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Abstract
Introduction. In vocal production models employing spring-mass-damper frame-
works, precision in determining damping coefficients that align with physiological 
vocal fold characteristics is crucial, accounting for potential variations in the repre-
sentation of  viscosity-elasticity properties.

Objective. This study aims to conduct a parametric fitting of  a vocal production 
model based on a mass-spring-damper system incorporating subglottic pressure in-
teraction, with the purpose of  accurately modeling the collision forces exerted by 
vocal folds during phonation.

Method. A metaheuristic search algorithm was employed for parametric syn-
thesis. The algorithm was applied to elasticity coefficients c1 and c2, as well as 
damping coefficients ε1 and ε2, which directly correlate with the mass matrices of  
the model. This facilitates the adjustment of  fold composition to achieve desired 
physiological behavior. 

Results. The vocal system’s behavior for each simulation cycle was compared to a 
predefined standard under normal conditions. The algorithm determined the sim-
ulation endpoint by evaluating discrepancies between key features of  the obtained 
signals and the desired ones.

Conclusion. Parametric fitting enabled the approximation of  physiological vo-
cal production behavior, providing estimates of  the impact forces experienced by 
vocal folds during phonation.
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Resumen
Introducción. En modelos de producción vocal que emplean estructuras de re-
sorte-masa-amortiguador, la precisión en la determinación de coeficientes de 
amortiguamiento que se asemejen a las características fisiológicas de las cuerdas 
vocales es crucial, teniendo en cuenta posibles variaciones en la representación de 
la viscoelasticidad. 

Objetivo. Este estudio tiene como objetivo realizar un ajuste paramétrico de un 
modelo de producción vocal basado en un sistema de resorte-masa-amortiguador 
que incorpora interacción con la presión subglótica, con el fin de modelar de manera 
precisa las fuerzas de colisión ejercidas por las cuerdas vocales durante la fonación. 

Método. Se utilizó un algoritmo de búsqueda metaheurística para la síntesis pa-
ramétrica. El algoritmo se aplicó a los coeficientes de elasticidad c1 y c2, así como a 
los coeficientes de amortiguamiento ε1 y ε2, que se correlacionan directamente con 
las matrices de masa del modelo. Esto facilita el ajuste de la composición de las cuer-
das para lograr un comportamiento fisiológico deseado. 

Resultados. El comportamiento del sistema vocal para cada ciclo de simulación se 
comparó con un estándar predefinido en condiciones normales. El algoritmo deter-
minó el punto final de la simulación evaluando las discrepancias entre características 
clave de las señales obtenidas y las deseadas. 

Conclusión. El ajuste paramétrico permitió la aproximación del comportamiento 
fisiológico de la producción vocal, proporcionando estimaciones de las fuerzas de 
impacto experimentadas por las cuerdas vocales durante la fonación.

Palabras clave
Modelo vocal; estrés de impacto; métodos metaheurísticos; ajuste fino.

Introduction
Voice production involves the integration of  three physiological processes: breathing, 
phonation, and resonance, allowing for the analysis of  aerodynamic, mechanical, and 
acoustic phenomena within this framework [1,2]. In general terms, sound production 
is a complex nonlinear process involving air-structure-sound interaction: pulmonary 
pressure (subglottic pressure) generates airflow, which in turn interacts with the glottis, 
the region where the vocal folds converge to initiate vibration as a result of  the inter-
play between air and the surrounding tissues and mucosa [3,4]. The quality of  sound 
production is significantly influenced by the airflow [5]. Under optimal physiological 
and geometrical conditions, the interaction between the airflow and the vocal folds 
leads to a self-oscillation effect [6,7]. Consequently, the airflow affects glottal geome-
try, and the biomechanical properties of  the vocal folds bring about alterations in the 
conversion of  this airflow into sound, ultimately influencing the quality and acoustic 
attributes of  the voice (i.e., the voice’s characteristics depend on the interplay between 
flow and structure) [8]. Finally, the sound generated in the glottis is modified in the 
supraglottic cavities, so the concept of  vocal tract inertance also contributes to this 
self-oscillation [2] (see Figure 1).
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Given the complexity of  this field, research has primarily focused on comprehending the 
various physical phenomena of  vocal production through biomechanical modeling. In the lit-
erature, models of  varying complexity have been developed to represent vocal fold tissues, 
incorporating lumped elements to depict acoustic wave signals and one-dimensional airflow 
[9,10]. Also, models of  greater complexity, with a representation of  computational fluid dy-
namics and high-fidelity, have been proposed [1].

Reduced-order models have proven effective in representing the self-oscillation and modal 
response of  vocal folds, as demonstrated in recent works [11]. Other authors worked in models 
that include nonlinear flow-structure-acoustic coupling in voice production [12,13], and wave 
propagation within the vocal tract [2]. It is worth to mention the work of  Espinoza et al. [14].

The ultimate objective of  modeling vocal production has been to understand the vocal folds’ 
kinematic behavior; however, it is equally crucial to establish parameters for the clinical diag-
nosis of  vocal pathologies. This purpose involves recognition of  parameters related to vocal 
fold displacements and geometry concerning aerodynamic behavior. Some parameters that 
are currently challenging or even impossible to measure clinically can be estimated through 

Figure 1. Vocal Physiology.
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numerical models, yielding a series of  synchronized signals and data [15]. For instance, this 
encompasses the estimation of  impact forces during the collision of  vocal folds upon reaching 
the midline and calculation of  intraglottic pressure [16,17]. Additionally, other lumped-ele-
ment models presently aid in characterizing hyper-functional behaviors in voice use, allowing 
for their classification into phonotraumatic and non-phonotraumatic categories [18]. This 
process considers parameters derived from estimation methods utilizing signals acquired by 
accelerometers in conjunction with pressure transducers, airflow transducers, microphones, 
and/or neck surface electrodes [19].

The gap between vocal production modeling and clinical utility has been a challenging 
aspect addressed by various numerical models. However, achieving this integration remains 
complex, primarily attributed to the reliance on measurements derived from in vivo, ex vivo 
experiments [20], or numerical simulations [12,16,21] for characterizing the voice and the 
structural mechanical properties of  the models. While these approaches provide an approxi-
mation, they lack precision in mirroring the clinical reality of  a patient with a vocal alteration. 
Models focusing on spring masses and dampers, in particular, face difficulty in accurately 
determining damping coefficients, owing to potential variations in representing the viscosi-
ty-elasticity of  the vocal fold. This paper describes a parametric optimization of  the Hertz 
model originally introduced by Horacek [16].

Thus, this work aims to conduct a parametric refinement of  a mass-spring-damper-based 
vocal production model incorporating subglottic pressure interaction, enabling the represen-
tation of  collision forces between vocal folds during phonation [16]. Section 4 elucidates the 
features of  the model. The parametric refinement is executed through a comprehensive ap-
plication of  metaheuristic methods, aiming to reconstruct the physical behavior of  the vocal 
folds and estimate the impact stress during phonation.

The paper is structured as follows: Section 2 provides the background information essential 
for a thorough comprehension of  the presented problem; Section 3 delineates the model used 
to representing the impact stress of  vocal fold; Section 4 furnishes preliminary insights into 
the parametric synthesis framework; Section 5 addresses the demonstration of  the proposed 
parametric synthesis method; finally, Section 6 offers a discussion and outlines potential future 
research avenues within this domain of  knowledge.

Background: Metaheuristic Methods
The model serves as an abstraction of  a real-world problem, upon which mathematical 
considerations are applied to yield results tailored to the desired outcomes. Within the 
realm of  modeling, traditional methods for optimization are employed [22]. Among these 
methods are metaheuristic algorithms, which encompass approximate optimization and 
general-purpose search algorithms. These algorithms iteratively guide a subordinate heu-
ristic by intelligently integrating various concepts to effectively explore and exploit the 
search space towards an appropriate solution [23].

Such methods have found application in diverse problem domains. For instance, they have 
been employed in assignment problems utilizing piecewise linearization techniques [24], in 
the design of  embedded computer systems through deterministic iteration techniques [25], 
and in engineering structure design based on signomial discrete programming [26]. Addi-
tionally, they have been utilized in deterministic optimization methods within engineering 
and management [27], as well as in the field of  molecular biology to optimize the localization 
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of  protein binding sites on DNA strands [28]. Likewise, this methodology has been used in 
medical contexts for optimizing fractionated protocols in cancer radiotherapy via nonlinear 
programming [29]. Other applications encompass model updating in the parameter optimi-
zation process [30–32].

Furthermore, metaheuristic methods have contributed to the development of  novel opti-
mization techniques [33]. These techniques find utility across various domains of  knowledge 
[34]. For example, they have been applied to tackle complex nonlinear problems using mu-
sic-based metaheuristic search methods, as documented by Altay and Alatas [35]. Heuristic 
and metaheuristic approaches have also been proposed for genetic algorithm, and memet-
ic algorithm optimization [36]. Similarly, variations of  methods for restricted optimization 
have been suggested. For instance, Gokalp and Ugur [37] employed a hybrid way, integrat-
ing three metaheuristic algorithms of  different behavioral patterns.

Within the realm of  research applied to vocal models, only a limited number of  contri-
butions have been identified. Existing literature provides evidence of  parametric estimation 
work, such as that proposed by Yang et al. [38], wherein a mathematical optimization method 
is introduced to adjust the parameters of  a three-dimensional vocal model for reproducing 
vocal fold dynamics through the evaluation of  biomechanical parameters (pressure, tension, 
and masses). Additionally, Kurniasih et al. [39] present a computational estimation of  vocal 
tract shape parameters employing synthesis analysis with acoustic data as input to iteratively 
optimize the shape parameters. Similarly, Dognin [40] proposes parametric optimization for 
vocal tract length normalization. This theme is further explored in Laprie and Mathieu´s 
work [41], which introduces a variational computational approach for estimating vocal tract 
shapes from speech signals using iterative processes. Another noteworthy study is presented 
by Ding et al. [42], where a swift and robust joint estimation of  the tract and vocal source 
parameters from speech signals is proposed, based on an autoregressive model with exoge-
nous input (ARX). It is noteworthy that, as of  the date of  this study, no applications aimed at 
understanding the aerodynamic processes involved in vocal production have been identified 
in the literature review. One approach to fine-tuning model outputs involves the development 
of  algorithms that facilitate the convergence of  values leading to model stability.

Combinatorial algorithms represent one of  the most commonly employed algorithmic ap-
proaches for fine-tuning a model’s response [43]. These algorithms form an integral part of  
metaheuristic algorithms [44,45]. They systematically enumerate all potential candidates for 
solving a given problem, assessing whether each candidate satisfies the solution criteria. This 
algorithm is often applied when the pool of  candidate solutions is small or when it can be 
selectively reduced through preceding heuristic methods [46,47].

Model to Represent Impact Stress of Vocal Fold
The model of  vocal fold self-oscillation, as outlined by Horáček et al. [16,48] serves as the 
foundational framework. This is a two-dimensional aeroelastic computational model, which 
incorporates the Hertz model to account for impact forces governing vocal cord collisions 
[17]. The primary objective of  this model is to investigate the maximum magnitudes of  the 
impact stress (IS) throughout a complete cycle of  vocal fold vibration. It is designed to sim-
ulate a single vocal fold, assuming glottal symmetry, and is tailored towards emulating the 
characteristics of  a typical, healthy larynx.

https://doi.org/10.46634/riics.234
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Figure 2 illustrates a schematic representation of  the model, conceptualized as a dynamic 
system characterized by two degrees of  freedom. It comprises three equivalent masses oscillat-
ing on two springs, along with dampers regulating the opening and closing phases of  the glot-
tis. The motion is characterized by the rotation and translation of  the components arranged in 
the configuration of  a vocal fold. A succinct overview of  the model is presented herein.

(a) Vocal folds closing phase. (b) Vocal folds opening phase.

Figure 2. Closing and opening cycle of vocal folds.

The interaction with the vocal tract is not taken into consideration by the model. Thus, 
only mechanical settings require adjustment. Self-oscillations arise from the presence of  non-
linear aerodynamic forces and collision forces acting upon the static lung pressure load (Plung) 
when the glottis is closed. The geometry of  the vocal cords is approximated by a parabolic 
shape function a(x), which determines the bulge and curvature of  the contacting surfaces at 
the point of  interaction. In the Hertz impact model, the Young’s modulus was considered, 
E = 8kPa and Poisson’s ratio, 𝑣  = 0.4 for vocal cord tissue.

The equation of  motion for the two-degree-of-freedom vocal fold model can be written as,

MV̈ + BV ̇  + KV + F = 0 Eq.1

Eq.2

where the following excitation and displacement force vectors were introduced:

𝑉 = , 𝐹 =𝑉1(𝑡) F1(𝑡)
𝑉2(𝑡) F2(𝑡)[ [] ]

https://doi.org/10.46634/riics.234
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and 𝑀, 𝘉, 𝐾 are the matrices of  a mass, spring, damper structure:

Eq.3

Eq.6

Eq.7

Damping matrix 𝐵 represents a proportional structural damping model; ϵ1 and ϵ2 are con-
stants adjusted according to the desired damping ratios for the two natural modes of  vibration 
of  the system. The structure of  the matrices 𝘔 and 𝐾 represent a mass coupling caused by the 
mass m3, which is generally in the system, even though 𝐹 = 0.

Incoming airflow velocity 𝑈0 and subglottic pressure (Psub) at the entrance to the glottic 
region (x = 0) are related to pulmonary pressure (Plung). The factor 𝑔(𝑡) is the time-varying 
glottal width. A non-viscous incompressible fluid with the density of  air is considered. The 
three equivalent masses m1, m2, and m3 were calculated from the properties of  the vocal fold 
tissue (density ρ = 1,2k𝑔/m3, thickness L = 6,8mm, length h = 10mm) and the geometry of  the 
vocal cords given by the function a(x) = 1.858x-159.86x2 [m]. The prefonatory glottal width 
(𝑔0 = 𝑔(0)) is ranged between 0,2-0,5mm.

The impact force in Hertz is expressed as 𝐹H = 𝑘H δ3/2, where 𝑘H is the contact stiffness 
and δ is the penetration of  the vocal cords through the axis of  symmetry during collision (see 
Figure 2a), and δ = [ymax - H0], where H0 = maxx∈(0,L) a(x) + 𝑔 and ymax is obtained from:

		  𝑥max = min(L, max(0, – [V1 (𝑡) + 𝑎1 ]/𝑎2 ))		   Eq.4

		  𝑦max = 𝑎[𝑥max (𝑡)] + [𝑥max (𝑡) – L1]V1(𝑡) + V2(t)	               Eq.5

Where 𝑎1 and 𝑎2 are dimensionless coefficients describing the geometry of  the vocal cords. 
The impact stress (IS) is calculated as the maximum value during one oscillation period ac-
cording to the formula of  Hertz model of  impact proposed in [49,50] for vocal-fold collisions:

where FH,max = kH δmax. Using equation 15 of  the Hertz model applied by [16], we arrive at 
the following equation that allows us to calculate the impact forces during the collision of  the 
vocal cords

		  FH(t) = kH [ymax (t)– H0]3/2

3/2

https://doi.org/10.46634/riics.234
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Method
Parametric tuning procedure and algorithm configuration
The path-based search algorithm is commonly employed in theoretical and practical inves-
tigations of  search metaheuristics [51]. It involves the utilization of  environment structures, 
which encapsulate the notion of  proximity or adjacency among alternative problem solutions. 
The entirety of  solutions falls within the environment surrounding the present solution, de-
marcated by a solution generation operator. Path-based algorithms conduct a localized exam-
ination of  the search space, scrutinizing the environment encompassing the current solution 
to determine the course of  the search path [52]. Establishing the environment’s structure suf-
fices to formulate a generic search algorithm model [51]. To instantiate the algorithm, encod-
ing for the solutions is specified, and a neighbor generation operator is defined, consequently 
establishing an environment structure for the solutions. Subsequently, a solution is selected 
from the environment of  the current solution until the termination criterion is satisfied [53].

The parametric tuning of  the biomechanical vocal fold model addressed in this study com-
menced with the initial parameters validated by Horacek [17], as previously reported. The 
configuration procedures of  the tuning algorithm are meticulously outlined in Diagram 1, 
providing a precise delineation of  the decision-making process within the algorithm.

Diagram 1. Scheme of algorithm employed in a metaheuristic method.

https://doi.org/10.46634/riics.234


Revista de Investigación e Innovación en Ciencias de la Salud · Volume 6, Number 1, 2024 · https://doi.org/10.46634/riics.234
32

Fine-Tuning of a Voice Production Model
Calvache-Mora et al.

The initial coefficients of  the model were derived from the detailed biomechanical param-
eters described in the subsequent section, which comprehensively presents the model. These 
coefficients are directly linked to the matrices of  the vocal fold mass-spring model, affording 
us the capability to modulate the composition of  the folds to achieve the desired behavior.

The evaluation of  the tuning process’s performance was conducted by considering features 
of  the target signal, including the period (T), positive maximum amplitude (Amax-p), negative 
maximum amplitude (Amax-n), positive section area (Ar-p), and negative section area (Ar-n). The 
appropriate moment to conclude the simulation is determined by the algorithm through an 
assessment of  the discrepancies between the previously acquired characteristics and the de-
sired ones. A margin of  error of  at least 10% was established, at which point the algorithm 
decides to conclude the metaheuristic search or update the data with new combinations, 
effectively restarting the simulation.

Figure 3 provides a visual representation of  the employed methodology, illustrating the work-
flow during the parametric tuning of  the biomechanical vocal fold model. This figure serves 
as an essential visual guide for comprehending the optimization process implemented in this 
scientifically significant study.

Results
Demonstration to parametric synthesis method
In this section, a summary of  the results achieved following the successful implementation 
of  the parametric synthesis method for the vocal model is presented. The fine-tuning adjust-
ments made enabled the attainment of  behaviors closer to the desired physiological parame-
ters. This demonstrates the effectiveness of  the approach applied in refining the biomechani-
cal phonation model, thereby fulfilling the objective set forth in the title of  the study.

Figure 3. Proposed parametric tuning system diagram.

https://doi.org/10.46634/riics.234
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The parametric synthesis method for the vocal model is implemented using a heuristic 
search algorithm. The parameters to which the fitting algorithm is applied are the elasticity 
coefficients c1 and c2, and the damping coefficients ϵ1 and ϵ2. These parameters directly in-
fluence the matrices of  the vocal fold mass-mechanical model, enabling us to modulate the 
composition of  the folds to achieve the desired behavior. The resulting behavior of  the vocal 
system for each simulation cycle is then compared to a pre-established standard behavior 
under normal conditions. Various signal characteristics are computed, including the period 
(T), Positive peak amplitude Amax-p, Negative peak amplitude Amax-n, Positive section area Ar-p and 
Negative section area Ar-n. The simulation is terminated by the algorithm based on an evalua-
tion of  the discrepancies between the obtained signal characteristics and the desired ones. We 
have set a predefined error margin of  at least 10%, at which point the algorithm will decide 
whether to conclude the metaheuristic search or update the data with new combinations, 
effectively restarting the simulation (refer to Figure 3 for visual representation).

After approximately 360,000 iterations of  possible combinations, the algorithm was halted 
to refine the coefficients of  the model. The fine-tuning of  the model is manifested in the vertical 
displacements of  the masses represented by m1 and m2. It is noteworthy that the signals ac-
quired W1 and W2 closely align with the desired signals W1 D and W2 D, particularly between 
samples 340,000 to 360,000, as illustrated in Figure 4.

Figure 4. Procedure for adjusting the vertical displacements of equivalent masses m1 and m2; comparing the obtained 
signals W1 and W2 Vs. the desired signals W1D and W2D.

https://doi.org/10.46634/riics.234
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The iterations of  this algorithm were terminated upon reaching an error threshold of  10% 
or less for the evaluated features in the model signals. Table 1 presents the parametric modi-
fications that the input variables underwent throughout the simulation. It is worth noting that 
the parameter ϵ1 remained unchanged in its tuning, as dictated by the inherent nature of  the 
mechanical model, wherein the dynamics primarily center around the forces generated by 
the viscous components rather than the mass of  the fold.

Table 1. Tuning of parameters of the mechanical model of vocal folds.

samples 𝑐1 𝑐2 ϵ1 ϵ2

0 1,92E+13 4,50E+10 0,00 1,00E-04

100000 5,05E+12 1,18E+10 0,00 3,80E-04

200000 2,21E+12 5,18E+09 0,00 8,70E-04

300000 1,23E+12 2,89E+09 0,00 1,56E-03

310000 1,17E+12 2,75E+09 0,00 1,64E-03

320000 1,11E+12 2,62E+09 0,00 1,72E-03

330000 1,06E+12 2,49E+09 0,00 1,81E-03

340000 1,01E+12 2,38E+09 0,00 1,89E-03

350000 9,70E+11 2,27E+09 0,00 1,98E-03

360000 1,93E+12 4,54E+09 0,00 3,31E-04

Under similar conditions, it is important to observe that the simulation was concluded once 
errors had reached permissible thresholds (refer to Figure 5).

Figure 5. Error signals of the characteristics extracted from the desired signals WD Vs. 
signals obtained W.
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In the simulation processing time, fine-tuning took approximately 3.6 to 5 seconds on an 
Intel(R) Core (TM) i5-10210U CPU @ 2.11 GHz machine. A fixed simulation step factor of  
0.00001 was employed, considering that oscillations typically range between 100 and 200 Hz. 
The parametric adjustment facilitated the acquisition of  interaction forces exciting the vocal 
model. Figure 6a illustrates the excitation force curves of  the mechanical vocal model in the 
final moments of  the simulation, wherein the parameters approach their minimum error. It 
is noteworthy that starting from sample 350000, the forces exhibit sinusoidal coupling and 
adapt in accordance with the naturally obtained parameter conditions at this iteration instant.

In Figure 6b, aerodynamic forces (including impact forces and pressure variations be-
tween vocal folds) are presented, simulated using coefficient values derived from parametric 
tuning. The simulation employs a flow velocity of  1.6, yielding intraglottic pressures reach-
ing as high as 0.46 [17]. This behavior exhibits fluctuations contingent on the opening or 
closing of  the vocal folds.

Finally, Figure 7 displays the impact force curves computed using equations 3 and 4, incor-
porating the fine-tuned coefficients. We also present the curves for delta(t) (vocal fold pene-
tration factor when applying equation 7). Note that, ymax)(t) > H0, which indicates the impact 
forces between the two vocal folds. Through parametric tuning of  the model, we were able to 
attain impact forces of  up to 2.5 and displacements of  up to 1.

Discussion
I n this study, a parametric tuning approach using comprehensive metaheuristic methods was 
implemented to refine a vocal production model. This method allowed for the reconstruction 
of  an approximate physical behavior of  the vocal folds, enabling the estimation of  impact 
stress resulting from the interaction forces between them. The tuning parameters, name-
ly damping and spring coefficients, were systematically adjusted. Additionally, performance 
stopping criteria were established, comparing error characteristics between the desired and 
obtained signals, with an error margin of  at least 10%.

As indicated by previous research [40], the effectiveness of  tuning methodologies is intricately 
linked to the complexity of  the model. Furthermore, achieving an optimal tuning hinges on the 
distinct vocal characteristics exhibited by male and female speakers, warranting tailored param-
eter variations [40]. While our results were validated with input parameters derived from a 
male speaker, it is crucial to acknowledge that gender-based differences in vocal frequencies may 
necessitate distinct tuning approaches.

The technique employed in this study addresses the estimation of  impact forces through 
a parametric adjustment of  the vocal characteristics within the Herz model, as examined by 
previous works [16]. This approach stands out for its organized exploration and exploitation 
of  parametric targets, providing a unique opportunity to objectively quantify the biomechan-
ical attributes of  vocal folds [39], with a specific focus on acquiring data pertaining to impact 
forces. This aligns with the methodologies of  global and local optimization algorithms, sim-
ilar to those adapted in comparable studies, demonstrating their efficacy in yielding suitable 
results by adapting diverse synthetic datasets [38]. However, further research is warranted to 
establish a comprehensive correspondence between the biomechanical parameters of  vocal 
folds and their respective vibrational modes.
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Figure 6. Aerodynamic forces curves for the vocal model.

(a) Impact forces of vocal model

(b) Intraglottic pressure produced by airflow U0
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Figure 7. Impact force curves and deltas.

(a) Resulting impact forces

(b) Vertical displacements of the folds Ymax – H0
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The sequential exploration of  potential values to achieve optimal results, which effectively 
traverses the search space, proves to be invaluable in addressing complex issues such as tuning 
a vocal production model. Although the results obtained through this technique are deemed 
adequate, refinement could be achieved by incorporating clinical measurements as a reference, 
given that the desired conditions were predominantly derived from existing literature [54].

The performance of  the tuning methodology utilizing metaheuristic methods was deemed 
adequate in attaining the desired behavior, with consistent results. However, it is imperative 
to underscore that the tuning conditions could be further refined by giving greater weight to 
clinical measurements as a reference point, enabling the algorithm to emulate a vocal system 
behavior that more closely mirrors natural or clinically established parameters [55].

Finally, the proposed technique lays the foundation for potential extensions to include a 
wider array of  search algorithms, with the aim of  enhancing error conditions and streamlin-
ing processing resources.

Limitations and Future Directions
The parametric approach utilized, while robust, may not encapsulate the entirety of  com-
plexity and variability in vocal production, particularly in clinical scenarios. Additionally, 
while extensive efforts were made in tuning, other biomechanical and physiological factors 
may influence vocal fold behavior that were not accounted for in this model. Furthermore, 
the results are based on data from a male speaker, which may limit their generalizability to 
other genders or vocal profiles. Future research should aim to address variability in vocal 
production among different populations, including female speakers and individuals with 
diverse vocal characteristics.

Moving forward, exploring multi-objective approaches and integrating machine learning 
techniques may further enhance the precision and clinical applicability of  biomechani-
cal vocal fold models. Additionally, incorporating clinical data and direct measurements 
into the parametric tuning process could provide a more robust and specific foundation 
for assessing patients with vocal disorders. Expanding this approach to three-dimensional 
models and considering more complex interactions between vocal folds and other compo-
nents of  the vocal tract may offer a more comprehensive and accurate representation of  
vocal production in clinical contexts. Furthermore, experimental validation of  the results 
through clinical trials and comparisons with direct clinical measurements would be crucial 
to confirm the utility and accuracy of  this approach in diagnostic and treatment contexts 
for vocal disorders. This research avenue holds promise for advancing clinical practice in 
the field of  phonation and voice, enabling a more personalized and effective approach to 
treating patients with vocal disorders.

Conclusion
This study highlights the effectiveness of  metaheuristic methods in the parametric adjustment 
of  vocal production modeling. The fine-tuned model achieves an accurate reproduction of  
vocal fold behavior, allowing for precise estimation of  impact stress during phonation. The 
results demonstrate a significant improvement in vocal behavior representation, affirming 
the utility of  this methodology. Despite the potential for further improvement through clin-
ical measurements, this approach establishes a solid foundation for future research in vocal 
biomechanics. Multi-objective optimization, the integration of  machine learning techniques, 
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and the investigation of  complex vocal fold interactions present exciting avenues for future 
exploration. Experimental validation and clinical comparison will further enhance the practi-
cal utility of  the method. This study constitutes a significant step towards more precise vocal 
modeling and its clinical application.
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