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Vocal fold vibration mode changes due to cricothyroid and
thyroarytenoid muscle interaction in a three-dimensional model
of the canine larynx

Biao Geng, Mohammadreza Movahhedi, Qian Xue,® and Xudong Zheng®
Department of Mechanical Engineering, University of Maine, Orono, Maine 04473, USA

ABSTRACT:

Using a continuum model based on magnetic resonance imaging of a canine larynx, parametric simulations of the
vocal fold vibration during phonation were conducted with the cricothyroid muscle (CT) and the thyroarytenoid
muscle (TA) independently activated from zero to full activation. The fundamental frequency (fp) first increased and
then experienced a downward jump as TA activity gradually increased under moderate to high CT activation. Proper
orthogonal decomposition analysis revealed that the vocal fold vibrations were dominated by two modes
representing a lateral motion and rotational motion, respectively, and the fo drop was associated with a switch on the
order of the two modes. In another parametric set where only the vocalis was active, fy increased monotonically with
both TA and CT activity and the mode switch did not occur. The results suggested that the active stress in the TA,
which causes large stress differences between the body and cover, is essential for the occurrence of the rotational
mode and mode switch. Relatively greater TA activity tends to promote the rotational mode, while relatively greater
CT activity tends to promote the lateral mode. The results also suggested that the vibration modes affected fy by
affecting the contribution of the TA stress to the effective stiffness. The switch in the dominant mode caused the

non-monotonic change of fo. © 2021 Acoustical Society of America. https://doi.org/10.1121/10.0005883
(Received 3 November 2020; revised 19 July 2021; accepted 26 July 2021; published online 16 August 2021)

[Editor: Zhaoyan Zhang]

. INTRODUCTION

The role of the thyroarytenoid muscle (TA) in fre-
quency regulation has been known to be complex. It has
been widely accepted that TA activation could either raise
or lower the fundamental frequency (f) depending on the
state of the vocal folds.' However, it is still not fully clear
under what conditions TA activity would raise or lower fj
and the mechanisms behind it. Based on in vivo electromy-
ography (EMG) measures and thyroarytenoid stimulation on
human subjects, Titze et al.' suggested that “at lower funda-
mental frequencies and lower vocal intensities, f;, correlates
positively with TA activity, but at higher fundamental fre-
quencies and low intensity (especially in falsetto voice) an
increase in TA tends to lower f,.” This indicates that TA
activation would lower f; under high cricothyroid muscle
(CT) activation and increase it under low CT activation. Yin
and Zhang2 studied the eigenfrequencies of vocal fold vibra-
tion in the full CT vs TA space using pre-stressed eigenanal-
ysis on a simplified continuum vocal fold model with
muscle activation. They found that TA always lowered the
eigenfrequencies under high CT activation; under low CT
activation, TA first lowered and then increased the eigenfre-
quencies; the eigenfrequencies increased monotonically
with TA activation only when CT was not activated.
However, a more recent in vivo study using graded muscle
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stimulation on a canine model® showed an opposite trend
that “across all CT and LCA/IA conditions..., an increase in
TA activity always first raised f; and then lowered f;™ (see
Fig. 8 in Chhetri et al?). One possible cause of the opposite
trends found in the eigenanalysis and in vivo investigation
might be that the eigenfrequency of a single mode was not
representative of the fundamental frequency because the
flow-structure interaction (FSI) involves entrainment of
multiple modes.

In addition to its role in frequency control, TA is also
widely believed to be important in regulating vocal regis-
ters. A very popular point of view is to regard the modal/
chest register as TA-dominant and the falsetto/head register
as CT-dominant (see, e.g., Ref. 4), following perhaps the
studies by Hirano using EMG.> However, more recent EMG
studies®’ are not in support of this, as it was found that CT
was dominant for most of the frequency range even in the
chest register.

The vocal registers are thought to be associated with
different vibratory mechanisms as is shown from electro-
clottograph (EGG) signals and the sound speclrum.g
However, when observed using videokymography and
strobo-laryngoscopy, the basic surface vibration pattern has
been reported to share the same features across different
regislc:rs,9 for example, vibration along the whole glottal
length and vertical phase difference. Hirano 10 proposed four
types of vocal fold configurations/vibration modes under CT
and TA interaction based on the body-cover structure of the

© 2021 Acoustical Society of America
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vocal fold tissue composition to illustrate the vibratory
mechanisms corresponding to different registers. However,
these vibration modes remained largely hypothetical, as it is
difficult to measure the internal kinematics of the vocal fold
in experiments and previous numerical simulations of vocal
fold vibration did not include the muscle mechanics. Some
investigations'' that embedded trackers inside the vocal
folds to reveal the internal motion showed that the vibration
amplitude decreases deep into the vocal folds as muscle
activity increases, but no information regarding vibrational
modes was available. Moreover, Hirano’s description of the
laryngeal adjustments was largely qualitative, and it is not
clear when these vibration modes transition to each other
under muscle activities.

The frequency change within the same register/
laryngeal mechanism is believed to be smooth with gradual
variation of muscle activity, and the transitions between
registers are usually accompanied by a frequency jump.12
Previous experimental studies showed that frequency jumps
could occur with*'? or without'? TA activity.

The objective of this study is to use a computational
laryngeal model that incorporates laryngeal muscle mechan-
ics to investigate the role of CT and TA interaction in fre-
quency regulation during voice production as well as the
underlying mechanism of vocal fold vibration causing the
frequency change. The computer model includes the major
links in the process of voice production, making it possible
to investigate the cause-effect relationship between muscle
activity and the vocal fold vibration by detailed investiga-
tion of the movements of the internal vocal fold tissues.
Proper orthogonal decomposition (POD) was used to ana-
lyze the vocal fold vibration from current simulations. The
same method has been widely used since its first application
by Berry et al.** to interpret high-order biomechanical simu-
lations of normal and chaotic vocal fold oscillations.

Il. METHODS
A. Simulation setup

The current simulations were based on a muscle activa-
tion model and a three-dimensional (3D) larynx model that
were developed previously. Readers are referred to the

(a) Left vocal fold (D)

lateral

previous work!® for a more detailed description of the
reconstruction of the laryngeal components from magnetic
resonance imaging (MRI) data. Briefly, a full larynx model
[Fig. I(a)] was constructed from MRI data of a dissected
canine larynx, which included all relevant laryngeal carti-
lages and intrinsic laryngeal muscles. The cricoarytenoid
joint (CAJ), which is essential in modeling vocal fold pos-
turing, was modeled as a rotating-sliding motion, which
allowed the arytenoid cartilages to move with two degrees
of freedom: a linear movement along the long joint axis and
a rotational movement around the long joint axis. It was
implemented by constraining the two vertices of the aryte-
noid facet of the CAJ to the axis (long joint axis) defined by
these two vertices. It was shown previously that such simpli-
fication of the joint motion was able to predict a wide range
of posturing maneuvers with correct vocal fold move-
ments.'® The muscle activation was modeled using the Hill-
based contractile element,'®!? in which the uniaxial active
muscle stress was proportional to the maximum active stress
and the muscle activation level and was calculated in the
fiber direction defined by the origin and insertion points of a
muscle bundle. For completeness, a detailed description of
the muscle model is included in the Appendix.

The vocal fold vibration was simulated using a two-
stage approach to reduce the computational cost. In the first
stage, static vocal fold posturing under specific muscle acti-
vations was simulated on the full larynx model. The dis-
placements of the vocal fold boundary areas connecting the
cartilages and adjacent areas [see the black dots in Fig. 1(b)]
were then extracted from the solution. In the second stage,
dynamic simulation of FSI was performed using the left
vocal fold only [Fig. 1(b)] with the same tissue composition
[shown in Fig. 1(c)], including the paraglottic space (PGS),
the cover layer, the conus elasticus (CE), the thyroarytenoid
vocalis muscle (TAv), the thyroarytenoid muscularis muscle
(TAm), and the lateral cricoarytenoid muscle (LCA). The
same material parameters as in the previous work" were
used for the muscles (see also the Appendix). For non-
muscle tissues, (nearly) incompressible Mooney—Rivlin
materials were used. The parameters were fitted to have
equivalent stiffness to the materials used previously15 under
small strain and are listed in Table I. The displacements

Condition 2

c "
( ) Condition 1 PGS

FIG. 1. (Color online) (a) Full larynx model in neutral position. The right vocal fold is made transparent to show the thyromuscularis. (b) Left vocal fold.
Black dots denote boundary nodes with prescribed displacements. (c) Parametric simulation setup. In the first parametric set (condition 1), both the TAv and
the TAm bundles of the TA were active. In the second parametric set (condition 2), only the TAv was active.
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TABLE 1. Material parameters for non-muscle tissues.

Tissue Cqp (kPa) Co (kPa)
Cover 0.117 0.295
PGS (adipose) 0.117 0.295
CE 2.000 1.500
Inter-muscular tissue 0.117 0.295

extracted in the first stage were used as prescribed boundary
conditions for the boundary nodes [black dots in Fig. 1(b)].
The TAs were activated accordingly. In this way, the pre-
phonatory posture and tension under a muscle condition
were generated. Note that in the current study, the stress-
free neutral posture (without any muscle activation) of the
vocal fold is in the adducted position (no vocal process gap)
based on the MRI scan. Activation of CT and TA only
changed the elongation and bulging of the vocal fold.

The vocal fold model was coupled with a one-
dimensional (1D) Bernoulli flow model to simulate the FSI
between the vocal fold and glottal flow. Previous compari-
son'® between the Navier—Stokes model and Bernoulli model
for the glottal flow showed that the Bernoulli flow model was
adequate for obtaining reasonable predictions in terms of dis-
placement and qualitative vocal fold vibration. It is favorable
in the current study because its low computational cost makes
parametric simulations possible. The flow was assumed to
separate at the minimum glottal area. Downstream of the sepa-
ration point, the pressure was assumed to equal the supraglot-
tal pressure, which was assumed to be zero. Upstream of the
separation point, the pressure was solved using the Bemoulli
equation without considering the viscous loss,

2
N N
P(¥) = Psu> = 5 Pair (A(y)) ; (1)

where p(y) is the intraglottal pressure at the location y, A(y)
is the cross-sectional area at this location, py,, is the subglot-
tal pressure, Q is the air flow rate, and p,, is the density of
air. The flow rate is a passive outcome from the FSI and was
calculated as

0= %Am @

where A, is the minimum cross-sectional area along the glot-
tal channel, which is also the cross-sectional area of the glottis
at the flow separation point. In this study, a constant subglottal
pressure of 2kPa was used for all the cases. This was deter-
mined based on a previous in vivo canine model sludy3 that
showed a maximum onset subglottal pressure of about 2 kPa
across the full range of intrinsic laryngeal muscle activity.

A contact plate was set up to simulate vocal fold
contact, which was modelled using a penalty-based face-to-
face contact model. A penalty pressure was applied to the
face elements that cross the midline. The penalty pressure
was specified as a linear function of the over-closure as

1178  J. Acoust. Soc. Am. 150 (2), August 2021

Peontact =K AX, where K. =1000kPa is the spring constant
and AX is the over-closure. The resultant contact pressure
for the parametric simulations was in the range of 27 kPa,
which is comparable to values from previous experimental
results.'®

Two sets of parametric simulations were conducted.
The difference between the two sets of simulations is illus-
trated in Fig. 1(c). In the first parametric set (condition 1),
both the TAv and the TAm bundles of the TA were active.
In the second parametric set (condition 2), only the TAv
was active. The simulation was run for 0.2s. All simulated
cases either had reached nearly steady-state sustained vibra-
tion or were damped out after 0.1 s. The mean flow rate was
in the range of 300—1200 ml/s. For analysis, data for the last
0.1 s were used to exclude transient effects.

The cases in a parametric set are referred to by the acti-
vation levels (acr, ara), where both acp and a, are in the
range of [0, 100%]. For example, case (0.5, 0.4) is the case
in which the activation of CT is 50% and TA 40%. Cases
(*, 0.4) include all the cases with the same TA level of 40%
and CT levels from O to 1.

B. POD analysis

To analyze the vocal fold dynamics, we performed
POD on the vocal fold vibration. POD is a classic method of
data analysis aimed at obtaining low-dimensional approxi-
mate descriptions of high-dimensional dynamic processes.20
For the POD analysis, the 3D motion history of the vocal
fold vibration is taken as the input. The output is the decom-
posed base modes (POD modes) of the vibration and their
corresponding amplitude coefficients (which vary periodi-
cally with time for cases with sustained vibration). The
motion history is a superposition of the POD modes scaled
with the amplitude coefficients. Compared to the eigenanal-
ysis, the POD shows what vibration modes are actually
triggered in the dynamic process.

Mathematically, the decomposition of a vocal fold
vibration into POD modes can be expressed as

x(X, 1) = Mo(X) + C1(OM;(X) + C2(()M2(X) + -+, (3)

where x is the three-dimensional displacement as a function
of node coordinates X and time ¢, M is the POD mode, and
C is the mode amplitude coefficient. My is the mean defor-
mation, which can be regarded as the equilibrium position.
The POD modes are sorted in descending order by their
energy proportion, i.e., the lower modes are more dominant.
For the algorithm used to compute the POD modes, a brief
description is available in Refs. 14 and 21. The POD modes
are mutually orthogonal, i.e., the dot product of any two
POD modes derived from the same motion is zero.

lll. RESULTS
A. fy variation under CT and TA interaction

Figure 2 shows the fundamental frequency variation
under CT and TA interaction when both the TAv and TAm

Geng et al.
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FIG. 2. (Color online) Fundamental frequency variation under CT and TA interaction when both TAv and TAm were active (condition 1). (a) Contour plot.

(b) Line plots at different CT levels.

were active (condition 1). Figure 2(a) is a contour plot,
while Fig. 2(b) is a line plot with selected CT levels for the
same data to better illustrate the changes in values. In this
parametric set, f; varied in the range of about 145 Hz at (0,
0) to 190 Hz at (0.6, 1.0), which accounts for about four and
a half semitones. This range of frequency is small compared
to that of a normal human or what was reported in in vivo
canine experiments (69-772 Hz).”\’1322 This could be due to
the uncertainties in material properties in the current model.
The fixed subglottal pressure (2kPa) and the limited vocal
fold stretch in current simulations may also have contributed
to the small range of f;.

From the contour plot in Fig. 2, CT activation always
increased f regardless of the TA activation level, and a dis-
continuous jump of f, occurred when CT activation was
beyond a certain level. The activation level of CT at which
the fo jump occurred increased with TA activity. The varia-
tion of f with TA activity showed a more complex pattern.
For very low CT activations (acr < 0.1), fo remained low
despite TA activity. Only a slight rise was seen as TA
reached full activation. For other CT activation levels
(0.2-0.8), fp first increased with TA activity and then under-
went a significant drop, after which it increased again but to
a much smaller extent. The three-phase non-monotonic trend
of fo was similar under different CT levels with the differ-
ences only in the values of f;, and the TA levels at which the
transition occurred: as the CT level became higher, the drop
of fo also occurred at higher TA levels. The highest possible
fo occurred at full CT activation and medium (0.5-0.6) TA
activation. A similar first-increase-then-drop trend of fy was
also observed in an in vivo expeﬁmenl.3 In the experiment,
under high CT activations, f, saw a slight decrease after the
peak value before the sudden drop. This phenomenon was
not observed in the current simulation.

B. Vibration analysis and transition of POD modes

From our current understanding of voice production,
the gradual change of f;, with CT and TA activation is

J. Acoust. Soc. Am. 150 (2), August 2021

produced within the same vibratory mode, while the sudden
fo change is associated with transition of the vibratory mode
from one to another. Such understanding is largely based on
reports of changes in voice spectrum and EGG signal associ-
ated with frequency jumps.B With the current model, it is
possible to investigate the motion of the internal tissues
under muscle activities and directly link the f; change and
vibratory mechanisms.

To quantify the change of vibratory patterns, the vocal
fold vibration was decomposed into 10 POD modes, which
was enough to accurately reconstruct the original motion.
The square of the amplitude of the modal coefficients can be
regarded as the modal energy. The total energy of the vocal
fold vibration was calculated as the summation of the modal
energy. The POD analysis revealed that the first two modes
made up a large proportion of the total energy for all the
cases. M1, which was the most dominant mode, made up
about 50%—75% of the total energy across all the cases. M2,
which was the second most dominant mode, made up about
209%—40% of the total energy across all the cases. The total
energy percentage of M1 and M2 is plotted in Fig. 3. For the
majority of cases (acy = 0.4), M1 and M2 made up more
than 90% of the total energy. Even in the lower region (right
bottom corner of Fig. 3), M1 and M2 together made up
more than 75% of the total energy. The modes M1 and M2
were a pair, both of which had the same frequency as fy. The
higher POD modes were found to have the frequencies of
higher harmonics of f;,. Therefore, M1 and M2 are the focus
of the current investigation.

The mode shapes of M1 and M2 changed with CT and
TA activation levels, but the detailed 3D structure of the
deformation is hard to present for all the cases. Taking the
(0.5, 0.4) and (0.5, 0.5) as examples, the mode shapes of M1
and M2 are plotted in Fig. 4. These two cases are chosen to
illustrate changes in POD modes over the frequency drop. It
will be shown later that other cases before and after the fre-
quency drop had similar mode shapes to those of the two
cases illustrated. The vectors (red lines) show the normal-
ized displacements on the deformed shape. Note that the

Gengetal. 1179
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FIG. 3. (Color online) Total energy percentage of vocal fold vibration
mode, M1 and M2, based on POD of vocal fold vibration in condition 1.

vector length is not representative of actual magnitude.
Annotational arrows (black) are used to better illustrate the
pattern.

M1s of cases (0.5, 0.4) and (0.5, 0.5) show two distinct
motion patterns. In M1 of (0.5, 0.4), around the medial part
of the cover layer, the lateral component of the displacement
is dominant. The displacement in the TAm shows a diver-
gent pattern in which the superior portion moves laterally
and upward while the inferior portion moves laterally and
downward. The subglottal portion of the vocal fold (includ-
ing the TAv and the CE) also moves downward. The ampli-
tude of the displacement vector decreases deep into the
TAm. The superior part of the cover also has very small

(0.5,0.5) M2

FIG. 4. (Color online) Displacement vectors of M1 and M2 for cases (0.5,
0.4) and (0.5, 0.5). Vector length (red lines) is not representative of actual
magnitude. Black arrows indicate local movement direction.
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displacement. In M1 of (0.5, 0.5), the displacement in the
medial portion of the cover layer has a significant downward
vertical component. The displacement vector is almost tan-
gent to the medial-inferior boundary of the TAm. The dis-
placement in the TAm undergoes a continuous change in
direction from lateral at the inferior aspect to upward at the
lateral part. Together with the medial-ward movement of the
superior part of the cover layer, it forms a circular pattern of
motion around a virtual center at the superior-medial bound-
ary of the TAm muscle. Deep into the TAm, the amplitude
of the displacement vector does not decrease as much as in
the case (0.5, 0.4). The subglottal part of the vocal fold has a
noticeably smaller amplitude of motion compared to that in
(0.5,04).

M2s of the two cases are also distinct. Interestingly,
they both have some similar features to those in MI
described above. For example, M2 of case (0.5, 0.4) also
shows a circular motion pattern in the vocal fold at the glot-
tis level like that in M1 in (0.5, 0.5). Specifically, the medial
cover moves laterally and upward, while the superior cover
moves laterally with the horizontal component being domi-
nant. It is interesting to note that the direction of the rotation
of the TAm is different in M2 of (0.5, 0.4) and M1 of (0.5,
0.5). This M2 also has a smaller magnitude of motion in the
subglottic region like M1 in (0.5, 0.5). M2 of case (0.5, 0.5)
shows a dominant lateral component in the medial portion
of the cover layer and a larger magnitude of motion in the
subglottic region, like MI in (0.5, 0.4). These cross-
similarities between the two modes indicate that there was
likely a mode order switch underlying the change of vibra-
tion pattern across the frequency drop.

To quantify the POD mode change, mode similarity
(denoted as m) is calculated for the full CT vs TA space. The
similarity is quantified by the dot product of two POD
modes (represented as normalized vectors). Please note that
because CT activation slightly changes the mode shape, it is
more consistent to use a case with the same CT activation as
the baseline case to quantify the effect of TA activation on
mode order switch. In our calculations, the apy =0.1 case
was used as the baseline case for each CT activation level.
Mathematically, the similarity of the nth POD mode of a
case (acr, aps) to the mth POD mode of the baseline case
(acT, 0.1) is calculated as

Tam (cT, a1A) = [Ma(acT, ata) - Mim(acr, 0.1), “4)

where M, is the normalized modal displacement vector of
the nth POD mode.

The value of mode similarity is between 0 (when the
two modes are orthogonal) and 1 (when the two modes are
identical). Values closer to 1 represent higher similarity and
values closer to 0 lower.

The similarity of M1 of each case to the M1 of its base-
line case (my;) is plotted in contour in Fig. 5(a). Three
regions can be identified. The first is the region with no or
very low CT activation (0-0.1,%). In this region, my,;
decreased gradually as TA activation level increased but

Geng et al.
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FIG. 5. (Color online) Contours of mode similarity in condition 1 (both the TAv and TAm were active). (a) Similarity between M1 and M1 of (¥, 0.1). (b)
Similarity between M1 and M2 of (¥, 0.1). (c) Similarity between M2 and M1 of (*, 0.1).

remained above 0.75, indicating that the dominant mode
remained the same and no mode change occurred. The sec-
ond region is the top-left triangular region with CT activa-
tion from 0.2 to 1.0. my; was higher than 0.8 in this region.
The third region is to the right of the second with higher TA
levels. In this region, m;; is much lower. The boundary
between regions 2 and 3 aligns exactly with where the f
drop occurred (shown in Fig. 2). This confirms that a very
different mode became the dominant mode after f;, drop.

To further confirm the mode order switch, mode simi-
larities m5; and m,, are also computed and plotted [Figs. 5(b)
and 5(c)]. m»; quantifies the similarity of M2 of each case to
M1 of its baseline case, and 7}, quantifies the similarity of
M1 of each case to M2 of the baseline case. The contours of
My and 7y, both show the same three-region pattern as that
in Fig. 5(a), but with the low- and high-value regions
swapped. This indicates that M1 and M2 after f, drop
become highly similar to M2 and M1 of the baseline cases,
respectively, confirming the mode order switch for all the
cases where the f;, drop occurred.

Based on the POD mode similarities shown above, M1
in cases (0.5, 0-0.4) and M2 in cases (0.5, 0.5-1.0) can be

Circulation of Displacement

(a) TAm boundary @ mid-coronal, M1

)

I' (mm

TA activation

regarded as one type of mode and M2 in cases (0.5, 0-0.4)
and M1 in cases (0.5, 0.5-1.0) as another type. For ease of
discussion, these two types of mode will be termed the lat-
eral mode and the rotational mode based on the main fea-
tures, specifically. To justify such labelling of the mode
shapes, the circulation of the displacement field around the
boundary of TAm at the mid-coronal section [see Fig. 1(c)]
was calculated as a quantification of rotation in the mode
shape. The results are shown in Fig. 6. The contours show
the circulation in M1 and M2, respectively. For M1, the
modes that are characterized as the lateral modes show
nearly zero circulation, whereas the modes that are charac-
terized as the rotational modes show significantly higher cir-
culation. For M2, the division between the two types of
modes is not as clear-cut as that in M1, but generally the
modes that are characterized as the rotational modes show
higher circulation than the modes that are characterized as
the lateral modes.

Figure 7 shows the mode energy percentage of the two
types of mode for the act=0.5 cases. It is clear that a mode
transition occurred from ap, =0.4 to apy = 0.5. In this tran-
sition, the rotational mode superseded the lateral mode and
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FIG. 6. (Color online) Circulation of the displacement field in the POD modes around the boundary of TAm at mid-coronal section for (a) M1 and (b) M2 in

condition 1.
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FIG. 7. Mode energy coefficients showing dominant mode switching from
lateral to rotational.

became the most dominant mode. It is worth noting that
before the mode transition, the energy percentage of the
rotational mode also increased with TA activation level and
that it increased slightly after the mode switch.

For the lower region where CT activation level is low
and TA is very high, higher POD modes were non-negligible
as is indicated by the energy contour (Fig. 3). In these cases,
more complex modes with cover layer-dominant motion
were active. However, since this paper focuses on the non-
monotonic fy change with TA activity, the detailed vibratory
pattern of the vocal fold in this region was not explored.

C. Effects of TAm bundle

In Sec. I B, we demonstrated the mode switch of vocal
fold vibration under CT and TA interaction. It can be asked
further why the vibratory mode switched with muscle activ-
ity and why the mode switch caused frequency drops.

In this section, the effects of the TAm are tested using
results from the parametric simulations when only the TAv
1s active (condition 2). The TAm introduces a nonlinear fac-
tor as it stiffens the body while slackening the cover, which
promotes a non-homogeneous stress distribution in the body
and cover that is likely to cause bifurcation.

The frequency contour of condition 2 is plotted in Fig. 8.
The range of fy was from 145 Hz at (0, 0) to 193 Hz at (1.0,
1.0), which was close to that of when both the TAv and TAm
were active (condition 1). However, f; showed a monotonic
increase with both CT and TAv activation, and the highest fre-
quency was achieved at the maximum activation of both
muscles. At medium TA levels, f; was generally lower than in
condition 1. Frequency jumps with TA activity only occurred
at two locations where the CT level was very low.

The POD analysis was also applied to the cases in condi-
tion 2. For condition 2, the total energy percentage of Ml
and M2 was above 93% for all the cases. The mode similar-
ity contours are plotted in Fig. 9.

1182  J. Acoust. Soc. Am. 150 (2), August 2021

1 190
09F

_ 0.8 -

s 0.7

£05 170 =)

S04 o

Q03 160
0.2

001020304050607080.9 1
TAv activation

FIG. 8. (Color online) Fundamental frequency variation under CT and TA
interaction when only the vocalis muscle was active (condition 2).

From Fig. 9, m;; of condition 2 underwent a gradual
decrease with TA activity but remained greater than 0.5.
Inspection of the mode shapes revealed that M1 had a mode
shape similar to that of the lateral mode [M1 of (0.5, 0.4) in
condition 1] described in Sec. III B. From Fig. 9(b), n,, had
a similar pattern except a steeper decrease in the middle
region. However, the mode shape of M2 was different from
both types described in Sec. IIIB. No mode order switch
occurred in condition 2, as was verified by m;» [Fig. 9(¢)].
7»; (not shown) was similar to 7,,.

Figure 10 compares the stress in the anterior-posterior
(AP) direction (calculated as the volume average of the lon-
gitudinal total stress) in the body (TAm) and cover layers
and the difference between them for the parametric simula-
tions in conditions 1 and 2. In condition 1, the AP stress in
the TAm increased with both CT and TA activities, whereas
the AP stress in the cover was largely determined by vocal
fold strain. As the AP stress in the TAm was much higher
than that in the cover, the AP stress difference was largely
determined by the TAm AP stress. In condition 2, as the
TAm was not active, AP stress in both TAm and cover was
mostly determined by the vocal fold strain. Note that, in
both conditions, the AP stress in TAm was always higher
than that in the cover layer, indicating that the body layer
was stiffer in the current simulation. However, experimental
data show that it is possible for the cover layer to have a
higher AP stress during vocal fold stretch.”® Overall, the
stress difference between the body and cover layers was
much higher when the TAm bundle was active. The AP
stress difference increased with both CT and TA activity.
The same trend can be inferred from Yin and Zhang.2 Note
that the contour pattern does not line up with the frequency
drop, indicating that it was not the only cause of the mode
switch.

IV. DISCUSSION

Previous studies'*** have also shown two major types
of empirical modes largely accounting for the dynamic
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FIG. 9. (Color online) Mode similarities of the first two modes in condition 2. (a) Similarity between M1 and M1 of (*, 0.1). (b) Similarity between M2 and

M2 of (¥, 0.1). (c) Similarity between M1 and M2 of (¥, 0.1).

vibration pattern of the vocal folds. One of them accounts
for the lateral movement of the vocal fold, and the other
accounts for the alternating divergent/convergent shape
change. It appears that either mode could be the more domi-
nant. For example, in the simulation conducted by Alifour
and Titze” and subsequently analyzed by Berry et al.,"* the
convergent/divergent mode was the more dominant. In a
later study by Berry et al.® where empirical modes were
derived from high speed imaging data of vocal fold vibra-
tion in excised canine larynges, the lateral mode was found
to be the more dominant. Hirano'® proposed the body-cover
theory of vocal fold vibration and described four different

(a) AP stress in. 'l:'Am [kPa] (b)
Condition 1

AP stress in Cover [kPa]
Condition 1

vocal fold configurations with CT and TA adjustments that
enable the vocal fold to vibrate in different patterns. The
current results show direct proof that the vocal folds are
capable of vibrating in different modes due to changes of
muscle activities, which greatly affect the fj.

The comparison between the results from conditions 1
and 2 shows that the active stress in the TAm was essential
for the mode order switch. It appears that CT activity tends
to promote the lateral mode and that TA activity tends to
promote the rotational mode. For example, at (0.4, 0.3) in
condition 1 (when both the TAv and TAm were active), the
lateral mode was dominant. Increasing the TA activation by

(c) AP stress difference [kPa]
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FIG. 10. (Color online) AP stress (volume-averaged) in the vocal fold. (a) AP stress in TAm for condition 1 (both TAm and TAv were active). (b) AP stress
in the cover for condition 1. (c) AP stress difference between TAm and the cover for condition 1. (d) AP stress in TAm for condition 2 (only TAv was
active). (e) AP stress in the cover for condition 2. (f) AP stress difference between TAm and the cover for condition 2.
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10% from here changed the dominant mode to the rotational
mode at (0.4, 0.4), from which the dominant mode changed
back to the lateral mode when the CT activation was
increased by 10% at (0.5, 0.4). These effects of CT and TA
on the vibration are likely due to their effects on vocal fold
stress distribution. CT stretches both the body and cover,
which promotes a homogeneous stress distribution in the
vocal fold, making it more likely to vibrate as a single-
layered unit. TA stiffens the body and slackens the cover,
which promotes a heterogeneous stress distribution in the
vocal fold, making it more likely to vibrate as a two-layered
structure. The stiffened body limits the lateral motion of the
slackened cover, for which the rotational motion around the
stiff core is more easily triggered. From the current simula-
tion results, the mode order switch in condition 1 occurred
when the status of cover layer was transitioning between in
tension (elongated) and in compression (shortened). This is
clear from the stress contour in Fig. 10(b) as the mode tran-
sition roughly lined up with the zero AP stress in the cover.
However, this does not mean that the mode order switch is
associated only with the cover-layer AP stress, because it
did not occur in condition 2, where the cover layer was also
in compression under high TAv activation.

Titze et al."*® used the concept of effective stiffness
and effective vibration depth to explain the role of the TA in
controlling fj. fo is expected to change approximately as the
square root of the effective stiffness. How TA activity
affects the effective stiffness was thought to depend on how
much of the TA is involved in vibration (effective vibration
depth; see Titze et al*®). More specifically, when the vibra-
tion 1s confined to the cover, contraction of TA would lower
fo due to reduced tension in the cover layer; when the vibra-
tion extends deep into the body, TA contraction could
increase fp if the increased tension in the body layer out-
weighs the tension decrease in the cover layer. Our results
suggested that, besides the vibration depth, vibration mode
also affects how TA activity affects the effective stiffness.
When the lateral mode was dominant, increasing TA activ-
ity increased fp, suggesting that the increased TA stress
increased the effective stiffness. When the dominant mode
switched to the rotational mode, f; underwent an abrupt
drop. Moreover, after that, when the rotational mode
became dominant, increasing TA activity only slightly
increased fp. Note that the vibration amplitudes of the TA in
both modes were close. These results suggested that the
rotational mode reduced the contribution of TA stress to the
effective stress. Therefore, vibration mode can play an
important role in muscle regulation of fy by affecting the
contribution of muscle stress to the effective stiffness.

The increase in f with TA activity even under high CT
activation shows that a low to medium level of TA activa-
tion is important in achieving high pitch in phonation.
McCulloch et al*” showed that higher pitch generally
involved higher TA activity in an EMG study. While the
common belief is that the falsetto register is CT-dominant
with little or no TA activity (see, e.g., Hirano>'®), Hull’
reported from EMG investigation that TA level also
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increased as pitch rose in most of the subjects, and TA activ-
ity could be higher in the falsetto than in the chest register
in some subjects. In the in vivo results reported by Chhetri
etal.? only two data points were in the falsetto region (fy >
400 Hz) when TA was not activated. Chhetri and Park sum-
marized in another in vivo study that in the higher register fy
is controlled by both CT and TA*® The average passive
stress of the human vocal ligament tissue under full elonga-
tion is around 50 kPa,”* which is on par with the active
stress of the TA with medium activation (note that the maxi-
mum active stress of the TA is around l{)OkPam). This
seems to indicate that the active stress in the TA layer could
function synergistically to the tension in the ligament to
increase fo, because the proximity in AP stress in the differ-
ent layers increases the homogeneity of the structure, mak-
ing it more likely to function as a single vibratory unit.

The optimal stretch of vocal fold muscles is greater
than 0ne,3°’31 that is, the maximum possible active stress is
achieved under elongation. In the several models of the
laryngeal muscles,>!” this value is between 1.2 and 1.5. This
has implications for the role of CT in frequency regulation.
CT is commonly thought to stretch the vocal fold to increase
the tension in the ligament to increase the frequency. The
often overlooked part is that it also increases the active
stress in the TA by making it closer to the optimal stretch.
This effect is stronger when TA activity is higher. A more
effective strategy to increase the AP stress in the vocal fold
is to have higher CT activation than the TA so that the vocal
fold is elongated and the active stress of TA is higher due to
it being closer to the optimum stress. This seems more effec-
tive than a higher-TA-than-CT strategy, in which case the
tension in the cover layer would be lower. It is worth noting
that TAs are usually activated up to medium levels during
normal phonation’ and full activation of TA is typically
seen in non-phonatory activities such as swallowing.”

The f; of the human voice is a very important factor
affecting its perception. The ability to modulate frequency is
vital in communication. For example, for a typical natural
sounding English phrase, the f, can vary by 1.7 times (e.g.,
n Slory32), or about 9 semitones. However, the muscle
activity related to the frequency variation in speech and
singing appears not to be uniform across subjeclsé’? and is
affected by vocal lraining.33 Different pathways also seem
possible even within the same register. For example, in the
in vivo experiment by Chhetri et al.? an Jo of approximately
550Hz can be achieved either with CT level 86% and TA
25% or with CT 71% and TA level 50%, both of which lie
in the falsetto regime judging by fo. The current simulation
also showed the possibility of achieving the same frequency
with different muscle activities under the same vibratory
pattern. Further investigation is needed to compare the char-
acteristics of the different pathways of f, control.

Finally, it is worth mentioning some of the limitations
of the current study. The simulated frequency range was
limited, mostly due to uncertainty in material properties and
limited vocal fold stretch in the current model, which was
subject-specific and canine-based and did not include the
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ligament. The separation of the TAm and TAv, which is
challenging even in anatomical dissection,* is prone to high
uncertainty, because the boundary between them is not clear
in the MRI scan. Moreover, the model was based on an arti-
ficially adducted larynx; thus, the TA’s effect on vocal fold
adduction could be different from that in vocal folds from a
natural neutral position. The LCA was not active in the sim-
ulation. As a result, the level of adduction, which also has
an impact on the vocal fold dynamics, was largely fixed. For
the muscle model, the dependence of active stress on strain
rate and local fiber orientation was not considered. Since
steady-state vocal fold vibration was the focus, the effect of
muscle active stress dependence on strain rate is expected to
be small. The use of single global orientation for all ele-
ments in a muscle bundle might be justifiable since the mus-
cle fibers of the TA (especially the TAv) mostly run in
parallel in the longitudinal direction. However, the change
of local fiber orientation with vocal fold deformation during
vibration could also affect the vocal fold dynamics. Its effect
needs to be investigated in the future. The current discussion
focused on the internal stresses of the vocal fold without
paying attention to other important factors such as the geom-
etry, in plane stiffness, level of adduction, and subglottal
pressure. For example, Jiang et al* reported bifurcation in
vocal fold dynamics with gradual modification of cover-
layer geometry. Needless to say, subglottal pressure is
another important factor in determining the vibration mode.
In the current study, a fixed subglottal pressure of 2kPa was
used, which was higher than the onset pressure under most
activation conditions.> We expect that, if broad subglottic
pressures were to be included, different vibration modes
might be observed, and the bifurcation of vibration modes
might occur at different muscle activation levels. Last, while
previous studies have shown that 1D flow models are ade-
quate in predicting the qualitative vocal fold vibration, its
interaction with muscle activation has not been investigated.
The exact boundary where the frequency jumps occurred
might have been different if higher-order flow models had
been used.

V. CONCLUSION

Using a MRI-based continuum model with simulated
muscle activity, parametric FSI simulations were conducted
to investigate the effects of interaction of CT and TA on
vocal fold dynamics. Under medium to high CT activation,
fo first increased with TA activity and then underwent a
downward jump, after which it remained low regardless of
TA activity. Such a trend was also reported in an in vive
expeﬁmenl.3 POD analysis revealed that the vocal fold
vibrations were dominated by two modes representing a lat-
eral motion and rotational motion, respectively, and the f,
drop was associated with a switch of the order of the two
modes. In another parametric set where only the vocalis was
active, f increased monotonically with both TA and CT
activity and the mode switch did not occur. The results sug-
gested that the active stress in the TA, which causes large
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stress differences between the body and cover, is essential
for the occurrence of the rotational mode and mode switch.
Relatively greater TA activity tends to promote the rota-
tional mode, while relatively greater CT activity tends to
promote the lateral mode. The results also suggested that
vibration mode plays an important role in muscle regulation
of fo by affecting the contribution of muscle stress to the
effective stiffness. In our results, the rotational mode
reduced the contribution of the TA stress to the effective
stiffness, causing the downward jump and afterward slow
increase in f; with increased TA activity after the dominant
mode switched from lateral to rotational.
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APPENDIX: DETAILS OF MUSCLE MODEL

The passive material properties of the muscle tissue
were modeled using fiber-reinforced materials. The active
stress was modeled using contractile elements based on the
Hill model. The implementation and validation of the mus-
cle model were reported in our previous work.'® The passive
strain energy is defined as

_ Fo TR L W N A
U=Cyl, 3)+—D] ) tor [t 1],
(A1)

where 77 and I are the first and the fourth invariant of the
reduced Cauchy—Green tensor, respectively, J is the
Jacobian determinant of the deformation, Cyg is the isotropic
neo-Hookean parameter, k; is a modulus-like parameter, k»
is a dimensionless parameter, which accounts for the degree
of nonlinearity, and D; is the compressibility factor, which
was set to a value close to zero [1/(20Cyg)] to approximate
the incompressibility of vocal fold tissues. The relationship
between the stress tensor and the deformation for this strain
energy function can be obtained by taking the derivative of
the strain energy function with respect to the right
Cauchy—Green tensor as®’

o1 2 1 or
SKL=2C10—]+—(1——) 3

OCkr. Dy V) 0Cke
F 2(174—])2 8?4
+2k (T, — 1) aCe (A2)

where K and L are the subscript for indicial notation, Sgz. is
the second Piola—Kirchhoff stress tensor, and I3 is the third
invariant of the right Cauchy—Green deformation tensor Ckr.
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The Hill-based contractile model for active stress 1s for-
mulated as

04 = a(t)Omax 7 Oy (A3)
where a4 is the active stress, a(t) is the activation level,
Omax 18 the maximum active muscle stress, and o7, and o7,
are scaling factors as functions of muscle stretch and stretch
rate, respectively. o7, is formulated as

2
A= o AO’”) +mA,
Sf

O = exp —( (A4)

where 4 is the stretch ratio of the muscle, defined as the cur-
rent length over the initial length and thus deformation
dependent. A, is the optimal stretch ratio, at which maxi-
mum stress is achieved. In addition to that, the shape factor
s and the slope parameter m control the shape and asymme-
try of the relation. 4,,,, sy, and m were set to 1.5, 0.35, and
0.01, respeclively.lé’ 7 The dependence of the active stress
on stretch rate was not considered. The value of ¢7;, was set
to 1 as a constant.

Material parameters for the muscle tissues (listed in
Table II) were the same as those used in the previous
sludy,15 which were determined by curve fitting experimen-
tal data of canine tissues in uniaxial stretch. The curve fitting
for the passive parameters of the CT and TA muscles was
described in a previous work 16 using experimental measure-
ments.***! Note that the same parameters were used for CT
and TA because they have almost identical passive
response.38 Passive parameters for the other muscles [LCA,
interarytenoid (IA), and posterior cricoarytenoid (PCA)]
were obtained in a similar way based on experimental
data.®® The maximum active stresses of the canine laryngeal
muscles were measured extensively by Alipour-Haghighi
et af.;3°’3139 CT and TA both have a maximum active stress
around 100kPa. The other muscles (IA, LCA, and PCA)
seem to have lower maximum active slress,‘*0 but the authors
mentioned that it could be due to the samples being not as
fresh. Previous models*'*? have also assumed for these
muscles the same maximum active stress as that of TA.
However, the maximum active stress of the IA, LCA, and
PCA muscles does not affect the current simulations since
they were not active.

The muscle model was implemented in the open source
finite element software CalculiX.*® The uniaxial active
stress computed using Eq. (A3) was transformed into a

TABLE II. Material parameters for muscle tissues.

Muscle Cio (kPa) k; (kPa) k; oy (kPa)
TAv 3 015 9 100
TAm 3 015 9 80
CT (all bellies) 3 015 9 100
Lateral cricoarytenoid 2.7 2 5.5 100
Posterior cricoarytenoid (all bellies) 2.7 2 5.5 100
Interarytenoid 2.035 10 25 200
1186  J. Acoust. Soc. Am. 150 (2), August 2021
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stress tensor based on the muscle orientation and then added
to the passive stress as the total stress that satisfies the
equilibrium.
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