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Ventricular folds (VeFs) act as passive, non-moving structures during normal phonation. According

to the literature, VeFs potentially aid the flow-driven oscillations of the vocal folds (VFs) that pro-

duce the primary sound of human phonation. In this study, large eddy simulations were performed

to analyze this influence in a numerical model with imposed VF motion as measured experimen-

tally from a synthetic silicone vocal fold model. Model configurations with and without VeFs were

considered. Furthermore, configurations with rectangular and elliptical glottis shapes were simu-

lated to investigate the effects of three-dimensional glottal jet evolutions. Results showed that VeFs

increased flow rate and transglottal pressure difference by a decrease in the pressure level in the

ventricles immediately downstream of the VFs. This led to an increase in the glottal flow resistance,

increased energy transfer rate between the flow and VFs, and a simultaneous decrease in the laryn-

geal flow resistance, which shows a higher amount of kinetic energy in the glottal flow. This

enhancement was more pronounced in the rectangular glottis and varied with the subglottal pres-

sure and VeF gap size. VC 2019 Acoustical Society of America. https://doi.org/10.1121/1.5098775

[ZZ] Pages: 2376–2387

I. INTRODUCTION

The two ventricular folds (VeFs), also called false vocal

folds, are located in the larynx above the vocal folds (VFs)

and form an additional constriction of the laryngeal flow

duct. During phonation, they behave as passive structures or

act as separate oscillators in some cases of throat singing

(Bailly et al., 2010). The volumes between the VFs and

VeFs are called ventricles. Although this pair of thick folds

rarely vibrates during normal phonation, significant effects

of them on the glottal aerodynamics and VF oscillations

have been found in many studies in recent decades. These

studies were performed with three types of VF models: static

VFs (Agarwal, 2004; Agarwal and Scherer, 2001; Chisari

et al., 2009, 2010; Farahani et al., 2013; Kucinschi et al.,
2005; Li et al., 2007; Luzan et al., 2015; Mihaescu et al.,
2013), externally forced VFs (�Sidlof et al., 2015; Zhang

et al., 2002; Z€orner et al., 2016) and flow-induced oscillating

VFs (Alipour et al., 2007; Bailly et al., 2008; Birk et al.,
2016; Kniesburges et al., 2017; Luo et al., 2009; Xue and

Zheng, 2017; Zheng et al., 2009).

The most obvious effect of the VeFs was straightening

and elongation of the glottal jet (Kucinschi et al., 2005; Li

et al., 2007; Luzan et al., 2015; Mihaescu et al., 2013;

Zheng et al., 2009). As a result, the flow separates symmetri-

cally from both VFs and the axial position of the separation

points transmits further downstream in the glottal duct (Li

et al., 2007). The resulting intraglottal vortices exhibit a

higher strength which affects both the motion of the VFs and

voice production (Farahani et al., 2013; Luzan et al., 2015).

Possible consequences were considered to be higher aerody-

namic closing forces on the VFs and an increase in tonal har-

monic sound components (Mihaescu et al., 2013). On the

other hand, some studies reported the deflection of the glottal

jet, even in the presence of the VeFs (Luo et al., 2009; �Sidlof

et al., 2015; Z€orner et al., 2016). As suggested by Kucinschi

et al. (2005), straightening of the jet by VeFs is very depen-

dent on the flow rate and the VeFs gap size. In their experi-

mental study, for the lower flow rate and narrower VeFs gap,

VeFs stabilized and straightened the jet, but the jet bended

as the flow rate increased or the VeFs gap widened.

However, the jet curvature was less than for the case without

VeFs.

Another important effect of the passive VeFs is support-

ing the oscillations of VFs, which constitutes the primary

source of phonation. In the presence of VeFs, a significantly

lower subglottal phonation onset pressure threshold and

therefore an enhanced oscillations of the VFs for typical sub-

glottal pressure levels were detected (Bailly et al., 2008).

Similar observations were found by Birk et al. (2016) and

Alipour and Finnegan (2013); Alipour et al. (2007) in

excised human and animal larynges.

In a recent study, Kniesburges et al. (2017) reproduced

the reduced effort for phonation and thereby the increase in

the efficiency of phonation process in the presence of VeFs

in a synthetic larynx model. They detected in general two

reasons: (1) a higher pressure drop in the ventricles and (2)

an increase of flow resistance across the glottal duct. In thea)Electronic mail: hossein.sadeghi@uk-erlangen.de
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presence of the VeFs, the regions immediately above the

VFs are insulated from the regions downstream of the VeFs.

Owing to the low static pressure in the glottal jet core and

entrainment effects in the shear layers of the jet, the pressure

in the ventricles drops significantly. As a consequence, the

critical pressure difference across the glottal constriction for

the onset of oscillation is reached at a significantly lower

subglottal pressure level. For the second effect, they inter-

preted the flow resistance as a measure of energy transfer

from the glottal flow to the VFs. Therefore, the higher glottal

flow resistance can be interpreted as a greater energy transfer

rate between the glottal flow and the VFs in the presence of

VeFs. However, there are large discrepancies with regard to

the interpretation and behavior of the flow resistance in this

context. In contrast to the studies mentioned above, other

studies reported a decrease in flow resistance in the presence

of VeFs (e.g., Xue and Zheng, 2017; Zheng et al., 2009).

Furthermore, the extent of the reduction of flow resistance

was found to be a function of the gap size between the VeFs

(Farahani et al., 2013; Li et al., 2007; Luzan et al., 2015;

Mihaescu et al., 2013). According to the classical interpreta-

tion of flow resistance in aerodynamics as a measure of

energy loss, they concluded that the decrease in flow resis-

tance is an indication of improving the phonation process in

the presence of the passive VeFs. As a major reason, Zheng

et al. (2009) mentioned the decrease in mixing-related loss

due to the straightening and elongation of the glottal jet

caused by the VeFs. They suggested that the resulting higher

flow rate exhibited more kinetic energy that is available for

driving the oscillations of the VFs.

In one of the first studies on the effect of VeFs, Agarwal

(2004) and Agarwal and Scherer (2001) showed that the

results of the flow resistance regarding the presence of VeFs

are highly affected by the ratio of VeFs gap to glottal gap

sizes. Actually, using a static VF model and geometry of

VeF based on CT scans of the larynx (Agarwal et al., 2003),

they represented lower, not affected or even higher flow

resistance in the presence of the VeFs depending on this

ratio. They suggested an optimal gain from inclusion of

VeFs by decreasing the flow resistance for the intermediate

value of this ratio (�2). Bailly et al. (2008) also noted that

an intermediate value of this ratio (�5.3) may be ideal con-

sidering the intraglottal pressure drop.

The fact that the studies which showed a higher glottal

flow resistance came to the same conclusion regarding effi-

ciency increase indicates the great inconsistency in results

and interpretations that so far have not been totally resolved.

Flow resistance is generally defined as the ratio between the

pressure drop (DP) across a part of the flow region and the

corresponding mean flow rate ( �Q) (Van den Berg et al.,
1957)

R ¼ DP
�Q
: (1)

The most significant difference between the two groups of

studies is the different flow region across which the pressure

drop was balanced for calculating the flow resistance. Some

studies took into account only the glottal constriction that is

formed by the VFs. In contrast, other studies calculated the

flow resistance for the entire laryngeal flow region including

both constrictions, the glottal constriction formed by the

VFs, and the ventricular constriction formed by the VeFs. To

the best of our knowledge, unfortunately no study has evalu-

ated both flow resistance parameters. It is therefore question-

able whether both effects occur simultaneously and, if so,

how they interrelate with each other.

Another critical point concerning the effects of VeFs is

that the computational models in these studies (Farahani

et al., 2013; Li et al., 2007; Luzan et al., 2015; Mihaescu

et al., 2013; Zheng et al., 2009) were mostly two-

dimensional (2D), which neglects a potential three-

dimensional (3D) evolution of the glottal jet in the supraglot-

tal region. In this context, Xue and Zheng (2017) recently

investigated the effect of VeFs in a 3D tubular computational

larynx model and found indications that the decrease in

laryngeal flow resistance is not as great as in their previous

2D simulations (Zheng et al., 2009). They assumed the

higher stability of the glottal jet with less jet deflection

owing to the 3D effects to be the reason. Therefore, in addi-

tion to the critical consistency in the behaviors and interpre-

tations of the glottal and laryngeal flow resistances, the

significance and impact of the effects are questionable in a

3D model. Furthermore, the effect of VeFs on the actual

energy transfer between the flow and VFs has not yet been

analyzed in detail.

Therefore, the aim of the present study was to analyze

all the described effects in one computational larynx model

with externally imposed VF oscillations. The aspects investi-

gated on the effects of VeFs were: (1) the qualitative analysis

of the flow field and glottal jet characteristics, (2) quantita-

tive analysis of different flow parameters, especially the flow

resistance, (3) interpretation of the flow resistance depending

on the region of the larynx considered, and (4) their influ-

ence on the aerodynamic forces on the VFs and the corre-

sponding energy exchange between the VFs and laryngeal

flow. In order to consider all the aspects of conditions occur

during phonation, two configurations of the larynx model

were used: a quasi-2D model with a rectangular glottis shape

and a model with an elliptical glottis constriction represent-

ing the 3D evolution of the glottal jet. The gap diameter

between the VeFs and the subglottal pressure were addition-

ally increased in the elliptical model to evaluate their influ-

ence on the flow resistance and other effects applied by the

ventricular folds. The models were generated on the basis of

our synthetic larynx model with VFs made of silicone, which

exhibited flow-induced oscillations (Becker et al., 2009;

Kniesburges et al., 2017; Kniesburges et al., 2013,

Kniesburges et al., 2016; Lodermeyer et al., 2015;

Lodermeyer et al., 2018).

II. METHODS

The computational model applied in this study is based

on a previously suggested synthetic experimental larynx

(Kniesburges et al., 2017) and was described in detail by

Sadeghi et al. (2018). It includes simplified VF models that

are based on the M5 geometry (Scherer et al., 2001;

J. Acoust. Soc. Am. 145 (4), April 2019 Sadeghi et al. 2377



Thomson et al., 2005). The main advantage of using a sim-

plified model is to avoid individual characteristics of patient

specific larynx models obtained by computed tomography

(CT) or magnetic resonance imaging (MRI) techniques.

Furthermore, simplified models provide the possibility of

performing parameter studies by systematic varying single

laryngeal dimensions. Many important findings of the previ-

ous studies with simplified models (Daily and Thomson,

2013; Farahani et al., 2013; Kucinschi et al., 2005; Li et al.,
2006; �Sidlof et al., 2015; Z€orner et al., 2016) prove the

prominent position of these models in the human phonation

research. The M5 geometry with a uniform cross-section in

the anterior-posterior direction was also used to develop sim-

plified VeF models in this study. In contrast to the original

M5 profile, the VeFs form a straight duct followed by diver-

gent expansion. It was positioned 7.5 mm (ventricle length)

downstream of the glottal exit in the supraglottal channel.

The entire numerical flow domain including VeFs is dis-

played in Fig. 1.

The motion of VFs was externally imposed as moving

boundaries of the computational domain. The principal tem-

poral pattern of the VF oscillations was based on the high-

speed video footage obtained from the experimental model

(Kniesburges, 2014; Lodermeyer et al., 2015). In a coronal

representation, the shape of the glottal duct changed from

convergent to divergent during one oscillation cycle, which

assumes to be necessary to have the self-sustained oscilla-

tions (Titze, 2000). This motion was carried out by a super-

posed translational-rotational motion applied on the medial

surface of the VFs, which is considered to be rigid. The infe-

rior and superior walls of the VFs moved freely without con-

straint according to the motion of the rigid medial surface.

Two different cases of VF motion were modeled, (1) a case

with a rectangular glottis shape constituting a quasi-2D flow

model and (2) a case with an elliptical glottis similar to the

experimental model realizing the complete 3D flow evolu-

tion. The elliptical glottis shape was obtained by applying a

sinusoidal function to the translational motion of the VFs in

the anterior-posterior direction.

For both glottis shapes, the temporally varying glottal

area was kept equal. The resulting diameter of the time-

dependent glottal gap ranged from 0.2 to 2.3 mm and to

4.6 mm for the rectangular and elliptical glottis shapes,

respectively. This resulted in intermediate values of the ratio

between the VeFs gap and maximum glottal gap sizes which

are equal to 2 for rectangular and 1.5 for elliptical glottis

shapes at the instant of maximum glottal opening. As pro-

posed by Agarwal and Scherer (2001), a ratio equal to 2 pro-

vides the optimum geometric conditions for maximizing the

effect of VeFs. The open quotient and speed quotient of the

oscillation cycle were 0.93 and 0.67, respectively, and

the frequency of oscillations of the VFs was 148 Hz. All of

the parameters are within realistic ranges of human phona-

tion (Baken and Orlikoff, 2000; Lohscheller et al., 2013;

Mittal et al., 2013). Figure 2(a) shows the glottal area wave-

form (time evolution of the glottal area for a cycle of VF

oscillation) and the coronal mid plane of one VF according

to its angle of medial surface inclination at different instan-

ces of the cycle. The rectangular and elliptical glottis con-

strictions are shown in Fig. 2(b). A minimum glottal gap of

0.2 mm existed during glottis closure owing to the necessity

for some remaining numerical cells between the VFs to

assure stable iterations of the computational fluid dynamics

(CFD) solver. This led to a leakage at the time of glottal clo-

sure which is negligible (Shurtz and Thomson, 2013).

In summary, five computational models were con-

structed for the simulations: two with rectangular and three

with elliptical glottis shapes. For each type of glottis shape, a

model with and another without VeFs were employed for

direct comparison. Thereby, the gap diameter between the

VeFs was 5 mm. Additionally, a model with an increased

gap size of 7 mm between the VeFs was set up for the ellipti-

cal glottis shape with larger glottal diameter to investigate

the possible over-constraining of the glottal jet by the ven-

tricular constriction.

The simulations were performed with the software pack-

age STAR-CCMþ (Siemens PLM software, Plano, TX). The

unsteady incompressible Navier-Stokes (NS) equations were

solved with the cell-centered non-staggered Finite-Volume

Method. For the turbulence modeling, large eddy simulation

(LES) with the WALE (wall-adapting local eddy-viscosity)

subgrid-scale model (Nicoud and Ducros, 1999) was per-

formed. The convective and diffusive terms of the NS equa-

tions were discretized using central difference schemes with

second-order accuracy. PISO (Pressure-Implicit with

Splitting of Operators) algorithm (Issa, 1986) was used for

the pressure-velocity coupling. The resulting linear system

of equations was solved iteratively by an algebraic multigrid

(AMG) method with a Gauss-Seidel relaxation scheme.

No-slip and no-injection boundary conditions were

imposed at the channel walls and the moving VFs. At the

outlet of the supraglottal channel, the pressure was set to be

FIG. 1. (Color online) Schematic of

the numerical larynx model including

VeFs. The locations of pressure probes

are indicated by numbers 1–4.
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constant at 0 Pa. A subglottal pressure of 775 Pa, which is

within the realistic range of phonation, was applied at the

inlet of the subglottal channel. Two additional subglottal

pressures of 1500 and 3000 Pa were also applied in the ellip-

tical glottis cases to evaluate the influence of VeFs at higher

subglottal pressures representing special cases of phonation

like shouting, loud speech, or singing (Titze, 2000). The den-

sity and kinematic viscosity of air were considered to be

q¼ 1.18415 kg/m3 and �¼ 1.5666� 10�5 m2/s, respectively.

A mesh independence study was performed to identify

the required grid resolution and necessary time step size. It

yielded a fine grid with a minimum size of 0.0625 mm in the

glottal duct and a time step size of 1� 10�6 s, which satisfies

the Courant-Friedrichs-Lewy condition. For handling the

numerical mesh deformation, a combination of fixed grid

and arbitrary Lagrangian-Eulerian (ALE) approaches has

been used employing the overlapping domain decomposition

and Chimera schemes (Steger et al., 1983) strategies. To do

so, a fixed Eulerian background mesh was assigned to the

entire numerical domain and two deformable ALE meshes

were wrapped around the VFs. With this approach, the

numerically expensive ALE method was limited only to the

region around the vocal folds. Depending on the glottis area

and presence of VeFs, the total number of control volumes

varied between 1.6 and 2.4� 106. For more details about the

mesh independence study, mesh motion strategies and VF

motion, we refer to Sadeghi et al. (2018).

The simulations were performed on five computer nodes

of RRZE’s Emmy cluster of Erlangen-N€urnberg University,

each of them equipped with 20 Intel Xeon 2660v2 cores (25M

Cache, 2.20 GHz). Running one cycle of the simulations

(6750 time steps) took on average around 23 h on this high-

performance computing cluster.

III. RESULTS AND DISCUSSION

A. Rectangular glottis constriction

1. Glottal jet deflection

The larynx model with a rectangular glottis shape can

be regarded as a quasi-2D orifice model, which is constantly

extended in the longitudinal direction of the VFs. As

reported in Sadeghi et al. (2018), the presence of the VeFs

straightened and elongated the jet by limiting its medial-

lateral expansion to the ventricular gap. In contrast, the -VeF

case showed the typical jet deflection that was often reported

in previous studies (Drechsel and Thomson, 2008; Erath and

Plesniak, 2006) which was sometimes incorrectly attributed

to the Coanda effect (Mittal et al., 2013).

This jet deflection can also be recognized in the glottal

duct owing to the asymmetric flow separation. In Fig. 3(a),

the glottal flow profiles in the glottal duct are shown for the -

VeF case at different instances of the oscillation cycle [indi-

cated in Fig. 2(a)]. The flow separated clearly from the lower

VF and remained attached to the upper VF during the cycle

phases with a divergent duct shape. On adding the VeFs, the

jet velocity increased and flow separation from both VFs

occurred nearly symmetrically, as indicated in Fig. 3(b).

Consequently, intraglottal vortices were generated similar to

those reported by Oren et al. (2014). They observed these

vortices predominantly in the divergent part of the glottal

duct during the closing motion of the VFs and concluded

FIG. 2. (Color online) (a) Glottal area waveform derived from the experimental model (Kniesburges, 2014) accompanied by a coronal view of one VF at dif-

ferent instances of an oscillation cycle. These instances are related to the (1) cycle beginning, (2) maximum glottal convergent angle, (3) straight glottis and

changing to a divergent shape, (4) maximum glottal opening, (5) maximum glottal divergent angle, and (6) returning to a convergent shape. (b) Transversal

view of the rectangular (top) and elliptical (bottom) glottis cases at the instance of maximum glottal opening.
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that these structures increase the aerodynamic closing forces

on the VFs.

2. Aerodynamic analysis

Figure 4 shows the pressure evolution for a cycle of VF

oscillation in the lower ventricle at the measuring point 3

indicated in Fig. 1. The pressure evolution in the upper ven-

tricle at point 4 also shows a similar trend. On including the

VeFs, the pressure in the ventricles dropped significantly

during the second half of the oscillation cycle. The pressure

minimum was reached just before the minimum glottal area,

followed by a steep rise at the end of the cycle.

There are two reasons for this decrease in pressure level

in the ventricles. The presence of the VeFs insulates the ven-

tricles from the rest of the supraglottal channel and shifts the

pressure recovery in the supraglottal channel to the region

downstream of the VeFs, which can be clearly seen in Fig.

5(b) representing the pressure distribution along the mid-

axis of the channel for different cycle instances. According

to Fig. 4, the pressure in the ventricles decreased until

t¼ 0.9T, followed by a fast increase at the end of the cycle

with the minimum glottal flow. A similar conclusion was

drawn by Kniesburges et al. (2017) on the basis of the results

obtained in their experimental model.

The second reason for the pressure drop is the low static

pressure in the glottal jet core that propagates into the ven-

tricles. Thereby, the pressure in the jet core was even lower

for the þVeF case owing to the much higher glottal flow

velocity in comparison with the -VeF case, as is evident in

Fig. 3(b). Oren et al. (2014) and Mihaescu et al. (2010)

reported significant negative relative static pressures within

the divergent glottal duct due to the intraglottal vortices cre-

ated in the wake of the flow separation point and the entrain-

ment of the external flow to this region. The negative

relative pressures upstream of the separation point are

mainly because of the Bernoulli effects (Zhang et al., 2002).

These negative relative pressures are shown in Fig. 5 for

both cases with a greater values in the þVeF case.

Therefore, in addition to the insulation effect and the low

pressure in the jet core, the VeFs cause a general higher

velocity of the jet in the model that further decreases the

pressure in the jet core and thereby in the ventricles. Xue

and Zheng (2017) also described the pressure reduction in

the glottis exit and ventricles due to the Bernoulli effect.

The main aerodynamic force for the flow-induced exci-

tation of the VFs is generated by the glottal pressure differ-

ence, i.e., the difference between the subglottal and

supraglottal pressures immediately upstream and down-

stream of the VFs, respectively. Figure 6(a) shows the time

evolution of glottal pressure difference ðDPg ¼ P1 � P2Þ
measured between the entrance and exit of the glottal duct

(see Fig. 1). Both cases, with and without VeFs, showed a

similar trend of DPg during the convergent glottal duct

phase. After the change to the divergent glottal shape, DPg

increased to its maximum for both cases �VeF and þVeF.

However, the increase in DPg in the presence of the VeFs

was more than double that for the �VeF case. As a conse-

quence of both the increase in DPg and the flow acceleration,

the glottal flow rate also increased as displayed in Fig. 6(b).

3. Flow resistance and energy transfer

As known from the literature, the flow resistance shows

different behavior depending on the choice of the relevant

flow region. Two different definitions of the flow resistance

based on the considered flow region are evaluated here

[using Eq. (1)]: the laryngeal flow resistance (Rl) evaluated

across the whole larynx (Xue and Zheng, 2017) with DPl

¼ Pinlet � Poutlet and the glottal flow resistance (Rg) across

the glottal duct only (Kniesburges et al., 2017) with DPg

¼ P1 � P2 (points 1 and 2 are indicated in Fig. 1). The pres-

sure drop across the whole larynx (DPl) is equal to the con-

stant subglottal pressure, since the laryngeal outlet pressure

is set to 0 Pa. The flow resistances for the cases with and

without VeFs and their percentage changes on adding VeFs

are given in Table I.

FIG. 3. (Color online) Velocity pro-

files in a cross-section of the mid-

coronal plane, 1 mm upstream in the

rectangular glottal duct for the six

instances of a cycle according to Fig.

2(a) and for the rectangular glottis

cases (a) without and (b) with VeFs.

FIG. 4. (Color online) Pressure waveform for a cycle of vibration at point 3

(lower ventricle) of the rectangular glottis cases. The measured pressure

devolution was smoothed by a low-pass filter (cutoff frequency¼ 5000 Hz)

for the sake of better comparison.
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It was found that Rl decreased on adding the VeFs,

whereas Rg increased. This behavior is consistent with the

studies which reported a decrease in flow resistance across

the entire larynx (Xue and Zheng, 2017; Zheng et al., 2009)

as well as the ones which found an increase in this quantity

(Birk et al., 2016; Kniesburges et al., 2017) actually by con-

sidering only the glottal area. The reason for the decrease in

Rl is the increase in �Q, whereas DPl remains constant.

Owing to the VeFs, the interaction of the glottal jet with sur-

rounding flow in the supraglottal region was reduced, result-

ing in an additional acceleration of the jet flow, and thereby

an increase in the flow rate and kinetic energy. This interpre-

tation coincides with the conclusions drawn by Xue and

Zheng (2017), who interpreted the increase in flow rate as a

consequence of the mixing-related aerodynamic loss reduc-

tion in the presence of the VeFs and finally as the improve-

ment of the phonation process. According to classical

aerodynamics, increasing the efficiency is mostly associated

with a decrease in the loss. However, in phonation, the goal

is to increase the energy transfer between glottal flow and

the VF tissue as a basic mechanism to induce VF oscilla-

tions. In this context, Rg increased as a result of the increase

in DPg on adding the VeFs. According to the interpretation

of Kniesburges et al. (2017), the increase in Rg results in an

increase in the energy taken from the flow during its passage

through the glottal duct. However, it does not necessarily

mean a higher energy input to the VFs.

The total transferred energy from the glottal airflow to

the VFs can be defined by the work which is done by the

aerodynamic forces on the VFs (Thomson et al., 2005). It

can be computed by the multiplication of the applied force

and 6the displacement of the VFs wall imposed by this force

in the same direction. These forces were measured at differ-

ent parts of the VFs as displayed in Fig. 7, in which the total

aerodynamic force is a combination of the pressure and shear

forces on the surfaces of the VFs. Each VF surface was

divided into four parts and the horizontal and vertical com-

ponents of the total aerodynamic forces were plotted in the

corresponding diagrams for a cycle of vibration.

Except the forces on the inferior part of the VFs, which

remained almost unaffected, the total aerodynamic forces on

the other walls of VFs increased significantly on adding the

VeFs. In particular, the vertical forces perpendicular to the

medial surface of the VFs were increased during the closing

phase with a divergently shaped glottal duct. Therefore, the

inclusion of the VeFs causes a larger closing force during

the closing motion of the VFs. A similar observation has

been made by Mihaescu et al. (2013), who reported an

increased pressure force on the divergent medial surface of

their static VFs when VeFs were included. In this regard,

Oren et al. (2014) detected a higher strength of the intraglot-

tal vortices in the presence of the VeFs in an excised canine

larynx model. They assumed that these vortices exerted a

larger force on the VFs during the closing motion of the glot-

tis. Furthermore, the horizontal forces on the latter part of

the medial surface also rose due to the higher flow rate in the

þVeF case. Regarding the superior surface, the vertical

force remained unchanged, whereas a higher horizontal force

was exerted in the presence of the VeFs during the entire

closing phase of the VFs.

Although the aerodynamic forces did not perform real

work on the VFs in these simulations with forced motion of

VFs, in the real situation with flow-induced oscillations of

the VFs, the growth of these forces may enhance VFs oscil-

lations and consequently decrease the phonatory effort. As a

general rule, the net transferred energy from the glottal air-

flow to the VFs should be positive for an entire oscillation

cycle (Luo et al., 2009; Thomson et al., 2005). If one consid-

ers the externally applied displacement of the VFs as being

flow induced, the work applied by the aerodynamic forces

FIG. 5. (Color online) Phase averaged

pressures in the mid-axis of the chan-

nel at six time instances of Fig. 2(a) for

the rectangular glottis cases (a) without

and (b) with VeFs. The gray areas

show the glottal duct region and x¼ 0

located at the glottal exit.

FIG. 6. (Color online) (a) Glottal pres-

sure difference (DPg¼P1 – P2) and (b)

flow rate through the rectangular glot-

tis cases for a cycle of vibration. Points

1 and 2 in Fig. 1.
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can be determined. The power or the energy transfer rate

between the flow and VF is shown over an oscillation cycle in

Fig. 8 for both þVeF and �VeF cases. During a large part of

the cycle with both opening and closing motions of the VFs,

the energy transfer rate is positive indicating the energy transfer

from the flow to the VFs. Consequently, during the glottis

opening, the laryngeal flow performed work to deform the

vocal folds and move them apart from each other. During the

closing phase, the high-velocity glottal flow produced a very

low static pressure between the VFs moving them towards each

other. In the middle part of the cycle and the late closing phase,

the energy transfer rate is negative which indicates an energy

transfer from the VFs to the laryngeal flow. In the middle part,

the VFs are at the maximum opening at which the tissue resists

against further deformation. In the late closing phase, the mini-

mum glottis width occurs at which the shear forces are the

dominant aerodynamic forces. Luo et al. (2009) also found a

similar energy transfer rate pattern for flow-induced oscillating

VFs. Figure 8 further shows that the presence of the VeFs

caused a higher absolute energy transfer rate in the cycle phases

with positive work (energy flux from flow to VFs) as well as

the phases with negative work (energy flux from VFs to flow),

which in total led to three times higher net work (Wn) over an

oscillation cycle. This higher transferred energy represents the

enhancement of the flow-induced oscillation of VFs. According

to Zheng et al. (2009), this results in larger oscillation ampli-

tudes in the presence of VeFs. Finally, it is worth mentioning

that the total transferred energy (Wn) during an oscillation cycle

is positive for both cases satisfying the above-mentioned rule

proposed by Luo et al. (2009) and Thomson et al. (2005).

4. Back-coupling effect

As mentioned in several experimental and numerical

studies, complex vortical structures develop in the ventricles

as a result of the shear layer instabilities in this region

(Chisari et al., 2010; Drechsel and Thomson, 2008; Farahani

et al., 2013; Neubauer et al., 2007). In general, the flow field

in each ventricle was characterized by a large recirculation

area that was accelerated by the pulsatile glottal jet and

rotated counter-clockwise in the upper and clockwise in the

lower ventricle, as can be seen in Fig. 9. In the shear layers

of the jet, typical Kelvin-Helmholtz instabilities occurred,

which resulted in the shedding of the von Karman-type vorti-

ces (vKVs) (Neubauer et al., 2007). Depending on the

instantaneous diameter of the jet, some of these vKVs passed

the gap between the VeFs and were convected further down-

stream, as shown in Fig. 9. At the cycle phases with the jet

diameter in the range of the ventricular gap, some vKVs

started to interact with the VeFs and after a complicated

impact process (Chu et al., 1993; Orlandi, 1990) bounced

back into the ventricles. These rebounded vortices followed

the large recirculation areas in the ventricles and were trans-

ported back toward the superior surfaces of the VFs. The

result is a string of counter-clockwise rotating vKVs in the

upper ventricle and clockwise rotating vKVs in the lower

one, traveling on a circular path from the VeFs to the VFs,

as indicated in Fig. 9 (a corresponding supplementary video

for one oscillation cycle is provided).1 This mechanism was

similarly reported by Chisari et al. (2010) and Farahani et al.
(2013).

FIG. 7. (Color online) Total aerody-

namic forces (pressure and shear) on

different parts of the VFs for a cycle of

vibration in rectangular glottis cases.

FV and FH are the vertical and horizon-

tal components of the exerted forces.

In the VF shape, different surfaces are

indicated with colors: blue and yellow

as inferior and superior surfaces,

respectively, and red and green as the

two parts of the medial surface.

TABLE I. Laryngeal and glottal flow resistances and their differences for

the cases with and without VeFs with the rectangular glottis shape.

2VeF þVeF RðþVeFÞ � Rð�VeFÞ=Rð�VeFÞ

Rl ðPa:s=lÞ 929.26 766.57 �17.51%

Rg ðPa:s=lÞ 1022.54 1200.14 þ17.37%

FIG. 8. (Color online) Net rate of energy transfer to the lower VF based on

the aerodynamic forces shown in Fig. 7 and the applied motion of VF in the

rectangular glottis cases.
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Although these vKVs interact with the boundary layers

of the ventricle walls, a direct influence on the pressure dis-

tribution on these walls could not be identified. Especially

the forces on the superior surface of the VFs are predomi-

nantly influenced by the static pressure level in the ventricle

(Fig. 4). However, indirect influence of the rebounded vKVs

may be noticed by reducing the pressure level in the ven-

tricles. This effect is caused by some of the vKVs, which did

not follow the large recirculation area along the ventricle

walls but directly rebounded toward the center of ventricles.

These vKVs combined with the large recirculation area and

added their angular momentum to the recirculation which

had the same direction of rotation. By increasing the spin of

the large recirculation area, the pressure level in the ven-

tricles may further decrease. The aerodynamic flow field in

the upper ventricle can be observed in the above-mentioned

supplementary video of orthogonal vorticity.

B. Elliptical glottis constriction

In contrast to the simulation case with the rectangular

glottis shape described above, an elliptical glottis shape

resulted in a 3D evolution of the glottal jet. As shown in in

Fig. 10(b), the glottal jet underwent a contraction in the lon-

gitudinal direction and an expansion in the medial-lateral

direction along its stream-wise evolution, which did not

occur with the rectangular glottis shape [Fig. 10(a)].

According to the literature (Hussain and Husain, 1989;

Mattheus and Br€ucker, 2011; Sadeghi et al., 2018; Triep and

Br€ucker, 2010; Z€orner et al., 2016), this effect is associated

with an elliptical orifice shape and is described as an axis

switching effect.

Figure 11 shows the supraglottal flow field in a mid-

coronal plane with the glottal jet originating from an ellipti-

cal glottis for both þVeF and �VeF cases. Additionally,

Fig. 11(c) represents the þVeF2 case with a larger gap diam-

eter between the VeFs. As can be seen in Fig. 11(a), the

degree of jet deflection was much lower than for the rectan-

gular glottis and its lateral diameter increased in the stream-

wise direction (it can be seen also in Fig. 10). Consequently,

the inclusion of the VeFs confined the glottal jet in the

medial-lateral direction, resulting in a secondary flow into

the ventricles and a shortening of the entire glottal jet shown

in Fig. 11(b). By increasing the gap between the VeFs to

7 mm, the secondary flow could be reduced, and the glottal

jet elongated, as can be seen in Fig. 11(c).

In Fig. 12, the temporal evolutions of the glottal pres-

sure difference DPg and the volume flow rate Q are plotted

for all the three cases displayed in Fig. 11. In addition to the

applied subglottal pressure of 775 Pa, two higher subglottal

pressures were applied, 1500 and 3000 Pa. Analogous to the

rectangular glottis case (see Fig. 6), the inclusion of the

FIG. 9. (Color online) Mid-coronal plane orthogonal vorticity (xk) contours

accompanied by the slashed streamlines vectors in the ventricular area of

the rectangular glottis case with VeFs for a representative time instance

(t¼ 0.75T).

FIG. 10. (Color online) Iso-surface of

velocity magnitude (iso-value¼ 25 m/s)

for a representative instance (t¼ 0.75T)

of the cycle within the supraglottal

channel of the (a) rectangular and (b)

elliptical glottis cases without ventricu-

lar folds from front (anterior) and top

(lateral) views.
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VeFs caused an increase in both DPg and Q, although the

absolute sizes of the increases were much lower than in the

rectangular glottis case. Furthermore, both the increase in

ventricular gap diameter and that in the subglottal pressure

caused an increase in DPg and Q during part of the oscilla-

tion cycle with a divergent glottis shape.

As a consequence, the flow resistances Rg and Rl also

rose directly as a function of the subglottal pressure, as dis-

played in Fig. 13. Regarding the influence of the VeFs, Rg

and Rl showed similar trends compared with the rectangular

glottis cases, i.e., an increase in Rg and a decrease in Rl in

the presence of VeFs. Furthermore, a larger gap diameter

between the VeFs produced a larger increase or decrease in

Rg or Rl, respectively.

Analogously, the aerodynamic forces and the work per-

formed by them on the VFs were similarly affected by VeFs,

as shown in Fig. 14 and Table II. Especially on the medial

surface, the closing forces in the second part of the cycle

were strengthened, showing a higher aerodynamic force load

and consequently higher transferred energy to the VFs.

Moreover, this effect can be enhanced by increasing the sub-

glottal pressure and the gap between the VeFs.

Thus, the effects of the VeFs could be similarly repro-

duced for the elliptical 3D glottis as in the rectangular quasi-

2D case, but these effects were not as prominent as for the

rectangular glottis. This fact was also reported by Xue and

Zheng (2017) in their comparison between 2D and 3D

models.

IV. CONCLUSIONS

The effects of VeFs on phonation aerodynamics were

investigated numerically. A simple 3D larynx model based

on a synthetic experimental larynx model was employed and

VF vibrations were prescribed based on the experimental

results. The cases with and without VeFs were simulated by

means of LES. A rectangular glottis shape was initially

employed as a quasi-2D orifice model to analyze the basic

FIG. 11. (Color online) Velocity mag-

nitude contours with streamlines in the

mid-coronal plane of the elliptical glot-

tis cases (a) without and (b) with VeFs

and (c) with the larger gap between

VeFs at the time point 0.58T with the

maximum glottal divergent angle.

FIG. 12. (Color online) (a) Glottal

pressure difference (DPg¼P1 – P2)

and (b) flow rate through elliptical

glottis cases for a cycle of vibration.

Points 1 and 2 in Fig. 1.
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aerodynamic effects. In a second step, an elliptical glottis

shape was implemented as a 3D model to compare 2D and

3D simulation results.

Qualitatively, the presence of the VeFs caused straight-

ening and elongation of the glottal jet in the supraglottal

channel and also a symmetric separation of the glottal flow

from both VFs. As a consequence of the jet elongation and

straightening, the flow rate through the glottis and therefore

the velocity of the glottal jet increased. Furthermore, the

pressure level in the ventricles decreased significantly owing

to the insulation effect of the VeFs and the low static pres-

sure in the jet core. Consequently, a larger glottal pressure

difference was generated.

The evaluation of flow resistance resulted in a decrease

in the laryngeal flow resistance Rl, while considering only

the glottal duct led to an increase in the glottal flow resis-

tance Rg. Therewith the inconsistency in the literature is the

result of different regions the resistance was computed for

(across the whole larynx or the glottal duct only). Both

effects, the laryngeal resistance decrease and the glottal

resistance increase, could be observed in our model showing

the impact of the VeFs on the phonation process: (1) an

increase in the overall kinetic energy of the glottal flow that

is available for driving the VFs and (2) enhancement of the

energy transfer rate from the glottal flow to the VFs.

Consequently, the aerodynamic forces and the performed

work on the VFs, especially on the medial surface, increased

enormously during the part of the cycle with a divergently

shaped glottal duct, enhancing the transferred energy to the

VFs and potentially their oscillations and thereby reducing

the required effort of the phonation process.

In contrast, the analysis of the complex vortical struc-

tures in the ventricles, namely the vortices which were

rebounded from the VeFs toward the VFs, revealed no sig-

nificant effect on the glottal aerodynamics and the pressure

distribution on the VFs, but only an indirect effect on aiding

the reduction of the pressure level in the ventricles.

The analysis of the model with an elliptical glottis shape

showed that all the effects of the VeFs were reproduced sim-

ilarly, but quantitatively were not as pronounced as in the

FIG. 13. (Color online) Laryngeal and glottal flow resistances at different

subglottal pressures for the cases with an elliptical glottis shape.

FIG. 14. (Color online) Total aerody-

namic forces on the two parts of the

medial surface of the VFs in elliptical

glottis cases with different subglottal

pressures. The left and right medial

surfaces are specified in Fig. 7 with red

and green, respectively.

TABLE II. Net work (Wn) over an oscillation cycle done by the glottal air-

flow on the lower VF based on the total aerodynamic forces and the applied

motion of VF in the elliptical glottis cases for different subglottal pressures.

Ps (Pa) Wn
�VeF ðlJÞ Wn

þVeF ðlJÞ Wn
þVeF2 ðlJÞ

775 35.3 41.9 41.9

1500 61.0 72.9 74.8

3000 119.0 151.7 154.9
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rectangular glottis case. A change of the glottal jet to a fully

3D topology in the supraglottal region could be identified to

be responsible for that. Nevertheless, the increase in the

aerodynamic forces on the VFs during the closing phase of

the cycle could be confirmed. Furthermore, increasing the

subglottal pressure and gap diameter between the VeFs

could even enhance the force load and consequently the

energy transferred to the VFs. The results indicate a potential

tuning mechanism during human phonation that may control

the efficiency of producing the flow-induced VFs oscilla-

tions. In accordance with the optimal ratio of the ventricular

and glottal gap diameters reported by Agarwal and Scherer

(2001) and Bailly et al. (2008), we assume that there is an

optimal combination of ventricular gap diameter, maximum

glottal gap diameter, and subglottal pressure which mini-

mizes the effort for producing VFs oscillations. Whereas the

intentional control of the glottal gap diameter (implicitly via

the prephonatoric tension in the VFs) and the subglottal pres-

sure is certainly possible, the chance of intentional VeFs gap

control is questionable but cannot be entirely excluded. In

this context, Moon and Alipour (2013) found indications in

histologic images that VeFs can perform a medialization

motion by internal muscle contraction (thyroarytenoid and

ventricularis muscle fibers). However, it is not clear yet to

what extent and how accurately this motion can be per-

formed on purpose.
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