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ABSTRACT:
Many voice disorders are linked to imbalanced muscle activity and known to exhibit asymmetric vocal fold

vibration. However, the relation between imbalanced muscle activation and asymmetric vocal fold vibration is not

well understood. This study introduces an asymmetric triangular body-cover model of the vocal folds, controlled by

the activation of bilateral intrinsic laryngeal muscles, to investigate the effects of muscle imbalance on vocal fold

oscillation. Various scenarios were considered, encompassing imbalance in individual muscles and muscle pairs, as

well as accounting for asymmetry in lumped element parameters. Measurements of amplitude and phase asymme-

tries were employed to match the oscillatory behavior of two pathological cases: unilateral paralysis and muscle ten-

sion dysphonia. The resulting simulations exhibit muscle imbalance consistent with expectations in the composition

of these voice disorders, yielding asymmetries exceeding 30% for paralysis and below 5% for dysphonia. This

underscores the relevance of muscle imbalance in representing phonatory scenarios and its potential for characteriz-

ing asymmetry in vocal fold vibration. VC 2024 Acoustical Society of America. https://doi.org/10.1121/10.0028164

(Received 18 January 2024; revised 9 July 2024; accepted 12 July 2024; published online 12 August 2024)

[Editor: Zhaoyan Zhang] Pages: 939–953

I. INTRODUCTION

The production of human voice sounds results from

intricate physical interactions within the speech organs, gov-

erned by a sophisticated neuromuscular control system

(Story, 2015). Vocal physiology can be elucidated through

(1) the nearly stable subglottal driving pressure, (2) the intri-

cate interplay of acoustic pressure, flow, and vocal fold (VF)

tissue at the glottal level, and (3) the propagation and modu-

lation of voice sound throughout the supraglottal vocal tract

(Story, 2002; Zhang, 2016b). A plethora of numerical mod-

els exist, varying in physiological fidelity, mathematical

intricacy, and computational demands (Calvache et al.,
2023; D€ollinger et al., 2023). Among these, lumped-

element models based on non-linear mechanical compo-

nents, like coupled mass-spring-damper systems, hold par-

ticular utility for comprehensive investigations of

underlying glottal phenomena (Erath et al., 2013). These

models include biomechanical characteristics of VF tissues

(Titze and Story, 2002), transversal mucosal wave (Perrine

and Scherer, 2023; Story, 2002), aeroacoustic interactions

(Hor�aček et al., 2007; Za~nartu et al., 2007), glottal

geometry (Galindo et al., 2017), and laryngeal muscle con-

trol (Ji et al., 2022; Titze and Hunter, 2007). A notable

characteristic of lumped-element models is that achieve a

suitable balance between computation burden and physio-

logical significance.

While numerical models have traditionally been

employed to simulate physiological mechanisms in modal

and typical phonation, ongoing refinements have expanded

their applicability to variables describing vocal function in

pathological contexts. Modeling of vocal function provides

a framework for exploring biomechanical aspects of

impaired phonation, including the identification of biome-

chanical properties (Jiang et al., 2006; Palaparthi et al.,
2019; Samlan and Story, 2017; Tao and Jiang, 2007;

Vampola et al., 2016), VF geometrical properties (Geng

et al., 2020; Li et al., 2020; McCollum et al., 2023;

Zhang, 2021, 2023), variations in intrinsic muscular

control of the larynx (Chhetri et al., 2009; Manr�ıquez et al.,
2019; Movahhedi et al., 2021), and changes in the

aeromechanical-acoustic interaction (Chen et al., 2020;

Erath et al., 2019; Yokota et al., 2019; Zhang, 2016a, 2018).

VF asymmetry holds significant relevance for clinical

voice research, potentially playing a pivotal role for study-

ing the onset of dysphonias and other vocal disordersa)Email: jeaparrape@gmail.com
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(Pickup and Thomson, 2009). Prior studies employing

modeling techniques have investigated asymmetries in VF

to comprehend their underlying etiology and explore poten-

tial clinical interventions (Lucero et al., 2020; Mehta et al.,
2011; Zhang and Luu, 2012). However, within the context

of lumped-element models, asymmetry has primarily

focused on geometrical and mechanical distinctions between

the folds (Dresel et al., 2006; Erath et al., 2011; Mehta

et al., 2011; Sommer et al., 2013; Steinecke and Herzel,

1995; Xue et al., 2010).

Motivated by the need of relating physiological muscle

activation and asymmetric VF vibration, our work introdu-

ces a novel approach through the asymmetric triangular

body-cover model. This model explores imbalanced activa-

tion between the left- and right-side intrinsic laryngeal mus-

culature, providing a more comprehensive understanding of

vocal asymmetry in terms of clinical descriptions

(Desjardins et al., 2022). The proposed model mimics the

triangular shape of the glottis and the layered structure of

VF tissue, and has been integrated into a physiological vocal

synthesizer, accounting for physical interactions both at the

glottal level and along the vocal tract.

This work comprises distinct components, detailed in

the subsequent sections. Section II delineates the adapta-

tion of a previous model for a twofold configuration, out-

lines model simulations, introduces asymmetry feature

calculations, and presents two cases with high-speed cam-

era videos for contrasting model responses with experimen-

tal data. Section III shows the results obtained through the

proposed model and compares them with the asymmetries

from the experimental data. Section IV offers a thorough

discussion of the findings and Sec. V concludes the

manuscript.

II. METHOD

A. Asymmetrical triangular body-cover model

The triangular body-cover model (TBCM) (Alzamendi

et al., 2022), a symmetrical low-order model of the VFs,

serves as the foundation for our asymmetric triangular

body-cover model (a-TBCM). The TBCM incorporates tis-

sue-fluid-acoustic interactions at the glottis, enabling simula-

tions of sustained vowels and time-varying glottal gestures.

Building upon prior efforts in low-order modeling

(Titze and Story, 2002), VF posturing (Titze and Hunter,

2007), body-cover VF models (Story and Titze, 1995), and

the triangular shape of the glottis (Birkholz et al., 2011), the

TBCM consists of paired three-mass body-cover systems

and a muscle-controlled model of all five intrinsic laryngeal

muscles: cricothyroid (CT), thyroarytenoid (TA), lateral cri-

coarytenoid (LCA), interarytenoid (IA), and posterior cri-

coarytenoid (PCA). The LCA and IA muscles work

synergistically to adduct the glottis, jointly medializing the

VFs and closing the posterior gap, to initiate and sustain the

phonation. The PCA muscle abducts the VFs, moving them

apart, thus opening the glottal gap and facilitating the air

flow through it, e.g., for breathing or coughing.

Additionally, the CT muscle is the primary responsible for

tensing and elongating the VFs during phonation, increasing

pitch; whereas the TA muscle compresses and shortens the

vocal folds, lowering pitch. The action of intrinsic laryngeal

muscles in the larynx is represented in Fig. 1.

Considering the effects of the activation of the five

intrinsic muscles allows for dynamic control of the prephona-

tory posture (i.e., vocal process accommodation: abduction

level x02, y02, vocal fold length Lg, and thickness T) and the

VF configuration (i.e., viscoelastic VF properties: masses m,

springs k, and dampings d parameters) during phonation.

Each intrinsic muscle is simulated using a modified Kelvin

model for the stress-strain response in the tissues, considering

both the passive and active stress components (Hunter et al.,
2004). The model offers flexibility by allowing normalized

(beween 0 and 1) individual actuation levels for each muscle,

namely, ðaLCA; aIA; aPCA; aCT; aTAÞ. Moreover, the TBCM

allows for the incorporation of pulmonary pressure (PL) as an

adjustable input parameter, working in tandem with the mus-

cle activation profiles.

In TBCM, the elastic, damping, and collision forces

over the body-cover masses are computed following

Galindo et al. (2017), while aerodynamic forces over the VF

cover layer are computed according to Titze (2002). Glottal

airflow is computed from the difference between subglottal

and supraglottal pressure, and the glottal area, following

Lucero and Schoentgen (2015). The acoustic wave propaga-

tion is simulated using the wave reflection analog scheme,

modeling subglottal and supraglottal tracts as a discrete

concatenation of acoustic cylinders with variable cross-

sectional areas (Za~nartu et al., 2007). The TBCM imple-

mentation is summarized in Alzamendi et al. (2022).

The a-TBCM extends the TBCM, it is constructed

around the coupling between two independent muscle-

controlled TBCMs, as illustrated in Fig. 2, representing the

left and right VFs. In this scheme, two muscle activation

vectors are defined,

~ai ¼ ½aIA; aLCA; aPCA; aTA; aCT�i; i 2 fL; Rg; (1)

FIG. 1. (Color online) Effects of the

five intrinsic muscle in glottal posture.

Adapted from Titze and Hunter (2007)

J. Acoust. Soc. Am. 121(4), 2254, with

permission of Acoustical Society of

America. Copyright 2007 Acoustical

Society of America.
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where the subscript i denotes the side of the a-TCBM, with

L and R denoting left and right, respectively. The differ-

ences in VF geometry and mechanical components in a-

TBCM, as shown in Fig. 2, are due to different muscle acti-

vation vectors on each side. Equal left/right activation vec-

tors correspond to the symmetric control scheme in the

TBCM. Then, the posture and the viscoelastic properties for

left- and right-sided VF are determined by two muscle acti-

vation conditions. To model the dynamics of the VF, i.e.,

the movement of the body-cover elements, it is necessary to

formulate and solve the coupled equations of motion for the

left and right VF. For this, it is required a new way to calcu-

late quantities such as glottal area, aerodynamic force, and

collision force, that accounts for not having mirror symme-

try or symmetric VFs (see Appendix A).

B. Muscle imbalance for a-TBCM: Bilateral posture
and viscoelasticity

Muscle imbalance refers to a slight difference in the

activation of the laryngeal muscles between the left and

right VF. These varying muscle activations serve as inputs

to the control mechanism, influencing the mechanical and

geometric properties of the VF. The proposed a-TBCM pro-

vides a platform to explore the impact of imbalanced activa-

tion in the intrinsic musculature on the geometric and

viscoelastic properties, influencing VF oscillations and the

aerodynamics of glottal airflow. To establish a reference

activation condition for the intrinsic laryngeal muscles, a

simplification was introduced. The activation levels of the

primary adductors (LCA and IA muscles) were combined

by setting aLCA ¼ aIA, streamlining the adjustable variables

for sustained VF oscillations. Additionally, the PCA activa-

tion (aPCA) was consistently set to zero across all simula-

tions, neutralizing its significant abductor effect on glottal

posture. For the TA and CT muscles, activations aTA and

aCT were calibrated to produce voiced sounds within the

fundamental frequency range of 90 to 100 Hz, aligning with

the physiological characteristics of a male modal voice. The

activation levels were determined based on muscle activa-

tion plots reported in Alzamendi et al. (2022). The reference

activation for the right side is represented by

~aR ¼ ½0:6; 0:6; 0:0; 0:6; 0:2�: (2)

To represent the imbalance during voiced phonation, an

asymmetry factor q 2 ½0:5; 1:5� is introduced between the

left and right sides in the a-TBCM. A similar idea has been

previously applied by Steinecke and Herzel (1995), hence-

forth SH95. However, rather than controlling asymmetries

in the mass-spring elements through a gain parameter as in

SH95, the a-TBCM applies the asymmetry factor directly to

the muscle activation levels. These levels jointly influence

the posture and configuration of the VF. For comparison

with other fold asymmetry approximations, the equivalent

of SH95 for the TBCM model is implemented, where

mL ¼
mR

q
; kL ¼ qkR: (3)

The modified masses and springs correspond to those pre-

sented in Fig. 2, representing the upper, lower, and body

blocks. Two primary scenarios of muscle imbalance were

explored: an asymmetric activation predominantly affecting

glottal adduction (vocal process) and an asymmetry in the

biomechanical properties (mass-spring values) of VF. To

represent the first case, the asymmetry factor q was applied

to aLCA and aIA in the left VF. The muscle activation vector

for the left VF is then given by

~aL ¼ ½q � 0:6; q � 0:6; 0:0; 0:6; 0:2�: (4)

For asymmetries in the biomechanical properties, q was

applied to aCT and aTA simultaneously, considering the CT-

TA antagonistic relationship in determining the viscoelastic

(VE) properties in the VF. The muscle activation vector for

the left VF in this scenario is expressed as

~aL ¼ ½0:6; 0:6; 0:0; q � 0:6; q � 0:2�: (5)

Additionally, individual muscle imbalance in each CT

and TA was studied separately, given its significance in

characterizing the glottal configuration (Chhetri et al.,
2014a; Chung et al., 2024). This resulted in a total of four

configurations of muscular imbalance and the direct imbal-

ance in masses and springs. The simulations were performed

with a driving pulmonary pressure of 1 kPa. A truncated

Taylor-series approximation was implemented to simulta-

neously solve the differential equations of motion for the six

FIG. 2. (Color online) Schematic diagram of the VF configuration accord-

ing to the a-TBCM for an abducted glottal configuration and asymmetrical

muscle activation. The scheme shows the following: The vocal process

(VP) defined by its position on the x and y axes (x02; y02). The position of

the posterior wall (xp2; yp2). The posterior (PGO) and membranous (MGO)

portions of glottal opening. Lumped mechanical components of mass (m),

spring (k) and damper (d); for the upper (u), lower (l) and body (b) blocks;

for the left (L) and right (R) vocal fold.
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masses, using a sampling frequency of 44.1 kHz. Vocal tract

area function corresponding to an =i= vowel (Story, 2008)

was considered in order to closely match the experimental,

the sustained /i/ sound brings a better access of the endo-

scope to the glottis. The subglottal tract was modeled as an

inverted cone shape (Za~nartu et al., 2014).

C. Model derived measures

Several measures were derived from a-TBCM simula-

tions to establish differences between the muscle imbalance

scenarios, study the effect of the asymmetric factor on VF

vibratory asymmetries, and compare the model with certain

clinical cases. These measures include left-right amplitude

asymmetry (AA), left-right phase asymmetry (PA), funda-

mental frequency (fo), and open quotient (OQ). Following

Mehta et al. (2011), synthetic kymograms were generated

from the right and left VF edge positions over time, as illus-

trated in Fig. 3. Based on these representations, measures of

the VF oscillatory asymmetries can be defined,

AA ¼ AR � AL

W
; (6)

PA ¼ tL � tR

OP
: (7)

Note that the normalization factor OP for defining PA

follows that of Mehta et al. (2011), where the focus is on the

acoustic effects generated during the open phase. These

measures assess different aspects of oscillatory asymme-

tries. The left-right amplitude asymmetry, Eq. (6) (Qiu

et al., 2003), is the ratio between the difference and the sum

of the maximum excursions for the right (reference) and left

(affected) VF amplitude traces within one vibration period.

The left-right phase asymmetry, Eq. (7) (Bonilha et al.,
2008; Lohscheller et al., 2008), is the time delay between

the maximum excursions of the left and right VF normalized

by the open phase period.

The open quotient is computed from the kymogram as

the quotient between the duration of the open phase (OP)

and the period (P) for each cycle,

OQ ¼ OP

P
: (8)

D. Clinical cases

In conjunction with the modeled scenarios, this study

draws support from in vivo high-speed video (HSV) recordings

representing voice disorders. Data for two female patients aged

25 to 30 years, one with non-phonotraumatic vocal hyperfunc-

tion (muscle tension dysphonia) and another with unilateral VF

paralysis were included. During data acquisition, participants

produced a sustained /i/ vowel sound at comfortable pitch and

loudness levels. Before data recording, the participants adhered

to informed consent procedures and Institutional Review Board

protocols outlined in FONDECYT 1151077 project.

The HSV data collection involved an advanced high-speed

camera (SA-X2, Photron, Tokyo, Japan) synchronized with a

rigid endoscope (9106, KayPentax, Montvale, NJ) equipped with

a 35 mm C-mount adapter and a xenon light source (7152B,

KayPentax, Montvale, NJ). The HSV dataset, comprising

approximately 2670 frames at 8000 frames per second (fps),

underwent pre-processing. This included selecting 600 frames

and identifying a 256� 256 pixel region of interest containing

only the VFs. The refined HSV dataset was then used to segment

the glottis area using GlottalImageExplorer (Birkholz, 2016).

Subsequent to the glottis area segmentation, the digital

kymogram (DKG) technique proposed by Mehta et al.
(2011) was applied to visualize VF trajectories. These lat-

eral displacement waveforms, capturing intricate motions of

the left and right VFs, were traced along a one-pixel line

positioned at the midpoint of the glottal region’s posterior-

anterior length. Additionally, the DKG outputs facilitated

the automated extraction of amplitude and phase asymmetry

metrics for the left and right VFs.

To represent female phonations, geometric quantities of

the model were adjusted following Titze and Story (2002).

Specifically, the resting length (Lg) of the vocal fold was

reduced from 16 to 10 mm, the resting thickness (Tg) from 3 to

2 mm, the ligament depth from 20 to 15 mm, the mucosal depth

from 20 to 15 mm, and the muscle depth from 40 to 30 mm.

Additionally, the model was coupled with a female /i/ tract, uti-

lizing the area function outlined in Story et al. (1998).

III. RESULTS

A. Influence of muscle imbalance on VF properties

To illustrate the change in the mechanical properties of

the VFs due to the muscle imbalance, Fig. 4 shows the effect

FIG. 3. (Color online) Kymogram param-

etrization: xL, xR displacement of left/right

VF; tL, tR time of maximal left/right VF

displacement; xc, xo mediolateral position

of VFs at the glottal closure/opening; AL,

AR maximum displacement of left/right

VF; W peak-to-peak glottal width; P glot-

tal period; and OP open phase. Adapted

from Mehta et al. (2011) J. Acoust. Soc.

Am. 130(6), 3999–4009, with permission

of Acoustical Society of America.

Copyright 2011 Acoustical Society of

America.
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of q on the values of the masses (pointed lines) and springs

(solid lines) of the three blocks (upper, lower, and body)

that compose the VFs, for the four different cases of imbal-

ance described in the method. The effect in mass and spring

is represented by the normalized value of these parameters,

such normalization is made with respect to the value in the

balanced case (q¼ 1). In addition, the asymmetry mecha-

nism introduced in SH95 is included in gray color for

comparison.

As shown in Fig. 4(a), the asymmetry in the adductor

muscles (LCA/IA), has a negligible impact on the mass of

the blocks, pointed lines, but leads to a minor alteration

(<10%) in all the elastic component, solid lines. This is due

to the relatively minor role that adductor muscles play in the

construction of the folds, although they do contribute

slightly to their elongation.

For the stiffness component, the solid lines in Figs. 4(c)

and 4(d), the imbalance in the CT muscle produces a trend

in the same direction as the SH95 reference mechanism, k
increasing with q, although not in a strictly linear manner in

the cover component, orange line. Conversely, the imbal-

ance in the TA muscle produces an effect of decreasing

stiffness with increasing q, opposite to the SH95 reference

mechanism and the imbalance in the CT muscle.

Regarding the mass component, the pointed lines in

Figs. 4(c) and 4(d), imbalance in the CT muscle does not

lead to any changes. However, an imbalance in the TA

muscle results in a linear change in the mass of the body

block, green dots, and redistributes the mass of the cover

between the upper and lower blocks, blue and orange dots.

This pattern contradicts the direct imbalance in mass and

spring values and highlights the intricacy of the laryngeal

control mechanism. The CT muscle elongates the fold,

impacting its elasticity without adding any mass. In contrast,

the TA muscle is responsible for adding mass to the fold and

redistributing it between the blocks by altering their dimen-

sions. This generates an effect on both the mass and spring

components. Similar trends are described in the work of

Titze and Story (2002), where the mechanism we used to

calculate masses and springs from muscle activation is

explained.

The joint imbalance in CT and TA, Fig. 4(b), shows the

pondered effect of the individual imbalances. The spring

component, solid lines, is the sum of the opposing effects,

resulting in a decreasing effect with q of small magnitude.

The mass component, pointed lines, is the same as in the

imbalance in TA, since the imbalance in CT has no effect

on the mass of the blocks.

Figure 5 illustrates the impact of q on fundamental fre-

quency (fo) and posterior glottal opening (PGO) in various

imbalance scenarios. Notably, the configuration with an

imbalance in LCA and IA muscles exhibits a non-zero pos-

terior gap, resulting in an increased PGO for q< 1. This

effect arises from the action of the LCA and IA muscles in

FIG. 4. (Color online) Effects on normalized (pointed line) masses and (solid line) springs when varying the joint asymmetry factor q for LCA/IA (a), CT/

TA (b) configurations, and single asymmetry in CT (c) and TA muscle (d). The legend represents the nomenclature in a-TBCM scheme (see Fig. 2, and

Table III) for mass m, and spring k: upper u, lower l, and body b blocks. The gray color describes the effects due to the asymmetry mechanism introduced in

SH95.
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adducting the VFs. In contrast, other imbalance scenarios do

not induce changes in PGO due to a lack of alteration in the

adduction degree of the folds. For instance, the SH95

approach, which does not consider vocal posture, exhibits

no PGO changes.

Upon examining the influence of the q factor on funda-

mental frequency, distinct behaviors emerge in comparison

to the SH95 model. Similar to Fig. 4, Fig. 5(b) shows fo nor-

malized to the balanced case (q¼ 1). In the SH95 model, the

q factor proportionally affects fo, reflecting its design intent.

Conversely, in cases of muscle imbalance, different patterns

are observed. An imbalance in the TA muscle leads to an

inverse relationship with fo—increasing q results in a

decrease in fo, influenced by the effect of TA on the VF

spring. On the other hand, an imbalance in CT exhibits a

slight direct correlation with fo; an increase in q correlates

with an increase in fo, with a defined threshold for the mini-

mum and maximum fo values. In scenarios involving joint

imbalance of two muscles, CT/TA and LCA/IA, the funda-

mental frequency displays a step-like behavior. At a specific

point, there is a 10% variation in its value, indicating a tran-

sition between frequencies.

B. Influence of muscle imbalance on VF oscillation

To examine the impact of muscle imbalance on VF

oscillation, Fig. 6 provides waveforms illustrating synthetic

kymograms and glottal airflow. These visualizations encom-

pass the baseline a-TBCM simulation and imbalance scenar-

ios under two configurations: hypofunction (q¼ 0.5) and

hyperfunction (q¼ 1.5). The first row displays a synthetic

kymograph illustrating the amplitude displacements of the

FIG. 5. (Color online) Effects on PGO (a) and fo (b) when varying q for muscle imbalance configurations. SH95 results shown for comparison.

FIG. 6. (Color online) Comparison of kymograms and airflows from a-TBCM simulations for asymmetry scenarios and two imbalance conditions: hypo-

function (q¼ 0.5) and hyperfunction (q¼ 1.5.).
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left and right VFs in millimeters. The second row presents

glottal airflow expressed in milliliters per second. All signals

correspond to a 50 ms simulation. Additionally, Table I fur-

nishes computed asymmetry measures, including fo, OQ,

AA, and PA for the simulated scenarios.

In the context of direct mass and spring imbalance, as

depicted in the second column of Fig. 6, the hypofunction

configuration results in an increase in glottal area, indicated

by an increase in airflow. Furthermore, the oscillation ampli-

tude of the affected fold is smaller compared to the unaf-

fected fold, leading to an AA value exceeding 30%. A

positive PA value, surpassing 20%, is also evident, accom-

panied by a decrease in the fundamental frequency during

oscillation. In the hyperfunction configuration, this displace-

ment behavior is reversed. Now, the affected fold undergoes

greater displacement, reaching its maximum value first,

accompanied by an increase in frequency and a decrease in

flow amplitude.

In the case of imbalance in the LCA/IA adductor

muscles, hypofunction exhibits a slight increase in maxi-

mum airflow, along with asymmetry measurements AA and

PA below 2%. These measurements indicate that the less

adducted (modified) fold exhibits greater displacement. A

notable observation in this case is the nonzero airflow value

during the closed phase of VF oscillation, aligning with the

nonzero PGO value reported in Fig. 5. In the hyperfunc-

tional configuration, this asymmetry maintains the baseline

shape, as, after a certain level of activation in LCA and IA,

the folds are already parallel. Therefore, an increase in mus-

cle activation does not induce visible changes in the glottis

with asymmetry measures below 1%.

For individually applied CT and TA muscle imbalance,

a cross-behavior is observed in terms of hypofunction and

hyperfunction. In the case of altered CT muscle activity, dis-

placements comparable to the baseline are observed in

hypofunction, with greater displacement of the affected fold

(AA¼�3%) and reduced amplitude oscillation for the

hyperfunctional condition. Conversely, in TA imbalance,

the reduced amplitude of the folds occurs in hypofunction,

while oscillation similar to the baseline is observed in hyper-

function. This underscores the antagonistic nature of this

muscle pair in the viscoelastic composition of the VFs, as

also observed in the mass and spring curves presented in

Fig. 4. This cross-behavior is clearly evident in the OQ, fo,

and PA values presented in Table I. For individual muscle

imbalance, positive values for AA are unattainable, signify-

ing that the affected muscle has a greater amplitude of

oscillation.

In terms of VF oscillation behavior, Fig. 7 demonstrates

the influence of the asymmetry factor q on AA and PA across

the examined cases. The conventional imbalance scheme,

SH95, yields positive values for AA and PA when q< 1,

indicating that the affected fold’s oscillation is dampened

due to an increase in mass and a decrease in elasticity.

Conversely, it intensifies its oscillation and frequency,

resulting in negative values of AA and PA for q> 1.

When considering scenarios of muscle imbalance, sev-

eral significant observations emerge. The imbalance in CT

mirrors the conventional scheme’s trend for PA, while the

imbalance in TA exhibits the opposite trend. This discrep-

ancy can be attributed to the behavior of the elastic compo-

nent as a function of the q factor, increasing in the CT

imbalance and SH95, and decreasing in the TA imbalance.

Regarding AA, it proved challenging to find a muscle imbal-

ance scenario that generated the same range as the reference

scheme. This stems from the mechanism of muscle activa-

tion control and the mass and spring parameters, where not

all mass values move in the same direction when varying

muscle activation.

In contrast, the imbalance in LCA/IA yields the most

minor effect on asymmetry measurements within the studied

TABLE I. Comparison of asymmetry values and oscillation features

between the baseline and the q configurations shown in Fig. 6. For each fea-

ture, the first row is for the hypofunction (q¼ 0.5) and the second row is for

the hyperfunction (q¼ 1.5).

Baseline SH95 LCA/IA CT TA CT/TA

fo (Hz) 96
72.4 103.6 83.4 140.2 103.5

116.5 95.3 124 82.6 94.5

OQ (%) 49
60 66.5 51.8 78.7 68.4

53.9 49.1 72.8 52 49.2

AA (%) 0
31.3 �1.5 �3.1 �21.5 �8.27

�22.1 0.4 �8.7 �0.5 2.9

PA (%) 0
24.71 �1.9 18.2 �17.5 �5.8

�21.5 0.44 �16.9 18.2 0.3

FIG. 7. (Color online) Effect of changing q on asymmetry metrics; AA (a) and PA (b), for the different imbalance approaches.
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range, resulting in asymmetries of less than 2%. Meanwhile,

the combined imbalance of CT/TA amalgamates the effects

of individual imbalance, producing phase asymmetries of

approximately 6% and amplitude asymmetries approaching

10%.

C. Contrasting a-TBCM against in vivo examples

To demonstrate the efficacy of incorporating muscle

imbalance in modeling various clinical scenarios, we present

clinical HSV images alongside simulated data generated

using the a-TBCM in Fig. 8. This illustration highlights two

distinct cases: unilateral VF paralysis (left) and muscle ten-

sion dysphonia (right). Each case features the DKG derived

from clinical data, juxtaposed with the synthetic kymogram

produced by the a-TBCM. Synthetic DKGs were generated

by adjusting AA and PA measurements heuristically to align

with their respective clinical mean and variance values,

employing the muscle activation defined in Eq. (5) as the

baseline. The simulation process encompasses the insights

detailed in the preceding subsections, accounting for the

characteristic oscillatory behavior associated with each

pathology. Specifically, for VF paralysis, our aim was to

emulate a rigid VF, while for muscle tension dysphonia, we

introduced a subtle differentiation between the VFs.

Once the mechanism of muscle imbalance was defined

for each case: joint imbalance in CT and TA for dysphonia,

and TA off and hyperfunction in CT for paralysis; the

parameter q for baseline muscle activation was swept with a

step of 0.1 in a range from 0 to 2 and the simulation closest

to the AA and PA values of the experimental data were

taken.

Figure 8 highlights the specific imbalance factors

employed in generating the synthetic kymogram, providing

clarity on the value of q and the muscle to which it is

applied. It is worth noting that while this approach may not

be entirely singular, a more precise representation could

potentially be achieved through model optimization consid-

ering the complete kymogram signal. Nevertheless, in both

cases, the a-TBCM successfully produces a waveform

closely mirroring the actual kymogram. In the instance of

VF paralysis, this results in a fold with minimal amplitude

oscillation, out of phase in time. In the case of muscle ten-

sion dysphonia, it yields a slightly asymmetric oscillation in

both amplitude and phase.

Figure 8 also presents corresponding AA and PA mea-

surements from both clinical and synthetic data. Clinical

assessments of VF oscillatory asymmetry display notewor-

thy variability, emphasizing their sensitivity to spatiotempo-

ral resolution and the challenges in obtaining precise

measurements of this nature. In the case of unilateral paraly-

sis, both AA and PA values surpass 30%, indicating substan-

tial asymmetry. These asymmetry values are effectively

captured by the a-TBCM, which deactivates the TA in the

paralyzed fold. Similarly, in the case of muscle tension dys-

phonia, the a-TBCM enables the representation of such lev-

els of asymmetry by introducing an activation imbalance in

the CT and TA simultaneously.

IV. DISCUSSION

The primary aim of this study was to introduce and

demonstrate the concept of muscle imbalance as a mecha-

nism for inducing asymmetries within the VFs. We sought

FIG. 8. (Color online) Comparison of cl�ınical (HSV and DKG) data and the corresponding simulated responses using a-TBCM: (left) Unilateral VF paraly-

sis and (right) muscle tension dysphonia.
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to establish its potential in characterizing clinical scenarios

by examining the influence of intrinsic laryngeal muscles on

the glottis and drawing comparisons with previous

approaches for understanding asymmetric VF oscillations.

Our findings lead us to conclude that achieving a direct

differentiation scheme akin to SH95 through an imbalance

in a single muscle alone is not feasible. The closest approxi-

mation is attained through an imbalance in the CT muscle.

Additionally, the antagonistic relationship between the CT

and TA muscles hinders the replication of the direct imbal-

ance scheme. However, introducing imbalance in both these

muscles concurrently, albeit in opposite directions with pro-

portional imbalance in CT and inversely proportional in TA,

appears to be a promising avenue towards achieving an ana-

log of the conventional asymmetry mechanism using muscle

imbalance. It is worth noting that a comprehensive explora-

tion of this intricacy exceeds the scope of this initial study.

The proposed method for prescribing muscle imbalance

provides a systematic means to introduce asymmetry in the

composition and positioning of the VFs. This asymmetry

has been studied independently by other researchers. Prior

efforts (Dresel et al., 2006; Jiang et al., 2006; Mehta et al.,
2011; Xue et al., 2010) report ranges of amplitude and phase

asymmetry akin to our findings. Conversely, studies such as

Dresel et al. (2006), Samlan and Story (2017), and Samlan

et al. (2014) report differentiation in the vocal process with-

out altering the mechanical properties of the VFs, resulting

in increased minimum glottal flow and decreased sound

pressure, much like the effects observed with the imbalance

in the LCA and IA adductor muscles.

When considering the results of mechanical parameters

and asymmetry measurements collectively, it becomes evi-

dent that phase asymmetry aligns with the spring component

trends, while mass trends are associated with amplitude

asymmetry. This elucidates why the imbalance mechanism

does not yield significant amplitude values. Each block fol-

lows a distinct mass pattern when subjected to imbalance,

resulting in a small AA that deviates from the SH95 scheme,

where all blocks experience similar mass effects.

The clinical examples presented in this study serve to

illustrate the potential of our approach in emulating actual

cases, thereby enhancing our understanding of the origins of

differences in VFs, be it in cases of vocal cord paralysis

(Ivey, 2019; Tipton et al., 2020) and primary muscle tension

dysphonia (Hsiung and Hsiao, 2004; Spencer, 2015). While

similar insights may exist within other methodologies, our

approach integrates muscular activity directly, impacting

glottal configuration. For instance, paralysis is depicted as

an inert and minimally mobile fold, whereas further varia-

tions showcase a fold with high mass and rigidity. Notably,

this work represents an initial foray into a parameter fitting

and optimization problem, without delving into extensive

details. Our objective is to demonstrate the utility of this

imbalance approach, as exemplified in Fig. 8.

The standard deviation in the measurement of the sym-

metry features for the clinical cases presented in Fig. 8,

show how sensitive the oscillation of the vocal folds is. This

can be attributed to the vocal gesture /i/ performed by the

subjects, since it has a formant with a low frequency, which

increases the interaction between the vocal tract and the

glottis due to the proximity of the tract resonance and the

fundamental frequency (Wade et al., 2017; Za~nartu et al.,
2011; Zhang, 2018).

Studying VF oscillation with diverse properties presents

several challenges, including the presence of harmonics, as

illustrated in Fig. 6, a topic extensively explored by other

researchers (Sommer et al., 2013; Steinecke and Herzel,

1995; Zhang and Jiang, 2004). In addition, the a-TBCM has

some limitations. This model is a simplified approach to

VFs that uses a lumped element approach where one contin-

uous block represents the entire anterior-posterior direction.

This approach does not allow the assignment of different

oscillation patterns to the anterior, medial, and posterior por-

tions of the VF, where other studies have shown different

degrees of asymmetry (Bonilha et al., 2012; Malinowski

et al., 2024). For an extensive validation of this type of

model, a critical consideration is the impact of the chosen

reference point, whether it pertains to muscular activation or

the specific values assigned to masses and springs.

On the other hand, the muscle imbalance postulate

presents a greater challenge for its experimental validation.

A first level of validation could be done by experiments

with excised larynxes. In this area, there are several works

that study the action of the laryngeal muscles on the elonga-

tion and posture of the VFs (Chhetri et al., 2014b; Chhetri

and Park, 2016; D€ollinger et al., 2016). A possible experi-

ment would be the asymmetric stimulation of the larynx to

measure the differences in left and right oscillation, a setup

like the one presented in Schlegel et al. (2022), where unfor-

tunately the video analysis is done from the glottal area

wave (GAW) and not from the kymogram. The next level of

validation would be with intramuscular electromyography.

Here, there are few works that present the action of the

laryngeal muscles, and this has been done symmetrically

(Hillel, 2001; Poletto et al., 2004).

Ongoing efforts measure simultaneously the activity of the

left and right TA and CT with intramuscular EMG and HSV of

the larynx to associate muscle imbalance with asymmetries in

vocal fold oscillation, and contrasting with asymmetric VF sili-

cone model. Therefore, future efforts will include the integration

of clinical knowledge and new experimental data to ensure the

accuracy of predictions and trends generated by models repre-

senting asymmetric VF oscillations.

V. CONCLUSION

This study introduces a muscle-controlled, triangular

and asymmetrical body-cover model of the VFs to explore

the impact of muscle imbalance on VF vibration. The find-

ings reveal significant alterations in the dynamics of mass-

spring and modulation of fundamental frequency when com-

paring activation-based muscle imbalance to conventional

methods. The incorporation of muscle activation as a distin-

guishing factor in VF composition has the potential to
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revolutionize our comprehension of vocal asymmetry. This

shifts the focus beyond mere structural considerations,

emphasizing the critical role of muscular coordination.

Moreover, initial experiments have successfully replicated

clinical scenarios of VF paralysis and muscle tension dyspho-

nia. However, further research is imperative to comprehen-

sively assess the proposed muscular imbalance descriptions

in clinical settings. Nevertheless, this study makes a signifi-

cant contribution to advancing our understanding of VF

dynamics and highlighting the pivotal role of muscle imbal-

ance in normal and disordered voice production.
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APPENDIX A: IMPLEMENTATION OF THE
ASYMMETRICAL TRIANGULAR BODY-COVER MODEL

The proposed a-TBCM is an extension of the TBCM

(Alzamendi et al., 2022) and builds upon prior efforts

(Birkholz et al., 2011; Galindo et al., 2017; Story and Titze,

1995; Titze and Hunter, 2007; Titze and Story, 2002). The

proposal moves from a symmetrical to an asymmetrical

glottal configuration considering the left and right VFs with

two VFs with their independent muscle activation vector.

1. Posture and biomechanical properties

For each side of the a-TBCM, as shown in Fig. 2, the

dynamic adjustment of vocal posture and VF configuration

as a function of activation vector ~ai in Eq. (1) follows the

methodology in the TBCM. The theoretical development

and the implementations were described in Alzamendi et al.
(2022) and Galindo et al. (2017), and are briefly summa-

rized for completeness.

A system of equations of motion models the laryngeal

posturing by describing the relative movements between the

arytenoid cartilage and the cricoid cartilage, and between

the cricoid cartilage and the thyroid cartilage, in response to

the forces in the laryngeal tissues. Vocal process Cartesian

coordinates are tracked, and from this information and the

forces in the laryngeal tissues, the adductory displacements,

Dxu;i;Dxl;i, and the VF lengths, Li, for i 2 fL;Rg are

obtained (see Fig. 9).

Thereupon, empirical rules are applied for adjusting the

geometrical and biomechanical parameters (Alzamendi

et al., 2022) [e.g., thickness, depth, and mass m for each

block, the nodal point, the glottal convergence, and the val-

ues for the spring k and damping d parameters (see Fig. 2)]

of the left/right TBCM.

2. Glottal areas calculation

The total glottal area Ag is the contribution of the mem-

brane portion of the VFs (MGO) and the posterior gap

(PGO), as shown in the Fig. 2.

In the a-TBCM, the MGO for upper or lower blocks is

computed as follows:

Am ¼ ATrR
þ ATrL

þ ARect; (A1)

where the subscripts indicate whether the area is triangular, Tr,
or rectangular, Rect. For the computation of these areas, the

fraction of the block that is under collision is introduced as a

quantity that simplifies the expressions (Galindo et al., 2017),

ai ¼ max 0;min
ycol

Li
; 1

� �� �
; i 2 L; Rf g: (A2)

FIG. 9. (Color online) Top view: 2D diagram describing the abducted VFs

positioning for the cover blocks in the a-TBCM.
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The collision height ycol in Eq. (A2) denotes the y-

coordinate of the point where the left- and right-edge lines

intercept determines the collision height (see the red dot in

Fig. 10). There are two possible scenarios for the glottis, as

shown in Fig. 10 (top), VF in no collision: ða ¼ 0Þ, and (bot-

tom) VFs in collision: ða > 0Þ.
The triangular-shaped glottal area is calculated as

follows:

ATri
¼ ð1� aiÞ2Li

Dxi

2
; (A3)

where factor ð1� aiÞ is the non-collision portion of the VF,

and the subscript i 2 fL;Rg. On the other hand, the

rectangular-shaped area is obtained from

ARect ¼ max 0; xBR
� xBLð Þ

LR þ LL

2
: (A4)

Note that during VF collision, ARect¼ 0 in Eq. (A1).

The cross-sectional area, At, and the contact area, Acol,

are obtained from the collision fraction, ai, in a similar way

as in Alzamendi et al. (2022),

Ati ¼ ð1� aiÞLiTi; (A5)

Acoli ¼ aiLiTi; (A6)

where i 2 fL;Rg.
The posterior glottal opening, PGO, is defined for each

VF following Alzamendi et al. (2022), using the cricoaryte-

noid junction coordinate. In the a-TBCM, the PGO is the

contribution of both VFs,

PGO ¼ PGOR þ PGOL: (A7)

The total glottal area is the sum of the membranous area and

the posterior gap,

Ag ¼ AM þ PGO; (A8)

where AM ¼ minðAmu
;Aml
Þ, the minimum between upper

and lower MGO, as shown in Fig. 9.

3. Equations of motion

The asymmetrical VF vibrations are simulated on the

basis of coupled left/right systems of equations of motion.

Each system simulates the medial-lateral displacements for

the upper (u) and lower (l) cover masses and the body (b)

mass in the TBCM (see Fig. 2).

The equations of motion for each VF are

mu;i€xu;i ¼ Fk;u;i þ Fd;u;i � Fk;c;i þ Fe;u;i þ Fcol;u;i; (A9a)

ml;i€xl;i ¼ Fk;l;i þ Fd;l;i � Fk;c;i þ Fe;l;i þ Fcol;l;i; (A9b)

mb;i€xb;i¼Fk;b;iþFd;b;i�Fk;u;i�Fd;u;i�Fk;l;i�Fd;l;i; (A9c)

where i denotes the considered side (L or R), m is the mass

of the block and x is the medial-lateral displacement over

time. The right side of the equation presents the net force

acting upon the block due to elastic (k), damping (d), aero-

dynamic (e), and collision (col) components.

The elastic forces ðFk;u;i; Fk;l;i; Fk;c;i; Fk;b;iÞ are mod-

eled through a nonlinear Hooke’s law, and the damping

forces ðFd;u;i; Fd;l;i; Fd;b;iÞ are modeled proportional to the

velocity. These force components are not affected by the

presence of the other VF. The explicit equation for each

force component can be found in the Appendix in Galindo

et al. (2017).

The aerodynamic driving forces ðFe;l;i; Fe;u;iÞ repre-

sents the force that the intraglottal pressure exerts on the

VFs. It depends on the glottal flow, glottal and transversal

area. Previous works explain how to calculate the intraglot-

tal flow and pressure from the upper/lower glottal area

(Story, 2008). Using the definition of pressure, the aerody-

namic force for the upper/lower block is

Fe;u;i ¼ Pint;uðAgÞ � Ati ; (A10a)

Fe;l;i ¼ Pint;lðAgÞ � Ati ; (A10b)

where Pint is the intraglottal pressure (constant in the entire

upper or lower block) which is a function of glottal area Ag

and the sub- and supra-glottal pressures, and At is the cross-

sectional area that multiplies the pressure to compute the

force component, which depends on the geometry and colli-

sion fraction a of the VF. The equations from Galindo et al.
(2017) are used to calculate the intraglottal pressure from

FIG. 10. (Color online) Glottal area scheme for VF blocks: (top) no colli-

sion, (bottom) collision.
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the glottal area; however, it is necessary to define how to

calculate the glottal and cross-sectional areas in the a-

TBCM due to the lack of mirror symmetry.

The collision forces ðFcol;u;i; Fcol;l;iÞ depend on the

interpenetration distances in the upper/lower cover masses

due to the impact between opposing VFs. Therefore, the

computation of the collision force requires defining when

the collision occurs, and the VF section undergoing the

collision.

Similar to Galindo et al. (2017), the total collision force

for the lower or upper blocks is

Fcol;j;i ¼ �k�col;j

ðycol;j

0

dj;iðyÞ þ gcol;jd
3
j;iðyÞ

� �
dy; (A11)

where i 2 fL; Rg; j 2 fl; ug, d(y) is the interblock penetra-

tion distance, ycol is the collision height, k�col is the effective

spring collision constant, and gcol is a nonlinear coefficient.

To calculate the interblock penetration distance d(y), the VF

edge is described as a straight line. The x position of the VF

is a function of the y coordinate, as follows:

xj;iðyÞ ¼ bj;iyþ cj;i; i 2 fL; Rg and j 2 fl; ug; (A12)

where b is the slope and c is the intercept, see below. The

explicit values for quantities are obtained from Fig. 9 that

shows a 2D top view of the cover masses, where Li is the

VF length, xj;i is the mass position and Dxi;j is posterior dis-

placement, given the degree of abduction by the muscle

activation,

bj;i ¼
�Dxj;L

LL
for i¼ L and j 2 fl; ug;

Dxj;R

LR
for i¼ R and j 2 fl; ug;

8>>><
>>>:

(A13)

cj;i ¼
xj;Lþ

Dxj;L

2
for i¼ L and j2 fl; ug;

xj;R�
Dxj;R

2
for i¼ R and j2 fl; ug:

8>><
>>: (A14)

Without loss of generality, consider one of the cover

elements, either upper or lower for both VFs; the upper or

lower subscript is removed to have a short notation since the

expression and the formulation is equivalent for both blocks.

With the mathematical description of the VF edges in Eq.

(A12), the interblock penetration distance is defined by

dRðyÞ ¼ xRðyÞ � xLðyÞ; (A15)

note that dLðyÞ ¼ �dRðyÞ, this denotes the opposite direction

in collision forces. Additionally, this distance gives the col-

lision condition:

dRð0Þ � 0: (A16)

For the calculation of the collision height ycol in Eq.

(A11), three possible glottal configurations are considered

(see Fig. 11): the posterior portions in both VFs are

abducted (DxR;DxL > 0), the right VF is adducted and the

left one is medialized (DxR > 0 and DxL ¼ 0) and vice

versa, and both VFs are tightly adducted (DxR;DxL ¼ 0).

For the cases where at least one of the VFs has an

adduction degree: (Dxi 6¼ 0), the collision height is calcu-

lated from the interpenetration distance condition

FIG. 11. (Color online) The three collision scenarios in the a-TBCM deter-

mined by the left/right posterior displacements: (Top) case DxR;DxL > 0,

(middle) DxR > 0 and DxL ¼ 0 (and vice versa), and (bottom)

DxR;DxL ¼ 0.
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dR ycolð Þ ¼ 0; (A17)

with some algebra:

ycol ¼
cL � cR

bR � bL
¼ � c�

b�
: (A18)

For the case of parallel VFs, i.e., the case for

DxL ¼ DxR ¼ 0. The collision height is calculated simply

based on the collision condition and the length of the VF:

ycol ¼
minðLL; LRÞ if dRð0Þ � 0;

0 if dRð0Þ < 0:

(
(A19)

The effective spring collision constant in Eq. (A11) is com-

puted assuming an in-series spring configuration

1

k�col

¼ 1

kcolL

þ 1

kcolR

; (A20)

which comprises the contributions from the left- and right-

side collision springs. The values for kcolR ; kcolL , and gcol are

computed following Galindo et al. (2017).

Replacing the Eqs. (A15) and (A20) in the integral in

Eq. (A11) the total collision force can be computed by

Fcol ¼ �k�colycol c� þ b�ycol

2

� �

� 1þ gcol 2c�2 þ 2b�c�ycol þ
b�2y2

col

2

� �� �
:

(A21)

Note that the quantities c�; b�; k�col, and ycol have informa-

tion on the properties of both VFs.
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