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Abstract: Self-oscillating biomechanical models of the vocal folds are indispens-

able tools for articulatory speech synthesis, speech coding, and speech analy-

sis. A successful compromise between simplicity and completeness are the low-

dimensional vocal fold models with lumped elements. This paper provides a sur-

vey of this class of models and compares them in terms of their mechanical design,

aerodynamic simulation, and with respect to their application and evaluation. Fu-

ture studies to improve the performance of these models in the context of articula-

tory speech synthesis will be proposed.

1 Introduction

Every articulatory or parametric speech synthesizer needs a voice source model. These mod-

els can be roughly organized into three categories: parametric glottal flow models (e.g. [15]),

kinematic vocal fold models (e.g. [49]), and self-oscillating biomechanical vocal fold models

(e.g. [23]). Glottal flow models directly specify the shape of the glottal flow waveform (or its

derivative) assuming that the glottal source and the vocal tract are linearly separable according

to the source-filter theory of speech production [14]. However, it is now well established that the

voice source and the vocal tract filter are generally not independent, in particular for female and

child speech [51]. Kinematic vocal fold models do account for source-filter interaction as they

specify the glottal area waveform that is then used to simulate the glottal flow. Self-oscillating

biomechanical vocal fold models go even further and simulate the flow-induced oscillations

of the vocal folds which in turn determine the glottal area. Thereby, they naturally reproduce

effects that result from the interaction between the vocal folds, the glottal flow, and the vocal

tract, such as intrinsic coarticulatory F0 variation, vocal breaks at register transitions [53], and

irregular vibration under certain conditions [42].

Within the category of self-oscillating biomechanical models are models of different (structural)

complexity, ranging from rather simple lumped-mass models over distributed-mass models to

complex finite element models. This study reviews the class of low-dimensional lumped-mass

models, i.e. those models similar to the well-known two-mass model by Ishizaka and Flana-

gan [23]. Thereby we restrict the scope to those models where the mass elements are not

divided in the dorso-ventral direction. Despite their simplicity, these models were shown to be

able to reproduce many characteristics of real vocal fold oscillations [23]. Furthermore, they

can produce natural-sounding voices [29] and have low computational costs. Since the first

models were developed in the late 1960s, a large number of variants were proposed for different

goals. This study organizes the models and compares them in terms of their mechanical design,

aerodynamic simulation, and with respect to their application and evaluation. Based on this we
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identify open problems for future research that might further improve these models for speech

applications.

2 Characterization of models

To effectively compare the existing low-dimensional self-oscillating vocal fold models, we de-

cided to characterize each model in terms of its biomechanical characteristics, its aerodynamic

characteristics, and its application and evaluation according to Tab. 1. The biomechanical model

components were characterized by the following attributes:

Model type refers to the mechanical design of the models as depicted in Figures 1, 2, and 3.

Most models were designed in the coronal plane only and are accordingly illustrated.

Masses per side indicates the number of lumped-mass elements per vocal fold.

Degrees of freedom (DOF) per side indicates the degrees of freedom of each vocal fold.

Spring type denotes the type of spring used to represent the tension of the vocal folds. They

were either modeled as linear springs (“lin”), nonlinear springs (“nl”) with an additional

cubic force-displacement relation (F ∝ x+ax3), or nonlinear springs (“A”) with an addi-

tional velocity-dependent term (F ∝ x+axẋ).

Contact handling denotes how the restoring force was modeled, when the left and right vocal

folds deform due to collision. “lin” and “nl” indicate that an additional linear or nonlin-

ear spring was used according to the spring types above. “H” denotes the Hertz model

of impact forces [32], and “hyp” and “tanh” denote approximations by a hyperbolic or

hyperbolic tangent function.

Bilateral model indicates whether the two vocal folds were modeled independently or asym-

metrically (mostly to study irregular oscillations).

The aerodynamic component was characterized by the following attributes:

Vena contracta refers to a flow separation effect at the entrance of the glottis that results in a

pressure drop in excess of the drop predicted by the Benoulli equation, and hence in an

energy loss. Van den Berg et al. [54] obtained a loss coefficient of 1.375 in their early

experiments, which was subsequently used in many vocal fold models. Later the vena

contracta effect was seriously doubted to occur in the glottis [44] and afterwards not con-

sidered at all by many models. A recent study indicates that the loss coefficient actually

varies considerably depending on the glottal width and the subglottal pressure [19].

Pressure recovery indicates whether the dynamic pressure in the glottis was assumed to be

partly recovered at the glottal exit. Similar to the vena contracta effect, the degree of

pressure recovery at the glottal exit is controversial. A recent study by Fulcher et al. [19]

shows that very little dynamic pressure (below 10%) is recovered under most conditions,

and that the theoretically-derived equations used in most studies to calculate the pressure

recovery do not actually agree with their experimental results.

Variable flow separation indicates whether the point where the airflow through the glottal

channel separates from the walls was allowed to move (either explicitly or implicitly,

e.g. in terms of an orifice discharge coefficient as in [57]). In early models, this point
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was implicitly assumed to be fixed at the exit of the glottis. However, Pelorson et al. [44]

derived a more realistic fluid mechanical description of the airflow through the glottis and

demonstrated the importance of a moving flow separation point by model simulations.

Source loading indicates whether the simulation of glottal flow was acoustically coupled to

a model of the vocal tract (“v”) and the trachea (“t”). This also includes low-frequency

approximations in terms of a purely inductive load or one-formant approximations.

Viscous friction indicates whether air viscosity effects were considered in the glottis. They

increase the pressure drop in the glottis and can have a pronounced effect on the flow

waveform for small glottal openings.

There are many applications and possibilities to evaluate vocal fold models. We labeled the

models and the corresponding studies with respect to the following possibilities:

Glottal flow indicates whether the model-generated glottal flow waveforms were analyzed with

respect to different phonatory conditions (e.g. different degrees of abduction or different

subglottal pressure) or compared or adapted to glottal flow waveforms of real speakers.

Glottal area/displacement indicates the analysis of the glottal area or displacement wave-

forms in the same way as for the glottal flow above. Glottal area waveforms of real

speakers are becoming increasingly available due to advances of high-speed videoen-

doscopy [36].

Different or real subjects indicates whether attempts were made to model different voices us-

ing the same model, for example a male voice and a female voice, or whether the model

was adapted to the voice of a real speaker, e.g. by glottal flow waveform matching.

Different voice qualities indicates whether different voice qualities or vocal registers were

simulated, for example modal voice, breathy voice, and falsetto.

Onset, offset, bifurcations indicates whether the voice onset and offset was examined or com-

pared with real data, or whether the model was analyzed in the context of the theory of

nonlinear dynamics with respect to bifurcations (onset, offset, register transitions).

Perception tests indicates whether the synthetic voice was judged perceptually.

Irregular or disordered voices indicates whether such voices were produced and analyzed.

The above list is obviously not complete, but it contains some of the most important distinctive

features of the class of models under consideration. With regard to the evaluation, an additional

possibility is, e.g., to compare model-generated EGG waveforms, which reflect the contact area

between the left and the right vocal fold, with real EGG waveforms. However, of all considered

studies, this was only done in [45] and [50] for the models 2c and 3b.

With respect to their mechanical design, the models were divided into four groups: one-mass

models, multi-mass models (with no body-cover separation), body-cover models, and pseudo

one-mass models. A brief overview over the four groups with will be given below.

2.1 One-mass models

The first one-mass model was developed in 1968 [18] as a single linear mass-spring system

(Fig. 1a). Although it could produce acceptable voiced sounds and simulate many properties

49



x (t)1

x (t)2

z

Inlet region

1a) 1b) 1c)

1f)1e)1d)

1g) 1h) 1j)

Figure 1 - Variants of vocal fold models with one mass element per vocal fold.

of glottal flow, it was incapable of sustained oscillations for a capacitive input load of the vo-

cal tract, i.e. at frequencies just above a formant. Furthermore, like most one-mass models, it

could not simulate a phase difference between the upper and lower vocal cord edges that occurs

during chest register phonation. Adachi and Yu [2] proposed the model 1b, where each vocal

fold was allowed to vibrate both in parallel and perpendicular to the airflow. This model was

not only capable of self-sustained oscillations with a capacitive vocal tract load, but the tran-

sition between oscillations with an inductive and capacitive load was even smoother than for

the classical two-mass model [23]. Liljencrants developed the one-mass model 1f with both a

translational and a rotational DOF per vocal fold, which could, compared to the above models,

simulate the wave-like motion in the mucosal vocal fold cover and oscillate over a wide range

of frequencies [33]. This model was later extended with an additional DOF for vertical trans-

lational movement and applied to the reproduction of real glottal flow waveforms and for the

synthesis of different voice qualities [27, 34]. The models 1e, 1g, and 1h are other approaches

with one oscillating mass but two DOF per vocal fold according to [6, 46, 1]. An “effective”

one-mass model with only one DOF (Fig. 1d) was introduced by Zañartu et al. [57] to analyze
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the relative importance of acoustic loading (due to the subglottal system and the vocal tract) and

the time-varying glottal flow resistance to the oscillations. The time-varying flow resistance was

based on the implementation of a time-varying discharge coefficient to model flow-related ef-

fects like the vena contracta effect and pressure recovery. Little et al. [35] and Bäckström [7]

applied the one-mass models 1c and 1a to estimate the model parameters from a glottal flow

signal for applications in speech coding and re-synthesis.

2.2 Multi-mass models

The multi-mass models discussed here have more than one mass element per vocal fold but

do not distinguish between the vocal fold body and cover. Figure 2a shows the design of the

classical two-mass model by Ishizaka and Flanagan [23]. Compared to the one-mass model 1a

it can account for phase differences between the upper and lower vocal fold edges and hence

oscillate over a wider range of frequencies. It was extended by a vertical DOF (Fig. 2b) in [24,

17] to examine the acoustic significance of vertical vocal fold motion compared to horizontal

motion. Koizumi et al. [29] proposed the model 2e with a second vertical DOF, which was

found to produce a more natural-sounding voice than model 2a. Later they introduced model

2h with a third mass element added on top of one vocal fold to simulate a polyp. This model

proved to be an effective noninvasive diagnostic tool to discriminate (real) hoarse voices caused

by a polyp from hoarse voices due to other laryngeal diseases. Tokuda et al. [52] added a third

mass on top of both sides of the two-mass model (Fig. 2j) and showed that it could simulate

the coexistence of modal voice and falsetto during the transition between the two registers

corresponding to experimental data. Imagawa et al. [22] combined the two-mass model 2a

with additional oscillators for the ventricular folds (Fig. 2g) and found that both the vocal and

ventricular folds play an important role in determining the voice quality in singing. Figure

2f shows an alternative model design including the ventricular folds. In contrast to the above

models, the models 2c, 2d, and 2f have a smooth, as opposed to step-wise, area transition

between the lower and the upper vocal fold edges, which allows to incorporate a continuously

moving point of flow separation in the glottis for improved aerodynamic modeling. Finally, the

models 2k and 2m account for shape variations in the dorso-ventral dimension of the glottis,

while all other models assume a fixed shape along this dimension. While Kröger [30] and

McGowan et al. [41] modeled the third dimension in terms of an anterior oscillating part and

a non-oscillating posterior chink, Birkholz et al. [9, 8] aligned the mass elements inclined with

respect to the dorso-ventral axis as function of the degree of gottal abduction. This allowed

controlling the abruptness of glottal closure and hence to simulate different voice qualities.

2.3 Body-cover models

The main drawback of all lumped parameter models above is that their discretization of tissue

in the coronal plane does not capture the layered body-cover structure of the vocal folds. This

limitation motivated the introduction of the three-mass model 3a that essentially adds a “body”

mass lateral to the two cover masses [48]. Figure 3b shows a “bar-plate” version of the body-

cover model that was patterned after the one-mass model 1f and used to study the regulation

of glottal airflow in phonation [50]. Tokuda et al. [53] recently introduced the four-mass body-

cover polygon model 3c with a more detailed representation of the cover geometry and used it

to study register transitions and the influence of sub- and supraglottal resonances on phonation.
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Figure 2 - Lumped multi-mass models of the vocal folds without a body-cover separation.

2.4 Pseudo one-mass models

The more detailed the biomechanical structure of a vocal fold model is, the more parameters

are typically needed to control it. Therefore, complex models are difficult to fit to observed
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Figure 3 - Lumped body-cover models of the vocal folds.

data and they are rarely adopted in practical applications like speech coding or synthesis [11].

This motivated the development of pseudo one-mass models, i.e. models that combine a highly

simplified mechanical design with phenomenological knowledge to model the glottal shape and

aerodynamics. Figure 1j shows such a model where the lower edge of each fold is represented

by a single mass-spring system, and a delay line models the propagation of the oscillatory mo-

tion along the inferior-superior dimension of the vocal folds to reproduce the wave-like motion

of the cover [12, 11]. This model was later extended by a delay line along the dorso-ventral

direction to model the gradual opening and closing of the vocal folds [13]. Avanzini et al. [4]

described a pseudo one-mass model based on the two-mass model 2a, where just the motion

of the lower mass was simulated by a spring-mass system, and the upper mass was assumed to

follow the lower mass with a fixed delay. This idea was later adopted for the two-mass model

2c [3].

3 Discussion

In the past four decades, a remarkable variety of low-dimensional lumped-mass models of the

vocal folds was proposed. According to Tab. 1, each model can be characterized by its biome-

chanical design and aerodynamic features. In each study, the design decisions for the vocal

fold model were guided by the intended goals, but the design rationale was not always made

explicit. Only very few studies evaluated how different biomechanical or aerodynamic charac-

teristics contribute to the performance of a model for a given task. In other words, the optimal

design decisions and the required level of detail of a lumped vocal fold model for a particular

task remain mostly unclear. In fact, only one of the considered studies [29] actually compared

different biomechanical model designs with respect to the goal of the study (in this case the

naturalness of the synthetic voice).

For future studies about lumped vocal fold models, we therefore suggest analyzing the effect

of individual model characteristics on the performance for a given task in more detail. For

example, what level of detail is really needed for natural-sounding voice synthesis with regard

to the degrees of freedom or the type of springs used to represent the vocal fold tension? Or

what is gained by using the more sophisticated Hertz model of impact forces to handle vocal fold

contact instead of linear springs or nonlinear springs with a cubic force term? With regard to the

aerodynamic simulation, there is now consensus that a variable flow separation point within the

glottal channel and an attached vocal tract and trachea are important features for realistic voice

simulations. However, the treatment of the pressure drop at the glottal inlet and the pressure

recovery at the glottal outlet are still controversial. The consideration of the recent experimental
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Biomechanics Aerodynamics Application and evaluation
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[16, 18] 1a 1 1 lin lin - ✓ - v ✓ ✓ ✓ - - - - -

[7] 1a 1 1 nl nl - - - - ✓ - ✓ - - - -

[21] 1a 1 1 lin - ✓ - ✓ - - - - - - -

[2] 1b 1 2 nl lin - - ✓ - v ✓ - ✓ ✓ ✓ ✓ - -

[35] 1c 1 1 A nl - - - - - - - - - - - - -

[57] 1d 1 1 lin H - ✓ ✓ ✓ t,v - ✓ ✓ - - - - -

[6] 1e 1 2 nl hyp - - - - - - - ✓ - ✓

[33] 1f 1 2 lin lin ✓ ✓ ✓ ✓ t,v - ✓ - - - - - -

[27, 34] 1f 1 3 lin lin ✓ ✓ ✓ ✓ t,v - ✓ - ✓ ✓ - - ✓

[46] 1g 1 2 lin H - - - ✓ - ✓ - - - - - - -

[1] 1h 1 2 lin H ✓ - v ✓ ✓ - - - - - -

[23] 2a 2 2 nl nl - ✓ ✓ - v ✓ ✓ ✓ - - - - -

[25] 2a 2 2 nl ✓ ✓ ✓ - t,v ✓ - ✓ - - - - ✓

[38] 2a 2 2 lin lin - ✓ - - - - - - - - ✓ - -

[20] 2a 2 2 lin hyp - ✓ - - - - - - - - ✓ - ✓

[47] 2a 2 2 lin lin ✓ - - ✓ - - - - - - ✓ - ✓

[39] 2a 2 2 lin lin - - - ✓ - - - ✓ - ✓ - - -

[56] 2a 2 2 lin lin ✓ N. Stokes t,v ✓ ✓ ✓ - - - - ✓

[42] 2a 2 2 lin lin ✓ - - ✓ - - - ✓ ✓ - - - ✓

[31] 2a 2 2 nl nl - - - ✓ v ✓ ✓ - ✓ - - - ✓

[40] 2a 2 2 nl nl - - - ✓ v ✓ ✓ - ✓ - ✓ - -

[5] 2a 2 2 lin lin - - ✓ ✓ v - ✓ - ✓ ✓ - - -

[24, 17] 2b 2 3 nl nl - ✓ ✓ - t,v ✓ ✓ ✓ - - - ✓ -

[55] 2c 2 2 lin nl - - ✓ t,v ✓ - ✓ - - - -

[37] 2c 2 2 lin lin - - - ✓ t,v - ✓ - - - - - -

[45] 2c 2 2 lin lin - - - ✓ t,v ✓ ✓ - - ✓ - - -

[44] 2d 2 2 lin lin - - - ✓ - ✓ ✓ - ✓ - - - -

[26] 2d 2 2 lin lin - ✓ - ✓ t,v ✓ ✓ ✓ - - - - -

[29] 2e 2 4 nl nl - ✓ ✓ - t,v ✓ ✓ ✓ - - - ✓ -

[43] 2f 2+1 2+2 lin - ✓ ✓ - ✓ ✓ ✓ - - ✓ - -

[22] 2g 2+2 2+2 nl nl - ✓ ✓ - t,v ✓ - - - ✓ - - -

[28] 2h 2,3 3,4 ✓ t,v - - - - - - ✓

[52] 2j 3 3 lin tanh - - - ✓ - - - - - ✓ ✓ - -

[30] 2k 2 2 nl nl - ✓ ✓ - v ✓ ✓ ✓ - ✓ - - -

[41] 2k 2 2 - v ✓ ✓ - ✓ - ✓ - -

[9, 8] 2m 2 2 lin lin - - - ✓ t,v ✓ ✓ ✓ - ✓ - ✓ -

[48] 3a 3 3 nl nl - - - ✓ t,v - ✓ ✓ - - - - -

[50] 3b 2 3 lin - - ✓ ✓ t,v - ✓ - - - - - -

[53] 3c 4 4 lin lin - - - ✓ t,v - - - - ✓ ✓ - -

[12, 11] 1j 1 1 lin lin ✓ - v ✓ - ✓ ✓ - ✓ -

[3] (2c) 2 1 lin lin - - - ✓ v - ✓ ✓ - - - - -

[4] (2a) 2 1 lin - ✓ ✓ - v ✓ ✓ - - - - - -

Table 1 - Characteristics of the vocal fold models. For a description of the labels refer to Sec. 2. Empty

cells indicate that the specific feature was not apparent from the model description. From top to bottom,

the four blocks of rows present one-mass model, multi-mass models (without body-cover separation),

body-cover models, and pseudo-one-mass models.
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measurements in [19] might be an important step towards a more realistic treatment of these

effects. Furthermore, we propose more extensive evaluations of the models. While many studies

analyzed the behavior of a model qualitatively, few studies compare the behavior quantitatively

with data of real speakers, for example in terms of glottal flow or area waveform properties.

Also valuable is the comparison of computer-simulated models with identical physical models,

as in [46].

One of the most challenging tasks for a vocal fold model is certainly high-quality articulatory

speech synthesis. In this context, it is important that the vocal fold model not only generates nat-

ural self-sustained oscillations for a wide variety of conditions, but also realistically simulates

the oscillatory behavior during the onset and offset of voicing and during register transitions.

These topics were in the focus of some modeling studies (e.g. [38, 40, 41, 53]) but still leave

many open questions for future research. High-quality articulatory synthesis also needs a vo-

cal fold model that can convincingly simulate different voice qualities, e.g. the continuum of

pressed over modal to breathy phonation, because people use voice quality in a controlled way

to signal paralinguistic information, similar to fundamental frequency [10]. Most of the low-

dimensional lumped-mass models cannot simulate these voice quality variations, because they

cannot produce different gradations of glottal closure or opening that distinguish, e.g., pressed

and breathy voice. A few studies addressed this problem [9, 30, 13] but more research is needed

in this direction. Finally, the voices produced by the vocal fold models were rarely evaluated

perceptually, which makes it difficult to assess models with regard to speech synthesis applica-

tions.
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