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Abstract: 
Background: Vocal fold scarring disrupts the layered microstructure and viscoelastic properties of the lamina 
propria, resulting in impaired vibratory function and chronic dysphonia. Despite advances in regenerative 
approaches, predicting therapeutic outcomes remains limited by an incomplete understanding of how altered tissue 
biomechanics influence phonation. This study employs advanced biomechanical modelling to characterize the 
mechanical consequences of vocal fold scarring and to evaluate the potential efficacy of emerging regenerative 
interventions. Using a multilayer, continuum‐based finite element model incorporating nonlinear, anisotropic 
tissue properties, we simulated scar-induced alterations in stiffness, viscosity, extracellular matrix composition, 
and mucosal wave propagation. Model outputs were validated against available high-speed imaging and phonatory 
data. Results demonstrate that even moderate increases in lamina propria stiffness and loss of shear compliance 
produce significant reductions in vibratory amplitude, phase symmetry, and glottal closure efficiency. Simulated 
regenerative strategies—such as reducing collagen density, restoring elastin architecture, and augmenting 
hyaluronic acid content—improved vibratory metrics in a dose-dependent manner, with optimal therapeutic 
benefit achieved through balanced restoration of both elastic and viscous components. This biomechanical 
framework provides a predictive platform for assessing regenerative therapies and highlights critical 
microstructural targets for restoring optimal vocal fold kinematics. The findings support the integration of 
computational modelling into the design and personalization of future treatments for vocal fold scarring. 
This is an Open Access article that uses a funding model which does not charge readers or their institutions for access and distributed under 
the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0) and the Budapest Open Access Initiative 
(http://www.budapestopenaccessinitiative.org/read), which permit unrestricted use, distribution, and reproduction in any medium, provided 
original work is properly credited. 

Introduction

Normal voice production depends on the highly 
specialized layered architecture and viscoelastic 
properties of the vocal folds. The superficial lamina 
propria, rich in elastin and hyaluronic acid, provides 
the tissue pliability required for efficient mucosal 
wave propagation, while deeper collagen-rich layers 
impart tensile strength and stability. Disruption of 
this delicate microstructure—most commonly due to 
inflammation, phonotrauma, iatrogenic injury, or 
chronic disease—can lead to vocal fold scarring. 
Scar tissue is characterized by increased collagen 
deposition, reduced extracellular matrix (ECM) 
heterogeneity, loss of vibratory pliability, and 
impaired tissue hydration. These alterations 
fundamentally change the biomechanical profile of 
the vocal fold, resulting in decreased vibratory 
amplitude, asymmetry, glottal incompetence, and 
persistent dysphonia. Because the human voice is 
central to communication and professional function, 

vocal fold scarring represents a significant clinical 
burden with limited effective therapies. 

Traditional treatments such as voice therapy, 
corticosteroid injection, and phonosurgical 
interventions provide partial or temporary 
symptomatic improvement but do not reliably 
restore normal tissue mechanics. Recent 
developments in regenerative medicine—including 
biomaterial scaffolds, growth factors, stem cell–
based therapies, and gene-modulating 
interventions—aim to re-establish the 
microstructural and mechanical integrity of the 
lamina propria. However, predicting treatment 
outcomes and optimizing therapeutic strategies 
remain challenging, largely due to the complex 
interplay between ECM composition, nonlinear 
material properties, and dynamic phonatory forces. 
Experimental evaluation alone is limited by ethical 
considerations, intersubject variability, and the 
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difficulty of obtaining high-resolution 
biomechanical data in vivo. 

Biomechanical modelling provides a powerful 
complementary approach for investigating vocal 
fold scarring and guiding regenerative therapy 
development. Computational models allow 
systematic manipulation of tissue parameters—such 
as stiffness, viscosity, anisotropy, and layer 
thickness—and can simulate how scar-related 
alterations influence vibratory kinematics and 
aerodynamic efficiency. Additionally, modelling 
enables the virtual testing of regenerative 
interventions by predicting how restoring ECM 
components may alter phonatory function. Despite 
these advantages, few studies have comprehensively 
integrated advanced biomechanical modelling with 
regenerative therapeutic design. 

This study addresses this gap by developing a 
multilayer, experimentally informed biomechanical 
model of scarred vocal fold tissue to evaluate the 
mechanistic impact of scarring and assess potential 
regenerative strategies. Through simulation of scar-
induced changes and targeted microstructural 
restoration, this work aims to advance a predictive 
framework that supports the rational design, 
optimization, and personalization of regenerative 
treatments for vocal fold scarring. 

Material and Methods 

Study Design: This computational study employed 
a multilayer finite element–based biomechanical 
model of the human vocal folds to simulate the 
mechanical consequences of scarring and to evaluate 
the potential effects of regenerative therapeutic 
strategies. The methodology included (1) model 
construction, (2) definition of normal and scarred 
tissue properties, (3) simulation of vibratory 
behavior under physiological airflow, and (4) virtual 
testing of regenerative interventions. Department of 
ENT Darbhanga Medical College and Hospital 
Laheriasarai. 

Model Geometry and Layered Structure: A three-
dimensional, symmetric vocal fold model was 
developed using anatomical dimensions derived 
from published imaging and histological datasets of 
adult human larynges. The model incorporated the 
following layers: 

1. Epithelium (uniform thin superficial layer) 
2. Superficial Lamina Propria (SLP) 
3. Intermediate Lamina Propria (ILP) 
4. Deep Lamina Propria (DLP) 
5. Vocalis Muscle 

Layer thicknesses were assigned based on 
established morphometric averages, with the SLP 
constituting the primary vibratory layer. A fine mesh 
with high element density in the SLP region was 

used to capture surface deformation and mucosal 
wave dynamics. 

Material Properties: Each vocal fold layer was 
assigned nonlinear, anisotropic, viscoelastic 
properties to reflect physiological behavior. 

• Normal tissue parameters were based on 
experimentally derived stress–strain 
relationships from tensile testing, rheometry, 
and dynamic oscillation data. 

• Scarred tissue parameters were defined by 
increasing collagen-related stiffness, reducing 
shear compliance, decreasing viscosity, and 
reducing hyaluronic acid–associated damping. 
Parameter changes were informed by published 
data on scarred lamina propria composition and 
mechanics. 

A quasi-linear viscoelastic (QLV) constitutive 
model was applied to all soft tissue layers to capture 
time-dependent behavior. 

Boundary Conditions and Aerodynamic 
Loading: Physiological phonation was simulated by 
applying: 

• Fixed posterior boundary conditions to 
represent arytenoid anchoring 

• Anterior constraints mimicking thyroid 
cartilage attachment 

• Subglottal airflow modelled using a coupled 
fluid–structure interaction (FSI) framework 

Airflow pressures ranged from 0.3–0.6 kPa to 
approximate typical phonatory onset values. The 
glottal airflow solver accounted for flow separation, 
pressure recovery, and turbulence effects during 
vibration. 

Simulation of Vocal Fold Scarring: Vocal fold 
scarring was simulated by systematically altering: 

1. Tissue stiffness (20–200% increase). 
2. Viscosity reduction (10–40% decrease). 
3. Layer thickness modifications where scar 

extended beyond SLP. 
4. Loss of anisotropy due to collagen fiber 

disorganization. 

Multiple scar severity models—mild, moderate, 
severe—were created to capture clinically relevant 
variability. 

Regenerative Therapeutic Modelling: To evaluate 
regenerative interventions, the model incorporated 
virtual “restoration” of ECM components: 

• Reduction of collagen density 
• Reintroduction of elastin-like fiber elasticity 
• Augmentation of hyaluronic acid to restore 

viscosity and damping 
• Layer-specific modulation of SLP mechanical 

properties 
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Each modification was tested independently and in 
combination to determine which microstructural 
changes most effectively restored vibratory 
behavior. 

Outcome Measures 

Simulated outcomes included: 

• Vibratory amplitude 
• Mucosal wave velocity and symmetry 
• Glottal closure patterns 
• Phonation threshold pressure (PTP) 
• Strain distributions within each lamina propria 

layer 

These metrics were compared across normal, 
scarred, and therapeutically modified conditions. 

Model Validation: Validation was performed by 
comparing simulation results with: 

• Published high-speed videoendoscopy data 
• Empirical measurements of mucosal wave 

characteristics 
• Bench-top synthetic vocal fold models 
• Reported phonation threshold pressures from 

human and ex vivo laryngeal experiments 

Agreement within accepted physiological ranges 
was used to confirm model accuracy. 

Results 

The computational model of the normal vocal fold 
produced vibratory kinematics consistent with 
established physiological ranges. Simulated 
mucosal wave velocity, amplitude, and glottal area 
waveform exhibited smooth periodic oscillations 
with symmetric vibratory patterns between left and 
right folds. Phonation threshold pressure (PTP) 
averaged 0.32 kPa, aligning well with published in 
vivo values. 

Impact of Vocal Fold Scarring on Biomechanical 
Behavior: Introduction of scar-related stiffness 
increases produced a marked reduction in vibratory 
amplitude. 

• Mild scarring (20–40% stiffness increase) 
decreased amplitude by 18–25%. 

• Moderate scarring (60–120% increase) reduced 
amplitude by 35–55%. 

• Severe scarring (>150% increase) resulted in 
>70% loss, with patches of near-complete 
vibratory inhibition in the SLP. 

Altered Mucosal Wave Propagation: Scarred 
tissue demonstrated a significant reduction in 
mucosal wave velocity and continuity: 

• Wave velocity decreased by 22–48%, 
depending on scar severity. 

• Severe scarring produced disrupted, non-
propagating waveforms, indicating a 

mechanically “stiffened” surface layer unable to 
support oscillation. 

Asymmetry and Glottal Closure Deficits: In 
asymmetric scarring models, even mild unilateral 
stiffness increase caused: 

• Phase asymmetry of 15–40% 
• Incomplete glottal closure during mid-cycle 

Moderate and severe unilateral scarring 
generated persistent glottal gaps and irregular 
oscillation cycles. 

Increased Phonation Threshold Pressure: PTP 
increased proportionately with scar-induced 
stiffness: 

• Mild: +0.08 kPa 
• Moderate: +0.14–0.19 kPa 
• Severe: +0.25 kPa or higher 

The findings indicate greater airflow demand 
for phonation initiation in scarred states. 

Tissue Stress Distribution Patterns: Scarred 
regions showed elevated localized strain 
concentrations, particularly at the scar–normal tissue 
interface. 
Severe scarring resulted in: 

• Peak stress concentrations 2–3× higher than 
normal tissue. 

• Heightened anterior–posterior stress gradients 
These patterns suggest increased susceptibility 
to secondary injury or phonotraumatic 
worsening. 

Effects of Regenerative Therapeutic Modelling 

Single-Parameter Restoration: Restoring only one 
mechanical parameter (e.g., viscosity or elasticity) 
produced partial improvements: 

• Hyaluronic acid augmentation increased 
viscosity and improved wave propagation by 
10–18%, but did not fully restore amplitude. 

• Reducing collagen-associated stiffness 
improved amplitude by 20–35%, but wave 
symmetry remained impaired. 

Combined restoration of elasticity, viscosity, and 
structural anisotropy produced the most substantial 
improvements: 

• Vibratory amplitude recovered to 75–90% of 
normal values. 

• Mucosal wave continuity approached baseline 
patterns. 

• Glottal closure improved markedly, with 
residual gaps reduced by 60–80%. 

• PTP decreased toward normal values (0.34–
0.36 kPa). 

Identification of Optimal Therapeutic Targets: 
Simulations indicated that balanced restoration of 
both elastic (elastin-related) and viscous (hyaluronic 
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acid–related) properties was necessary for near-
complete functional recovery. Alterations targeting 
collagen stiffness alone were insufficient. 

Model Validation 

Simulated kinematic outputs for normal and scarred 
conditions corresponded closely with published 
human and ex vivo data. Comparisons showed: 

• <10% deviation in mucosal wave speed 
• <15% deviation in vibratory amplitude 
• PTP values within recognized physiological 

limits 
This confirmed the reliability of the modelling 
framework for evaluating therapeutic scenarios. 

Discussion 

This study presents an advanced biomechanical 
modelling framework that characterizes the 
functional consequences of vocal fold scarring and 
evaluates the mechanistic potential of regenerative 
interventions. The findings demonstrate that even 
modest alterations in tissue stiffness, viscosity, and 
anisotropy can profoundly impair vibratory 
performance, reinforcing the critical role of 
extracellular matrix (ECM) microstructure in 
normal phonation. By systematically varying key 
tissue parameters, the model provides insight into 
how specific scar-induced changes translate to 
measurable deficits in amplitude, mucosal wave 
propagation, and glottal closure—outcomes that 
closely parallel clinical observations in patients with 
chronic dysphonia due to scarring. 

The results confirm that increased collagen-related 
stiffness is a primary driver of impaired vibratory 
behavior. This aligns with histological evidence 
indicating that scar tissue is dominated by dense, 
disorganized collagen networks with diminished 
elastin and hyaluronic acid content. The nonlinear 
effects observed in the model—particularly the 
disproportionate reduction in amplitude with 
progressive stiffness increases—highlight the 
biomechanical fragility of the superficial lamina 
propria. Moreover, stress concentration at scar–
normal tissue interfaces suggest a potential 
mechanism for secondary injury or persistent 
dysphonia, as such localized strain gradients may 
perpetuate inflammatory or remodeling pathways. 

Asymmetry and Phonatory Instability: 
Simulation of asymmetric scarring yielded 
significant vibratory phase differences and glottal 
insufficiency even with relatively mild stiffness 
differentials. Clinically, this corresponds with the 
well-recognized challenge of unilateral vocal fold 
scarring, where even subtle stiffness changes lead to 
perceptible voice deterioration. The model’s ability 
to reproduce these patterns underscores its utility as 
a platform for predicting patient-specific 
biomechanical outcomes. 

Implications for Regenerative Therapeutics: One 
of the major contributions of this study is the 
evaluation of regenerative strategies through virtual 
tissue restoration. The results emphasize that 
effective regeneration requires more than simply 
reducing collagen density or softening scar tissue. 
Instead, functional recovery depends on re-
establishing a balanced viscoelastic profile 
representative of healthy ECM composition. 
Specifically: 

• Elastic restoration (elastin network 
functionality) is essential for amplitude 
recovery. 

• Viscous restoration (hyaluronic acid–mediated 
damping) supports mucosal wave continuity 
and energy dissipation. 

• Structural anisotropy is necessary for 
coordinated vibratory motion. 

The combined restoration model produced the most 
physiologically accurate improvement, suggesting 
that future regenerative interventions—whether 
biomaterial-based, gene-directed, or cell-
mediated—must target multiple ECM components 
simultaneously. 

Relevance to Ongoing Therapeutic Development: 
Current regenerative approaches, such as injectable 
hydrogels, fibroblast-modulating agents, and stem 
cell therapies, often focus on isolated tissue 
properties. The present modelling results provide 
quantitative support for multimodal strategies that 
address both collagen normalization and matrix 
rehydration while promoting elastin synthesis and 
layered architecture. The ability to virtually test 
various therapeutic combinations offers a valuable 
tool for narrowing down candidate interventions 
prior to clinical or in vivo experimentation. 

Model Strengths 

This study offers several strengths: 

1. Multilayer, anatomically informed geometry 
that captures the layered functional anatomy of 
the vocal fold. 

2. Nonlinear, anisotropic viscoelastic modelling 
that realistically simulates tissue behavior under 
phonatory loads. 

3. Fluid–structure interaction (FSI) coupling, 
enabling physiologically accurate airflow–
tissue interactions. 

4. Validation against published physiological and 
ex vivo data, supporting model credibility. 

• Airflow dynamics, while physiologically 
grounded, may differ under extreme vocal 
intensities or pathological conditions beyond 
scarring. 

• Regenerative scenarios assume immediate, 
homogeneous changes in tissue properties, 
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whereas biological healing occurs over 
extended time scales. 

Future work incorporating patient-specific imaging, 
microstructural modelling of collagen alignment, 
and time-dependent healing processes would 
enhance predictive accuracy. 

Conclusion 

This study demonstrates that biomechanical 
modelling provides a powerful framework for 
understanding the mechanical consequences of 
vocal fold scarring and for guiding the development 
of regenerative therapies. Scar-induced alterations in 
stiffness, viscosity, and structural organization 
profoundly disrupt vibratory function, underscoring 
the importance of the extracellular matrix 
microarchitecture in normal phonation. Through 

controlled simulation, the model shows that 
meaningful functional restoration requires 
simultaneous recovery of elastic, viscous, and 
anisotropic tissue properties rather than isolated 
modification of individual parameters. Virtual 
regenerative interventions identified balanced ECM 
restoration as the most effective pathway to 
improving vibratory amplitude, mucosal wave 
propagation, and phonatory efficiency. These 
findings highlight the value of computational 
modelling in predicting therapeutic outcomes, 
refining treatment targets, and supporting 
personalized approaches to the management of vocal 
fold scarring. Continued integration of 
biomechanical modelling with biological 
regeneration research will play a critical role in 
advancing next-generation therapies for dysphonia 
caused by scarring.

 
Table 1: Baseline Material Properties of Vocal Fold Layers (Normal Tissue) 

Layer Thickness 
(mm) 

Elastic 
Modulus (kPa) 

Viscosity 
(Pa·s) 

Anisotropy / Fiber 
Orientation 

Epithelium 0.05 30–50 Low None 
Superficial Lamina Propria 
(SLP) 

0.2–0.3 0.5–2 Moderate Weak, random 

Intermediate Lamina Propria 
(ILP) 

0.5 10–15 Moderate Longitudinal collagen 
alignment 

Deep Lamina Propria (DLP) 0.5 20–50 Moderate–
high 

Strong longitudinal collagen 
alignment 

Vocalis Muscle 3–4 40–80 High Fiber-aligned muscular 
anisotropy 

 
Table 2: Biomechanical Alterations Simulated in Vocal Fold Scarring 

Scar 
Severity 

Stiffness 
Increase 

Viscosity 
Change 

Anisotropy Thickness 
Changes 

Functional Impact 

Mild +20–40% –10% Slightly reduced Minimal Mild amplitude reduction, 
partial wave loss 

Moderate +60–120% –20–30% Disrupted collagen 
directionality 

SLP thickening Significant amplitude 
loss, asymmetric vibration 

Severe +150–
200% 

–30–40% Nearly absent Scar encroaches 
across layers 

Wave disappearance, poor 
glottal closure, high PTP 

 
Table 3: Summary of Regenerative Therapeutic Modelling Interventions 

Intervention Type Parameter 
Adjusted 

Modeled Effect on ECM Expected Biomechanical 
Outcome 

Collagen modulation ↓ Stiffness 20–
60% 

Reduced scar fiber density ↑ Amplitude, ↓ PTP 

Elastin restoration ↑ Elastic recoil Improved elastic fiber 
network 

↑ Vibratory amplitude & 
symmetry 

Hyaluronic acid 
augmentation 

↑ Viscosity 10–
40% 

Improved damping & 
hydration 

↑ Mucosal wave continuity 

Multi-component ECM 
restoration 

Combined 
adjustments 

Re-established layered 
microstructure 

Near-normal amplitude & 
wave propagation 
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Table 4: Vibratory Performance Outcomes Across Conditions 
Outcome Metric Normal Mild Scar Moderate Scar Severe Scar Post-Regeneration 

(Optimized) 
Vibratory amplitude 
(% of normal) 

100% 75–82% 45–65% <30% 75–90% 

Mucosal wave 
velocity 

Normal ↓ 20–25% ↓ 30–45% Disrupted Near-normal 

Glottal closure Complete Slight gap Intermittent gap Persistent gap Restored in most 
cycles 

Phase symmetry High Mild 
asymmetry 

Moderate 
asymmetry 

Severe 
asymmetry 

Mostly restored 

PTP (kPa) ~0.32 0.40 0.46–0.51 ≥0.57 0.34–0.36 
 

Table 5: Model Validation Summary 
Comparison Metric Simulation Output Published Range Deviation 
Mucosal wave velocity Within 10% Physiologic high-speed imaging values <10% 
Vibratory amplitude Consistent Ex vivo & in vivo datasets <15% 
Phonation threshold pressure 0.32–0.36 kPa 0.30–0.35 kPa <10% 
Kinematic symmetry Physiologic Endoscopic recordings Qualitative 

match 
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