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Abstract 
The emitted human voice signal originates due to 
oscillations of both vocal folds being located in the larynx. 
So called functional dysphonia being observable during 
phonation due to disturbing the vocal dynamics yields voice 
disorders, i.e. hoarseness.  

In historical voice research, endoscopic recorded vocal fold 
dynamics were mostly simulated via 1D Two- or 2D Multi-
Mass-Models. However, by using these models only vocal 
fold movements in lateral and longitudinal directions are 
taken into account. 

This work presents an enhancement of these numerical 
models: a Multi-Mass-Model extended from 2D to 3D 
displacements. It consists of five mass planes arranged in 
vertical direction. Each plane contains five longitudinal 
coupled mass-spring oscillators. Via the new proposed 
model not only the vertical movements but also the diffusion 
of the mucosal wave from inferior to superior can be 
simulated.  

In order to better simulate vocal fold vibrations, the time-
invariant model parameters are adjusted in a hybrid 
optimization procedure. The evaluation of the optimization 
procedure is performed by using lateral symmetric data sets 
synthetically generated by the model. Different occurring 
glottis closure-types are also considered. 

1. Introduction 
Human voice is generated by oscillations of the two lateral 
opposing vocal folds [1]. A disturbed or hoarse voice arises 
from irregular vocal fold vibrations [2]. Mostly, these 
irregularities are caused by anatomical asymmetries between 
left and right vocal fold [3]. Asymmetries of the larynx such 
as unilateral vocal fold polyps or paralysis can be directly 
observed using endoscopes [1]. However, vocal fold 
pathology such as functional dysphonia presenting no visual 
evidences for morphological laryngeal asymmetries is only 
visible during phonation [1]. The vocal folds oscillate 
between 100 Hz and 300 Hz. Owing to the vocal fold 
oscillations in continual rapid motion, endoscopic High-
speed (HS) digital imaging applying 2000 – 4000 fps allow 
to observe laryngeal dynamics, Figure 1 [2]. Investigation of 
vocal fold dynamics requires a quantitative analysis of HS 
video data. Two main approaches have been applied to 
realize the objective evaluation. One approach is to direct 
quantitatively analyze laryngeal dynamic characteristics like 
time-varying glottal area, vocal fold length and 
displacements [4]-[6]. By analyzing the instantaneous 

frequency and amplitude as well as phase measures the 
glottal perturbation can be detected and measured [7]-[9].  

 
Figure 1: (a) Endoscopic High-speed digital imaging in 
clinical investigation. The vocal fold dynamics are recorded 
in real-time. (b) A single frame in open glottis state is 
shown. The typical extraction points for motion curves (i.e. 
trajectories) are indicated with “x”. In the new 
biomechanical model the trajectories at positions “o” are 
also considered. 

Another main approach to analyze endoscopic recorded 
vocal fold dynamics is the adaption of biomechanical models 
to vocal fold vibrations extracted from HS video data. By 
biomechanical models the trajectories at specific positions 
on the vocal fold edges are taken into account for adaption, 
Figure 1. Due to the increasing computational power, the 
technique has been gradually improved: 

First, only one lateral trajectory for each vocal fold at medial 
position was recreated by using a 2-Mass-Model [10], [11]. 
The corresponding trajectory fit was manually performed 
[12]. The first fully automatic optimization procedure was 
realized by Döllinger et al. [1] applying the Nelder-Mead 
algorithm. Normal voices and a functional dysphonia were 
successfully adapted. To differentiate normal from unilateral 
vocal fold paralysis classification schemes were proposed 
[13]. Since several laryngeal diseases occur only at certain 
frequencies, optimization for non-stationary vocal fold 
dynamics was performed by Wurzbacher et al. [14].  

Later, vocal fold movements at three specific positions 
(marked with “x” in Figure 1) distributed along the 
longitudinal direction were adapted by enhanced 2D Multi-
Mass-Models [15]. The corresponding optimization 
procedure for stationary and non-stationary phonation was 
successfully accomplished through verification on clinical 
data sets [15], [16]. 

So far, low dimensional biomechanical models consider 
mostly 1D or 2D movements. Optimization only allowed to 
analyzing superior dynamics of the larynx [15]. Important 
interactions along the medial parts of the vocal folds as well 
as the vertical movements were not investigated. However 
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these topics are essential for quantification of vocal fold 3D 
dynamics. 

2. Methods 
2.1 3D Laryngeal Dynamics and Different 

Glottis Closure-Types 
In clinics, endoscopic digital high-speed (HS) imaging is 
used to observe human vocal fold vibrations during 
phonation. However, the corresponding observation is 
performed from top-view position, where only the superior 
vocal fold dynamics along the longitudinal and lateral 
directions can be recorded, Figure 1. Nevertheless, under the 
action of subglottal pressure the vocal fold mucosa 
movement from inferior to superior is issued in. The 
movements wavelike diffuse from the lower part to the 
upper part of the vocal folds [17]. These dynamics look like 
a wave travelling along the surface (i.e. mucosa). Hence, this 
event is called mucosal wave [17]. The most critical region 
of the mucosal wave propagation occurs at the medial 
surface of vocal folds [18]. Additionally, vocal fold 
dynamics are nonlinearly combined actions between both 
vocal folds as well as sub- and supraglottal systems [18], 
[19]. 

In order to obtain 3D standard dynamics of human vocal 
folds, the most realistic model was chosen, i.e. the human 
hemilarynx model [17], [20], where only one vocal fold was 
retained to expose and observe the dynamics occurring at the 
entire surface of the opposite vocal fold (Figure 2) [20], [21], 
[22]. This setup was chosen as main template for the new 
3D-Multi-Mass-Model. 

 
Figure 2: 3D reconstruction and visualization of one vocal 
fold surface as gathered from hemilarynx experiments [17]. 
30 black grid points serving as actual positions of tracking 
markers are homogeneously distributed on the vocal fold 
surface. 

Using endoscopic recording techniques five common glottis 
closure-types during normal phonation can be observed, 
which are rectangle, hourglass, triangular-pointed dorsal, 
triangular-pointed ventral and convex [23]-[25], see Figure 
3. These 5 glottis closure-types are also considered within 
the 3DM. 

 

2.2 3D-Multi-Mass-Model 
For modelling of 3D vocal fold dynamics a 3D-Multi-Mass-
Model (3DM, Figure 4) based on the models presented by 
Schwarz et al. [13] and Wurzbacher et al. [14], is used. 

 

 
Figure 3: Classification of 5 different glottis closure-types. 

 
Within the 3DM each vocal fold consists of five planes 
arranged from inferior to superior. Each plane contains five 
longitudinal coupled mass-spring-oscillators at each side, 
Figure 4. During phonation the subglottal pressure Psub 
serves as driving force. It is in compliance with the Bernoulli 
law [1]. Under the action of subglottal pressure the masses 
located on both sides (left and right) are set into vibration. 
The 3DM is a simplified model, so that the viscous losses 
inside the tissue of the vocal folds are neglected. However, 
these kinds of models proved to simulate dynamics of the 
vocal folds during phonation in earlier studies [8], [10], [11]. 

 
Figure 4: Schematic of the 3D-Multi-Mass-Model. Using 
anchor springs the masses are elastically connected to a 
rigid body. Additionally, the masses are connected to each 
other through springs in vertical and longitudinal directions. 

 

 
Figure 5: Schematic representation of the model 
parameters. Stiffness of anchor springs, longitudinal springs 
and vertical springs are indicated with ka

r,s, kl
r,s, kv

r,s at right 
side (i = 1, … ,5) on each plane (s = 1, … ,5 from inferior 
to superior). Subscript l represents the left side (i = 6, …, 
10). hi,s is the thickness of mass elements. The 3D positions 
of mass elements are denoted with (xi,s, yi,s , zi,s). 
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The 3DM dynamics are modified by changing model 
parameters as spring stiffness (ki,s), mass (mi,s) rest position 
(xi,s) as well as subglottal pressure (Psub), Figure 5. The 
initial values are on the basis of the 2-Mass-Model [10] and 
on the properties of mucosal wave dynamics obtained from 
Hemilarynx experiments [17], [20]. 

 

2.3 Optimization Procedure 
In order to adapt the 3DM dynamics to human vocal fold 
dynamics, an optimization procedure for adjusting the model 
parameters is essential. Modification can be imposed by 
expressing the model parameters mi,s, ki,s, … in terms of the 
standard model parameters m i,s, ki,s, … by introducing 
optimization parameters Qi,s, Qp, Qr, which respectively 
influence the constants of spring, mass, subglottal pressure 
and rest position. They are in accordance with [1], [14] as 
follows: 
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Due to 5 planes and 10 mass elements at each plane, there 
are altogether 50 Qi,s to be adjusted within the 3DM. Using 
the above representation the vibratory pattern of the vocal 
fold oscillations can be modified towards 
symmetric/asymmetric dynamics. By using these 
optimization parameters the masses, elastic modulus as well 
as subglottal pressure and rest positions are varied. 

As objective function, minimizing the Euclidean distance 
between trajectories is chosen, i.e. minimize the distances 
between adapted 3D trajectories cM

i,s[n] and experimental 3D 
trajectories ci,s[n].  

The optimization procedure is implemented in each plane, 
each cross-section and each side of the 3DM. A combination 
of two optimization algorithms (Simulated Annealing (SA) 
[26], [27] + Powell Method (Powell) [28]) is applied. As a 
global optimization algorithm SA is used to seek the region 
close to the global minimum of the objective function. Then 
using a local optimization algorithm (Powell) the results can 
be refined. 

The similarity of the adapted and synthetic 3D trajectories is 
judged with two criterions: objective function and 
correlation coefficient between corresponding 3D 
trajectories. In this work, two reasonable heuristic stop 
criterions have been chosen: the value for the objective 
function must be less than 0.2 with correlation coefficient 
higher than 0.75. 

In order to measure and verify the applicability of the 
optimization procedure, we used synthetic data of 5 different 
symmetric glottis closure-types. For each glottis closure-type 
5 optimization parameter sets were randomly selected. 
Therefore, the synthetic 3D trajectories generated with these 
predefined parameters represent various oscillation patterns 
being symmetric in lateral direction. 

3. Results 
Table 1 shows achieved similarities between synthetic 
generated 3D trajectories and fitted 3D trajectories. The 
values reveal high accuracy and demonstrate the 
applicability of the optimization procedure. 

Closure-type Subjects Accuracy Correlation Obj. func. 
Rectangle 5 92%±3% 95%±3% 0.04±0.02 
Hourglass 5 89%±3% 95%±3% 0.06±0.03 

Triangular-
pointed dorsal 5 92%±5% 97%±2% 0.04±0.03 

Triangular-
pointed ventral 5 92%±3% 97%±2% 0.04±0.01 

Convex form 5 88%±7% 94%±5% 0.05±0.03 

Table 1: Validation with average accuracy regarding the 
optimization parameter values, correlation coefficient, and 
value of objective function (Obj. func.). The accuracy value 
indicates the similarity between predefined optimization 
parameters and model parameters gained by optimization. 

4. Discussion 
A numerical biomechanical modelling approach for human 
vocal fold 3D dynamics as well as a corresponding 
optimization procedure was introduced. Using synthetic data 
of different symmetric glottis closure-types the optimization 
procedure was proven to be applicable. In next work, 
pathological synthetic data will be investigated and adapted. 
For obtaining human vocal fold 3D dynamics from 
endoscopic recordings, a laser spots projection system is in 
development. In future, studying of model parameters of the 
3DM will help to quantify voice disorders and to extract 
physiological laryngeal parameters. 
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