to
understand the influence of vocal fold adduction on vocal fold
vibration.

2 Model

2.1 Geometry and Boundary Conditions. The 3D finite ele-
ment model included the vocal fold (with TA as the main compo-
nent, see below), the LCA muscle, the arytenoid cartilage, and the
cricoid cartilage (Fig. 2). The IA and PCA muscles (not shown in
Fig. 2) were also included but not activated in this study. For sim-
plicity, left–right symmetry in motion about the glottal midline
was assumed so that only one vocal fold and one arytenoid carti-
lage were modeled in this study. The geometry of the arytenoid
and cricoid cartilages was obtained from the computer solid
model developed in Hunter and Thomson [21] based on the origi-
nal magnetic resonance images (MRI) of a human laryngeal carti-
lage by Selbie et al.[13,14]. Note that the curves on the surface of
the cartilages in Fig. 2 represent the curved surface of the carti-
lages, not the actual meshes used in the simulations. In this study,
the cricoid cartilage was fixed. The interface between the aryte-
noid and cricoid cartilages at the CAJ was modeled as a “contact-
sliding” interface, which allowed relative sliding motion between
the two cartilages in the tangential direction along the interface.
To simulate the effects of the covering soft tissues within the sy-
novial CAJ, a virtual elastic film (Young’s modulus of 100 kPa)
was further added in between the two cartilages. The Young’s
modulus of this virtual elastic film was determined as the mini-
mum value required to prevent large separation of the cartilages
in the normal direction.

Because the original MRI data do not include any information
that allows us to separate the different layers of soft tissue and the
muscles, a body-cover two-layer simplified vocal fold with a uni-
form cross-sectional geometry along the anterior–posterior (AP)
direction (Fig. 2(c)) was used, with the body layer consisting
entirely of the TA muscle [4,23]. Similar simplified vocal fold ge-
ometry has been widely used in previous phonation studies
[26–30,23,31]. The resting position of the vocal fold formed an
initial glottal opening angle h0¼ 13 deg (Fig. 2(a)), which is
within the human range as measured by Eckel and Sittel [32]. The
vocal fold attached anteriorly to the thyroid cartilage, which was
modeled as a fixed boundary condition to the anterior surface of
the vocal folds, and posteriorly connected to the anterolateral sur-
face of the arytenoid cartilage through a transitional layer (simu-
lating the macular flava) (Fig. 2(b)). In humans, the vocal fold
connects laterally to the thyroid cartilage through a soft tissue
layer in the paraglottic space. In this study, this soft tissue layer
was modeled as a spring foundation attached to the lateral surface
of the vocal fold. Since no data existed for the material properties
of this soft tissue layer, different spring constants in the range

Fig. 1 (a) A sketch of the laryngeal framework including the vocal fold, the thyroid, cricoid,
and arytenoid cartilages, and the LCA and IA muscles from a superior view. (b) Superior
view of a canine larynx at resting (respiratory) position. (c) LCA activation adducts the glottis
but leaves a gap in the middle-membranous glottis. (d) TA activation completely closes the
anterior glottis but leaves a large gap at the posterior glottis. Figures (b)–(d) are images
obtained from in vivo canine larynx experiments in Choi et al. (1993).
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104–107 N/m3 were tested and it was found that large values of the
spring constant restricted vocal fold adduction. In the following, a
spring constant kf¼ 104 N/m3 was used which did not significantly
restrict the motion of the vocal folds.

Due to the lack of detailed geometric data of the LCA muscle,
the LCA muscle was modeled as a cylinder that attached posteri-
orly to the muscular process of the arytenoid cartilage through a
transition layer (Fig. 2(b)). In humans, the LCA muscle inserts
anteriorly into the cricoid cartilage. For simplicity, a fixed bound-
ary condition was applied to the anterior surface of the LCA mus-
cle. Although the PCA and IA muscles were not activated in this
study, the passive reaction forces generated by elongation or
shortening of IA and PCA muscles due to arytenoid motion were
calculated and applied as point forces to the muscular process of
the arytenoid cartilage along the predefined muscle fiber direc-
tions (Fig. 2(a)), as described in Sec. 2.2. The muscle fiber direc-
tions, initial lengths, and initial cross-sectional areas of LCA,
PCA, and IA muscles were based on measurements in Mineck
et al. [33] and are listed in Table 1.

2.2 Material Properties. The cartilages are generally much
stiffer than the vocal fold. In this study, both the arytenoid and cri-
coid cartilages were modeled as a linear elastic material with a
very large Young’s modulus of 50 MPa, which was slightly higher
than that used in Hunter et al. [19]. The transition layers between
cartilages and the vocal fold and the LCA muscle were modeled
similarly as a linear elastic material but with a reduced Young’s
modulus of 5 MPa.

The vocal fold (including the TA muscle as the body layer),
and the LCA, PCA, and IA muscles were modeled as hyperelastic
materials. Similar to skeletal muscles [34,35], the strain energy

function used in this study had both a passive and an active
component,

W ¼ Wpassive þWactive (1)

For the cover layer of the vocal fold, which was a passive soft tis-
sue layer with no muscles, the strain energy function only had the
passive component. A five-parameter Mooney–Rivlin model was
used for the passive component, as in Yin and Zhang [36]

Wpassive ¼ c10 I1 � 3
� �

þ c01 I2 � 3
� �

þ c20 I1 � 3
� �2þ c11 I1 � 3

� �
I2 � 3
� �

þ c02 I2 � 3
� �2þ j

2
J � 1ð Þ2 (2)

where I1 and I2 are the first and second modified principal invari-
ants of the deformation tensor [37], J is the Jacobian or the vol-
ume ratio between the deformed and undeformed geometry, and
the coefficients c and j are model constants. For this study, both
the vocal fold and the muscles were assumed nearly incompressi-
ble, with j¼ 3 MPa. The other model coefficients in Eq. (2) were
estimated by curve fitting the experimentally measured stress–
strain curve of excised human larynges as reported in Zhang et al.
[38] and are listed in Table 2.

The active component of the strain energy function was derived
by considering a uniaxial motion due to the activation of an
incompressible muscle fiber, in which case the active stress along
the fiber direction is related to the fiber stretch as

ractive ¼ k
@Wactive

@k
(3)

Fig. 2 A sketch of the computational model from (a) a top view and (b) a side view, and (c) the cross section of the
vocal fold model. Note that the curves on the surface of the cartilages represent the curved surface of the carti-
lages, not the actual meshes used in the simulations. Figure 2(a) also defines a point A located at the medial poste-
rior corner of the superior surface, a line located at the posterior edge on the superior surface of the vocal fold, and
three coronal cross sections, the results on which are shown in Figs. 4, 5, and 7.

Table 1 Anatomical properties of the LCA, PCA, IA muscles
from Mineck et al. (2000)

Force direction angle

Laryngeal
muscles a b

Initial length
(mm)

Initial cross sectional
area (mm2)

LCA 70 deg 30 deg 17 21.2
PCA 21.1 deg 71.4 deg 11.5 34.2
IA 41.6 deg 22.5 deg 9.4 12.1

Table 2 Model constants of the constitutive equations

TA, cover layer LCA, PCA, and IA

c10 5� 103 Pa 5� 103 Pa
c01 �3� 103 Pa �3� 103 Pa
c11 �2� 104 Pa �1� 104 Pa
c20 8� 104 Pa 9� 104 Pa
c02 �2� 104 Pa �1� 104 Pa
K 3� 106 Pa 3� 106 Pa
rmax 105 Pa 105 Pa
kofl 1.4 1.4
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where k is the muscle fiber stretch along the fiber direction. As
this study focused on the steady-state vocal fold deformation, the
active stress due to muscle activation was assumed to be inde-
pendent of the strain rate and scale linearly with the muscle acti-
vation level a

ractive ¼ armaxfactive

k
kopt

(4)

where rmax is the maximum activation stress, kopt is the optimal
stretch of muscle fiber at which maximum active stress occurs,
and factive is the normalized function of muscle active force
defined as [19,36,39]

factive ¼
1� 4 1� k

kopt

� �2

; 0:5kopt � k � 1:4kopt

0; otherwise

8><
>: (5)

The active component of strain energy function was obtained by
substituting Eqs. (4) and (5) into Eq. (3)

Wactive¼
armax

3
4 1� k

kopt

� �2

�3

" #
1� k

kopt

� �
; 0:5kopt�k�1:4kopt

0; otherwise

8>><
>>:

(6)

The value of kopt was set to 1.4 as in Blemker et al. [39], and the
value for rmax was taken from measurements from canine experi-
ments in Alipour-Haghighi et al. [40]. All the model coefficients
in Eqs. (2) and (6) are listed in Table 2.

For the passive force of the IA and PCA muscles, the individual
muscle stretch due to arytenoid cartilage motion was first calcu-
lated, which was then used to calculate the corresponding stress
using the passive strain energy function as defined in Eq. (2). The
passive forces were then calculated by multiplying the passive
stress by the cross-sectional area of the corresponding muscle,
similar to Hunter et al.[19] and Yin and Zhang [36].

2.3 Model Implementation. The model was implemented in
the commercial software COMSOL. Simulations were performed
using gradually refined meshes and mesh density convergence
was considered reached when the difference in the predicted vocal
fold displacement was within 5% between two consecutive
meshes. For the results reported below, the model contained a
total of 77,504 elements.

2.4 Model Validation and Comparison to Experiments.
Direct validation of our model by comparing to experiments
requires simultaneous measurement of the 3D vocal fold deforma-
tion and the stiffness and stress conditions within the vocal folds
when the LCA and TA muscles are stimulated, either in human
subjects or in vivo models (e.g., Berke et al., [41]). Neither of
these measurements is possible at present. The lack of reliable
techniques for in vivo measurement of vocal fold geometry and
material properties also indicates that we have to estimate the
input parameters to the numerical model, thus preventing a direct
quantitative comparison to experiments.

As far as we know, the only available experimental data in the
literature regarding laryngeal muscle stimulation are the in vivo
canine experiments by Choi et al. [10] and Chhetri et al. [9] in
which endoscopic images of vocal fold adduction in a superior
view were recorded at conditions of individual muscle activation,
as shown in Figs. 1(b)–1(d). In this study, model validation was
thus limited to qualitative comparison of the vocal fold adduction
pattern between the model predictions and the endoscopic obser-
vations of changes in glottal opening and shape in these two

studies. Figures 3(a) and 3(e) show the predicted glottis profiles
(i.e., the edge of the glottis when viewed from above) when the
LCA muscle and the TA muscle was fully activated alone (i.e.,
with all other muscles inactive), respectively. Also shown is the
glottal profile at the resting condition without muscle activation
(thin lines). Full LCA activation completely closed the posterior
portion of the glottis but left a small gap in the anterior portion of
the glottis, whereas full TA activation completely closed the ante-
rior portion of the glottis but there was a large gap in the posterior
glottis. Comparing Figs. 3(a) and 3(e) to Figs. 1(b)–1(d), these
observations are consistent with the observations in the in vivo
experiments in Choi et al. [10] and Chhetri et al. [9] (Fig. 1).
Considering the lack of accurate data regarding the material
properties and geometry of the vocal folds and the LCA/TA
muscles, this qualitative agreement between experimental obser-
vations and our model predictions suggests that this model was
adequate for a qualitative study of muscular control of vocal fold
adduction.

3 Results

3.1 Vocal Fold Motion Due to LCA Activation. Figures
3(b)–3(d) show the deformation of the model in three different
views when the LCA muscle alone was fully activated (aLCA¼ 1,
aTA¼ 0). (Figs. 3(f)–3(h) show the deformation due to TA muscle
activation which are discussed in Sec. 3.2.) The outline of the
undeformed geometry of the model was also shown in the figure.
The top view in Fig. 3(b) shows a medial motion of the arytenoid
cartilage which closed the posterior portion of the glottis. The side
view in Fig. 3(c) shows a downward motion of the arytenoid and a
downward bending motion of the posterior half of the vocal fold.
The frontal view in Fig. 3(d) shows a strong inward (medial) rock-
ing motion of the arytenoid cartilage about the cricoid cartilage.
To further quantify the arytenoid motion and its rotation axis,
Fig. 4 shows the displacement of a point located at the
medial–posterior corner of the superior surface of the vocal fold
(labeled as “A” in Fig. 2(a)) and the rotational angles of the poste-
rior edge of the superior surface of the vocal fold in both the coro-
nal plane (y-z plane) and the horizontal plane (x-z plane), as a
function of LCA activation (other muscles are set as zero activa-
tion). Figure 4(a) shows that LCA activation caused point A to
move downward and medially. The displacement along the AP
direction was much smaller, indicating almost negligible shorten-
ing or elongation of the vocal fold. Figure 4(b) further shows that
the rotation motion of the arytenoid was primarily a rocking
motion in the coronal plane about the long axis of the cricoid
facet, with a much smaller rotation or pivoting motion in the hori-
zontal plane about a vertical axis, particularly at conditions of
strong LCA activation. Thus, in this study, LCA activation led pri-
marily to a rocking motion of the arytenoid in the coronal plane
about the cricoid facet. Both the sliding motion and the rotational
motion in the horizontal plane about a vertical axis were quite
limited.

This rocking motion of the arytenoid led to a complex bending
motion of the vocal fold, particularly at the posterior half of the
vocal fold, as shown in Fig. 3(b). Figures 5(a)–5(c) show the de-
formation of three cross sections (anterior, middle, and posterior,
as defined in Fig. 2(a)) of the vocal fold, with the color represent-
ing the distribution of the AP strain (exx). Note that a negative AP
strain indicates the cross section was compressed along the AP
direction, whereas positive values indicate elongation along the
AP direction. Figures 3 and 5 show that different parts of the vocal
fold along the AP direction bent toward different directions: the
anterior portion bent medially (Fig. 3(b); Fig. 5(a): more negative
AP strain in the medial half than the lateral surface); the middle
portion moved medially, started to rotate clockwise in the coronal
plane, and bent downward (Figs. 3(c) and 5(b); and the posterior
portion showed both large medial movement and rotation in the
coronal plane, and bent laterally (Figs. 3(b) and 5(c): positive AP
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strain in the medial half and negative in the lateral half). Due to
this complex bending motion, the vocal fold formed a convex
glottis at the posterior part to adduct the posterior end, but a con-
cave glottis at the anterior portion (Figs, 3(a) and 3(b)). As a
result, LCA activation was able to close the posterior glottis but
left a small gap in the anterior portion of the glottis.

Note that, although the PCA and IA muscles were not activated
in this study, it was found that the passive forces from the PCA

and IA muscles in response to arytenoid cartilage motion were
essential to producing the rocking motion of the arytenoid carti-
lage. As shown in Fig. 6, without such passive forces from the
PCA and IA muscles, no obvious medial displacement was
observed even when the LCA muscle was maximally activated
(Fig. 6(a)), and contraction of LCA muscle only led to a down-
ward sliding motion of the arytenoid cartilage along the cricoid
cartilage (Fig. 6(b)).

Fig. 4 (a) The three components of the displacement of point A as a function of the LCA
activation level. (b) The rotation angles of the posterior edge in the coronal plane and the hori-
zontal plane as a function of the LCA activation level. The point A and the posterior edge were
defined in Fig. 2(a).

Fig. 3 The glottal shape (a,e) and the deformed model in a top view (b,f), side view (c,g), and frontal view (d,h) under the
condition of full LCA activation alone (top) and full TA activation alone (bottom). The thin lines indicate the original glottal
shape or geometry. Note that the curves on the surface of the cartilages represent the curved surface of the cartilages, not
the actual meshes used in the simulations.
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3.2 Vocal Fold Motion Due to TA Activation. Figures
3(f)–3(h) show the motion of the arytenoid cartilage and the vocal
fold when the TA muscle was fully activated alone. TA contrac-
tion shortened the vocal fold, which pulled the arytenoid cartilage
to rotate forward about the long axis of the cricoid cartilage
(Fig. 3(g)). Unlike the complex bending motion of the vocal fold
in the case of LCA activation, the resulting vocal fold motion in

this case was almost a whole-body uniform rotation around its an-
terior attachment to the thyroid cartilage toward the glottal center-
line. Due to this whole-body medial rotation, the vocal fold edge
along the AP length did not have the concave shape at the anterior
portion as observed under LCA activation. Instead, the vocal fold
edge had a slightly convex shape, because TA contraction also
caused the vocal fold to bulge out toward the glottal midline

Fig. 5 The deformed geometry of the anterior (left), middle (middle), and posterior (right) cross sections of the vocal fold at
the condition of full LCA activation alone (top) and full TA activation alone (bottom). The solid lines indicate the undeformed
geometry of the body and cover layer. The three cross sections are defined in Fig. 2(a). The color within the cross sections
represents the AP Strain exx.

Fig. 6 Model deformation in a top view (a), side view (b), and frontal view (c) under full LCA activation but without
considering the passive forces of PCA and IA muscles
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(Fig. 3(f)). As a result, TA contraction was able to completely
close the anterior portion of the glottis (Fig. 3(e)). Posteriorly, due
to the triangular shape of the original glottis, TA activation was
unable to fully close the posterior portion of the glottis, despite
the larger medial displacement at the posterior end of the vocal
fold, as shown in Fig. 3. In this study, the maximum TA contrac-
tion led to an average strain of about �0.17, which is within the
range observed in both experiments and simulations [40,42].

3.3 Interaction Between the LCA and TA Muscles. The
interaction between the LCA and TA muscles in controlling glot-
tal opening is illustrated in Fig. 7, which shows the contour plots
of the glottal gap in three cross sections (anterior, middle, and
posterior) and the posterior surface of the vocal fold (as defined in
Fig. 2(a)) as a function of the LCA/TA activation levels. In the an-
terior portion (Fig. 7(a)), contraction of both muscles reduced the
glottal gap. Control of the posterior glottal opening was more
complex (Figs. 7(b)–7(d)). While increasing level of LCA activa-
tion always reduced the posterior glottal width, increasing TA
activation first increased then decreased the posterior glottal width
for medium to high levels of LCA activation. Thus, while TA acti-
vation was always adductory for the anterior glottis, its effect was
adductory for the posterior portion of the glottis only for very low
levels of LCA activation. At medium to high levels of LCA acti-
vation, TA activation actually abducted the posterior portion of
the glottis.

3.4 Influence on Vocal Fold Eigenfrequencies. To under-
stand how vocal fold adduction affects the stiffness condition
within the vocal fold, a prestressed eigenvalue analysis, which
takes into consideration of the static vocal fold deformation and
stress due to muscle activation, was performed, as described in
Yin and Zhang [36]. Figure 8 shows the contour plot of the first
eigenfrequency as a function of the TA and LCA activation levels.

The first eigenfrequency was largely determined by the TA activa-
tion level, as indicated by the vertical contour lines, except for
conditions of very small TA activation levels (aTA< 0.2) at which
increasing LCA activation also led to a slight increase in the first
eigenfrequency. Similar patterns can be observed regarding the
influence of LCA/TA activation on higher-order eigenfrequencies,
as shown in Fig. 9 for the first ten eigenfrequencies. For a given
TA activation level (Figs. 9(a)–9(c)), increasing LCA activation
had almost no influence on the first ten eigenfrequencies except
for low TA activation levels (Fig. 9(a)). In contrast, increasing
TA activation significantly increased the eigenfrequencies, for all
levels of LCA activation. Considering that phonation results from

Fig. 7 Contours of the glottal width at locations of (a) cross section 1, (b) cross section 2,
(c) cross section 3, and (d) the posterior edge of the superior surface of the vocal fold as a
function of the LCA and TA activation levels

Fig. 8 Contour plot of the first vocal fold eigenfrequency as a
function of the LCA and TA activation levels
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synchronization of the first few eigenmodes of the vocal folds,
Fig. 9 suggests that LCA contraction is unlikely to have any no-
ticeable influence on phonation frequency except for conditions of
low TA activation. This observation is consistent with the experi-
mental observation in Chhetri et al. [43], which showed that LCA
activation led to only modest increase in phonation frequency.

4 Discussion

The movement of the arytenoid cartilage is determined by not
only the forces exerted by muscle contraction, but also the con-
straints of the arytenoid cartilage within the CAJ. Previous numer-
ical studies often constrained arytenoid cartilage motion to
rotation about a prespecified “virtual axis”. In the two-
dimensional adduction model in Titze and Hunter [20], this virtual
axis was set to be perpendicular to the transverse plane; while
other 3D adduction models allowed the arytenoid cartilage to
rotate around and slide along a fixed axis [17–19]. In the present
study, using realistic geometry of the arytenoid and cricoid carti-
lages and without any predefined virtual axis, we showed that ary-
tenoid cartilage motion under LCA activation was primarily a
rocking motion about the cricoid facets in the coronal plane, con-
firming previous assessments based on quantitative anatomical
measures [13,44]. Several factors are critical to achieving this
rocking motion. One is the virtual elastic film in between the ary-
tenoid and the cricoid cartilages (simulating the mucosa layer cov-
ering the cartilages) that prevented separation of the two
cartilages in the normal direction and forced the arytenoid carti-
lage to be in close contact with the cricoid cartilage. This restric-
tion prevented a large rotational motion about a vertical axis and
limited arytenoid cartilage motion to a rocking motion around
and/or a sliding motion along the cricoid cartilage. The forward-
sliding motion of the arytenoid cartilage along the cricoid carti-
lage was further resisted by the passive forces of the PCA and IA

muscles. As a result, the rocking motion became the least resisted
motion of the arytenoid cartilage, as observed in Fig. 3.

This study also revealed a mechanism as to why LCA muscle
activation was unable to close the anterior portion of the glottis.
Vocal fold adduction under LCA activation was induced purely
by arytenoid motion which only slightly stiffened the vocal fold.
As a result, the rocking motion of the arytenoid cartilage was able
to adduct or bend the vocal fold mostly at the posterior half but
not much at the anterior portion.

Although it is generally assumed that TA contraction adducts
the anterior portion due to medial bulge of the vocal fold, our
study showed that, due to constraints of the CAJ, contraction of
the TA muscle led to a medial rotation of the vocal fold toward
the glottal midline. This medial rotation, together with a second-
ary contribution from vocal fold bulging due to TA muscle con-
traction, allowed TA contraction to completely closed the anterior
portion of the glottis. However, this TA adduction was achieved
through shortening and significant stiffening of the vocal folds,
which resisted the rocking motion of the arytenoid cartilages due
to LCA activation. As a result, TA contraction also had an abduc-
tion effect at the posterior membranous portion of the glottis for
medium to high LCA activation levels, as shown in Fig. 7.

Although the rocking motion due to LCA activation led to com-
plex bending deformation within the vocal folds, the overall
effects of LCA activation on vocal fold stiffness were limited, as
shown by the relatively small changes in vocal fold eigenfrequen-
cies with increasing LCA activation. In contrast, TA activation
led to a more uniform deformation within the vocal fold, i.e.,
vocal fold shortening, and thus had a much larger effect on vocal
fold stiffness and eigenfrequencies. Previous studies [3,28] indi-
cated that vocal fold stiffness rather than the degree of vocal fold
approximation is more important in determining the glottal clo-
sure pattern during phonation, and that approximation of the vocal
fold alone (without simultaneous stiffening) is insufficient in

Fig. 9 The first ten eigenfrequencies of the vocal fold as a function of the LCA activation level for three levels of TA activation
((a): aTA 5 0; (b): aTA 5 0.5; and (c): aTA 5 1) and as a function of the TA activation level for three levels of LCA activation ((d):
aLCA 5 0; (e): aLCA 5 0.5; (f): aLCA 5 1)
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achieving complete glottal closure during vibration. Considering
the dominant effects of the TA muscle in relative to the LCA mus-
cle in the control of both vocal fold adduction and eigenfrequen-
cies, it seems that the TA muscle, instead of the LCA muscle,
may play an important role in controlling the closed quotient (the
fraction of the cycle the glottis is completely closed) of vocal fold
vibration, which is essential to the production of the harmonic
component of voice, and therefore may act as a fine controller of
voice quality (e.g., variation from breathy, normal, to pressed
voice quality).

The main limitation of this study lies in the accuracy (or inac-
curacy) of the material properties of the vocal fold and the
muscles used in our model. There have been little experimental
data characterizing the nonlinear anisotropic material properties
of the vocal folds and their spatial variations. Even less data are
available on the material properties, both passive and active, of
the individual laryngeal muscles involved. Large variability is
also known to exist in these material properties across subjects.
Due to this lack of reliable experimental data on material proper-
ties, numerical investigation of muscular control mechanisms of
vocal fold posturing has to reply on assumptions or simplifications
on the material properties of the laryngeal muscles, the cartilages,
and the transition layers in between. However, efforts have been
made in this study to base these model simplifications on the lim-
ited experimental data available. For example, the vocal fold con-
stitutive model of this study was derived based on previous
uniaxial tensile experiments. The maximum muscle activation
stresses were based on previous tetanic muscle stimulation in ca-
nine experiments. Furthermore, the cross-sectional areas and ori-
entations of the muscles involved were based on previous
anatomic measurements in human larynges. Considering that the
maximum muscle activation stress and its cross-sectional area and
orientation are the most important factors in determining the
effects of muscle activation, we can reasonably assume that our
model captured the essential features of vocal fold posturing due
to the LCA and TA activation, as demonstrated by the qualitative
agreement with canine experimental observations. Similar inac-
curacies due to lack of experimental data also existed on the ge-
ometry of the layered structure of the vocal folds and muscles.
The uniform cross section shape of the vocal folds along the ante-
rior–posterior direction is clearly a simplification of the more real-
istic geometry. However, vocal fold models of uniform cross-
sectional geometry have been used in previous studies, both ex-
perimental and numerical [26–30,23,31], and have been shown to
be able to reproduce some important features of phonation,
including phonation frequency, aerodynamics, and vocal fold
vibration pattern. Thus, this simplified geometry provides a rea-
sonable starting point for modeling when reliable experimental
data are inaccessible. Nevertheless, the conclusions of this study
need to be verified in future studies when experimental data
become available regarding material properties of the human lar-
ynx before it can be generalized to human phonation. Due to diffi-
culties in experimental measurement of these properties, one
future research direction of interest would be to conduct detailed
sensitivity studies to investigate the influence of these material
properties.

Besides using more realistic geometry and material properties,
another direction of further improvement is to model the PCA and
IA muscles as continuum structures instead of modeling their
effects as point forces applied to the muscular process of the ary-
tenoid cartilage. Modeling the muscle fiber deformation and how
its orientation changes under muscle activation would allow a
more realistic and accurate representation of the muscle force and
thus its effect on vocal fold posturing. This is particularly the case
for the IA muscle, activation of which is expected to play an im-
portant role in cartilaginous adduction of the vocal folds but was
not investigated in this study. It is possible that activation of the
IA muscle would allow complete adduction of the posterior glottis
even in the presence of strong TA activation, which needs to be
considered in future studies. In the long term, inclusion of all

relevant laryngeal muscles would eventually allow us to predict
consequences of muscular activation on vocal fold posturing and
voice production in general.
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