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Eq. ( 6 6.9 Illustration of minimum constriction pressure P c during a single period t • f c ( f c = 10 Hz) for V L ∈ {0, 1, 3, 5} mL for given P u and h c (scaled with respect to P u ). . . 6.10 Illustration of upstream pressure P u and minimum constriction pressure P c during a single period t • f c for f c ∈ {1, 6, 10} Hz and prescribed h c (scaled with respect to P u ): a) V L = 0 mL and b) V L = 0 mL (black curves) and V L = 5 mL (gray curves). For clarity P c is shifted down for f c ∈ {1, 6} Hz. . . . . . . . . . . . . .

6.11

Measured P c (black full) and best models outcomes for V L ∈ {1, 2, 3, 4, 5} mL (shifted for clarity) and f c ∈ {1, 6, 10} Hz during closing and opening (h c > 0): gas dominated slip (SG) model Eq. (6.12) for C LG ≈ 12 (thick dotted) or C LG (z) (gray thin full), slip (S) model Eq. (6.16) for C LG ≈ 20 (thick dashed) and homogenous (H) flow model Eq. (6.6) for Cicchitti parameters (gray thin dash-dotted) and following Aung Eq. (6.9) (thin dotted). . Human voice is generated by the auto-oscillation of vocal folds. From the physical point of view, as illustrated in Figure 1.1, this oscillation is created by the interaction between the air flow from the lungs (in dark blue) and the soft tissues that constitute the vocal folds (in light blue). This vibration will modulate the air flow and form an acoustic wave (in red) that propagates through the vocal tract (in green). The vocal tract is articulated by several muscles and will modify the spectrum of the acoustic wave to finally form a voiced sound, which is radiated from the lips. Understanding the complex phenomena that are involved in the vibration of vocal folds is essential to be able to reproduce them in the context of speech synthesis by physical models or to be able to provide diagnostic or surgery tools in the case of pathologies. Besides normal phonation [1,2], physical studies contribute to the understanding of several vocal folds normal and abnormal conditions affecting phonation, such as pathologies related to kystes and nodules [3,[START_REF] Luizard | Threshold of oscillation of a vocal folds replica with unilateral surface growths[END_REF], vocal folds asymmetries [5][START_REF] Shimamura | Experimental study on level difference between left and right vocal folds[END_REF][START_REF] Steinecke | Bifurcations in an asymmetric vocal-fold model[END_REF][START_REF] Mergell | Irregular vocal-fold vibration-High-speed observation and modeling[END_REF] or yet the influence of the glottal area geometry [START_REF] Wu | A computational study of vocal fold dehydration during phonation[END_REF]. This thesis focuses on the physical study of the fluid-structure interaction in order to considerate the impact of particular parameters that may affect the vibration of vocal folds and the glottal airflow. 

Formulation of the problem and objectives

In the framework of physical studies on vocal folds auto-oscillation, three main contributions are aimed in this thesis.

Firstly, the observation of the glottal opening -during phonation, breathing, speech production or swallowing -is a constant question in the voice studies, either physical or clinical. In this work it is aimed to measure accurately the glottal area variation. Accurate knowledge of the glottal area is of interest for clinical purposes and is necessary to estimate the glottal flow and pressure forces on the vocal folds. Therefore, the objective is to calibrate the existing device external PhotoGlottoGraph (ePGG) [START_REF] Honda | Glottal-opening and airflow pattern during production of voiceless fricatives: A new non-invasive instrumentation[END_REF][START_REF] Vaissière | Multisensor platform for speech physiology research in a phonetics laboratory[END_REF][START_REF] Kim | airflow and acoustic data on glottal opening[END_REF], so that a relationship is established between measured ePGG signals and the variation of the glottal area A g (t).

Secondly, an experimental study of unilateral vocal fold paralysis (UVFP) [3] is realised. This pathology results in mechanical and geometrical asymmetry characterised by vocal folds asymmetry in both tension and spatial positioning. On human subjects, the effect of tension and geometry can not be studied independently nor systematically. Therefore, the objective is a systematic study of geometrical changes, mimicking an unilateral vocal fold paralysis, and more in particular to quantify the influence of an angular vertical asymmetry on the auto-oscillation. This study is done in the continuation of a previous study by Tokuda et al. [5,[START_REF] Shimamura | Experimental study on level difference between left and right vocal folds[END_REF] on the influence of a vertical level difference for parallel vocal folds.

Thirdly, the influence of a liquid layer on the vocal folds surface is quantified and investigated. It is known that vocal folds are covered by a thin layer of liquid essential for normal phonation [START_REF] Sivasankar | Quantifying the effects of altering ambient humidity on ionic composition of vocal fold surface fluid[END_REF][START_REF] Solomon | Effects of a vocally fatigue task and systemic hydration on phonation pressure threshold[END_REF][START_REF] Santana | The effect of surface hydration on teacher's voice quality: an intervention study[END_REF][START_REF] Erickson-Levendoski | Investigating the effects of caffeine on phonation[END_REF][START_REF] Sivasankar | Influence of obligatory mouth breathing during realistic activities, on voice measures[END_REF][START_REF] Fisher | Phonatory effects of body fluid removal[END_REF] as it prevents from vocal folds lesions associated with speech [START_REF] Gartner-Schmidt | Voice Therapy for the treatment of voice disorders 4th[END_REF][START_REF] Verdolini | Dependence of phonatory effort on hydration level[END_REF]. Nevertheless, few physical studies are realised considering the influence of this liquid on the airflow and the fluid-structure interaction of the vocal folds. Therefore, the objective is to realise a first experimental study to quantify the influence of liquid and to consider its effect on the flow model classically used in physical voice production modelling [1,2].

Outline of this thesis 3 1.3 Outline of this thesis

This document is organized as follows:

• Chapter 2: Realizes a brief summary about the phonary system, typical anatomical and fluid mechanical numbers, the measurements used to quantify vocal folds movement and the studied conditions are introduced. Then a description of three types of vocal folds replicas used in this thesis is detailed and a general overview of the experimental set up is provided.

• Chapter 3: Presents the calibration algorithm MSePGG and its validation on mechanical replicas for a non-invasive measurement of the glottal area variation with the external PhotoGlottoGraph device.

• Chapter 4: Exposes the consequences of left-right angular vertical vocal folds asymmetry on the auto-oscillation. This pathology is related to the glottal area as it creates air leakage associated with glottal area enlargement.

• Chapter 5: Shows an experimental study of the influence of the presence of a liquid on the vocal folds. Using different vocal folds replica types, the study allows to show the influence on the airflow as well as on the auto-oscillation of the vocal folds. Water is used as a liquid fluid.

• Chapter 6: Is related to Chapter 5 as it validates a theoretical flow model for gas-liquid fluid mixing. It intends to take into account the presence of liquid on vocal folds in a classical theoretical model for voice production. As in Chapter 5 water is used as a liquid fluid.

CHAPTER 2

The vocal folds apparatus

Phonation system

The phonation system is the whole set of organs that makes it possible to produce speech. These organs are shared with the respiratory, olfactory and part of the digestive systems. As shown in Figure 2.1, using axes and planes defined in Appendix A, the phonation system is divided into three parts: the thorax (in dark blue) with the lungs and trachea, the larynx (in light blue), and the vocal tract (in green). 

Trachea and lungs

Located in the chest, both lungs have a combined capacity of 4-5 liters for a male subject [START_REF] O'shaughnessy | Speech Communication Human and Machine[END_REF]. Each lung is connected via a bronchial tube to the trachea (length about 12 cm and diameter 2 cm corresponding to tracheal area A t =3.1 cm 2 ) which is, in turn connected to the larynx as shown in Figure 2.1(a). The primary function of the lungs is breathing, that allows the blood to be fed 6 Chapter 2. The vocal folds apparatus with oxygen during inspiration (contraction of the diaphragm which expands the lungs) and the release of carbon dioxide during expiration (relaxation of the diaphragm that allows the elastic contraction of the lungs and the ejection of air).

The airflow rate is very different during speaking than during normal breathing. While the inhalation-to-expiration ratio in normal breathing is around 40% -60%, most sounds are produced during exhalation, which brings the ratio to around 10% -90%. It can go up to 5% -95% for long conversations [START_REF] O'shaughnessy | Speech Communication Human and Machine[END_REF].

During phonation, the lungs are the pressure reservoir that generates and regulates the airflow: typical volume flow φ ≈ 2•10 -4 m 3 /s and associated subglottal pressure up to 1 kPa or even 2 kPa for loud speech, compared to 100-200 Pa for breathing.

Larynx

The larynx is located in the throat, between the trachea and the pharynx, coloured in light blue in Figure 2.1. It contains the vocal folds which generates the source of many speech sounds, i.e. the so-called voiced sounds produced during phonation [START_REF] O'shaughnessy | Speech Communication Human and Machine[END_REF]. The larynx consists of four cartilages (thyroid, cricoid, arytenoid and epiglottis) connected by ligaments and membranes.

Firstly, the larynx with the epiglottis allows food to be redirected to the oesophagus and stomach, covering the airway system. Secondly, the larynx contains, controls and protects the two vocal folds. The vocal folds are connected together at their anterior end to the thyroid cartilage, responsible of the vocal folds tension, and individually to the posterior end to two individual arytenoid cartilages, responsible of the spacing between the vocal folds called the glottis. The vocal folds structure and phonation process is further detailed in Section 2.2.

During normal breathing, the glottis is widely open (glottal area A g up to 15 mm 2 [START_REF] O'shaughnessy | Speech Communication Human and Machine[END_REF]) allowing air to pass freely. During speech, the vocal folds configuration reduces the passage of air in the glottis, which leads to their auto-oscillation, detailed in Section 2.2.2. From this auto-oscillation emerges an acoustic wave that propagates in the vocal tract.

Vocal tract

The vocal tract coloured in green in Figure 2.1, is the superior part of the phonation system. It is located in the head, from the larynx to the lips (and nose), over a length of about 17 cm for a male adult and 14 cm for a female adult [START_REF] O'shaughnessy | Speech Communication Human and Machine[END_REF]. The vocal tract consists of the pharynx, the oral cavity and the nasal cavity. When vocal folds vibrate, the acoustic waves they generate pass through the pharynx and propagate into the cavities, which act as acoustic resonators [START_REF] Blandin | The effect on vowel directivity patterns of higher order propagation modes[END_REF][START_REF] Blandin | Theoretical and experimental study of vocal tract acoustics PhD thesis[END_REF]. While the nasal cavity has a fixed geometry, the oral cavity can be modulated by several articulatory muscles (tongue, lips, etc.) and by the velum at the posterior extremity of the palate, which borders the oral and nasal cavities, allows to close the nasal cavity. This modulation of the entire vocal tract allows two things [START_REF] O'shaughnessy | Speech Communication Human and Machine[END_REF]. Firstly, to modify the spectral distribution (resonances) of the energy of the sound wave generated by the vocal folds, constituting the voiced sounds [START_REF] Blandin | Theoretical and experimental study of vocal tract acoustics PhD thesis[END_REF]. Modulation of the vocal tract geometry is not considered in this work. Instead the vocal tract is approximated by a uniform circular duct with smooth rigid walls. Secondly, it allows to generate the so-called unvoiced sounds such as fricative consonants [START_REF] Yoshinaga | Influence of the Lip Horn on Acoustic Pressure Distribution Pattern of Sibilant /s[END_REF][START_REF] Pont | Computational aeroacoustics to identify sound sources in the generation of sibilant /s[END_REF], which are out of the scope of this thesis.

Vocal folds structure and oscillation

The vocal folds, by their vibration, are the source of the voiced sound of speech. They are placed in the larynx and measure, about 15 mm for a male adult and about 13 mm for a female adult in the posterior -anterior direction and typically 8 mm for a male and 4 mm for a female adult, in the inferior -superior direction [START_REF] O'shaughnessy | Speech Communication Human and Machine[END_REF]. The vocal folds are composed of three major layers [3,[START_REF] Sataloff | Laryngeal mini-microflap: A new technique and reassessment of the microflap saga[END_REF]: the epithelium, the lamina propria (superficial layer and ligament) and thyroarytenoid muscle as illustrated in Figure 2.2.

Structure

The epithelium measures around 0.1 mm and consists of about twenty layers of cells. Below, the superficial layer of lamina propria, also known as Reinke's space, is composed of proteins, Chapter 2. The vocal folds apparatus water and loose elastin and collagen fibers. These two layers form the main vibrating part of the vocal folds. Then the ligament, formed by the intermediate and deep layer of the lamina propria, is made of elastin and collagen fibers, which increases in density and rigidity up to the muscle. The deeper layer of the vocal fold is the thyroarytenoid muscle, which forms the body. Finally, each vocal fold is covered with a thin liquid layer, which is the subject of Section 2.4.2.

Švec et al. [START_REF] Svec | On vibration properties of human vocal folds PhD thesis[END_REF] conducted an in-vivo study on the mechanical resonances of healthy human vocal folds. This study allowed to identify the first three mechanical resonances of a vocal fold (here the left one) as illustrated in Figure 2.3: 
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Vocal folds oscillation

The oscillation of the vocal folds that produces the voiced sound source is driven by a fluidstructure interaction between the airflow coming from the lungs and the soft tissues of the vocal folds. This phenomenon can only occur if 1) the tissues on the surface of the vocal folds (epithelium and upper layer of the lamina propria) are sufficiently deformable, 2) the vocal folds are sufficiently close together to create a significant cross-sectional area change at the glottal constriction and 3) the difference between the subglottal pressure P u (upstream of the vocal folds) and the supraglottic pressure (downstream) is large enough to sustain oscillation.

Threshold pressure P On , or onset pressure, is the minimal upstream pressure P u required to sustain the auto-oscillation of the vocal folds. It is associated with the offset pressure P O f f , which corresponds to the minimal upstream pressure before oscillation ceases. Because of the nonlinearity of the fluid-structure interaction a hysteresis appears between the threshold pressures so that P On > P O f f . This hysteresis is typically about 100 -200 Pa [START_REF] Berry | Bifurcations in excised larynx experiments[END_REF][START_REF] Plant | Direct measurement of onset and offset phonation threshold pressure in normal subjects[END_REF].

As seen in Figure 2.4 illustrating one oscillation cycle, at first, air from the lungs creates a pressure difference between the upstream and downstream end of the vocal folds (grey shades) (1 -2). This difference allows the vocal folds to detach and open (3 -4). The airflow rate Φ remains constant throughout the phonation system by the principle of mass conservation along the streamwise direction z. This principle states that Φ = A(z) • v(z) with area A and flow velocity v. When air passes through the glottal constriction A g so that A g ≪ A t , the velocity v(z) increases and the pressure P(z) decreases ( 5). This induces the Bernoulli force resulting in vocal folds closure (6 -8). This cycle is repeated periodically with fundamental frequency f 0 . This frequency depends on the length and elasticity of the vocal folds and varies between 75 Hz and 250 Hz for adult subjects [START_REF] Berry | Bifurcations in excised larynx experiments[END_REF].

During oscillations of the vocal folds, non-linearities can be observed. These can be due to asymmetry between vocal folds or posterior -anterior modes [START_REF] Steinecke | Bifurcations in an asymmetric vocal-fold model[END_REF][START_REF] Mergell | Irregular vocal-fold vibration-High-speed observation and modeling[END_REF][START_REF] Neubauer | Spatio-temporal analysis of irregular vocal fold oscillations: Biphonation due to desynchronization of spatial modes[END_REF]. The non-linearities lead to sub-harmonics frequencies, larynx cartilage oscillation and even to chaos. As upstream pressure P u drives vocal folds oscillation, its analysis is essential. The same way the dimension of the glottal constriction and in particular its area A g determines the pressure forces and therefore its accurate quantification is an ongoing issue.

Quantification: physical numbers and perturbation

Auto-oscillation can be characterised by non-dimensional numbers derived from physical quantities associated with the underlying fluid-structure interaction. Moreover perturbation of oscillation cycles can occur, for instance due to non-linearities, which is quantified by parameters measuring voice quality. Characteristic non-dimensional numbers (Reynolds, Strouhal and Mach) and perturbation measures (jitter, shimmer, signal-to-noise ratio and total harmonic distortion rate) are defined in the following and typical values observed on human speakers are reported in Table 2.5 where also typical values for vocal folds replicas, discussed later on, are summarised.

Mach number

The Mach number Ma, determines the compressibility of the flow in the glottis. It expresses the ratio between the local velocity of a fluid (here air) and the velocity of sound in the same fluid:

Ma = v c (2.1)
where v is the airflow velocity, c is the sound propagation velocity.

For Ma 2 1, the flow is considered as incompressible [START_REF] White | Viscous Fluid Flow 2nd[END_REF]. For the glottic airflow v g ∈ [10 -40] m/s [START_REF] Pelorson | Theoretical and experimental study of quasisteady-flow separation within the glottis during phonation. application to a modified two-mass model[END_REF] and all the vocal folds replicas used, Ma 2 ≈ O(10 -2 ), which motivates the incompressibility hypothesis for glottal flow.

Reynolds number

The Reynolds number, Re, represents the ratio between the inertial forces and the viscous forces of the fluid. It is used to determine if the viscosity of the fluid is negligible in the flow. It also determines the flow regime, laminar or turbulent:

Re = ρvh µ (2.2)
where ρ is the density of the fluid, v is the velocity of the flow, h a typical flow channel dimension, and µ is the kinematic viscosity coefficient of the fluid, here air.

For low Reynolds values (Re < 2000), the flow can be considered as laminar [START_REF] White | Viscous Fluid Flow 2nd[END_REF]. For high Reynolds values (Re > 3000) the airflow can be considered as turbulent. For a maximum glottal velocity v g = 40 m/s and using a glottal width h g = 1 mm in the right-left direction, we obtain Re 2.3. Quantification: physical numbers and perturbation < 2000. This is characteristic of a laminar flow for which the effects of viscosity are lower than inertia.

Strouhal number

The Strouhal number Sr estimates the importance of the unsteadiness of the flow in relation to its inertia. It represents the ratio between the flow velocity and the oscillation velocity of the vocal folds:

Sr = f 0 L z v (2.3)
where f 0 is the oscillation frequency of the vocal folds, L z the vocal fold length in inferiorsuperior direction and v the velocity of the flow.

For Sr 1 the unsteady effects of the vocal folds oscillations are considered as negligible on the airflow [START_REF] White | Viscous Fluid Flow 2nd[END_REF]. For human and for the vocal folds replicas used in this work, Sr ≈ O(10 -2 ), as shown in Table 2.5. The flow in the glottis can therefore be considered as quasi-steady during oscillation.

Cycle-to-cycle perturbation: jitter and shimmer

Jitter and shimmer are parameters used to quantify the stability of a periodic signal. In the following chapters, the analysis will be realised for i = 1 . . . N with N = 50 periods.

The jitter analyses the relative cycle-to-cycle variation of the fundamental frequency. It averages the absolute time differences between each consecutive period T divided by the average period of the signal:

ζ T = 1 N -1 ∑ N-1 i=1 |T i -T i+1 | 1 N ∑ N i=1 T i . (2.4)
The shimmer analyses the relative cycle-to-cycle variation of the signal amplitude A . It averages the absolute differences of the amplitude of each consecutive period, divided by the average amplitude of the signal:

ζ A = 1 N -1 ∑ N-1 i=1 |A i -A i+1 | 1 N ∑ N i=1 A i . (2.5)
Consequently, a signal with a stable fundamental frequency will have a low jitter. And a signal with a stable amplitude will have a low shimmer. Typical values for normal speech yield ζ T ≈ 0.3% and ζ A ≈ 2.7% as reported in Table 2.5 [START_REF] Teixeira | Shimmer and HNR Classification within Gender, Tones and Vowels in Healthy Voices[END_REF].

Signal-to-noise ratio

Other common voice parameters are derived from a harmonic decomposition of the signal under analysis. Signal-to-noise ratio SNR (in dB) is computed as the ratio of the summed power of all signal harmonics P signal based on the first harmonic frequency f N to the summed power of the remaining noise P noise :

SNR = 10 log 10 P signal P noise . (2.6) 
Consequently, the signal quality is said to improve for increasing SNR since it indicates less noise. Typical values for normal speech yield SNR ≈ 24 dB as reported in Table 2.5 [START_REF] Teixeira | Shimmer and HNR Classification within Gender, Tones and Vowels in Healthy Voices[END_REF].

Total harmonic distortion rate

Total harmonic distortion rate THD (in dB) is computed from the ratio between the summed power of higher harmonic frequencies 1 P harm and the power of the first harmonic frequency P f N :

T HD = 10 log 10

P harm P f N . (2.7)
Consequently, the signal quality is said to improve for decreasing THD since it indicates less harmonic distortion. Typical values for normal speech yield THD ≈ -9.9 dB as reported in Table 2.5 [START_REF] Childers | Vocal quality factors: Analysis, synthesis, and perception[END_REF]. 1 Theoretically an infinite number of harmonics is accounted for, but in practice 50 harmonics are used.
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In this work, two particular conditions are studied, which from a physical point of view, are rarely considered in literature. Firstly, the effect of the left-right vertical angular asymmetry in the vocal folds positioning on the auto-oscillation is studied. This condition is relevant to unilateral vocal fold paralysis. Secondly, the presence of liquid (mucus) on the vocal folds surface is considered. Vocal folds asymmetry is reported as one of the main causes of glottic insufficiency resulting in dysphonia [3]. Glottic insufficiency is often caused by complete or partial vocal fold paralysis such as unilateral vocal fold paralysis (UVFP). Unilateral vocal fold paralysis is due to a dysfunction of one or several laryngeal nerves and results from a myriad of causes, in 70 % the origin is from malignant tumours, disease or iatrogenic (side effect) post-operative trauma (nerve cut, etc.). unilateral vocal fold paralysis is characterized by vocal fatigue and a breathy voice [3].

Vertical angular asymmetry

Clinical examinations show that unilateral vocal fold paralysis induces left-right vocal folds asymmetries to the shape, tension and positioning. Videostroboscopic imaging (Figure 2.5) reveals that asymmetrical positioning of the vocal folds in the vertical sagittal plane prevents complete glottal closure [3,[START_REF] Hong | Arytenoid appearance and vertical level difference between the paralyzed and innervated vocal cords[END_REF][START_REF] Oyamada | Asymmetry of the Vocal Folds in Patients With Vocal Fold Immobility[END_REF], which is suggested to be the main physical cause of the observed breathy voice. The vocal folds positioning asymmetry results from both the normal and paralysed vocal folds. In order to compensate the reduced movement of the paralysed vocal fold, the normal vocal fold changes its position in the inferior-superior direction. Consequently, a vertical level difference between the left and right vocal folds emerges, where the paralysed vocal fold is often inclined in the sagittal plane (right vocal fold in Figure 2.5) and the normal vocal fold remains in the transverse plane (left vocal fold in Figure 2.5). This asymmetry changes the initial configuration of the glottis.

Quantitative characterization of this spatial asymmetry from imaging on human subjects is extremely tedious [3,[START_REF] Hong | Arytenoid appearance and vertical level difference between the paralyzed and innervated vocal cords[END_REF][START_REF] Oyamada | Asymmetry of the Vocal Folds in Patients With Vocal Fold Immobility[END_REF]. Nevertheless, the vertical level difference during phonation is reported [START_REF] Oyamada | Asymmetry of the Vocal Folds in Patients With Vocal Fold Immobility[END_REF] to yield several millimetres, i.e. 1.3 ± 1.5 mm or up to 3 mm. The effect of positioning asymmetry on in-vivo vocalization can not be studied independently from tension or shape asymmetry between left and right vocal folds. In that sense, physical studies of auto-oscillation using mechanical replicas are of interest, when aiming a systematic study of the influence of vocal folds positioning asymmetry.

Mucus presence

The surface of human vocal folds, illustrated in Figure 2.2(b), is covered with a thin liquid layer [START_REF] Gartner-Schmidt | Voice Therapy for the treatment of voice disorders 4th[END_REF][START_REF] Leydon | Vocal fold surface hydration: a review[END_REF].

It is established from observations on human speakers and cadaveric larynges that good surface hydration is essential for phonation. This depends on a combination of environmental factors [START_REF] Sivasankar | Quantifying the effects of altering ambient humidity on ionic composition of vocal fold surface fluid[END_REF], vocal efforts [START_REF] Solomon | Effects of a vocally fatigue task and systemic hydration on phonation pressure threshold[END_REF][START_REF] Santana | The effect of surface hydration on teacher's voice quality: an intervention study[END_REF], lifestyle [START_REF] Erickson-Levendoski | Investigating the effects of caffeine on phonation[END_REF][START_REF] Sivasankar | Influence of obligatory mouth breathing during realistic activities, on voice measures[END_REF] and general health status [START_REF] Fisher | Phonatory effects of body fluid removal[END_REF]. One of the physical consequences attributed to surface hydration is to reduce phonotraumatic lesions [START_REF] Gartner-Schmidt | Voice Therapy for the treatment of voice disorders 4th[END_REF][START_REF] Verdolini | Dependence of phonatory effort on hydration level[END_REF] and to reduce the minimum subglottic pressure required for vocal folds self-oscillation (threshold onset pressure P On ) [START_REF] Verdolini | Dependence of phonatory effort on hydration level[END_REF][START_REF] Jiang | The effects fo rehydration on phonation in excised canine larynges[END_REF][START_REF] Roy | An evaluation of the effects of three laryngeal lubricants on phonation threshold pressure (PTP)[END_REF][START_REF] Leydon | A meta-analysis of outcomes of hydration intervention on phonation threshold pressure[END_REF]. Other self-oscillation properties of the voice are sensitive to hydration such as the fundamental frequency f 0 , the closing quotient, the velocity quotient and cycle-to-cycle disturbances jitter and shimmer [START_REF] Leydon | Vocal fold surface hydration: a review[END_REF][START_REF] Ouaknine | Experimental study of the effects of surface mucus viscosity on the glottic cycle[END_REF][START_REF] Dollinger | Preliminary results on the influence of engineered artificial mucus layer on phonation[END_REF][START_REF] Alves | The effect of hydration on voice quality in adults: a systematic review[END_REF].

Artificial saliva sprays are developed to remedy lack of oral hydration including at the vocal folds surface hydration [START_REF] Sivasankar | Quantifying the effects of altering ambient humidity on ionic composition of vocal fold surface fluid[END_REF][START_REF] Preetha | Comparison of artificial saliva substitutes[END_REF][START_REF] Tanner | Comparing nebulized water versus saline after laryngeal desiccation challenge in Sjögren's Syndrome[END_REF]. Liquid sprays and nebulization techniques are common in (re)hydration studies on human speakers or excised larynges focusing on vocal quality properties listed in the previous paragraph [START_REF] Ouaknine | Experimental study of the effects of surface mucus viscosity on the glottic cycle[END_REF][START_REF] Dollinger | Preliminary results on the influence of engineered artificial mucus layer on phonation[END_REF][START_REF] Tanner | Comparing nebulized water versus saline after laryngeal desiccation challenge in Sjögren's Syndrome[END_REF]. In this work, distilled water and two artificial salivas (liquid properties determined in Appendix G) are used to study the effect of surface hydration experimentally. These fluids are used in order to mimic the mucus presence on the vocal folds. As a start, distilled water is chosen as a reference since fluid properties are well known. Values for density and viscosity at room temperature are given in Table 2.1. From this table is seen that the water density is similar to the density of vocal folds mucus and of human saliva which yields about 1000 kg/m 3 [START_REF] Leydon | Vocal fold surface hydration: a review[END_REF][START_REF] Preetha | Comparison of artificial saliva substitutes[END_REF]. However, values reported for viscosity (dynamic µ and kinematic ν) of distilled water are ten times lower than values observed for mucus or saliva [START_REF] Leydon | Vocal fold surface hydration: a review[END_REF][START_REF] Preetha | Comparison of artificial saliva substitutes[END_REF]. Therefore, it is proposed to use two artificial saliva products as well. The first artificial saliva is called Artisial (available in French pharmacies) and the second one is called Teijin (available in Japanese pharmacies). These sprays are thus commonly used in the event of a decrease or absence of salivary secretions. Their compositions are detailed in Appendix G. The use of these sprays has the advantage that their densities and viscosities are of the same order of magnitude as human mucus or saliva. The viscosity of Artisial is roughly in the middle of the range observed for human saliva and the viscosity of Teijin is situated at the lower end of human saliva range.

In addition it is interesting to note that the use of the three fluids allows to study the influence of viscosity. 

Vocal folds replicas

All experimental studies on vocal folds oscillation presented in this work, either to reproduce healthy or pathological conditions, rely on the use of mechanical vocal folds replicas. This way physical parameters potentially influencing vocal folds oscillation can be controlled and the repeatability of experimental results can be verified. Three types of vocal folds replica are assessed. The first replica represents rigid vocal folds (Section 2.5.1) in order to study the influence of a forced oscillation on the airflow. The next two replica types are deformable. Made of pressurised latex (Section 2.5.2) and silicone layers (Section 2.5.3) respectively, they allow the study of the full fluid-structure interaction.

The use of both deformable replica types of the vocal folds structure are of interest to study the fluid-structure interaction because:

• Pressurized latex allows to mimic the variation of vocal folds elasticity (associated to the stiffness or tension). Furthermore, the design of the replica allows to vary the initial glottal area,

• Silicone replicas aim to reproduce the multi-layered physiological vocal fold structure with increasing degree of complexity. The initial glottal area can be varied.

Motion driven rigid: MDR

The motion driven rigid (MDR) vocal folds replica shown in Figure 2.6 is 1:3 up scaled from human vocal folds and consists of two rigid parallel half cylinders (duralium, neutral wettability, see Section G.4), with a radius of 10 mm, an inferior-superior length L z = 20 mm and posterior -anterior width w = 30 mm illustrated in Figure 2.6(d) and summarized in Table 2.4. One cylinder is fixed and the other one is forced into motion by an eccentric motor indicated in Figure 2.6(a) [START_REF] Vilain | Experimental validation of a quasi-steady theory for the flow through the glottis[END_REF][START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF]. Sinusoidal movement of the rectangular gap between the two half-cylinders shown in Figure 2.6(b), is imposed with a forcing frequency f c between 0 Hz and 12 Hz and a constant forcing amplitude between 0 mm (complete closure) up to 1.9 mm. The minimum imposed time-varying spacing (constriction) h c (t) (0 ≤ h c ≤ 1.9 mm) is assessed using an optical sensor (OPB700, accuracy ±0.01 mm, calibration shown in Appendix B.2), so that the time-varying constriction area is obtained as A c (t) = h c (t) • w with A c (t) ≤ 57 mm 2 . This maximum value of the constriction area is indicated as A c,max = 57 mm 2 in Table 2.4. A pressure tap is provided in the middle of the fixed cylinder, seen in Figure 2.6(d), to measure the pressure at the constriction level P c (t) (pressure sensor Kulite XCS093, accuracy ±5 Pa, calibration given in Appendix B.1).

Deformable pressurized latex tube: PLT

The deformable pressurized latex tube (PLT) replica (up scaled 1:3), shown in Figure 2.7, consists of two latex tubes (neutral wettability, see Section G.4) with diameter 11 mm, thickness 0.2 mm and length 25 mm representing the vocal folds. These tubes envelop a metallic structure and are pressurized (P PLT ) by filling it with distilled water. The distilled water is supplied by a water column whose height and hence internal water pressure P PLT can be controlled. The resulting vocal folds replica (inferior-superior length L z = 12 mm, posterior -anterior width w = 25 mm, mass m d = 2.1 g in Table 2.4) is illustrated in Figure 2.7 and detailed in [START_REF] Luizard | Threshold of oscillation of a vocal folds replica with unilateral surface growths[END_REF][START_REF] Van Hirtum | High-speed imaging to study an auto-oscillating vocal fold replica for different initial conditions[END_REF]. Both vocal folds are placed face to face in a metallic frame. A central latex tube (diameter 30 mm, thickness 0.2 mm) is placed between the vocal folds and is fixed downstream and upstream of the constriction so that the airflow passes through without leakage. This central latex tube is further connected to an upstream and downstream rigid uniform tube (diameter 25 mm) representing the vocal tract and trachea respectively.

The position of each vocal fold relative to the axis of the central tube and therefore the spacing between the two vocal folds can be modified using four micrometric screws (Mitutoyo 153-101, accuracy 0.01 mm, range 5 mm), which value is denoted o mm . When airflow passes through the gap between both tubes a fluid-structure interaction leads to self-oscillation, in the same way as during human phonation. The time-variation of the glottal-like constriction is observed using a high-speed camera (Motion BLITZ Eosens Cube 7, frame rate 525 and shutter 750µs). The constriction area A c (t) (accuracy ±0.002 mm 2 ) can be extracted from the gathered images as detailed in [START_REF] Van Hirtum | High-speed imaging to study an auto-oscillating vocal fold replica for different initial conditions[END_REF].

It should be noted that the initial constriction area A 0 = A c (t = 0) is the combined result of the pressure P PLT imposed and the position of the micrometric screws o mm . Therefore, initial conditions of the PLT replica are indicated as (P PLT , o mm ). Typical values of the initial glottal area A 0 varies from 18 mm 2 to 74 mm 2 and A c,max = 100 mm 2 as indicated in the Table 2.4.

As P PLT can be varied, the elasticity of each tube can be modified. The elasticity determines mechanical resonance properties: peak frequencies f M , bandwidths ∆ f M and resulting quality factors Q = f M ∆ f M . These properties are obtained from frequency response curve detailed in Appendix C. An example is presented in Figure 2.8 for P PLT = 3800 Pa and extracted properties for P PLT ∈ [1500 -4500] Pa (triples the minimum P PLT ) are summarised in Table 2 ated oscillation frequencies f 0,On and f 0,O f f (Figure 2.9(b)) as a function of P PLT . As a reference, measured mechanical frequencies f M 1 (P PLT ) are also indicated in Figure 2.9(b). It is seen that oscillation frequencies f 0,On ≈ f 0,O f f increase quasi-linearly with the internal pressure P PLT which is also the case for mechanical frequencies f M 1 . Note that for all P PLT the oscillations frequency f 0 is just above the mechanical frequency f M 1 and in the range characterising male voice.

Pressure curves P On (P PLT ) and P O f f (P PLT ) show a typical parabolic shape exhibiting a local minimum [1,2]; in this case yielding P On = 265 Pa for P PLT = 2700 Pa. Note that this kind of curve shape with a local minimum is also observed on experiments with excised larynges when tension is varied by elongation of vocal folds [START_REF] Berry | Bifurcations in excised larynx experiments[END_REF]. As for human vocal folds an hysteresis between P On and P O f f of about 100 Pa is observed.

Deformable silicone replicas: M5, MRI and EPI

Silicone replicas approximate the multi-layer human vocal folds structure, shown in Figure 2.2, with different degree of complexity. Vocal folds replicas consisting of an overlay of two, three or four silicone molding layers are considered. These three deformable silicone vocal folds replicas (moderately non-water wettability, see Section G.4), labelled M5, MRI and EPI, are illustrated in Figure 2.10. They are obtained following the procedures proposed in [5,[START_REF] Pickup | Flow-induced vibratory response of idealized versus magnetic resonance imaging-based synthetic vocal fold models[END_REF][START_REF] Murray | Vibratory responses of synthetic, self-oscillating vocal fold models[END_REF] and detailed in Appendix D. In the following, firstly different molding layers are briefly detailed, next the replica compositions are presented and finally oscillation is discussed.

Different molding layers:

Each layer, illustrated in quantity of silicone. Young moduli E of all layers are estimated using a tensile test as detailed in Appendix E. From Table 2.2 is seen that estimated moduli have the same order of magnitude as reported in literature [START_REF] Murray | Vibratory responses of synthetic, self-oscillating vocal fold models[END_REF][52][START_REF] Alipour | Elastic models of vocal fold tissues[END_REF][START_REF] Min | Stress-Strain response of the human vocal ligament[END_REF][START_REF] Chan | Relative contributions of collagen and elastin to elasticity of the vocal fold under tension[END_REF][START_REF] Smith | Effect of inferior surface angle on the self-oscillation of a computational vocal fold model[END_REF]. Moreover, comparison with values estimated for human vocal folds, given in Table 2.3, show that the Young moduli of molding layers approximate E values for the thyroarytenoid (vocalis) muscle, the superficial layer of the lamina propria (Reinke's space) and epithelium layer. On the other hand, the Young modulus of the ligament (intermediate and deep layers of the lamina propria) is under estimated since no tension is applied in the deep layer.

Each vocal fold is mounted on a backing layer (ratio M DS 1:1, thickness 4 mm) in order to attach the replica to its rigid support, i.e. region outside of the black frames in Figure 2.10(b).

Silicone replicas composition:

Different multi-layer compositions and geometrical casts are used to mold the M5, MRI and EPI vocal folds replicas, illustrated in Figure 2.10. [START_REF] Murray | Synthetic, multi-layer, self-oscillating vocal fold model fabrication[END_REF] The geometrical cast used to obtain the MRI vocal folds replica, illustrated in the middle in Figure 2.10, is more complex and realistic as the cast is derived from magnetic resonance imaging data of a human vocal folds [5,[START_REF] Pickup | Flow-induced vibratory response of idealized versus magnetic resonance imaging-based synthetic vocal fold models[END_REF]. The realistic vocal folds geometry is characterised by a triangular shape (sharp angle 60 • ) in the transverse plane (top view in Figure 2.10(b)) compared to the rectangular shaped M5 geometrical model. In addition, the MRI vocal folds replica has a three-layer structure: the muscle (l d =10 mm), the superficial layer (l d =3.0 mm) (see Table 2.3) and adding a third thin and stiff surface layer representing the epithelium (l d =0.1 mm) to the two-layer structure of the M5 vocal folds replica. Note that compared to MRI vocal folds replicas presented in literature [5,[START_REF] Pickup | Flow-induced vibratory response of idealized versus magnetic resonance imaging-based synthetic vocal fold models[END_REF] an epithelium layer is added in this work.

Finally, a four-layered EPI vocal folds replica, illustrated on the right in Figure 2.10, is obtained by inserting an extremely soft deep layer between the muscle (l d =6.4 mm) and superficial layer (l d =1.0 mm) of the three-layer structure used for the MRI vocal folds replica [START_REF] Murray | Vibratory responses of synthetic, self-oscillating vocal fold models[END_REF] (see Table 2.3 and Figure 2.10). The EPI vocal folds replica cast is inspired on the geometrical M5 model so that its geometry is a scaled version of the M5 vocal folds replica.

Silicone replica oscillation:

Mechanical response of the silicone vocal folds replicas is measured following the same procedure as for the PLT replica. The procedure and detailed results are given in Appendix C. Examples of frequency response curve is plotted in Figure 2.11. An overview of the first mechanical oscillation properties (frequency f M 1 , bandwidth ∆ f M 1 and quality factor Q M 1 ) is summarized in Table 2.4, as well as their dimensions and masses. As for the PLT vocal folds replica, when airflow passes through the vocal folds gap, fluid-structure interaction leads to self-oscillation. Note that in contrast to what is observed for the PLT replica, f M 1 is higher than oscillation frequency f 0 , but the magnitude of the difference is the same (about 40 Hz).

General set-up

Table 2.3 -Layer properties in human and in silicone vocal folds replicas (M5 a , MRI b , EPI c ): measured Young modulus E , ratio M , layer thickness l d .

Male adult

Silicone vocal folds replica Layer 

E [kPa] l d [mm] E * [kPa] M [-] l d [mm]

General set-up

The overall set-up is schematically illustrated in Figure 2.12(a) and illustrated with the PLT replica in Figure 2.12(b). Although the elements presented in this general set-up are used throughout this work, their particular features (air supply system, tube length, etc.). In the following the most used set-up is detailed. If elements differ, this will be explicitly mentioned and clarified.

Each vocal folds replica is inserted in an experimental set-up so that glottal-like area A c (t), i.e. the space between right and left vocal folds, is situated in a transverse horizontal plane as for a standing human speaker which is an improvement compared to previous work [1,2]. Table 2.4 -Vocal folds replicas and human [START_REF] Plant | Direct measurement of onset and offset phonation threshold pressure in normal subjects[END_REF]52,[START_REF] Mobashir | Linear measrurements of vocal folds and laryngeal dimensions in freshly excised human larynges[END_REF]. L z : inferior-superior vocal folds length † w: posterior -anterior vocal folds width ‡ upper limit for glottal area max(A c (t)) ≤ A c,max ) A 0 = A c (t = 0): initial glottal area m d : vocal fold mass Table 2.5 -Typical vocal folds physical and perturbation values.

L z w † A ‡ c,max A 0 m d f 0 f M 1 ∆ f M 1 Q M 1 [mm] [mm] [mm 2 ] [mm 2 ] [g] [Hz] [Hz] [Hz] [-] MDR 20.0 30.0 60 - - 1 

Re

Sr A rigid uniform circular channel with diameter 2.5 cm is mounted vertically to the upstream(12 cm trachea inferior to vocal folds, quarter wave resonance 660 Hz) and downstream2 (11 cm vocal tract superior to vocal folds half wave resonance 1500 Hz) end of the vocal folds replica.

P On P O f f SNR T HD ζ T ζ A [-] [-] [Pa] [Pa] [dB] [dB] [%] [%] MDR ∝ O(10 3 ) < 5 × 10 -2 - - 20 0 0 0 PLT < 9 × 10 3 < 5 × 10

Continuous steady airflow (density ρ

G = 1.2 kg•m -3 , dynamic viscosity µ G = 1.8 × 10 -5 Pa•s, temperature 22 ± 2 • C
) is provided along the z-direction by a manual valve followed by a pressure regulator (Norgren, 11-818-987) controlled air supply. Air is delivered by an air compressor (Atlas Copco GA5 FF-300-8, GA15 FF-8) connected to an upstream pressure reser-voir (volume ≥0.22 m 3 ) filled with acoustic foam in order to avoid parasite acoustic resonances. The air supply chain is illustrated for the PLT replica in Figure 2.12(b).

A pressure transducer (Endevco 8507C-5, accuracy ±5 Pa, calibrated in Appendix B.1) is positioned in a pressure tap 65 mm upstream of the vocal folds replicas in order to measure upstream pressure P u . In the case of a motion driven rigid vocal folds replica an additional pressure sensor (Kulite XCS-093, accuracy ±5 Pa, calibrated in Appendix B.1) is placed at the glottal spacing so that constriction pressure P c is measured as well. P c could not be measured for the deformable vocal folds replicas (PLT and silicones). All signals are acquired with a card National Instruments PCI-6225 combined with a National Instruments BNC-2110 input/output card and processed with the Labview software programs with a sample frequency f s =10 kHz. The high speed camera (Motion BLITZ Eosens Cube 7) is placed so that the vocal folds constriction can be observed. 

Summary

In this chapter the human vocal folds apparatus is characterised and simplifications are introduced which will allow a systematic physical study of vocal folds oscillations in the next chapters. Different simplifications let to three types of mechanical vocal folds replicas: MDR, PLT and silicones.

In order to study the fluid-structure interaction, an overview for human vocal folds and simplifications is given concerning:

• Fluid properties in Table 2.1,
• Structural properties including geometrical features of the vocal folds as well as the glottis, mechanical resonances and typical oscillation frequencies are given in Table 2.4,

• A characterisation of the oscillation in terms of physical numbers, threshold pressures and perturbation measures related to voice quality is provided in Table 2.5. Results for replicas are obtained for the interaction between airflow and vocal folds structure and are useful as a reference for the next chapters. Values for a human subject correspond for normal phonation whereas values for replicas are obtained in absence of mentioned conditions: without hydration and without vertical angular asymmetry.

It was shown that the upstream driving pressure P u is crucial for oscillation as is the glottal-2.7. Summary like constriction area A g,c . Quantification and characterisation of these two quantities is therefore assessed in the following chapters for different conditions as indicated in Table 2.6. The table also indicates which replicas are used in each chapter:

• In Chapter 3, the focus is on the calibration of the ePGG glottal area measurement device.

In order to obtain a quantitative validation of the proposed calibration algorithm replicas allowing an accurate measurement of the constriction area are used, i.e. the MDR replica with an optical sensor and the PLT replica with the high speed camera.

• In Chapter 4, the left-right vocal folds vertical angular asymmetry is systematically studied.

As only the effect of geometrical changes on auto-oscillation features is of interest, only silicone vocal folds replicas are used as the vertical asymmetry can be imposed without affecting structural properties.

• In Chapter 5, the influence of surface hydration following water spraying on oscillation is studied. In order to obtain general results all replicas are used. Using both the deformable silicone replicas and the deformable PLT replica allows to asses a wide region in the parameter space spanned between driving pressure and auto-oscillation frequency.

In addition, the rigid forced oscillation replica MDR allows to study the effect of water spraying on the flow in more detail.

• In Chapter 6, only data obtained for water spraying on the MDR replica are considered in order to validate a theoretical flow model accounting for the presence of air and water following hydration with a spray.

CHAPTER 3

External lighting and sensing photoglottography: characterization and

MSePGG algorithm

Based on Bouvet A., Amelot A., Pelorson X., Maeda S., Van 

Introduction

Observation, and further measurement, of the glottal area between the moving vocal folds during breathing, speech production or swallowing, has been for long a major technological challenge. Since Garcia's pioneer experiments using mirrors [START_REF] Garcia | Observations on the human voice[END_REF], several different techniques have been developed and optimized. Video recordings using an endoscope coupled with a stroboscopic light or a high speed camera has become a very popular technique despite of the costs of the equipment and the need for extensive post-processing in the case of high-speed recordings [START_REF] Lohscheller | Phonovibrography: mapping highspeed movies of vocal fold vibrations into 2-D diagrams for visualizing and analyzing the underlying laryngeal dynamics[END_REF][START_REF] Wurzbacher | Calibration of laryngeal endoscopic high-speed image sequences by an automated detection of parallel laser line projections[END_REF][START_REF] Deliyski | State of the Art Laryngeal Imaging: Research and Clinical Implications[END_REF][START_REF] Aichinger | Comparison of an audio-based and a video-based approach for detecting diplophonia[END_REF][START_REF] Aichinger | Tracking of Multiple Fundamental Frequencies in Diplophonic Voices[END_REF]. This technique might cause discomfort and is invasive due to the insertion of optic devices (through the oral cavity in the case of a rigid endoscope, or through the nasal cavity in the case of a flexible endoscope), and thus a medical environment is required and pronunciation of certain phonemes can be hindered or inhibited. Quantitative area extraction from endoscopic images remains challenging even when stereo-endoscopy or additional devices are used [START_REF] Wurzbacher | Calibration of laryngeal endoscopic high-speed image sequences by an automated detection of parallel laser line projections[END_REF][START_REF] Sawashima | Stereo-fiberscopic measurement of the larynx: a preliminary experiment by use of ordinary laryngeal fiberscopes[END_REF][START_REF] Sawashima | Measurements of the vocal fold length by use of stereoendocope -a preliminary study[END_REF][START_REF] Imagama | Estimation of glottal area function using stereo-endoscopic high-speed digital imaging in[END_REF], also being due to the trade-off between spatial and temporal resolution for image acquisition among others. Non-invasive alternatives are very few [START_REF] Baken | Clinical measurement of speech and voice[END_REF]. Ultrasound techniques have been tested but lack of spatial resolution [START_REF] Hertz | Ultrasonic recording of the vibrating vocal folds[END_REF][START_REF] Halmet | Transmission of ultrasound through the larynx as a mean of determining vocal-fold activity[END_REF][START_REF] Kaneko | Ultrasonic observation of vocal folds vibration[END_REF], and therefore ultrasound-based imaging is mostly used for innocuous visualization only [START_REF] Friedman | Role of ultrasound in the assessment of vocal cord function in infants and children[END_REF][START_REF] Arutti | Larynx ultrasonography: an alternative technique in the evaluation of the aero-digestive crossroad[END_REF][START_REF] Parangi | Editorial: translarygeal vocal cord ultrasound: ready for prime time[END_REF][START_REF] Krausert | Mucosal wave measurement and visualization techniques[END_REF][START_REF] Masood | Anatomical factors affecting the use of ultrasound to predict vocal fold motion: a pilot study[END_REF]. PhotoGlottoGraphy (PGG) [START_REF] Baken | Clinical measurement of speech and voice[END_REF][START_REF] Sonesson | A method for studying the vibratory movements of the vocal folds[END_REF] consists of devices for illuminating the glottis and measuring the amount of light that passes between the vocal folds. In its original development, PGG is an invasive technique as it requires the insertion of a light source or of a light sensor through the oral or nasal cavity. In contrast, External PhotoGlottoGraphy (ePGG) [START_REF] Honda | Glottal-opening and airflow pattern during production of voiceless fricatives: A new non-invasive instrumentation[END_REF][START_REF] Vaissière | Multisensor platform for speech physiology research in a phonetics laboratory[END_REF][START_REF] Kim | airflow and acoustic data on glottal opening[END_REF] is a non-invasive technique, both light source and sensor being placed outside of the vocal tract on the exterior of the neck as shown in Figure 3.1. Another difference with the classical PGG is the use of a lightning in the near infrared (IR) instead of visible light. Indeed, IR wavelengths in this range 700-1000 nm are reported to transilluminate large sections of human tissue [START_REF] Delpy | Quantification in tissue near-infrared spectroscopy[END_REF][START_REF] Lister | Optical properties of human skin[END_REF][START_REF] Jacques | Optical properties of biological tissues: a review[END_REF]. Given the non-invasive nature of ePGG, this system no longer requires a medical environment and allows to make continuous measurements with as less disturbance as possible, e.g. during speech production. Consequently, if a relationship between measured ePGG signals and glottal area variation A g (t)1 can be established, ePGG is suitable to observe variations of the glottal area non-invasively and continuously regardless of location (medical practice, laboratory, field. . . ) which makes it an interesting technique for many disciplines. Therefore, the aim of this work is to investigate and formalize the relationship between ePGG measurements and glottal area.
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ePGG measurement system

The ePGG system [START_REF] Honda | Glottal-opening and airflow pattern during production of voiceless fricatives: A new non-invasive instrumentation[END_REF][START_REF] Vaissière | Multisensor platform for speech physiology research in a phonetics laboratory[END_REF][START_REF] Kim | airflow and acoustic data on glottal opening[END_REF], shown in Figure 3.1, consists of two main elements: a light source (infrared LED, LSF812N1, wavelength 810 nm, size ≤ 5 mm, beam angle 45 ± 5 • ) and a single light sensor (photo-diode, Vishay Semiconductors BP104, peak sensitivity at wavelength 950 nm, size ≤ 3 mm) placed in a holder. Electrical ePGG signals (between 0 V and 5 V) are acquired using a data acquisition card (Data Translation, 16 bit) and software (QuickDaq 7.8.10). In addition, the ePGG signal is amplified linearly prior to acquisition in order to compensate for e.g. inter-subject differences affecting light absorption (tissue, skin, etc.). Spurious light sources (ambient light, screen, etc.) are dimmed during acquisition to ensure the ePGG signal quality. In addition, both light source (IR) and sensor (S) are shielded once their position is fixed.

The light source (IR) is positioned at different supraglottal positions to illuminate the glottis through the surface of the front neck and a sensor (S) is placed at a subglottal position to record the light variation due to vocal folds displacement that modulates glottal area A g as schematized in Figure 3.1. Concretely for a human subject, in this work, the sensor (S) is fixed in the midsagittal plane above the suprasternal notch and the light source (IR) is positioned somewhere along the mid-coronal plane as shown in Figure 3.2. Distance d (Figure 3.1) indicates then the distance between transverse (horizontal) planes containing the source and sensor, respectively. Furthermore, the orientation of the IR source is varied by turning its holder in the mid-coronal plane as depicted in Figure 3.1. As a convention, light emitted towards the sensor (following axis d) yields orientation angle 90 • and light emitted parallel to the transverse plane (perpendicular to d) yields orientation angle 0 • . The ePGG signal is sampled at 20 kHz so that the temporal resolution of 0.05 ms is excellent given the frequency range of interest, i.e. typical ≤250 Hz during phonation (Table 3.1). This temporal resolution is also high in comparison with other Chapter 3. External lighting and sensing photoglottography: characterization and MSePGG algorithm techniques using high-speed imaging [START_REF] Deliyski | State of the Art Laryngeal Imaging: Research and Clinical Implications[END_REF]. 

Mechanical replicas and set-ups

To fully assess the potential of ePGG as a non-invasive measurement of glottal area A g , the relationship between ePGG and A g needs to be studied quantitatively as a function of parameters potentially affecting the ePGG signal. Therefore, mechanical replicas of laryngeal airway portions are mounted to an experimental set-up developed to control and measure physical quantities in a reproducible and accurate way.

An overview of variables of interest and their order of magnitudes on human adult subjects and on replicas is given in Table 3.1. Note that the given fundamental frequency range is associated with vocal folds self-oscillation and hence rapid A g variations during human phonation. Slower A g variation occurs during other phoneme production, respiration, etc.

The upper bound of glottal area A g for human subjects (Table 3.1) corresponds to the maximum reported for quiet breathing [START_REF] Brancatisano | Respiratory movements of the vocal cords[END_REF][START_REF] Scheinherr | Realistic glottal motion and airflow rate during human breathing[END_REF]. An average value for normal subjects is disagreed on in literature due to inter subject variability, the difference between inspiration and expiration and the dependence on breathing effort. As an example, average values reported for normal subjects in [START_REF] Brancatisano | Respiratory movements of the vocal cords[END_REF][START_REF] Scheinherr | Realistic glottal motion and airflow rate during human breathing[END_REF] differ for both inspiration (126±8 mm 2 versus 217±54 mm 2 ) and expiration (70±7 mm 2 versus 178±35 mm 2 ).

From trachea radius R t ≈ 9 ± 1 mm (Table 3.1), it follows that trachea area A t = πR 2 t is ≤ 1500 Pa ≤ 1500 Pa a Rigid mechanical replica (Section 2.5.1) is scaled 3:1. b Deformable mechanical replica (Section 2.5.2) is scaled 1:1. c During self-oscillation of the deformable replica. approximated as A t ≈ 254 ± 60 mm 2 . This standard deviation results in ≤23% under-or overestimation of A t , which reflects the limited inter-and intra-subject variability of A t compared to A g . Furthermore, A t is independent from the glottal aperture so that A t holds for normal subjects as well as subjects suffering from a (vocal folds) pathology affecting the glottal area during respiration, closure or phonation.

Mechanical replicas and set-ups

To study the variation of the glottal area in a controlled way the two mechanical vocal folds replicas are used, the MDR (Section 2.5.1) one and the PLT (Section 2.5.2) one. This way rapid glottal area variation during vocal folds self-oscillation (PLT replica) as well as slow glottal area variation during glottal abduction or adduction (MDR replica) can be reproduced while the glottal area is known. To mimic the effect of airway walls, a simple mechanical airway replica (Section 3.3.1) is mounted to the subglottal and to the supraglottal side of each vocal folds replica so that the light sensor and source of the ePGG device can be attached on the exterior of the airway replicas.

Mechanical airway wall replica

The mechanical 'airway wall' replica, illustrated in Figure 3.3, consists of a uniform tube (transparent plexiglas, internal area A u = 491 mm 2 , wall thickness 2 mm, length 150 -260 mm) which can be covered with layers of lamb leather (layer thickness 0.7 mm) in order to vary wall light absorption, i.e. representing differences in human airway wall absorption properties due to wall thickness, wall tissue composition, etc. [START_REF] Delpy | Quantification in tissue near-infrared spectroscopy[END_REF][START_REF] Lister | Optical properties of human skin[END_REF][START_REF] Jacques | Optical properties of biological tissues: a review[END_REF]. Lamb leather is used since it easily available and allows to vary ePGG voltages within a range pertinent for human subjects [START_REF] Honda | Glottal-opening and airflow pattern during production of voiceless fricatives: A new non-invasive instrumentation[END_REF][START_REF] Vaissière | Multisensor platform for speech physiology research in a phonetics laboratory[END_REF][START_REF] Kim | airflow and acoustic data on glottal opening[END_REF]. Note that it is not attempted to reproduce realistic details of a multi-layered airway tissue since the sensor is sensible to the absorption resulting from all tissue between the source and the sensor MSePGG algorithm regardless of its composition. Instead, a simple way to vary the wall absorption is proposed. 

Vocal folds replicas

First, the MDR vocal folds replica detailed in Section 2.5.1, is used, as illustrated in Figure 3.4(a), in order to compare the known glottal aperture A g (t) to the MSePGG signal for slow variation, as glottal aperture movement.

Then PLT replica, shown in Figure 3.4(b) and detailed in Section 2.5.2, is used to simulate fast vocal folds movements. The associated time-variation of the gap is observed using the highspeed camera (525 frames per second and aperture time 750 µs).

It is noted that absorption properties of airway wall material (mostly lamb leather) and vocal folds (mostly water) are different and that transillumination through the water-filled latex tubes occurs. 

ePGG signal characterization

The ePGG system, described in Section 3.2, is assessed on the mechanical replicas described Section 3.3. Since experimental set-ups are equipped to measure the glottal area, the relationship between ePGG signal and glottal area can be systematically studied on these replicas as a function of parameters potentially affecting the ePGG signal illustrated in Figure 3.1. In the following, the experimental ePGG signal characterization is presented firstly for static geometrical configurations with constant glottal area in Section 3.4.1 and secondly for dynamic geometrical configurations with time-varying glottal area in Section 3.4.2. During all the experiments, the temperature was maintained at 21.5 ± 1.0 • C.

Static glottal area

In this section, static geometries are considered so that mean ePGG signals are shown. Mean values are derived from consecutive ePGG signal for 3 s and the coefficient of variation yields less than 24%.

Firstly, the effect of the source-sensor distance d (Figure 3.1) on the ePGG signal is sought.

The ePGG system is positioned on the mechanical airway replica with the constant area 2 (A u = 491 mm 2 , Section 3. Secondly, static geometrical configurations are assessed in order to determine the effect of the source orientation angle in the mid-coronal plane, as in Figure 3.1) on the ePGG signal. The ePGG system is again positioned on the uniform mechanical airway replica, in For orientation angles up to about 15 • , the ePGG signal is minimum and only marginally (< 0.3 V) affected by the orientation angle due to the source (IR) half beam angle of 22.5 ± 2.5 • (Section 3.2). Further increasing the orientation angle above 15 • results in a linear (R 2 = 98.1%) increase of the mean ePGG signal. All remaining experiments are done for orientation angle 27 • . Thirdly, static geometrical configurations are performed to determine the effect of glottal area 2 Six different cross-section shapes were tested in [START_REF] Cambez | Mesurer la voix tech. rep[END_REF] confirming current results. The ePGG signal increases linearly with A g for the rigid (R 2 = 99.2%) and the deformable (R 2 = 98.2%) replica, indicating that ePGG signal and glottal area relate well using a linear approximation. Note that, in general, the differences in slope and offset in the figure may be due to 1) positioning of the ePGG system (source-sensor distance d, orientation angle) and 2) channel wall properties affecting light absorption (thickness, material, etc.). Correlation coefficients between ePGG signals and glottal area A g (t) yield 90% for the rigid and 85% for the deformable glottal folds replica.

Consequently, the ePGG signal and glottal area are correlated during the oscillation. In the 3.5. Multi-Signal-ePGG (MSePGG) 39 following section, it is aimed to formalize the relationship between ePGG signal and glottal area A g (t) accounting for the different variables affecting the measured ePGG signal.

Multi-Signal-ePGG (MSePGG)

In Section 3.4, it was shown that the ePGG signal is mainly determined by 1) the sourcesensor distance, 2) the minimum area of the channel portion between the source and sensor and 3) the measurement condition determined by the combination of wall properties (e.g. absorption), environment (e.g. light) and ePGG system settings (e.g. amplification outlined in Section 3.2) and positioning (e.g. orientation angle).

In the following, a Multi-Signal-ePGG (MSePGG) approach is proposed accounting for each of these factors. The underlying model (Section 3.5.1), parameters estimation (Section 3.5.2.1) and their initialization (Section 3.5.2.2) is outlined. The sought relationship between ePGG signal and glottal area A g (t) is detailed (Section 3.5.3) and an overview of the resulting MSePGG workflow is summarized (Section 3.5.4).

Model

Following the transillumination principle shown in Figure 3.1, ePGG sensor voltage U is proportional to light intensity I at distance d k from the light source,

U(d k ) ∝ I(d k ), (3.1) 
where transmitted light intensity I(d k ) at sensor position d k is then expressed using light flux Φ as

I(d k ) = ‹ A min (d k ) Φ(d k )dA, (3.2) 
where

A min (d k ) = min d∈[0,d k ] A(d) (3.3)
is the minimum area encountered by the transmitted light flux between the source and sensor positions. Furthermore, in Section 3.4 it was shown that for the ranges of interest (Table 3.1), the dependence on d and A min can be described using a first order linear approximation. Conse- 

Φ m (d) = α d d + β d , (3.4) 
with slope α d < 0 and offset β d > 0 (see Section 3.4). From (3.2), I(d k ) is now modeled as 

I m (d k ) = A min (d k ) • Φ(d k ), = A min (d k ) • (α d d k + β d ). ( 3 
U m (d k ) = γ (α d d k + β d ) • A min (d k ) + η = (α v d k + β v ) • A min (d k ) + η (3.6)
where η > 0 is the signal measured for A min (d k ) = 0 and γ > 0 is the scaling factor of (3.1). For sake of simplicity, let us denote

α v = γα d < 0 and β v = γβ d > 0.
It is worth noting that this latter model only holds for positive coefficient

α v d k + β v : in other words source-sensor distance d k must satisfy d k ≤ -β v /α v .
Additionally, it is noted that A min = 0 corresponds to glottal closure for which no direct light is transmitted through the vocal folds although light transmitted due to tissue transillumination might remain. Therefore, η is independent of d and A min so that η reflects solely the measurement condition. Considering now the time-variation of the glottal opening, model (3.6) can be directly extended as

U m (d k ,t) = (α v d k + β v ) • A min (d k ,t) + η. (3.7) 
Consequently using model (3.7), extracting area A min (d k ,t) from measured ePGG signals U(d k ,t) reduces to a problem of parameter estimation as assessed in the next section. 

Calibration

U m = [α v d + β v ] [A min ] + η, (3.8) 
where

d = [d 1 . . . d K ] † ∈ R K is the sensor position vector, A min = [A min (d 1 ) . . . A min (d K )] † ∈ R K
is the minimum area vector and is the Hadamard product. It is worth noting that this latter model relies on the K +3 parameters {A min (d k )} 1≤k≤K , α v , β v , η that should be estimated from K ePPG measurements {U(d k )} 1≤k≤K . So, without additional constraints, model (3.8) is not identifiable. A solution to overcome this inherent problem is to reduce the number of parameters to be estimated by measuring for several distances the ePGG voltage associated with the same A min .

To simplify the notations, and without loss of generality, let us assume that K measurements have been performed for each of the N different A min values (so that N × K = K). Consequently, model (3.8) can be recast as

U m = α v d + β v Ãmin ⊗ 1 K + η, (3.9)
where Ãmin = [A min 1 . . . A min N ] † ∈ R N , 1 K ∈ R K is the identity vector and ⊗ is the Kronecker product. Using such a constraint, the number of parameters is reduced to N + 3, leading thus to an identifiable model as soon as N + 3 ≤ K.

In practice, the set of parameters Ãmin , α v , β v , η is estimated by minimizing mean square error J() between the K ePGG measurements U and the related ePGG model U m provided by (3.9):

Âmin , αv , βv , η = argmin Ãmin ≥ 0, α v ≤ 0, β v ≥ 0, η ≥ 0 J Ãmin , α v , β v , η (3.10) 
where

J( Ãmin , α v , β v , η) = 1 K U -U m † U -U m . (3.11) 
To solve (3.10), a gradient descent iterative method is used [START_REF] Nocedal | Numerical Optimization[END_REF]. The initialization of this iterative optimization algorithm is discussed in the next section.

Initialization

To initialize parameters set Ãmin , α v , β v , η a three-step procedure is applied.

Firstly, η is initialized as η (0) , the mean ePGG voltage when no direct light is transmitted. Indeed, this condition is obtained when A min = 0, so that (3.7) 

resumes to U m (d k ,t) = η, ∀(d k ,t).
Thus, η (0) is estimated as the average value of all the measurements for which A min = 0. Note that trained subjects can produce glottal closure on instruction, for other subjects closure is mimicked by supplying no excitation light. The effect of the subject instruction on η 0 and resulting parameter and area estimations needs to be assessed in future studies.

Secondly, it is sought to initialize α v and β v by measuring ePGG signals U (0) associated with a constant reference area A 0 > 0 (detailed in the next section) for at least two different sensor 3 ) and Ãmin = A 0 1 P ∈ R P . From model (3.8) and assuming that A 0 is known, one can estimate α 

positions d = [d 1 . . . d P ] † ∈ R P , with P ≥ 2 (see
α (0) v , β (0) v = argmin α v , β v U (0) -U (0) m 2 2 , (3.12) 
where

U (0) m = A 0 [α v d + β v ] + η (0) . Consequently, α (0) v , β (0) 
v are expressed in a closed form as

α (0) v β (0) v = D † D -1 D † U (0) -η (0) A 0 , (3.13) with D = [d, 1 P ] ∈ R P×2 .
Thirdly, from α

(0) v , β (0) 
v , η (0) and measured ePGG signals U, the N elements of Ãmin A min n 1≤n≤N are initialized by a LMS minimization obtained by approximating ePGG measurements U with model (3.9), leading to

∀ n, A (0) min n = [α (0) v d n + β (0) v ] † U n -η (0) [α (0) v d n + β (0) v ] † [α (0) v d n + β (0) v ] , (3.14) 
where

U n ∈ R K (resp. d n ∈ R K ) is the n-th subvector of U (resp. d) so that U = [U † 1 , . . . , U † N ] † (resp. d = [d † 1 , . . . , d † N ] † ).

Estimation of glottal area A g (t, k)

When the glottis is situated in between the source (IR) and the sensor (S) (Figure 3.1) glottal area A g (t, k) can be estimated, where A g (t, k) indicates the glottal area as a function of time t using the signal gathered through the sensor at position d k . Indeed in this case, minimum area A min encountered by the light flux corresponds to glottal area A g and thus

A g (t, k) = A min (d k ,t). (3.15)
Consequently, glottal area A g (t, k) is estimated in the same way as A min (d k ,t) outlined in the previous section. This means that firstly the parameter set Ãg , α v , β v , η is estimated using K different sensor positions for N different glottal areas A g ∈ R N so that the model is identifiable,

i.e. N + 3 ≤ K with K = N × K.
Once the parameter set estimation is assessed and assuming that the measurement condition is not altered -i.e. unchanged combination of subject, source positioning, environment and hardware settings -it is argued (and shown in Section 3.6) that any additional ePGG measurement U(d i ,t) with a sensor at any source-sensor distance d i results in glottal area estimation Âg (t, i) using (3.7) and substituting U m (d i ,t) with U(d i ,t) and α v , β v , η with αv , βv , η so that

Âg (t, i) = U(d i ,t) - η αv d i + βv . (3.16)
It is worth noting that the estimated area Âg (t, i) does not depend on source-sensor distance d i , but depends on the choice of reference area A 0 during initialization. Setting A 0 = 1 results in a normalized area estimation relative to A 0 . When a quantitative area estimation is needed, it is proposed to use trachea area (A 0 ≈ 254 mm 2 ) or glottal area during quiet inspiration (A 0 ≈ 127 mm 2 ) as a reference area (Section 3.3, [START_REF] Brancatisano | Respiratory movements of the vocal cords[END_REF]).

Consequently, once MSePGG calibration is done, resulting U(d i ,t) 1≤i≤I associated with I ≥ 1 sensors results in I estimations of the minimum area, i.e. Âg (t, i) 1≤i≤I . Thus a single or multiple sensor positions can be used to estimate the glottal area once calibration is achieved. For I > 1 a set of estimations is obtained, which can be further post-processed, e.g. to further optimize the estimation by applying a sensor-selection criteria (e.g signal-to-noise ratio) or to further characterize the estimation (e.g. determine an uncertainty on the resulting minimum area estimation). Such post-processing is not considered in this work.

Workflow

To summarize, the MSePGG workflow of minimum area estimation is schematized in Figure 3.9. The first two steps -parameter initialization and estimation (Section 3.5.2) -lead to MSePGG calibration in order to account for the specific measurement condition (subject, environment, amplification, etc.). Once calibration is achieved the minimum area as a function of time Âmin (t, i) can be estimated for any experimental protocol and for any of I ≥ 1 sensor positions as long as calibration parameters αv , βv , η remain valid, i.e. measurement conditions are unaltered. Different post-processing strategies can be applied to the resulting I estimations of minimum area.

Concretely, in Section 3.6.2 where the MSePGG approach is applied to measurements on a human speaker in order to estimate the glottal area, the same three sensors positions are considered during all the steps so that K = 3, P = 3 and I = 3. Reference area A 0 corresponds to the area during quiet inspiration. It is noted that the choice of A 0 needs to be addressed carefully when an extended study on human subjects is aimed since an error in A 0 might affect estimated parameters α v and β v and hence estimated glottal areas Âg (t, i) following (3.16). Furthermore, voltages associated with N = 3 minimum areas were determined as the mean values associated with the maximum, minimum and averaged voltage during 16 subsequent periods of vowel /a/. No post-processing is performed so that glottal area estimations Âg (t, i) are directly shown.

MSePGG results

MSePGG outlined in Section 3.5 is applied following the workflow shown in Figure 3.9. Measurements on the deformable mechanical replica (Section 3.6.1) and on a human speaker (Section 3.6.2) are assessed.

Deformable mechanical replica

Time-varying ePGG signals due to time-varying glottal area during self-oscillation are measured on the same deformable mechanical replica and under the same measurement conditions (environmental and instrumental) as described in Section 3.3.2. MSePGG parameter estimation is assessed using data discussed in Section 3.4 following the procedure outlined in Section 3.5.2.1. Resulting values of parameters αv , βv and η can be used directly in (3.16) to estimate glottal area Âg since estimated parameters ( αv , βv and η) depend solely on the replica and measurement conditions and not on the glottal area (Section 3.5.1). Mechanical replica properties [START_REF] Van Hirtum | High-speed imaging to study an auto-oscillating vocal fold replica for different initial conditions[END_REF] are set asymmetrical between both vocal folds. The re- sulting area variation during self-oscillation and hence associated ePGG signal (Figure 3.10(a)) are characterized by a high harmonic distortion rate (58%) due to the presence of the fundamental frequency ( f 0 = 131 Hz) and the second harmonic ( f 1 = 262 Hz). High harmonic distortion rates might occur in the case of voice disorders characterized by diplophonia [START_REF] Aichinger | Comparison of an audio-based and a video-based approach for detecting diplophonia[END_REF][START_REF] Aichinger | Tracking of Multiple Fundamental Frequencies in Diplophonic Voices[END_REF][START_REF] Aichinger | Diplophonic voice: definitions, models and detection PhD thesis[END_REF][START_REF] Aichinger | Towards Objective Voice Assessment: The Diplophonia Diagram[END_REF]. Estimated ( Âg ) glottal areas by (3.16) and glottal areas (A g ) measured by imaging are shown in Figure 3.10(b). Quantitative comparison between estimated and measured glottal areas results in a mean error of 5.4%. This suggests that the MSePGG approach can be applied to assess the glottal area in the case of a normal glottal variation and in the case of a voice disorder related to diplophonia. In the next section, MSePGG is applied to a human speaker.

Human speaker

In this section, ePGG measurements are obtained on a human speaker (21-yr-old male, Telugu native speaker, source orientation angle 1 • ) without any voice disorder (self-reported). Measurement of ePGG data were performed while the speaker pronounced a sustained vowel /a/, during quiet respiration and during glottal closure. The light sensor and source are positioned as outlined in Section 3.2 and illustrated in Figure 3 Next, ePGG values for MSePGG parameters estimation are selected. For all three sourcesensor distances d, it is aimed to determine ePGG voltages associated with three different glottal areas (N = 3) during vowel production so that the condition N + 3 ≤ K (with K = K × N) holds and the procedure for MSePGG parameter estimation (Section 3.5.2.1) can be applied. For each distance d, the highest value and lowest value of the range of ePGG voltages in each period are determined.

The mean value of the 16 maxima of 16 consecutive periods is considered as the ePGG voltage associated with the largest (A 1 ) glottal area during vowel /a/ production and this for each distance d. The same way the mean value of the 16 minima of 16 consecutive periods is considered as the ePGG voltage associated with the smallest (A 3 ) glottal area and this again for each distance d.

The ePGG voltage corresponding to the average of these extrema for each distance d is then associated with a third glottal area (A 2 ) and Once MSePGG parameters are estimated, glottal areas associated with the time-varying ePGG signals shown in Figure 3.11(a) are estimated from (3.16). Estimated glottal areas Âg (t) for all three assessed sensor-source distances d are shown in Figure 3.11(c). The mean absolute relative error between between estimated glottal areas obtained from ePGG measurements at different source-sensor distances yields less than 12%. It follows that estimated areas are of the same order of magnitude as they vary in the same range, i.e. between 32 mm 2 and 48 mm 2 . Given that ePGG signals for each source-sensor distance d are measured during a different utterance of the vowel /a/ some variation between the areas is expected. Consequently, the agreement between estimated areas is satisfying. Furthermore, this maximum amplitude of 16 mm 2 approximates the order of magnitude mentioned in literature for phonation of 12 mm 2 [START_REF] Imagama | Estimation of glottal area function using stereo-endoscopic high-speed digital imaging in[END_REF][START_REF] Stevens | The acoustic/articulatory interface[END_REF]. It is noted that the slight overestimation of the amplitude is obtained for the ePGG signal at d = 81 mm for which the signal quality is less, illustrating that sensor positioning can be further addressed. The lack of glottal closure during vowel production observed in Figure 3.11(c) is confirmed by endoscopic imaging on the same subject.

A 3 < A 2 < A 1 holds. Resulting K (K = K × N so K = 9)
Next, the same MSePGG parameters are applied to estimate (3.16) the time-varying glottal area during consecutive utterances of /sa/ (up to 5 s) by the same speaker in the same conditions at d = 61 mm as illustrated in Figure 3.12. Rapid glottal area variations are observed during vowel (/a/) whereas slow variations associated with glottal opening and closing occurs to pronounce sibilant fricative /s/. As expected the glottal area widens during frication noise. It is seen that the temporal resolution allows to study the transition between vowels and fricatives in detail. 

Discussion

Results shown in Section 3.6 illustrate that MSePGG provides an estimation of the timevarying minimum area on a mechanical replica and on a human speaker following the workflow summarized in Section 3.5.4. The MSePGG algorithm and workflow provides an elegant and innocuous method relying on 3 parameters to be estimated simultaneously. The MSePGG algorithm avoids dealing with the complexity of the composing tissue layers and anatomy. This way some restrictions related to the use of other techniques mentioned in the introduction are removed. Indeed, the MSePGG algorithm combined with the ePGG device strives to a noninvasive, non-expensive, continuous and quantitative measurement with minimum discomfort for the subject and a straightforward interpretation following an elegant and short calibration protocol at a low computational and data storage cost. Since the ePGG device is external, the danger for infections is minimal and there is no need for medical supervision. The MSePGG algorithm and workflow is a suitable candidate to provide a quantitative metric of the glottal area outside of a medical practice for clinical or non-clinical studies (health care, research, field studies) using ePGG measurements. Some remarks can be made considering the proposed MSePGG method in Section 3.5. Firstly, it is noted that the accuracy of MSePGG on a human subject can be improved using a sensor array, instead of moving a single sensor to different positions to avoid intra-subject variability as well as to further simplify the parameter estimation protocol. Secondly, it is seen that the same algorithm and workflow can potentially be applied to obtain a quantitative area estimation from invasive PGG measurements as well since PGG relies on transillumination as well. Thirdly, the accuracy of MSePGG estimations is determined against area measurements on mechanical replicas for which accurate area values are available. MSePGG outcome on human subjects is merely done as an illustration since no quantitative glottal area values were available. Therefore, the influence of the parameter initialization procedure for human subjects, i.e. combination of instructions and parameter initialisation as well as sensor-source distances, on the parameter and area estimation needs to be assessed in future studies. In addition, thorough validation for human subjects needs to be assessed in future for a large variety of anatomical and clinical conditions. This way the applicability, advantages and limitations of the proposed MSePGG approach can be determined, e.g. to consider the impact of different positions of the epiglottis. It is expected that such studies will lead to further improvement of the MSePGG algorithm and workflow, the ePGG device as well as in term to a standardized protocol with respect to device positioning and settings.

Conclusion 51 3.8 Conclusion

Following characterization of ePGG measurements on mechanical replicas, the MSePGG algorithm and workflow is proposed in order to provide a quantitative estimation of the timevarying glottal area following a brief calibration protocol exploiting several source-sensor distances. The good quantitative agreement obtained on mechanical replicas (mean error 5.4%) and preliminary observations on a human subject (estimations within 12%) suggests that MSePGG is a promising technique to estimate the glottal area during normal as well as pathological vocal folds configurations. Future research is needed to consider the use of a sensor array ePGG device to fully investigate the MSePGG algorithm and workflow for different human subjects in order to further improve, validate and facilitate MSePGG on human subjects.

Observation of the glottal area was assessed in this chapter. Ongoing development of glottal area observation illustrates the importance of the glottal area for voicing and hence the interest for clinicians. In the following chapter, unilateral vocal fold paralysis is considered. It is a condition affecting the glottal area and it is assessed to which extent oscillation features are affected. CHAPTER 4 Influence of level difference due to vocal folds vertical angular asymmetry 

Introduction

Recently [5,[START_REF] Shimamura | Experimental study on level difference between left and right vocal folds[END_REF], the impact of vertical level difference between parallel located vocal folds, hereafter referred to as parallel level difference, was investigated. These studies, however, did not take into account inclination of the paralysed vocal fold, which is physiologically more close to reality as oultined in Section 2.4.1. Therefore, in this work, the influence of inclination of one vocal fold is studied, i.e. angular level difference. Concretely, the normal vocal fold is kept in its transverse plane, whereas the paralysed vocal fold is rotated in the sagittal plane so that its posterior edge is moved in the superior direction imposing a left-right vocal folds asymmetry angle (α). Our aim is to systematically study the potential influence of asymmetry angle α > 0 • on the auto-oscillation of mechanical replicas. There have been numerous studies on left-right asymmetry focusing on other vocal folds properties such as tension and shape [START_REF] Steinecke | Bifurcations in an asymmetric vocal-fold model[END_REF][START_REF] Neubauer | Spatio-temporal analysis of irregular vocal fold oscillations: Biphonation due to desynchronization of spatial modes[END_REF][START_REF] Ishizaka | Computer simulation of pathological vocal-cord vibration[END_REF][START_REF] Zhang | Correlations of two-phase frictional pressure drop and void fraction in mini-channel[END_REF][START_REF] Zhang | Acoustic and perceptual effects of changes in body layer stiffness in symmetric and asymmetric vocal fold models[END_REF][START_REF] Lucero | Self-entrainment of the right and left vocal fold oscillators[END_REF].

In the present study, symmetry of such properties is maintained so as to concentrate only on the angular asymmetry between the left and the right vocal fold.

Glottal replicas with imposed asymmetry angle α set up

The vocal folds replicas dimensions are summarized in Table 4.1 and depicted in An analytic expressions for glottal gap area A(α) (more detailed in Appendix F), its associated triangle base length l A (α), and triangle height h A (α) follow from trigonometric reasoning using geometrical vocal folds replica parameters w, E, e and a:

G (α) =    0 if l A > w, 1 - l A (α) w otherwise. ( 4 
A(α) =              0 if tan(α) w + a + E/2-e sin(α) < E 2 , 1 2•tan(α) • w + a + 1 sin(α) • E 2 -e • tan(α) -E 2 2 + 1 2 • tan(α) • (E -e) • e -2 • tan α 2 • (w + a) otherwise, (4.2) 
and

l A (α) =            0 if tan(α) w + a + E/2 -e sin(α) < E 2 or A = 0, 2 A(α) sin(2α) otherwise, (4.3) 
so that h A depicted in Figure 4.1(b) varies as:

h A (α) =      0 if l A = 0, 2A(α) l A (α) otherwise, (4.4) 
and thus ratio (h A /l A )(α) = 2A(α)/l 2 A (α).

For each replica (M5, MRI and EPI), G (α) (Eq. (4.1)), A(α) (Eq. (4.2)) and h A (α) (Eq. (4.4)) are plotted in Fig 4 .2. The curves correspond to analytic expressions, while the symbols indicate asymmetry angles (α < 25 • ), at which experiments were carried out. Critical angles α I,II and α II,III are summarized in Table 4.1 and plotted (vertical annotated lines) in Figure 4.2(a). Values of G (α), A(α) and α (I,II),(II,III) for M5 and MRI are in close range, since their geometrical parameters (w, E, e and a in Table 4.1) are similar. For EPI, on the other hand, e yields about onethird of the value for M5 and MRI so that glottal gap A(α) increases more rapidly and vocal fold's contact degree G (α) reduces more rapidly than those of M5 and MRI. As a consequence, in the range of our study α < 25 • , all three contact regimes occur for EPI as α EPI II,III < 25 • (Table 4.1), whereas regime III (no contact, G = 0) does not occur for M5 and MRI, since α MRI,M5 II,III > 25 • holds (Table 4.1).

Considering that initial pre-phonatory glottal gap area for healthy human speakers [START_REF] Zañartu | Modeling the effects of a posterior glottal opening on vocal fold dynamics with implications for vocal hyperfunction[END_REF] yields less than 5 mm 2 (dashed horizontal line in Figure 4.2(b)), it follows that the glottal gap area for α = 24.6 • is increased by a factor of 8 (for M5) or more (for EPI and MRI). Height h A (Figure 4.2(c)) quantifies the maximum distance between both vocal folds along the inferiorsuperior direction and therefore provides a rough (since e is neglected) approximation for the vertical level difference measured during human phonation [START_REF] Oyamada | Asymmetry of the Vocal Folds in Patients With Vocal Fold Immobility[END_REF], i.e. 1.3 ± 1.5 or up to about 3 mm (dashed horizontal line in Figure 4.2(c)). For α = 24.6 • , the height of h A ≈ 6 mm is twice as much as the value reported on humans. Thus, the range of asymmetry angle α studied in our experiments covers the range observed for human phonation. Note that h A ≤ 3 mm corresponds to α ≤ 13 • for EPI and to α ≤ 17 • for M5 and MRI. The ratio (h A /l A )(α) increases from 0 up to 0.4 for all replicas, indicating that height h A of the leakage triangle remains less than half of its base l A for all α.

Fluid-structure interaction experiments 4.3.1 Experimental approach

In order to reproduce a fluid-structure interaction leading to auto-oscillation, glottal vocal folds replicas are positioned vertically as shown in Figure 4.1(a). A rigid uniform tracheal tube (diameter 16 mm, length 460 mm, acoustic resonance frequency 185 Hz) is attached to the inferior end of the glottal silicone vocal folds replica. Continuous steady airflow (density ρ G = 1.2 kg•m -3 , dynamic viscosity µ G = 1.8 × 10 -5 Pa•s, temperature 24 ± 2 • C) is provided by an air compressor (Hitachi SC820) connected to an upstream pressure reservoir (volume 0.04 m 3 ) filled with acoustic foam in order to avoid parasite acoustic resonances to which the tracheal tube is mounted [5]. The compressor is equipped with a pressure regulator (10202U, Fairchild, Winston-salem, NC). A pressure transducer (Kyowa PDS-70GA, accuracy ±5 Pa) is positioned in a pressure tap in the tracheal wall, 185 mm upstream of the glottal vocal folds replica, in order to measure upstream pressure P u with sampling frequency f s = 10 kHz.

For each vocal folds replica, 13 different asymmetry angles α < 25 • are imposed as outlined in Section 4.2 and a rigid uniform vocal tract tube of length 170 mm (diameter 16 mm, length 460 mm, acoustic resonance frequency 500 Hz) can be attached airtight along the superior end of the vocal folds replica. The effect of angular asymmetry α on the fluid-structure interaction is characterized by analyzing the measured upstream pressure P u (t). Upstream pressures associated with auto-oscillation onset (P On ) and offset (P O f f ) are sought. Next, auto-oscillation features are analyzed for 5 s of steady-state upstream pressure signal P u (t), while the mean upstream pressure P u ≈ P On holds as illustrated in Figure 4.3. First harmonic (or fundamental) frequency f 0 is extracted. Second f 1 and third f 2 harmonic frequencies of f 0 are detected when its power (in dB) yields at least half the power of f 0 . The harmonic contents of P u (t) is then further characterized by the total harmonic distortion rate THD (in dB) describe in Section 2.3.6. The power ratio P f 1 /P f 0 between the second and first harmonics and the signal-to-noise ratio SNR detailed in Section 2.3.5 are quantified as well. All experiments are repeated 3 times so that the average increase yields more than 29.5% for all replicas. For all replicas, the onset pressure increases for α ≥ 15 • . For α < 15 • , the shape of the P On (α) curves varies between replicas, because of its dependence on the detailed geometry and layer composition of the individual replica. It is observed that more realistic replicas (MRI and EPI) exhibit a more monotonic tendency than the M5 replica. For all replicas, hysteresis between the onset and offset pressures is observed as expected. The degree of hysteresis is only marginally affected by α in contact regimes I and II (all replicas: M5, MRI and EPI), whereas it is seen to be reinforced in contact regime III (only EPI replica). For symmetric angular configuration (α = 0 • ), the detected oscillation frequencies f 0 and f 1 are closely located to the first and second mechanical resonance frequencies given in Table C.1. This suggests that the auto-oscillation resulting from the fluid-structure interaction is aerodynamically driven. Thereafter, the fundamental frequency f 0 decreases monotonically with α. The overall decrease of f 0 relative to its value for symmetric configuration (α = 0 • ) is quantified in Table 4.3 for all three replicas. It follows that the decrease is negligible (<3%) in contact regime I (full contact, G = 1) and becomes more pronounced (> 10%) in regimes II (partial contact, G ∈]0, 1[) and III (no contact, G = 0). The second harmonic f 1 is detected for all replicas and all asymmetry angles α of regimes I and II. For the EPI replica, the third harmonic f 2 is detected for all α in regime III, indicating that the harmonic power increases with α.

Experimental results

The increased power of harmonics can be confirmed by the total harmonic distortion rate (THD) plotted in Figure 4.6. For all replicas, the THD increases as the asymmetry angle α is in- For all three replicas, angular asymmetry within contact regime I (full contact) showed only a minor influence on onset pressures P On , oscillation frequencies f 0 , THD and SNR, which are Some of our observations may elucidate medical findings reported on human patients having unilateral vocal fold paralysis [3]. For instance, reduced SNR due to air leakage in contact regime II and III through the glottal gap is consistent with a breathy voice description. Increased oscillation onset pressure P On in contact regimes II and III may cause vocal fatigue. The decrease in fundamental frequency f 0 , on the other hand, does not follow the unnatural highpitched voice described for unilateral vocal fold paralysis. This might be due to several reasons such as the increased contribution of the observed higher harmonics to the perceived pitch, mechanical property changes in the paralysed vocal fold, which are not considered in the current work or yet compensatory strategies involving supra-laryngeal structures of human speakers. In our studied range of asymmetry angles, aphonia (or oscillation death) could not be reproduced. Finally, it is noted from Figure 4.2(c) that α-ranges, for which h A ≤ 3 mm, i.e. vertical level difference observed during human phonation [START_REF] Oyamada | Asymmetry of the Vocal Folds in Patients With Vocal Fold Immobility[END_REF], extend up to contact regime II for all three replicas: α ≤ 13 • for EPI and α ≤ 17 • for both EPI and MRI. Therefore, partial contact (regime II) is of particular importance for phonation with unilateral vocal fold paralysis.

Parallel level difference analogy from P On

In [5,[START_REF] Shimamura | Experimental study on level difference between left and right vocal folds[END_REF], a parallel level difference ∆E was imposed by varying the distance in the inferiorsuperior direction between vocal folds, which are parallelly located on the transverse plane. A theoretical expression of oscillation onset threshold pressure P On as a function of parallel level difference ∆E was derived [5], and detailed in Appendix F, using the following assumptions: small amplitude approximation of the vocal folds oscillation, no acoustical coupling from suband supra-glottal systems and mechanical left-right vocal folds symmetry. Oscillation threshold pressure P On was than predicted to increase with parallel level difference ∆E as

P On (∆E) = w Ẽ Ẽ -∆E 2 , (4.5) 
with model parameter set { w, Ẽ}. The parameter w accounts for mechanical damping per unit area, mucosal surface wave velocity and pre-phonatory glottal half-width. The parameter Ẽ corresponds to the largest vocal fold thickness.

The glottal leakage due to the parallel level difference is thus rectangular, when imposing ∆E. This is in contrast to the triangular leakage area formed by the angular level difference. Consequently, when imposing ∆E, only regime I (full contact) and regime III (no contact) occur for the parallel level difference. When imposing asymmetry angle α, on the other hand, partial contact (regime II) can also happen. Nevertheless, major tendencies observed by increasing asymmetry angle α (Section 4.3.2), such as decrease in fundamental frequency f 0 and overall increase in onset pressure P On , have been also reported when parallel level difference ∆E was increased [5,[START_REF] Shimamura | Experimental study on level difference between left and right vocal folds[END_REF]. Therefore, a parallel level difference analogy is sought expressing angular level difference in terms of an equivalent parallel level difference, i.e. to establish an approximation ∆E(α). While A(α) = 0 holds in contact regime I, the approximation yields ∆E(α) = 0. For A(α) > 0, in contact regimes II and III, a-priori three formulae are considered to describe the sought approximation:

• ∆E(α) ≈ h A (α) with triangle height h A (α) given in Eq. (4.4) and depicted in Figure 4.2,

• ∆E(α) ≈ h L (α) with h L (α) = A(α)/L, i.e. the height of the rectangle obtained from glottal gap area A(α) and width L,

• ∆E(α) ≈ h l A (α) with h l A (α) = A(α)/l A (α), i.e. the height of the rectangle obtained from glottal gap area A(α) and width l A (α).

Table 4.5 -Fit accuracy (R 2 in %) with ∆E(α) ≈ h L (α) and with ∆E(α) ≈ h l A (α).

M5 EPI MRI

∆E(α) ≈ h L (α) 85% 84% 74% ∆E(α) ≈ h l A (α) 89% 89% 81%
An overview of resulting maxima for h A , h L and h l A associated with the largest asymmetry angle α = 24.6 • is given in Table 4. [START_REF] Luizard | Threshold of oscillation of a vocal folds replica with unilateral surface growths[END_REF]. Maximum values are within the ∆E-range assessed in experimental studies imposing a parallel level difference [5,[START_REF] Shimamura | Experimental study on level difference between left and right vocal folds[END_REF]. It is seen that h L and h l A are of the same magnitude (up to 3 mm) as vertical level differences reported during human phonation [START_REF] Oyamada | Asymmetry of the Vocal Folds in Patients With Vocal Fold Immobility[END_REF] whereas h A exceeds this range.

In order to identify the most appropriate approximation for ∆E(α), Eq. (4.5) is fitted to data sets P On (h A (α)), P On (h L (α)) and P On (h l A (α)), respectively. It is noted that the assumption of mechanical left-right vocal folds symmetry underlying Eq. (4.5) is justified as only asymmetry angle α is varied. The same way, neglecting acoustic coupling is justified since it was argued, seen in Section 4.3 and Figure 4.5, that the oscillation resulting from the fluid-structure interaction is aerodynamically driven.

At first, approximations ∆E(α) ≈ h A (α) and ∆E(α) ≈ h l A (α) are assessed. Approximation ∆E(α) ≈ h A (α) is eliminated since it relies on the triangular leakage area characterizing angular level difference, whereas a rectangular area is inherent to a parallel level difference approach. Moreover h A (α) exceeds the range of vertical level difference (up to 3 mm) reported for human phonation (Table 4.4). It is noted that the fit accuracy can not distinguish between both approximations. Indeed, Eq. (4.4) implies that h A (α) = 2 × h l A (α), so that from Eq. (4.5) follows that estimated parameter sets are proportional ({ w, Ẽ} h A = 2 × { w, Ẽ} h l A

) whereas fitted values are the same so that both approximations result in the same fit accuracy.

Next, Table 4.5 compares fitting accuracies (coefficient of determination R 2 ) of Eq. (4.5) for approximations ∆E ≈ h l A and ∆E ≈ h L . For all replicas, the best fit is obtained with approximation ∆E ≈ h l A (α). This implies that the onset pressure may depend upon the angular level difference as

P On (h l A (α)) = w Ẽ Ẽ -h l A (α) 2 . (4.6)
Based on this formula, the fitted curves for P On (h l A (α)) are drawn simultaneously with the experimental data in Figure 4.10. The vocal fold thickness Ẽ is estimated as 12 mm for M5, 26 mm for MRI and 15 mm for EPI. Compared to the real values of E ≈ 10 mm (see Table 4.1), the estimates are of the same order of magnitude as the experimental measurements. 

Conclusion

An experimental study is presented on the effect of angular level difference on the autooscillation for three mechanical vocal folds replicas. Spectral features of the oscillations (harmonic frequencies, THD and SNR) as well as upstream threshold pressures (oscillation onset and offset) are analysed. The same tendencies are observed for all three replicas. As the asymmetry angle α is increased so that vocal folds are no longer in full contact (contact regimes II and III), dynamics of the vocal folds replica are altered clearly: SNR decreases, THD increases, oscillation threshold pressures increase, fundamental frequencies decrease and higher harmonics emerge. Geometrical details of each vocal folds replica determine the leakage area and critical asymmetry angles associated with a shift in contact regime. Expressions are given to quantify these features from geometrical vocal fold parameters. Apart from the decrease in fundamental frequency, observed tendencies are in good agreement with those reported in clinical studies on vertical level difference. The same geometrical reasoning and expressions might be applied to characterize the glottal gap during phonation of patients with unilateral vocal fold paralysis. Based on analogy to parallel level difference, a formula is proposed to describe the oscillation onset pressure as a function of the asymmetry angle.

Up to date, few measurements have been reported on level difference for UVPF. Various attempts have been recently made to measure three-dimensional in-vivo geometry of the vocal folds, e.g., laser systems [START_REF] Luegmair | Three-Dimensional Optical Reconstruction of Vocal Fold Kinematics Using High-Speed Video With a Laser Projection System[END_REF][START_REF] Semmler | 3D Reconstruction of Human Laryngeal Dynamics Based on Endoscopic High-Speed Recordings[END_REF] and stereo endoscopy [100]. Such advanced measurements may eventually provide more precise information about the left-right angular asymmetry of patients with voice pathology. Geometrical expressions derived in this study (A(α) in Eq. (4.2), l A (α) in Eq. (4.3), etc.) could be applied to characterize vocal folds contact (G and regime) for patients. This study on the oscillation onset and voice quality could be of great use as a reference for breathy voice, vocal fatigue, and other symptoms of voice disorders.

The influence of the glottal geometry and by extent the glottal area on oscillation features was considered in this chapter. In the next chapter, the presence of liquid is experimentally studied as it is rarely accounted for in physical studies whereas it is likely to affect oscillation, as introduced in Section 2.4.2. In order to quantify to which extent the presence of liquid is important, at first oscillation features considered in this chapter are also assessed in the next chapter. In addition the effect of water spraying on non-linearities is quantified.

CHAPTER 5

Experimental study of water influence

Based on: Bouvet A., Pelorson X., Van Oscillation period for V L =0 mL s

Introduction

The surface of human vocal folds, illustrated in Figure 2.2(b), is hydrated with a thin (≤ 0.9 mm) liquid layer [START_REF] Gartner-Schmidt | Voice Therapy for the treatment of voice disorders 4th[END_REF][START_REF] Leydon | Vocal fold surface hydration: a review[END_REF]. It is established from observations on human speakers and on cadaver larynges that good surface hydration may diminish phonotraumatic vocal folds lesions [START_REF] Gartner-Schmidt | Voice Therapy for the treatment of voice disorders 4th[END_REF][START_REF] Verdolini | Dependence of phonatory effort on hydration level[END_REF] Artificial saliva sprays are developed to remedy vocal folds surface hydration [START_REF] Sivasankar | Quantifying the effects of altering ambient humidity on ionic composition of vocal fold surface fluid[END_REF][START_REF] Preetha | Comparison of artificial saliva substitutes[END_REF][START_REF] Tanner | Comparing nebulized water versus saline after laryngeal desiccation challenge in Sjögren's Syndrome[END_REF] so that liquid sprays and nebulisation techniques are common in (re-)hydration studies focusing on voice properties [START_REF] Ouaknine | Experimental study of the effects of surface mucus viscosity on the glottic cycle[END_REF][START_REF] Dollinger | Preliminary results on the influence of engineered artificial mucus layer on phonation[END_REF][START_REF] Tanner | Comparing nebulized water versus saline after laryngeal desiccation challenge in Sjögren's Syndrome[END_REF]. One of the physical consequences attributed to surface hydration is to reduce the auto-oscillation onset pressure, i.e. the minimum subglottic pressure required to sustain vocal folds auto-oscillation or phonation [START_REF] Verdolini | Dependence of phonatory effort on hydration level[END_REF][START_REF] Jiang | The effects fo rehydration on phonation in excised canine larynges[END_REF][START_REF] Roy | An evaluation of the effects of three laryngeal lubricants on phonation threshold pressure (PTP)[END_REF][START_REF] Leydon | A meta-analysis of outcomes of hydration intervention on phonation threshold pressure[END_REF]. Other voice auto-oscillation properties are sensitive to hydration such as fundamental frequency f 0 , closing quotient, speed quotient and cycle-to-cycle perturbations jitter and shimmer [START_REF] Leydon | Vocal fold surface hydration: a review[END_REF][START_REF] Ouaknine | Experimental study of the effects of surface mucus viscosity on the glottic cycle[END_REF][START_REF] Dollinger | Preliminary results on the influence of engineered artificial mucus layer on phonation[END_REF][START_REF] Alves | The effect of hydration on voice quality in adults: a systematic review[END_REF]. Nevertheless, different tendencies of these features are described in literature stressing the need for physical studies. So far, few physical studies of the vocal folds instability reported in literature deal with surface hydration.

From a physical point of view, vocal folds auto-oscillation during voiced speech sound production is due to a fluid-structure instability in the larynx following the interaction of airflow coming from the lungs and the enveloping vocal folds tissues. This fluid-structure interaction mechanism can be represented as a deformable vocal folds with one mechanical degree of freedom acted on by the flow while assuming a constant time delay associated with the time needed for the deformation wave to travel along the vocal folds surface [START_REF] Luizard | Threshold of oscillation of a vocal folds replica with unilateral surface growths[END_REF][101][102][103]. The variation of transverse area A(t) associated with each streamwise mass position is then modeled considering the equation of transverse motion (left hand side) which is excited from its transverse rest position A 0 by an acting fluid force F A (right hand side) so that

m Ä(t) + r Ȧ(t) + k A(t) -A 0 ≈ F A (t), (5.1) 
with vibrating mass m, damping r and stiffness k. Recently, it was shown using a motion driven rigid vocal folds replica that the glottal pressure drop is affected by water spraying [104]. The mean flow was affected by the air-water mixture during the opening and closing phase of the glottal cycle in different ways leading to an altered opening-closing asymmetry. Therefore, fluid force F A (t) in Eq. (5.1) is likely to depend on the sprayed water volume which in turn affects the fluid-structure interaction and hence the vocal fold's auto-oscillation.

In this chapter, flow features and their perturbation are aimed to be quantified.

Firstly, features often associated with voice quality are systematically quantified from experiments mimicking water spraying on oscillating vocal folds firstly using the MDR vocal folds replica and secondly using deformable vocal folds replicas. Experiments with the MDR vocal folds replicas allow to systematically quantify flow features within the glottis as the pressure within the constriction is analysed. Quantification is of interest as glottal flow features are directly related to F A (t) in Eq. (5.1). Experiments with deformable mechanical vocal folds replicas, PLT and silicones, allow to systematically quantify flow features during auto-oscillation as the upstream pressure is analysed. A comparison of tendencies observed on the quantified features for the glottal flow (rigid vocal folds replica) and during auto-oscillation (deformable vocal folds replicas) is made in order to assess that in terms of Eq. (5.1) the effect of water spraying is mainly limited to the flow expressed by F A (t). Such an assumption is needed for future modelling studies of the fluid-structure interaction.

Secondly, water spraying might affect the fluid-structure interaction's complexity among others due to changes to the mean and fluctuating flow patterns. Therefore, it is also aimed to quantify the influence of water spraying on the complexity of the fluid-structure instability from a time series analysis. The correlation dimension is estimated from a recurrence analysis of the phase space trajectories. Correlation dimension D 2 allows to describe the needed degrees of freedom, i.e. the complexity, with a single parameter, which is not the case when quantifying classic voice signal features. D 2 has been used in turbulence studies since the groundbreaking paper by Takens [105] and introduced in human voice analysis studies [106-112]. So far, its use in voice analysis studies is mainly motivated by the development of speech synthesis and recognition technologies where speech is considered as a low dimensional nonlinear model [113][114][115]. Nevertheless, D 2 is also of interest from an aerodynamic point of view in order to further assess the assumption that turbulence, such as droplet induced turbulence following water spraying, affects not only fricative speech sound production, but might affect voicing as well [116]. Different mechanical vocal folds replicas and different initial pre-oscillation conditions of elasticity and glottal aperture are assessed given previous studies showing the coexistence of different vibration patterns related to voicing and voice register transitions [117].

Experimental approach

Surface hydration liquid: water

Distilled water (density ρ L = 998 kg•m -3 , dynamic viscosity coefficient µ L = 1.0 × 10 -3 Pa•s, temperature 22±2 • C) is used as hydration liquid fluid. Water has well known properties so that it is a good reference for future studies involving different fluids.

Compared to airway mucus [118,119] and saliva [START_REF] Preetha | Comparison of artificial saliva substitutes[END_REF]120], water has similar density, but a reduced (up to 2000-fold for airway mucus of healthy subjects) dynamic viscosity. Despite the difference in visco-elastic properties and the lack of salinity and of an elastic structural matrix, bidirectional water fluxes through the epithelium play an important role in regulating vocal folds surface mucus (≤ 0.9 mm) hydration since it consists of a superficial gel-like cover with high vis-cosity and thin (≈15 µm) underlying aqueous layer with low viscosity [START_REF] Leydon | Vocal fold surface hydration: a review[END_REF][121][122][123]. Therefore, water is an important component of vocal folds surface liquid often used in (de-)hydration studies on human subjects [START_REF] Leydon | Vocal fold surface hydration: a review[END_REF][START_REF] Alves | The effect of hydration on voice quality in adults: a systematic review[END_REF][START_REF] Tanner | Comparing nebulized water versus saline after laryngeal desiccation challenge in Sjögren's Syndrome[END_REF] and on cadaver larynges [START_REF] Leydon | Vocal fold surface hydration: a review[END_REF][START_REF] Ouaknine | Experimental study of the effects of surface mucus viscosity on the glottic cycle[END_REF][START_REF] Alves | The effect of hydration on voice quality in adults: a systematic review[END_REF]. Nebulization of either sterile (hypotonic) water or physiological saline solutions is reported to result in a non-statistically significant difference as a remedy for laryngeal desiccation treatment [START_REF] Tanner | Comparing nebulized water versus saline after laryngeal desiccation challenge in Sjögren's Syndrome[END_REF]. It is important to note that natural human saliva and mucus are non-Newtonian fluids [START_REF] Preetha | Comparison of artificial saliva substitutes[END_REF][118][119][120]124] whereas water is a Newtonian fluid. Nevertheless, some artificial saliva sprays contain a Newtonian fluid as well [START_REF] Preetha | Comparison of artificial saliva substitutes[END_REF].

Typical liquid quantities for nebulization with artificial saliva sprays yield up to 4 mL [START_REF] Tanner | Comparing nebulized water versus saline after laryngeal desiccation challenge in Sjögren's Syndrome[END_REF]. Therefore, sprayed water volume V L is varied in the range from 0 (dry, subscript d) up to 5 mL so that the total mass of sprayed water approximates m V L = ρ L •V L .

Dynamic mechanical vocal folds replicas

The different dynamic mechanical vocal folds replicas are assessed allowing to experimentally mimic the glottal area variation during human phonation expressed in Eq. (5.1): MDR replica detailed in Section 2.5.1, silicone replicas (M5, MRI and EPI) detailed in Section 2.5.3 and PLT detailed in Section 2.5.2. Both deformable vocal folds replica types are of interest for physical studies. Indeed, deformable silicone (moderately non-water wet wettability) vocal folds replicas allow to represent the multi-layer structure of human vocal fold's with different degree of complexity whereas pressurized latex (neutral wettability) tubes allow to mimic the variation of human vocal fold's elasticity in a systematic way. Concretely, 5 different PLT vocal folds replica conditions are considered -(2300, 0), (2800, 0), (3300, 0), (2800, 1) and (2800, 2) -so that either o mm or P PLT is deflected from condition (2800, 0). Mean upstream pressure P u yielded 250 < P u < 480 Pa for the PLT vocal folds replica conditions.

It is noted that water is not absorbed by any of the mechanical vocal folds replicas with smooth surface, either rigid or deformable. It is therefore assumed that their structural properties (m, r and k in Eq. (5.1)) are unaffected when in contact with water.

Overall setup and protocol

Airflow supply

As detailed in Section 2.6, vocal folds replicas, oriented as depicted in Figure 2.12, are inserted in the overall experimental setup illustrated in Figure 5.1. A rigid (smooth duralium, highly wettable) uniform circular channel with diameter 2.5 cm (constant area 490 mm 2 ) is mounted vertically to the upstream (12 cm trachea inferior to the vocal folds) and downstream (11 cm vocal tract superior to the vocal folds) end of the vocal folds replica. The downstream tube length is short compared to a typical vocal tract of a male adult (≈18 cm) in order to avoid acoustical coupling during vocal folds oscillation. Note that from A c,max values given in Table 2.4 follows that the area constriction ratio, i.e. the ratio between glottal area and constant area of the attached upstream and downstream tubes (490 mm 2 ), is greater than 75% at all times for all vocal folds replicas.

Continuous steady airflow (density ρ

G = 1.2 kg•m -3 , dynamic viscosity µ G = 1.8 × 10 -5 Pa•s, temperature 22 ± 2 • C
) is provided along the streamwise z-direction by a valve (Norgren, 11-818-987) controlled air supply. Air is delivered by an air compressor (Atlas Copco GA5 FF-300-8, GA15 FF-8) connected to an upstream pressure reservoir (volume ≥0.22 m 3 ) filled with acoustic foam in order to avoid parasite acoustic resonances. A pressure transducer (Endevco 8507C-5, accuracy ±5 Pa) is positioned in a pressure tap upstream of the vocal folds replicas in order to measure upstream pressure P u (t). In the case of a motion driven rigid vocal folds replica (MDR in Section 2.5.1) an additional pressure sensor is placed at the glottal spacing so that constriction pressure P c (t) is measured as well.

During experiments, at first single phase airflow is provided in the streamwise inferiorsuperior direction (positive z-direction in Figure 5.1) so that a steady oscillatory pattern is established prior to water spraying, i.e. dry condition for V L = 0 mL. Experiments are performed with the mean upstream pressure set just above the auto-oscillation onset pressure P on , i.e. the minimum upstream pressure required to sustain auto-oscillation (see Section 2.7).

Prior to water spraying (for V L = 0 mL) a stable oscillation is imposed, which is characterised by mean upstream pressure P u and fundamental frequency f 0,d . An overestimation of volume flow rate Q max is obtained as

Q max = 2P u ρ G A c,max • c s (5.2)
with glottal area upper limit A c,max for each vocal folds replica listed in Table 2.4. The separation constant c s = 1.3 defines a geometrical criterion for the time-varying position of flow detachment and jet formation as the lowest streamwise position z s with z s > z c (Figure 5.1) for which area [START_REF] Vilain | Experimental validation of a quasi-steady theory for the flow through the glottis[END_REF][START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF].

A z s (t) ≥ c s • A c (t)
Furthermore, a cycle-to-cycle maximum velocity at the position of jet formation is estimated from feature vector P u,max as

U P u,max ≈ 2P u,max ρ G .
(5.3) Figure 5.2 -Graduated syringe equipped with a commercial round spray nozzle.

Water spraying

Distilled water (Section 5.2.1) is injected manually at the downstream end of the channel 1 , along the negative z-direction, by emptying a graduated (accuracy 0.5 mL) syringe (diameter 14 mm, maximum volume 11 mL) equipped with a commercial round spray nozzle (diffusion angle 20 • ± 1 • , diameter D n = 0.7 ± 0.1 mm, length 10 mm) shown in Figure 5.2, containing a known water volume 1 ≤ V L ≤ 5 mL. Water is then nebulized homogeneously across the constricted area as illustrated in Figure 5.1. Furthermore, water injection is time-tagged t L by manually operating an electrical switch at the start and end of injection. The duration of liquid injection ∆t L takes less than 3 s and water injection flow rate φ L yields about φ L = 2 mL/s [104].

The liquid bulk velocity U L at the nozzle exit approximates U L = 5.2 m/s and the syringes' driving pressure in the barrel yields about 5.4 kPa. The Weber number, which compares inertia to surface tension,

We = ρ L U 2 L D n σ (5.4)
for water droplets with diameter D n issued by the spray yields We ≈ O( 102 ) with water-air surface tension σ = 72 mN/m. It follows that the injected liquid jet is expected to break up into much smaller droplets favoring initial mixing with the airflow. The droplet relaxation time

t d = ρ L D 2 n 18µ G (5.5)
for the initially injected liquid yields t d = 1.5 s or less as droplets break up and their diameter reduces from D n . Five seconds portions of pressure signals gathered 5 s after water spraying finished are analysed. This way the impact of surface hydration after using a hydration spray is mimicked. It is verified that no water passes through the vocal folds during oscillation. As oscillation is ongoing it follows that typical airflow velocities U G through the glottal-like constriction area vary from 0 m/s up to O(10 1 ) m/s [102]. Therefore, the Stokes number, characterising the behaviour of droplets suspended in the flow,

Stk = t d U G L z (5.6)
varies with U G during a single oscillation cycle leading to mixing of the droplets with the flow in the case of low Stokes numbers (smaller than 1) or surface hydration due to droplet deposition along the upstream pipe (vocal tract) and vocal folds for larger Stokes numbers (larger than 1). 1 Other injection types were tested: continuous injection, drop to drop etc. in [125]. The influence of water spraying on the waveform shape is quantified by time tracking period T and associated features within each pressure P • oscillation cycle as illustrated in Figure 5.3 for upstream pressure P • = P u : maximum pressure P •,max , peak-to-peak pressure amplitude A , closed portion T t which is composed of a closing T c and an opening T o component. Closed portion T t is defined as the duration of the period for which pressure P • exceeds a threshold value. The threshold value is set to P u,max -0.95A for deformable vocal folds replicas when upstream pressure P u is analysed (P • = P u ) and to P c,max -0.85A for motion driven MDR vocal folds replica when constriction pressure P c is analysed (P • = P c ). The part of T t during which P • (t) increases corresponds to closing portion T c and the remaining decreasing part corresponds to opening portion T o so that T t = T c + T o . Note that the ratio T c /T o informs on closingopening asymmetry within each cycle. Therefore T c /T o allows to quantify the imprint of mean flow changes, characterised by a changing closing-opening asymmetry [104].

To identify properties for any of the aforementioned temporal feature vectors, for the sake of simplicity denoted P in general, its mean value P = 1 N ∑ N i=1 P i and its standard deviation

∆P = 1 N N ∑ i=1 |P i -P| 2 (5.7)
are gathered where N = 50 indicates the used number of periods. The perturbation intensity is then obtained as ∆P P , the ratio between standard deviation ∆P and mean value P. It is noted that when P represents a velocity time series this ratio yields the turbulence intensity. Then cycle-to-cycle perturbation jitter ζ T and shimmer ζ mathcalA , signal-to-noise ratio (SNR) and total harmonic distortion (THD), characterised in Section 2.3, are quantified. Classically, first harmonic frequency f N corresponds to fundamental frequency f 0 of each normal oscillation cycle given as 1/T where period T corresponds to the time interval between successive waveform maxima: P u,max (i) and P u,max (i + 1) as shown in Figure 5.4(a).

An alternative subharmonic oscillation cycle regime is observed when

|P i u,max -P i+1 u,max | > 50 Pa, |P i u,max -P i+2 u,max | ≤ 50 Pa, (5.8) 
as depicted in Figure 5.4(b). In this case, first harmonic frequency f N corresponds to subharmonic frequency f 0 /2 associated with period T between maximum P i u,max and P i+2 u,max . The used threshold of 50 Pa corresponds to 10% up to 20% of P u for the PLT vocal folds replica and < 10% for silicone vocal folds replicas (EPI, MRI and M5) (Table 2

.5).

In summary, first harmonic frequency f N of each cycle yields:

f N = f 0 /2, if |P i u,max -P i+1 u,max | > 50 Pa f 0 ,
otherwise.

(5.9)

Consequently, besides a cycle-to-cycle analysis associated with f 0 , a cycle-to-cycle analysis associated with f N can be performed when a subharmonic oscillation cycle regime is detected.

Period change with added mass hypothesis

The normal cycle period T , and hence fundamental frequency f 0 = 1/T characterising the auto-oscillation due to the fluid-structure interaction described by Eq. ( 5.1), is dependent on the mechanical resonance frequency, determined by its elasticity and its mass as T ∝ m k [START_REF] Luizard | Threshold of oscillation of a vocal folds replica with unilateral surface growths[END_REF]102]. The assumption that water spraying does not affect the VF's elasticity implies that k remains constant. This is a reasonable working assumption since water does not penetrate the VF replicas. On the other hand, m increases under the hypothesis that spraying water results in added mass m L to vibrating mass m. In general m L = α L m V L holds with α L ≤ 1. Vibrating mass m is less than vocal folds mass m d so that m = α m m d with α m < 1. In the case that m L is added to m, normal oscillation period T deflects from its value T d for V L = 0 mL as:

T T d = 1 + α L α m m V L m d so that T ≥ T d . (5.10) 
It follows that the added mass hypothesis results in an increase of T T d . The magnitude of the increase is then estimated setting α L = 1 and α m = 1. This way both m L and m are overestimated so that their ratio provides a first estimation of the tendency. From Table 2.4 (for V L = 0 mL) is seen that the mean mass of deformable VF replicas yields m d = 2.02 g and its standard deviation ∆m d = 0.22 g (11%).

Complexity analysis from time series

The correlation dimension D 2 relies on a phase space reconstruction of the system dynamics from a series of measurements at equally spaced intervals in time [126]. Let P u (n) with n = 1, ..., N denote the measured upstream pressure time series of length N. A set of m-dimensional reconstructed vectors y m i is generated using the method of delays as y m i = P u (i), P u (i + τ), P u (i + 2τ), ..., P u (i + (m -1)τ) T , (5.11) where • T is the transpose operator, τ indicates the time-delay between consecutive samples in the reconstructed space and m denotes the embedding dimension so that N m = Nτ(m -1) vectors can be reconstructed for each m dimension [105, 126, 127]. The distance d m i, j = d(y m i , y m j ) between each pair of reconstructed vectors is computed as the Euclidean l 2 norm of the difference vector ∆y m i, j = y m iy m j so that

d m i, j = m ∑ k=1 y m i (k) -y m j (k) 2 .
(5.12)

The probability of the reconstructed vector pair distance being smaller than a certain threshold r is then given by correlation sum C m (r)

C m (r) = 1 N m (N m -1) N m ∑ i, j=1 i = j H r -d m i, j (5.13) 
where H(•) indicates the Heaviside function so that H(x) = 1 for x ≥ 0 and H(x) = 0 for x < 0.

For large enough values of r, d i, j < r holds ∀ {i, j}-combinations so that C m (r) = 1. It follows that for deterministic systems C m (r) decreases monotonically from 1 towards 0 as r approaches 0. Therefore, assuming C m (r) ≈ r D m 2 results in correlation dimension

D m 2 = lim r→0 logC m (r) log r . (5.14)
The slope in the linear region of the logC m (r) versus log r domain is considered as an estimation of D m 2 [126,[128][129][130]. For increasing embedding dimension m, D m 2 converges to a finite value D 2 . As the system is more complex, i.e. as more degrees of freedom are required to describe the system's dynamics, D 2 is larger. Time-delay τ is estimated as the first local minimum of the mutual information [126,129] and the required minimal embedding dimension m is obtained using the method of false nearest neighbours [126,131,132]. Correlation dimension D 2 is then estimated from a recurrence analysis of the N m reconstructed phase space trajectories of upstream pressure P u [126,130,133]. The recurrence analysis is based on recurrence plots R i, j defined by the summation terms in Eq. (5.13) as

R i, j = H(r -d m i, j ).
(5.15)

Recurrence plots R i, j represent the number and duration of recurrent states and as such expresses the degree of predictability inherent to the system. For a fully predictable, i.e. deterministic, oscillating system states are recurrent as initially neighbouring states remain so over time and R i, j is characterised by uninterrupted diagonal lines. As chaos is introduced in the system initially neighbouring states will eventually diverge in time when the system loses its predictability so that R i, j is characterised by diagonal lines of finite length l. The shorter l the faster the states diverge and the more the system approaches a chaotic regime. Recurrence plots R i, j are then quantified considering the degree of determinism D, the recurrence rate of states R and their ratio γ = D/R defined as During experiments for V L = 0 mL with deformable vocal folds replicas (PLT and silicone), mean upstream pressure P u is set above the onset threshold pressure so that P u differs for each vocal folds replica as does fundamental frequency f 0,d . Table 2.4 summarises operating conditions for all vocal folds replicas, deformable (MRI, EPI, M5 and PLT) as well as motion-driven rigid (MDR), for mean upstream pressure P u , fundamental frequency f 0,d , Reynolds number Re (Section 2.3.2) and Strouhal number Sr (Section 2.3.3). As a reference, typical values observed for airflow through the glottis of a male adult speaker are also indicated in Table 2.5 [START_REF] Plant | Direct measurement of onset and offset phonation threshold pressure in normal subjects[END_REF]52,[START_REF] Mobashir | Linear measrurements of vocal folds and laryngeal dimensions in freshly excised human larynges[END_REF].

D = ∑ N m l=l min lP(l) ∑ N l=1 lP(l) , (5.16) R = 1 N 2 m N m ∑ i, j=1 R i, j , (5.17 

Flow through glottal constriction:

V L > 0 mL Figure 5.6(a) illustrates measured upstream pressure P u (t), constriction pressure P c (t), water spraying time tag t L (t) and imposed minimum spacing h c (t) for V L = 4 mL and forcing frequency f c = 1 Hz near the instant of water spraying. In [104] it was qualitatively shown that when water was sprayed (V L > 0 mL) viscous two-phase mixing affects P c (t) near closure, i.e. during both the opening and closing phase of the oscillation, which results in increased amplitude A , Both mean (symbols) as standard deviation (vertical error bars) of A and T t augments with V L up to 10% or more. The standard deviation of T c /T o increases with V L as well whereas mean T c /T o first increases V L ∈ {1, 2} mL and then decreases for V L > 2 mL up to > 15% so that opening-closing asymmetry is affected. The increased perturbation points to an increased complexity and fluctuation of P c , e.g. due to irregular P c spikes associated with droplet splashing as observed in (V L = 0 mL, full line) and after (V L > 0 mL, dotted line) water spraying are plotted. Note that for clarity pressure signals P u for V L ≥ 3 mL are upshifted. The first harmonic frequency f N (Section 5.2.4.2) is used for time normalization and varies with V L as indicated in the legends. Note that depening on V L a subharmonic oscillation cycle regime becomes apparent for the PLT replica. The amplitude of P u is affected although the influence is small for EPI (Figure 5.7(c)) and more prominent for PLT (Figure 5.7(b)).

Cycle-to-cycle analysis associated with f 0

The normal oscillation cycle regime, determined by fundamental frequency f 0 , is analysed. Upstream pressure features outlined in Section 5.2.4.1 are determined as a function of V L in order to assess the impact of water spraying on cycle-to-cycle characteristics associated with f 0,d , i.e. for V L = 0 mL. For clarity, features for different deformable replicas are plotted in an interval centered around each V L value.

Period T :

Mean and standard deviation of period T associated with fundamental frequency f 0 is presented in Figure 5.8 as a function of water volume V L . Plotted values are normalised with mean period T d for V L = 0 mL. Mean values (Figure 5.8(a)) for EPI and MRI show a slight (less than 10%) increase with V L . For M5 and PLT (P PLT , o mm )-conditions mean T /T d ≈ 1 so that fundamental frequency f 0 is mostly unaffected except for the condition with the largest screw opening o mm = 2 mm in (2800, 2) for which T increases with ≈ 35% when V L ≥ 2 mL. Observed T /T d do not agree with the gradual and significant (up to 100%) increase predicted using Eq. (5.10) with α m = 1 and α L = 1. It follows that the added mass hypothesis (Section 5.2.4.3) can not explain T /T d so that observed changes to the oscillation period or frequency are not due to changes of the vibrating mass m. V L are shown in Figure 5.9(a). Amplitude values are normalised with respect to A d , i.e. mean amplitude for V L = 0 mL. For the PLT replica conditions with limited period increase (T /T d increase < 10%), a large amplitude increase (between 10% and 120%) and large standard deviations (up to 40%) are observed whereas they are less than 15% for the remaining PLT condition (2800, 2). For all silicone vocal folds replicas standard deviations of A are negligible and the mean value increase is limited to < 10% for MRI and M5 and more pronounced up to 35% for EPI.

The standard deviation of T (error bars in

Cycle-to-cycle perturbation ζ A (Figure 5.9(b)) remains less than 2% for all silicone vocal folds replicas and increases up to 60% for PLT replica conditions. The same tendency is observed when considering turbulence intensity ∆U P u,max /U P u,max where U P u,max is estimated for each cycle Closing and opening T t = T c + T o :

Mean and standard deviation of T t /T , expressing the ratio between the duration of the pressure peak associated with closing and opening and period T , is plotted in Figure 5.10. Shown values are normalised by (T t /T ) d for V L = 0 mL. For silicone replicas T t /T is unaffected by V L since T t /T ≈ 1 and standard deviations are less than 3%. For PLT conditions it is seen that ratio T t /T decreases compared to its value for V L = 0 mL while the standard deviation increases to 20%.

A different tendency is again observed for PLT condition (2800, 2) for which the ratio yields ≈ 10% for V L > 0 mL.

Closing-opening asymmetry T c /T o associated with T t is plotted in Figure 5.10(b). Different tendencies are observed for the silicone vocal folds replicas and PLT replica conditions. For silicone vocal folds replica conditions T c ≥ 1.2T o and its value either remains (EPI for which T c /T o ≈ 2.3) or increases with V L (MRI and M5) so that the closing phase dominates the opening phase regardless of V L . The opposite tendency is found for the PLT vocal folds replica conditions since the range for V L = 0 mL (T c /T o ∈ [0.7 1.2] reduces with V L to T c /T o ≈ 0.8 ± 0.1. Consequently, for PLT replica conditions the opening phase is more prominent than the closing phase. Note that these tendencies are qualitatively observed from upstream pressure time signals plotted in Figure 5.7(b) for PLT condition (3300, 0) and in Figure 5.7(c) for the silicone EPI vocal folds replica.

Cycle-to-cycle analysis associated with f N

Evidence of subharmonic oscillation regime:

The first harmonic frequency f N is determined as outlined in Section 5.2.4.2. For silicone vocal folds replicas (EPI, MRI and M5) the first harmonic frequency (Eq. (5.9)) equals the fundamental frequency ( f N = f 0 ) for all V L (see e.g. Figure 5.7(c) for the EPI vocal folds replica), so that the power ratio between subharmonic frequency f 0 /2 and fundamental frequency f 0 yields zero, i.e. P f 0 /2 /P f 0 = 0, and hence 1 -P f 0 /2 /P f 0 = 1 (or 100%). For PLT vocal folds conditions on the other hand, first harmonic frequency f N shifts from fundamental frequency f 0 to subharmonic frequency f 0 /2 as V L increases, which is illustrated for (3300, 0) in Figure 5.7(b). Values of 1 -P f 0 /2 /P f 0 for all PLT replica conditions as a function of V L are plotted in Figure 5.11(a). The ratio decreases from 100% for V L = 0 mL, when no subharmonic is present and f N = f 0 holds, to less than 30% for V L ≥ 4 mL. The rate at which first harmonic f N shifts from fundamental frequency f 0 to subharmonic f 0 /2 as V L increases depends on the assessed PLT replica condition (P PLT , o mm ). Note that since 1 -P f 0 /2 /P f 0 > 0, it implies that in all cases fundamental frequency f 0 has more energy than subharmonic frequency f 0 /2.

Period T :

Figure 5.11(b) shows the probability distribution of T as a function of V L for PLT condition (2800, 0). Period T is detected as outlined in Section 5.2.4.2. Two distribution peaks are observed. The first peak associated with f N = f 0 for T ≈ 0.01 s is dominant for V L < 3 mL and the second peak associated with f N = f 0 /2 for T ≈ 0.02 s is dominant for V L > 3 mL. For V L = 3 mL the maximum probability of both peaks is similar. Furthermore, it is noted that both peaks have similar width indicating that the variation around the mean peak value is similar as well.

A cycle-to-cycle analysis for T /T d associated with first harmonic frequency f N is plotted in Overall, for PLT replica conditions standard deviations of T /T d (Figure 5.12(a)) and cycleto-cycle perturbations ζ T (Figure 5.12(b)) for V L ≥ 1 mL associated with a f N cycle-to-cycle analysis are increased compared to those obtained from a f 0 cycle-to-cycle analysis (Figure 5.8). This increase is among others due to the first harmonic frequency f N shifting between f 0 and f 0 /2 (see Figure 5.11(b)). 

Overall spectral features THD and SNR:

Changes to the harmonic contents with respect to the lowest first harmonic frequency f N of upstream pressure P u with V L are further quantified by the total harmonic distortion rate THD (Eq. (2.7)) depicted in Figure 5.13(a). For silicone replicas (EPI, MRI and M5) the increase is limited since it is most notable for MRI (≈4 dB increase). For PLT replica conditions an overall increase (> 4 dB) with V L is observed. Nevertheless, the increase is not monotonous since for 0 < V L ≤ 3 mL the subharmonic frequency f 0 /2 gradually imprints on the harmonic composition with a rate depending on initial conditions (P PLT , o mm ). Overall, it is seen that THD increases with V L for al vocal folds replicas so that for all vocal folds replicas harmonics are generated with V L .

Discussion: voice quality features

From Figure 5.13(b) is seen that the signal-to-noise ratio SNR (Eq. (2.6)) decreases as V L increases for all replicas. The overall decrease yields ≥ 10 dB except for MRI and M5 for which the decrease is limited to ≤ 5 dB. It is noted that for all V L , SNR-values for silicone vocal folds replicas are greater than the ones for PLT vocal folds replica conditions.

Discussion: voice quality features

For all deformable vocal folds replicas, increasing V L in the range V L ≤ 5 mL affects the mean waveform shape of the upstream pressure during normal oscillation regime: increased oscillation cycle period T , increased amplitude A and altered closing and opening portions T c,o,t so that closing-opening asymmetry is affected. The perturbation of this mean waveform shape increases with V L as well: increased total harmonic distortion rate THD, decreased signal-to-noise ratio SNR and increase of both fast (ζ T,A ) and overall (standard deviations) fluctuations of waveform shape features. Therefore, water spraying affects the normal auto-oscillation regime resulting in changes to the mean waveform shape -increased oscillation period and amplitude, changes to opening and closing portions -and increased perturbation of this mean waveform.

A preliminary qualitative description of the effect of water spraying on the flow through the motion driven MDR replica [104] was confirmed quantitatively in this work for waveform amplitude A and closing and opening portions T t,c,o . Found tendencies on the motion driven vocal folds replica compare well with general normal oscillation cycle tendencies described for deformable vocal folds replicas: changes to mean values (amplitude increase and altered opening and closing portions T t,c,o ) and increased perturbation. Therefore, current findings support that flow changes following two-phase water-air mixing observed for the motion driven MDR replica do also occur in the case of the deformable vocal folds replicas. Flow changes following twophase water-air mixing will alter pressure forces (F A right-hand side of Eq. 5.1) on the enveloping structure and hence contribute to observed waveform shape changes. It is noted that current data do not provide evidence that vocal folds mass increases significantly with V L so that m in the left-hand side of Eq. (5.1) can be assumed independent of V L and mass changes can not explain observed changes to normal oscillation period T . Therefore, it is of interest for further research to account for flow mixing when aiming to model the fluid-structure interaction with surface hydration and to assess how far such a flow model can explain observed general tendencies of the impact of V L on the waveform shape observed for V L = 0 mL.

A part from mass m, initial conditions related to the elasticity and initial glottal aperture (r, k, and A 0 left-hand side of Eq. (5.1)) as well as imposed mean upstream air pressure P u (F A right-hand side of Eq. (5.1)) determine the fluid-structure interaction. Different deformable vocal folds replicas were used resulting in a considerable variation of these initial conditions. Quantified waveform shape features showed the strong impact of initial conditions on the degree to which water spraying affects the mean waveform shape and its perturbation. In general, mean and even more so perturbation features are less affected by water spraying for silicone vocal folds replicas (EPI, MRI and M5) than for PLT vocal folds replica conditions. Large differences are observed between different PLT conditions as well. It is noted that the silicone M5 vocal folds replica is only marginally affected by V L . In future, a more systematic study is needed to quantify the effect of water spraying while varying initial conditions.

A subharmonic oscillation regime is generated by water spraying for V L ≥ 2 mL in the case of PLT vocal folds replica conditions and no subharmonic oscillation regime is observed for silicone vocal folds replicas. The generation of a sub-harmonic frequency point to non-linearities introduced following water spraying for the PLT vocal folds replica. These non-linearities are potentially due to perturbations introduced by turbulence, estimated to increases with V L between 1% and 15% for the PLT vocal folds replica whereas it remains less than 1% for silicone vocal folds replicas. Further evidence is needed to sustain this statement.

General tendencies observed for the normal oscillation regime agree with findings reported in literature concerning the effect of surface hydration on human voice features [START_REF] Leydon | Vocal fold surface hydration: a review[END_REF][START_REF] Ouaknine | Experimental study of the effects of surface mucus viscosity on the glottic cycle[END_REF][START_REF] Alves | The effect of hydration on voice quality in adults: a systematic review[END_REF] and on excised larynges [START_REF] Dollinger | Preliminary results on the influence of engineered artificial mucus layer on phonation[END_REF]: decrease of fundamental frequency f 0 , changes to closing-opening asymmetry and to perturbation measures ζ A,T as well as signal-to-noise ratio SNR and total harmonic distortion rate THD. Note that the shown influence of initial conditions observed for deformable vocal folds replicas might partly explain the variety of tendencies observed on human speakers.

Results: complexity analysis

Measured time series of upstream pressure P u (t) (left) and their phase representation (right) following water spraying with volumes V L ≤ 5 mL are illustrated in Figure 5.14 for a silicone vocal folds replica (MRI in Figure 5.14(a)) and a PLT vocal folds replica condition ((2800,0) in Figure 5.14(b)). To facilitate comparison between times series, P u is up-shifted (+1500 Pa) with each V L increment and time t is normalised with respect to the lowest characteristic oscillation period 1/ f N with f N (V L ) as indicated for each time-trace. For all vocal folds replicas embedding dimension m varies in the range 10 ≤ m ≤ 25 and time delay τ varies in the range 15 ≤ τ ≤ 35. Water spraying enhances auto-oscillation for all vocal folds replicas since the lowest characteristic oscillation frequency f N decreases with V L and from the phase space trajectories is seen that the oscillation amplitude increases which confirms findings reported in [134]. For silicone vocal folds replicas f N corresponds to the first harmonic, whereas for PLT vocal folds replica conditions a subharmonic frequency is generated as observed from the period doubling for V L ≥ 2 mL in Figure 5.14(b). As a consequence, the phase state representation for the silicone vocal folds replicas exhibits a single oscillation trajectory regardless of V L associated with a stable deter- ministic oscillation regime for each V L . For PLT vocal folds replica conditions, the generation of a subharmonic oscillation frequency makes the phase trajectory more complicated as single oscillation cycles (V L ∈ {2, 3} mL in Figure 5.14(b)) become less stable until (V L ∈ {4, 5} in Figure 5.14(b)) an inner cycle imprints on the trajectory due to the growth of the subharmonic with V L so that the trajectory in phase space approaches a chaotic oscillatory regime as divergences of the cycles in phase space can be observed as V L increases. Recurrence plots (Eq. (5.15)) of the phase space state trajectories are illustrated in Figure 5.15 for V L ∈ {2, 4} mL for the silicone (MRI) and PLT vocal folds replica (condition (2800,0)). For V L = 2 mL both recurrence plots display a regular pattern of diagonal lines reflecting the harmonic properties of the auto-oscillation. For V L > 2 mL, recurrence plots can reveal some degree of loss of determinism illustrated for the PLT vocal folds replica at V L = 4 mL (Figure 5.15(d)) as irregular shorter diagonal lines are observed. The MRI replica on the other hand remains in a deterministic oscillatory regime for V L = 4 mL (Figure 5.15(c)). Recurrence plot properties (D, R and γ defined in Eq. (5.18)) are then quantified for all vocal folds replicas as a function of V L . Degree of determinism D(V L ), recurrence rate R(V L ) and their ratio γ(V L ) are plotted in Figure 5.16. For V L < 2 mL all vocal folds replicas exhibit a stable oscillatory pattern as D > 90% in Figure 5.16(a), i.e. recurrence plot with mostly uninterrupted diagonal lines as shown in Figure 5.15(a) and Figure 5.15(b). As V L increases, silicone vocal folds replicas remain characterised by a stable deterministic pattern (e.g. Figure 5.15(c)) so that D > 90% for all V L . PLT vocal folds replica conditions on the other hand approaches chaotic behaviour as V L increases, so that D reduces to within the range 70% < D < 90% for V L ∈ {4, 5} mL. Recurrence rates R(V L ) (Figure 5.16(b)) and ratios γ(V L ) (Figure 5.16(c)) further confirm tendencies described for D. Recurrence rate R increases as a system approaches a chaotic regime as more states occur compared to the stable deterministic regime. The increase of R remains negligible (≤ 2%) for silicone vocal folds replicas regardless of V L whereas it in- creases with up to 10% for PLT vocal folds replicas for V L ≥ 2 mL. It follows that ratio γ is maximum (high D and low R) for V L ∈ {0, 1} mL since the auto-oscillation result in a deterministic stable oscillation for all vocal folds replicas. For V L ≥ 2 mL γ will decrease with a degree and at a rate proper to each vocal folds replica and imposed initial conditions (P PLT , o mm ). The decrease remains limited to < 20% for silicone vocal folds replicas (6.1 ≥ γ ≥ 5.1) indicating a deterministic oscillation regime and becomes significant up to < 50% (5.7 ≥ γ ≥ 2.8) for some PLT vocal folds replica initial (P PLT , o mm ) conditions indicating the loss of stable oscillation. Quantified properties D(V L ), R(V L ) and their ratio γ(V L ) suggest that water spraying (V L > 0 mL) can cause the oscillation pattern to approach a chaotic complex oscillation pattern depending on the vocal folds replica, imposed initial conditions and on V L . The complexity of the auto-oscillation is quantified by entropy E(V L ) (Eq. (E.1)) and estimated correlation dimension D 2 (V L ) (Eq. (5.14)) plotted in Figure 5.17. Overall entropy E(V L ) (Figure 5.17(a)) shows a small increase in the range 7.7 ≤ E(V L ) ≤ 9.0 for PLT vocal folds replica conditions whereas it remains of similar magnitude for the silicone vocal folds replicas within the range 7.5 ≤ E(V L ) ≤ 8.6. Nevertheless, E(V L ) tendencies are not sufficiently pronounced to sustain a conclusion. Correlation dimension estimates D 2 (V L ) are shown in Figure 5.17(b). For V L < 2 mL, 1.01 < D 2 < 1.12 holds and increases for V L ≥ 2 mL at a rate which differs between vocal folds replicas. For silicone vocal folds replicas the increase is limited to within 10% as 1.01 < D 2 (V L ) < 1.12. For PLT vocal folds replica conditions the increase is more pronounced and yields up to 85% as 1.07 < D 2 (V L ) < 2.00 holds.

(a) D(V L ) (b) R(V L ) (c) γ(V L )

Discussion: complexity analysis

The phase space state and recurrence plot analysis, presented in Section 5.5, shows that estimated correlation dimension D 2 (increase within 85%) and ratio γ (decrease within 50%) are suitable quantities to express changes to the complexity of the steady state auto-oscillation pattern due to surface hydration following water spraying.

Observed γ(V L ) and D 2 (V L ) tendencies indicate that water spraying for V L ≤ 5 mL does not impact the deterministic oscillation regime for silicone vocal folds replicas whereas the system approaches a chaotic regime for PLT vocal folds replica conditions. This confirms observations reported for the signal-to-noise ratio and the fast cycle-to-cycle perturbations of amplitude and period [134]. The increased overall stability of the auto-oscillation for silicone vocal folds replicas compared to PLT vocal folds replicas is in line with the initial complexity observed for V L = 0 mL as γ(V L = 0) and D 2 (V L = 0) are respectively larger and lower for silicone vocal folds replicas than for PLT replica conditions.

For the PLT replica and V L ∈ {0, 1} mL recurrence plots exhibit a pattern of diagonal lines so that D 2 is near unity, and γ near its maximum, which is inherent to a deterministic oscillation pattern. For V L ≥ 2 mL the oscillation regime becomes more complicated as period doubling is observed, the degree of determinism D decreases and the recurrence rate R increases illustrating that the system loses some of its predictability as chaos is introduced in the system. The degree to which the initial stable oscillation pattern is disturbed depends on the imposed initial conditions of aperture (o mm ∈ {0, 1, 2} and P PLT = 2800) and elasticity (P PLT ∈ {2300, 2800, 3300} and o mm = 0). Estimated D 2 and γ tendencies suggest that the complexity increases with initial aperture (increase of o mm ) and with rigidity (increase of P PLT ).

For future research, it is of interest to investigate the influence of initial conditions and the influence of the imposed P u on the initial oscillation complexity for V L = 0 mL and on the complexity increase following hydration by water spraying (V L > 0 mL). This way the influence of initial conditions on the coexistence of different attractors can be further studied [117]. In par-ticular, the role of aerodynamic turbulence needs further investigation and direct observation of the oscillation might contribute to the understanding of the effect of hydration in terms of oscillation modes [START_REF] Steinecke | Bifurcations in an asymmetric vocal-fold model[END_REF][START_REF] Mergell | Irregular vocal-fold vibration-High-speed observation and modeling[END_REF][START_REF] Neubauer | Spatio-temporal analysis of irregular vocal fold oscillations: Biphonation due to desynchronization of spatial modes[END_REF]. Spraying with other liquids needs to be assessed in order to increase the relevance with respect to vocal folds surface hydration and artificial saliva sprays.

It is noted that the estimated range of D 2 (V L ) values (1 ≤ D 2 ≤ 2) observed for the mechanical vocal folds replicas is similar to the range reported for human speakers during normal voicing by several researchers [108][109][110][111][112]. This encourages further quantification of D 2 as well as γ in order to inform on the oscillation regime and its complexity.

Conclusion

In this chapter, the effect of water spraying is quantified.

Concerning voice quality features observed on deformable replicas, the mean waveform shape exhibits decreased fundamental frequency, increased amplitude, changing closing-opening asymmetry and increased perturbation. The degree to which these changes occur depends on initial conditions. These tendencies are consistent with quantified waveform shape changes observed for a MDR vocal folds replica subjected to water spraying. It is argued that, as for the MDR replica, changing flow behaviour due to air-water mixing underlies observed tendencies for the deformable vocal folds replicas. Modelling studies are needed in order to assess to which extent mixing flow can explain current findings. In addition, further experimental research is needed in order to systematically consider the effect of initial replica conditions and their surface wettability, the influence of the used nozzle, quantify the droplet distribution during oscillation, physical mechanisms resulting in observed effects of water spraying on oscillation features and to quantify turbulence generation and dissipation during the oscillatory cycle as well. Current results for water provide a reference for future research involving different fluids with properties in agreement with mucus. For instance a fluid with higher viscosity (like Artisial artificial saliva presented in Appendix G) is assessed for which preliminary results are given in Appendix H.2 and compared to water. In addition, the influence of upstream pressure needs to be considered as shown in H.1 for water spraying. Furthermore the complexity is analysed. The use of different mechanical vocal folds replicas showed that after water is sprayed (V L ≤ 5 mL) on a stable auto-oscillation either the deterministic regime is maintained or the oscillation approaches a chaotic regime introduced by period doubling. Phase space state recurrence feature γ, i.e. the ratio of the degree of determinism to the recurrence rate of the phase space states, and estimated correlation dimension D 2 are suitable parameters to express the influence of hydration following water spraying on the oscillation regime. Besides initial pre-oscillatory conditions related to the glottal aperture and vocal folds elasticity, also the initial fluid-structure complexity determines the impact of water spraying on the complexity of the oscillation regime. The initial complexity near the onset pressure of oscillation is found to be lower for silicone vocal folds replicas than for PLT vocal folds replica conditions.

The feature analysis presented in this chapter showed the significant effect of water on oscillation. As it is assumed that the presence of water does not alter the vocal folds structural properties changes are assumed to be flow related. Therefore, in the following chapter, a quasi-analytical flow model is proposed and validated. On one hand a flow model will help understanding of effect of water during the oscillation cycle. On the other hand an accurate flow model allows to estimate fluid forces, F A in the right hand side of Eq. (5.1), needed in order to assess reduced order models of auto-oscillation.

CHAPTER 6

Analytical flow modelling of water influence

Based on Van Hirtum A., Bouvet A., Pelorson X., 2018. Pressure drop for adiabatic air-water flow through a time-varying constriction. Physics of Fluids, 30:1-10. 

Specific nomenclature

Introduction

Respiratory flow through the human upper airways and in particular through the glottis, i.e. airway constriction formed between both vocal folds within the larynx, is often studied considering single-phase airflow through a uniform rigid channel containing a time-varying constriction as illustrated in Figure 6.1. and minimum constriction pressure P c (t). Flow is supplied along the positive z-direction and liquid is injected along the negative z-direction.

As such, the presence of liquid in the fluid is generally neglected [START_REF] Vilain | Experimental validation of a quasi-steady theory for the flow through the glottis[END_REF][START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF]135,136]. However, this assumption of single-phase airflow is in contrast with the physiological reality and is reported to affect flow-induced phenomena such as the shown effect of surface (de-)hydration on human voiced speech sound production [START_REF] Alves | The effect of hydration on voice quality in adults: a systematic review[END_REF]137,138].

When the presence of liquid is accounted for, adiabatic two-phase gas-liquid flow occurs. It 6.2. Model approach 105 is well established that the mixture viscosity of gas-liquid two-phase flow strongly influences the pressure drop and thus the forces exerted by the flow on the surrounding channel walls driving fluid-structure interactions and associated phenomena such as voiced speech sound production, brass instruments play, whistling, etc.

As liquid is added, the viscosity of the gas-liquid mixture increases and hence it is expected that the pressure gradient raises [139]. Nevertheless, studies of adiabatic gas-liquid flow mostly focus on steady flow through uniform channels [140, 141] whereas a channel with time-varying constriction degree is more pertinent for glottal flow during speech production. Although that it has been shown from a dimensional analysis [START_REF] Vilain | Experimental validation of a quasi-steady theory for the flow through the glottis[END_REF][START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF]136] of single-phase airflow under glottal conditions (Reynolds number Re ≤ 5 × 10 3 , Strouhal number Sr ≤ 0.1 and Mach number Ma ≤ 0.12) that incompressible, laminar and quasi-steady flow can be considered, the presence of a time-varying constriction and hence pulsating jet might affect the mixture viscosity. Indeed, enhanced mixing is reported for intermittent liquid injection which is particularly the case during and after a deceleration phase as occurs for engine jets [142,143]. In the case of a sinusoidally time-varying constriction, flow deceleration occurs during the opening phase of the oscillatory cycle. Consequently, besides the effect of gas-liquid flow on the pressure drop, effects of the forcing frequency on mixing and hence on the mixture viscosity need to be studied as well. It is noted that near closure viscous flow effects are shown to provide a major contribution to the pressure gradient when single-phase airflow through a glottal-like constriction is considered [START_REF] Vilain | Experimental validation of a quasi-steady theory for the flow through the glottis[END_REF][START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF]135,136]. Therefore, the aim of this work is twofold. Firstly, it is sought to provide experimental evidence of the effect of two-phase flow and of the imposed oscillation frequency f c on pressures P c measured at the minimum constriction for different upstream punctually injected water volumes V L (Figure 6.1) ranging from dry to excessive. Secondly, it is sought to accurately model observed pressures P c applying a quasi-steady one-dimensional flow model approach for assessed ( f c ,V L ) cases while accounting for viscous mixing. Since different surface hydration conditions occur for glottal flow (due to smoking, drinking, gurgling, etc.), both gas and liquid ruled viscous mixing are considered.

Model approach 6.2.1 Pressure drop with single-phase viscous contribution

Single-phase flow of a fluid with density ρ and dynamic viscosity µ through a constricted channel is modeled following the quasi-one-dimensional approach outlined in [START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF]144,145]. The model assumes quasi-steady laminar incompressible pressure driven flow while accounting for boundary layer development due to viscosity within the constricted channel portion. An empirical ad-hoc geometrical criterion is used to indicate streamwise position of flow separation and jet formation z s along the diverging side of the constriction (z ≥ z c ) as the area corresponding to A s = c s • A c with separation constant c s ≥ 1 and minimum channel area A c . Concretely, the constant is set to c s = 1.13 given the constriction geometry which is within the range commonly reported in literature [2,[START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF]136,146] for glottal-like geometries (1.05 ≤ c s ≤ 1.4).

To overcome the constraint of a horizontal flow channel the model is altered to account for gravitational flow acceleration g for any given channel orientation angle β , with β = 0

• and β = 90

• for a horizontal and vertical channel respectively (Figure 6.1). The pressure distribution within the channel with time-varying area A(z,t) as a function of streamwise position z and time t up to flow separation (z 0 ≤ z ≤ z s ) becomes:

P(z,t) = P u (t) + 1 2 ρΦ 2 (t) 1 A 2 (z 0 ) - 1 A 2 (z,t) +µΦ ˆz z 0 dz α(z,t) + ρg sin(β )(z 0 -z) (6.1)
The function α(z,t) in the term describing the viscous contribution to the pressure drop (third right-hand term) depends on the channel's cross-section shape within the constriction [144,145]. For a rectangular cross-section shape with constant width w and varying height h(z,t), a twodimensional Poiseuille flow assumption can be applied when w h c in the constricted portion:

α(z,t) = - w • h 3 (z,t) 12 .
At flow separation (z = z s and A = A s ) P(z s ,t) = P d , with downstream pressure P d = 0, so that volume flow velocity Φ can be estimated from Eq. (6.1):

Φ(t) = µ ˆzs z 0 dz α(z,t) + µ ˆzs z 0 dz α(z,t) 2 +2ρ P u (t) -P d + ρg sin(β )(z 0 -z s (t)) • 1 A 2 (z s ,t) - 1 A 2 (z 0 ) 1/2 × ρ 1 A 2 (z s ,t) - 1 A 2 (z 0 ) -1 (6.2)
Once Φ(t) is known, P(z,t) along the constricted channel portion is estimated using Eq. (6.1). The term describing the viscous pressure drop contribution in Eq. (6.1) and Eq. (6.2) needs to be reconsidered when a two-phase air-water mixture occurs. This is assessed in the next section.

6.2.2 Two-phase viscous pressure drop contribution of air-water mixture 6.2.2.1 Homogeneous mixture When no slip is assumed between the two phases of the air-water mixture, there is no velocity difference between the gas (air) and liquid (water) phase so that the fluid is considered homogeneous [139]. The flow is then regarded as a single-phase flow of a fluid having average properties determined by the gas-liquid mixing quality. Consequently, the one-dimensional model presented in Section 6.2.1 can be applied and the two-phase pressure drop is again expressed as the sum of inertial (accelerational or decelerational), frictional and gravitational components Eq. (6.1) when averaged mixture properties, density ρ = ρ h and dynamic viscosity µ = µ h , can be determined in terms of the gas (subscript -G ) and liquid (subscript -L ) properties.

The homogeneous density is estimated as:

ρ h = x ρ G + 1 -x ρ L -1 (6.3) 
in terms of the mass quality x (0 ≤ x ≤ 1) so that homogeneous void (or gas) fraction

v f = Φ G Φ G +Φ L becomes: v f = 1 1 + 1 -x x ρ G ρ L (6.4)
with 0 ≤ v f ≤ 1. Consequently, v f = 0 and x = 0 when Φ G = 0 (pure liquid flow) and v f = 1 and x = 1 when Φ L = 0 (pure gas flow). From Figure 6.2 is seen that air-water flow at room temperature (density ratio ρ L /ρ G ≈ 832) is gas dominated v f ≥ 0.99 (Φ L ≤ 0.01 • Φ G and ρ h ≈ ρ G ) for x ≥ 0.1 compared to x ≥ 0.99 for an equal density mixture (ρ L /ρ G ≈ 1). It is observed that for x < 0.01 void fraction v f decreases rapidly as ρ h /ρ L increases at the same rate so that the contribution of the liquid to the mixture properties gains importance and will finally dominate v f ≤ 0.5 (Φ L ≥ 0.5 • Φ G and ρ h ≥ 0.5 • ρ L ) as x and hence v f further reduces towards 0.

Many averaging methods have been described in literature to determine homogeneous mixture viscosity µ h . The most straightforward approximations [147-149] assume that the flow is liquid dominated. In order to account for liquid as well as gas phase dominated flow, it is proposed to reformulate these models more generally so that µ h is estimated based on the viscosity of a single phase, either gas (i = G) or liquid (i = L), as: with scaling factor α µ,i . To account for the dominant phase i as well as a non-unity density ratio between the phases, scaling factor

µ h = µ i • α µ,i , (6.5) 
α µ,i = ρ h ρ i is introduced following [149]. Following [148], scaling factor α µ,i = 1 -x (r) (1 -x) (1-r) ρ i ρ j -1 (∀r ∈ {0, 1}
) is proposed with j indicating the non-dominant phase, i.e. j = L for i = G and j = G for i = L, and exponent r = 0 for gas dominated flow and r = 1 for liquid dominated flow. This way µ i is scaled explicitly by mass quality x and single phase density ratio ρ i /ρ j . For liquid dominated flow (r = 1) the original expression given in [148] is retrieved. As expected, α µ,i = 1 holds for pure liquid (x = 0) or pure gas (x = 1) flow. So that following [147] for single phase dominated flows a constant unity scaling factor (α µ,i = 1) is assumed. Used scaling factors α µ,i in Eq. (6.5), i.e. f (ρ h /ρ i ) (thin dashed line), f (ρ i /ρ j , x) (thick full line) and unity constant (cte = 1, horizontal dashed line), as a function of x are illustrated in Figure 6.3 for air-water flow. It is verified that scaling factor α µ,i=L decreases from 1 (α µ,i=L ≤ 1) for liquid ruled flows so that mixture viscosity µ h reduces compared to µ L as gas is added. On the other hand scaling factor α µ,i=G increases from 1 (α µ,G ≥ 1 ) as liquid is added for gas ruled flow so that mixture viscosity µ h augments from µ G . Decreasing (for liquid ruled) and increasing (for gas ruled) scaling factor α µ,i , and hence increasing and decreasing mixture viscosity following Eq. (6.5), with increased air-water mixing aims to reduce the viscosity difference (µ L µ G ) between pure water (µ L ≈ 1.0×10 -3 Pa•s) and pure air (µ G ≈ 1.8 × 10 -5 Pa•s) flow. Nevertheless, estimating mixture viscosity µ h by scaling the viscosity of the gas or liquid phase Eq. (6.5) looses its motivation as mixing increases since the underlying assumption of single-phase dominated flow ebbs away.

To obtain µ h estimations which are also valid in the transition zone between liquid and gas single-phase ruled flows, µ h models using the viscosity of both phases, i.e. µ L and µ G , are proposed in literature [150][151][152][153][154][155][156]. A common approach is to express mixing viscosity µ h (exponent Figure 6.3 -Scaling factors α µ,i in Eq. (6.5) for gas (i = G) and liquid (i = L) ruled flows as a function of x for air-water mixture: α µ,i = f (ρ h /ρ i ) (thin dashed line), α µ,i = f (ρ i /ρ j , x) (thick full line) and unity α µ,i = 1 (horizontal dotted line). s = 1) or its reciprocal (s = -1) as a sum of single-phase viscosities or their inverses weighted by scaling factors γ L (for µ L ) and γ G (for µ G ) as:

µ (s) h = µ (s) L • γ L + µ (s) G • γ G + γ 0 , ∀s ∈ {-1, 1}, (6.6) 
with offset γ 0 = 0 when not explicitly stated. The earliest -and most common [157] -models defined scaling factors as mass averages the same way as for ρ h in Eq. ( 6. ). It is noted that Eq. (6.6) satisfies limiting conditions µ h = µ L and µ h = µ G for pure liquid (x = 0) and pure gas flow (x = 1), which is not the case for Eq. (6.5). Homogeneous air-water mixture viscosity µ h from Eq. (6.6) normalized by µ L obtained for different scaling factors γ L and γ G (and γ 0 = 0) are plotted in Figure 6.4 as a function of x. It is seen that µ h estimated using Eq. (6.6) decreases continuously as gas concentration (and hence x) is raised. Nevertheless important differences in the mixing viscosity are observed depending on the scaling factors and offset extending (Beattie, Dukler) or shortening (Cicchitti, Lin) the range of gas dominated flow compared to values obtained by applying Eq. (6.5) with scaling factor f (ρ h /ρ i ) which is in close approximation with McAdam's curve for gas dominated flow and with Dukler's curves for liquid dominated flow. It was noted that Dukler's (γ 0 = 0) and Fourar's (γ 0 > 0) curves overlap so that Fourar's curve is not considered and γ 0 = 0 holds. Mixing viscosity µ h from Eq. (6.6) or Eq. (6.5) neglects turbulence. Nevertheless, in the case of gas-liquid flows the homogeneous flow assumption is most suitable to describe flow with bubbles or droplets which induces turbulence. Therefore, it is sought to model µ h while accounting for turbulence in addition to the fluid characteristics of the phases and their concentration. Turbulent mixing viscosity µ τ h for liquid dominated homogeneous flow [158] is extended to single-phase ruled homogeneous flow in general as:

µ τ h = µ h + µ τ , = γ τ • α µ,i • µ i , with 1 < γ τ (6.7)
with turbulent viscosity µ τ , subscript i ∈ {G, L} indicating as before the dominating phase, scaling factor α µ,i as defined in Eq. (6.5) and introducing turbulent scaling factor γ τ > 1. For homogeneous flow, it is shown [158, 159] that γ τ depends on the bubble/droplet size so that 1.1 ≤ γ τ ≤ 2. Aung et al. [156] proposed to apply the same approach of single-phase ruled flow to flows with intermediate gas and liquid concentrations so that following their approach Eq. (6.6) becomes:

(µ τ h ) (s) = γ (s) τ µ (s) L • γ L + µ (s) G • γ G + γ 0 , ∀s ∈ {-1, 1} (6.8) 
which can be applied for all void fractions v f . A common value [156] yields γ τ = 1.7 so that turbulent mixing viscosity µ τ h is increased with 70% compared to mixing viscosity µ h for same scaling factors {γ L , γ G , γ 0 }. Concretely, Aung [156] proposed to use maximized viscosity µ τ h regardless x by applying Eq. (6.7) with α µ,L = 1 for liquid ruled flow [147] (0 ≤ x < x thres ) and Eq. (6.8) with {γ L , γ G , γ 0 } following Cicchitti [151] elsewhere (x thres ≤ x ≤ 1):

µ τ h = 1.7 • µ L , 0 ≤ x < x thres µ τ h = 1.7 (x • µ G + (1 -x)µ L ) , x thres ≤ x ≤ 1 (6.9)
with concentration threshold 0 < x thres < 1. Turbulent mixing viscosity µ τ h for air-water flow obtained from Eq. (6.9) with x thres = 0.1 is illustrated in Figure 6 h /µ L from Eq. (6.9) (Aung (black thin full)) for air-water mixture.

Separated flow model for air-water mixture

When the assumption of no slip between the phases is dropped, velocities of both phases might be different so that the homogeneous flow model is no longer valid and Eq. (6.4) becomes:

v f = 1 1 + S 1 -x x ρ G ρ L (6.10)
with S indicating the slip between both phases. In order to apply the one-dimensional model approach in Section 6.2.1, the viscous contribution to the pressure drop is modeled considering both phases as separated streams independently of the flow regime [139]. The slip is then accounted for using empirical liquid hold up correlations and empirical relations describing the frictional interaction between the phases. Slip can be accounted for following two-phase friction multipliers φ 2 L and φ 2 G proposed in a landmark paper by [160] which relates frictional two-phase pressure drop ∆P f ,M and frictional pressure drops ∆P f ,i∈{L,G} , which would exist if the gas (i = G) or liquid (i = L) phase is assumed to flow alone:

∆P f ,M = φ 2 L • ∆P f ,L , (6.11) 
∆P f ,M = φ 2 G • ∆P f ,G . (6.12) 
Multipliers φ 2 L , φ 2 G ≥ 1 can be determined following fitted correlations in [161]:

φ 2 L = 1 + C LG X + 1 X 2 , (6.13) 
φ 2 G = 1 +C LG X + X 2 , (6.14) 
with Martinelli's parameter X defined as a decreasing function of x: It is seen that gas flow occurs for X Different C LG values are reported on as shown correlations provide a one-parameter data-fitting problem for C LG in an attempt to reflect the effect of flow regime and channel geometry (e.g. cross-section shape, hydraulic diameter, orientation angle) with more accuracy [START_REF] Zhang | Correlations of two-phase frictional pressure drop and void fraction in mini-channel[END_REF]141,[162][163][164][165][166][167][168]. The meaning of constant C LG is seen writing

X = 1 -x x 0.9 ρ G ρ L 0.5 µ L µ G 0.1 , (6.15 
1 (φ 2 L → 1 X 2 , φ 2 G → 1), liquid flow for X 100 (φ 2 L → 1, φ 2 G → X 2 ) and two-phase flow for intermediate X-values (φ 2 L ≈ f (X), φ 2 G ≈ f (X)). (a) φ 2 L (X) (b) φ 2 G (X)
∆P f ,M = ∆P f ,L +C LG ∆P f ,L • ∆P f ,G 1/2 + ∆P f ,G , (6.16) 
indicating that the interfacial contribution to the total frictional two phase pressure drop is: 

∆P I ,M = C LG ∆P f ,L • ∆P f ,G 1 
C LG = 21 1 -exp(-0.319D) , (6.18) 
and later refined for adiabatic gas-liquid flow by Zhang et al. [START_REF] Zhang | Correlations of two-phase frictional pressure drop and void fraction in mini-channel[END_REF] as:

C LG = 21 1 -exp(-0.674/Lp) , (6.19) 
as a function of Laplace number Lp: 

Lp = σ /g(ρ L -ρ G ) D , ( 6 

Experimental approach

Experiments are performed by using MDR vocal folds replica to impose a known timevarying constriction within a vertical rigid uniform circular channel (internal diameter 25 mm) as schematically illustrated in Figure 6.1. Sinusoidal movement of the rectangular gap between both half cylinders is imposed with forcing frequency f c ∈ {1, 6, 10} Hz.

As detail in Section 2.5.1 the time-varying minimum area along the channel is obtained as A c (t) = h c (t) • L. Consequently, during experiments hydraulic diameter yields D ≤ 2 mm and area constriction ratio R is sinusoidally varied between 100% and 95%.

Continuous steady airflow (density ρ G = 1.2 kg•m -3 and dynamic viscosity µ G = 1.8 × 10 -5 Pa•s, temperature T = 22 ± 2 • C) is provided along the positive z-direction (Figure 6.1) by a valve controlled air supply. Pressure transducers (Kulite XCS-093) are positioned in pressure taps upstream and at the minimum spacing so that upstream pressure P u and minimum constriction pressure P c are measured). Air supply is set so that in absence of liquid mean upstream pressure P up yields 1136 ± 30 Pa regardless of f c .

From a dimensional analysis follows that airflow through the time-varying constriction results in non-dimensional numbers characterizing airflow through the glottis of a male adult [2,[START_REF] Vilain | Experimental validation of a quasi-steady theory for the flow through the glottis[END_REF][START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF]135,136]: Re ∼ O(10 3 ), Sr ∼ O(10 -2 ), Ma ∼ O(10 -1 ). Non-dimensional numbers are either of the same order of magnitude or smaller when water is considered. In addition, the aspect ratio h c /L of the time-varying constriction yields h c /L 1, as is observed for human subjects, which motivates the quasi-one-dimensional flow model approach. Consequently, flow assumptions underlying the model approach outlined in Section 6.2.1 remain valid when considering airflow through the time-varying constriction shown in Figure 6.1.

Distilled water (density ρ L = 998 kg•m -3 and dynamic viscosity µ L = 1.0 × 10 -3 Pa•s, temperature T = 22 ± 2 • C) is injected manually at the downstream end of the channel by emptying a graduated (accuracy 0.1) syringe equipped with a spray nozzle (diffusion angle 20 • ± 1 • , diameter 1 mm) containing a known volume V L ∈ {1, 2, 3, 4, 5} mL. Liquid is supplied homogeneously along the constricted area (Figure 6.1). Furthermore, liquid injection is time-tagged t L by manually operating an electrical switch. The mean duration of liquid injection ∆t L increases quadratically (coefficient of determination R 2 = 0.97) with V L and its overall value is less than 3 s regardless of V L (Table 6.1). Liquid supply volume flow rate Φ L (Table 6.1) is then approximated as the ratio V L /∆t L . The overall order of magnitude yields Φ L ≈ 1.8 ± 0.6 mL/s. All signals are sampled using a sampling frequency of 10 kHz. No water leakage was observed along the upstream or downstream channel end. As an example, Figure 6.8 illustrates measured data for f c = 1 Hz and V L = 4 mL as a function of time t near the instant of liquid injection. Imposed sinusoidally varying h c (t) is indicated at the bottom and measured pressures P u (t) and P c (t) are plotted at the top. Time-tag t L corresponds to an impulse whose width ∆t L indicates the duration of liquid injection so that pure air flow occurs before the impulse and air-water mixture is observed following the impulse onset. During each period of the shown signals upstream pressure P u varies sinusoidally so that its maximum is reached when h c is small and minimum P u corresponds to large aperture h c . Next, it is seen that P c reaches its maximum near closure (h c = 0 mm) whereas P c is negative during most of the open phase (h c > 0 mm). Although these general tendencies are observed for each period of the plotted signals, i.e. before, during or after liquid injection, close observation of Figure 6.8 shows some important changes to P c and to a less extent to P u following liquid injection. One striking feature characterizing P c (and which is found to a less extent on P u ) is the irregular appearance of P c -spikes. This suggests that turbulence is induced due to the presence of droplets, which are visually observed upstream from the constricted channel portion following liquid injection for all assessed V L . Differences observed comparing airflow and air-water mixture flow data are further detailed in Section 6.4.1. To avoid transitional phenomena immediately following liquid injection (t L > 0), in the remainder of this work data are extracted 6 s after liquid injection is terminated. The impact of V L on measured minimum constriction pressure P c is illustrated in Figure 6.9 for h c imposed with forcing frequency f c = 10 Hz. P u varies less than 4% for all assessed V L so that a single P u -curve is plotted. During each period, gap h c evolves through the following consecutive phases: open, closing, closed, opening and again open. In general, the effect of V L on P c increases with increasing V L . Besides irregular P c -spikes due to the splashing of droplets throughout the closing phase, differences are observed for small apertures occurring near and during closure corresponding to h c ≤ 0.5 mm or constriction ratio R ≥ 98%. During the closing phase this is most notable when h c goes to zero, i.e. just prior to complete closure, when P c decreases more with increasing V L (e.g. 38% more for V L ≥ 3 mL) whereas at the beginning of the opening phase the accumulation of liquid during the closed phase results in an increase of P c followed by a delayed steep decrease which therefore occurs for larger h c . The extent to which described phenomena are observed varies from period to period, but in general increases with increased V L . Note that droplet splashing near the gap (and hence spiking) is limited at the start of the opening phase since accumulated liquid downstream from the gap is likely to be evacuated by pulsating jet formation and associated starting vortex and shear-layer role-up at the onset of the opening phase.

Results and discussion

The effect of forcing frequency f c on pressure measurements is illustrated for f c ∈ {1, 6, 10} Hz in Figure 6.10 for V L = 0 mL and V L = 5 mL.

Without liquid injection (V L = 0 mL in Figure 6.10(a)) the effect of f c variation on measured pressures P u and P c is most notable when h c reaches towards zero, i.e. at the end of the closing phase as h c ≤ 0.15 mm (R ≥ 99%), during complete closure (h c = 0 mm) and at the start of the opening phase while h c ≤ 0.43 mm (R ≥ 98%). When f c = 1 Hz, P u reflects the inverse tendencies imposed on h c . This way, at first P u reaches a minimum associated with maximum aperture, next P u increases monotonously while h c decreases during the closing phase until maximum P u is maintained during the closed phase and afterwards P u decreases monotonously to its minimum value as h c increases during the opening phase. When f c is increased ( f c ∈ {6, 10} Hz) it is seen that P u is no longer a monotonous function during the distinct phases, since P u fluctuates around the maximum value observed for f c = 1 Hz following an increase (overshoot) just before complete closure, which causes P u to fluctuate during the closed phase and start of the opening phase. The magnitude of the overshoot, resulting fluctuation and affected h c -range within each period increases with f c , e.g. overshoot yields 6% for f c = 6 Hz and 18% for f c = 10 Hz. As a consequence for f c = 1 Hz, P u = f (h c ) so that P u and associated P c during closing and opening phases are mirror-images of one another. For increased forcing frequency f c ∈ {6, 10} it is ev-ident that this mirror-symmetry between closing and opening phase does no longer exist for P u and hence for P c . The rate of P c increase at the end of the closing phase is seen to decrease as P u -overshoot increases with f c .

During the subsequent closed phase and the start of the opening phase, the rate of P c variation is dictated by the fluctuation of P u . During the closed phase, this implies that P c increases to a maximum at a rate which is either slowed down or accelerated as the amplitude of the P ufluctuation decreases or increases, respectively. The same way, during the start of the opening phase, the decrease of P c is decelerated since P u reduces more slowly. In addition, the minimum P c value of the opening phase is greater than the minimum observed during the closing phase, i.e. increase of 14% for f c = 6 Hz and 25% for f c = 10%. Consequently, the main impact of increasing f c for V L = 0 mL lies in the breakdown of mirror-symmetry between the closing and opening phase for P u and hence P c .

To assess the effect of f c on air-water mixture flow (V L > 0 mL) curves measured for V L ∈ {0, 5} mL and f c ∈ {1, 6, 10} Hz are plotted together in Figure 6.10(b). As before, P u is unaffected as V L is varied so that a single curve is plotted for each f c . To enhance clarity, P c curves for f c = 6 Hz and f c = 1 Hz are shifted by extracting a constant offset of 800 Pa and 1600 Pa, respectively. It is seen that for V L > 0 mL, irregular spikes in P c are superposed on a smooth curve which varies from the one observed for V L = 0 mL to an extent determined by f c . Hence the effect of V L > 0 mL on the curves observed for V L = 0 mL is two-fold: on one hand irregular spikes occur due to the presence of droplets splashing near the constriction and on the other hand the change of mixing flow properties during the period affects the smooth curve observed for V L = 0 mL.

It is noted that more spikes are seen as f c reduces since the physical time corresponding to one period is greater (varies between 1 s and 0.1 s for f c = 1 Hz and f c = 10 Hz, respectively) and hence more droplets impact near the constriction during the closing and opening phase. During the closed phase and start of the opening phase, it is seen that P c increases so that effects pointed out for V L = 0 mL are emphasized which suggests that a change in mixing fluid properties occurs compared to the closing phase induced by the accumulation of liquid or increased contribution of liquid to the mixture upstream from the constriction. A pulsed jet and subsequent decelerating and starting vortex is formed while the gap starts to widen at the beginning at the opening phase accompanying increased water-air mixing and subsequent upstream liquid evacuation so that eventually mixing properties become similar to the ones characterizing the closing phase. Note that increased mixing following jet deceleration during the opening phase is in agreement with findings for a pulsating jet [142, 143] although more research is needed to investigate the contribution of each of the underlying mechanisms. For f c = 1 Hz on the other hand the effect of jet mixing is less so that properties are re-established more rapidly within the period. Consequently, the main impact of V L > 0 mL is to increase P c during the closed and opening phase onset due to a change in mixing fluid properties so that the mirror-asymmetry of P c between closing and opening phase is enforced as is observed for all frequencies. In addition, for V L > 0 mL the impact of droplets causes irregular spiking of P c . Therefore, observed curves are the result of a complex interaction between different phenomena.

Two-phase flow models behavior

Experimental observations provide indications that properties of the mixing fluid and flow regime during an oscillation cycle can be altered firstly by liquid droplet impact along the constriction and secondly by liquid accumulation, mixing and removal upstream of the constricted portion following closure. Obviously, these mechanisms contribute to the changes of liquid and gas concentration in the fluid and might affect the flow type as well. In the following, it is sought if and to which extent quasi-one-dimensional models presented in Section 6.2 allow to explain observed pressure drop tendencies, i.e. estimate P c (t) for known P u (t) and h c (t) > 0 mm for all assessed ( f c ,V L ) cases. From the description given in Section 6.2 and Section 6.4.1 it is a-priori expected that homogeneous mixing models for gas dominated flow, whether or not corrected for turbulence due to the spatial distribution of droplets, can be used during most of the open phase, closing phase and opening phase. Near closure, the homogeneous mixing assumption and assumption of gas dominated flow might be less suited so that a separated flow model is a-priori motivated.

Model accuracies between N measured (P c ) and modeled ( Pc ) values for each ( f c ,V L ) case are objectively expressed considering dimensionless coefficient of determination R 2 ≤ 1 and mean absolute relative error ξ ≥ 0, given as:

R 2 =1 - ∑ N i=1 P c (i) -Pc (i) 2 ∑ N i=1 P 2 c (i) , (6.21) 
ξ = 1 N N ∑ i=1 P c (i) -Pc (i) P c (i) . (6.22) 
It follows that model outcomes are most accurate when R 2 reaches a maximum (nearest to 1) or when ξ reaches a minimum (nearest to 0). Both R 2 and ξ are considered since experimentally observed instantaneous P c -spikes associated with liquid droplets which are not modeled, e.g. observed for f c = 1 Hz and V L = 5 mL (Figure 6.10(b)), might deteriorate R 2 whereas ξ is less affected. On the other hand, since ξ is relative to the measured value, experimentally observed P c values in the vicinity of 0 (P c ≈ 0) might deteriorate ξ whereas R 2 is less affected.

Resulting R 2 and ξ for most accurate models are summarised in Table 6.2 for the closing as well as the opening phase. Note that the open phase is not assessed since viscous flow effects can be neglected. For each case ( f c ∈ {1, 6, 10} Hz) the accuracy of the single-phase airflow model (V L = 0 mL) is given as a reference. As a general tendency, it is found that R 2 and ξ accuracies Table 6.2 -Summary of best model Eq. (•) and their accuracies (coefficient of determination R 2 ≤ 1 and mean absolute relative error ξ ≥ 0): gas dominated slip model (SG), slip model (S) and homogenous model (H) and their parameters. for V L > 0 mL are similar to those obtained for V L = 0 mL (R 2 ≥ 0.70 and ξ ≤ 1.4) so that the quasi-analytical approach can be applied to water-air flow with the same accuracy as obtained for single phase airflow. Next, selected models indicated in Table 6.2 are discussed in more detail for all ( f c ,V L ) cases.

f c = 1 Hz Closing Opening V L [mL] Model R 2 ξ Mod
For f c = 1 Hz, model accuracies (Table 6.2) observed during closing and opening are alike which is consistent with the mirror symmetry observed on the pressure distribution for all assessed V L . Most accurate model outcomes are obtained for gas dominated homogeneous flow Eq. (6.6) with Dukler's parameters γ i∈{L,G} so that µ h = v f µ G + (1v f )µ L , and for gas dominated slip flow Eq. (6.12) for constant C LG (label SG in Figure 6.11(a)) with either C LG = max C LG (Lp(D(z))) according to Eq. (6.19) or alternatively C LG = 12, i.e. Chisholm's constant for laminar-turbulent (LT) liquid-gas flow. Near closure the gas dominated slip model slightly outperforms the homogeneous flow model as is most notable during the closing phase. This finding holds for all assessed ( f c ,V L ) cases. Note that for V L ∈ {4, 5} mL, R 2 (Table 6.2) decreases (from 0.89 to 0.10) due to the presence of P c spikes (Figure 6.11(a))) whereas ξ ≈ 1.70 remains.

As for f c = 1 Hz, gas dominated slip flow Eq. (6.12) (SG) for C LG ≈ 12 provides accurate P c estimations during the closing phase for f c = {6, 10} Hz. According to Eq. ( 6 Gas dominated slip model (SG) is not suitable within the opening phase when f c ∈ {6, 10} Hz since for all V L more accurate P c estimations are obtained using slip (S) model Eq. (6.16) with either constant C LG set to max C LG (Lp(D(z))) according to Eq. (6.19) or alternatively C LG ≈ 20, i.e. Chisholm's constant for turbulent-turbulent (TT) liquid-gas flow. From Table 6.2 follows that slip model is in close agreement with single-phase liquid flow and thus that the flow is no longer gas dominated. For f c = 10 Hz and V L ∈ {3, 4, 5} mL the model accuracy is further improved by considering homogeneous mixing model (H) with parameters γ i∈{L,G} according to Cicchitti (µ h = xµ G + (1x)µ L ) or homogeneous turbulent flow using Eq. (6.9) (Aung) indicating increased mixture viscosity either generated by increased droplet-induced turbulence or/and jet-related mixing.

.19) C LG is set either constant C LG = max C LG (Lp(D(z))) (label SG [C LG ≈ 12] in
Objectively selected liquid-gas models reflect experimental findings and thus the influence of f c and V L on water-air mixing and the degree to which mixture viscosity impacts the flow. General tendencies are as follows.

During the closing phase and regardless of ( f c ,V L ), gas dominated slip flow (SG) Eq. ( 6.12) provides an accurate flow model when C LG is set in accordance with Eq. (6.19) or alternatively LG is defined locally as C LG (Lp(z)). It is seen that this model approach is also suitable during the opening phase for f c = 1 Hz. For imposed oscillation frequencies greater than 1 Hz ( f c ∈ {6, 10} Hz) the mixing is enhanced during the opening phase so that the flow is no longer gas dominated and slip model Eq. (6.16) gains accuracy. Again C LG can be set according to Eq. (6.19) so that it is either constant C LG = max C LG (Lp(z)) or locally varying as C LG (Lp(z)). When the forced oscillation frequency is further increased to f c = 10 Hz and more liquid is injected V L ≥ 3 mL the homogenous turbulent flow model becomes most accurate since it captures the increased range during which P c is increased due to enhanced mixing.

Conclusion

Experimental observations of the pressure within a time-varying constricted portion of a vertical channel show the combined influence of injected water volume V L ∈ {0, . . . , 5} mL and imposed oscillation frequency f c ∈ {1, 6, 10} Hz on water-air mixing and hence on the viscous contribution to the pressure drop. Experimental observations and selected flow models both suggest that the flow remains gas dominated during the closing phase for all assessed ( f c ,V L ) whereas during the opening phase both f c and V L affect mixing and hence the mixture viscosity. For f c = 1 Hz the flow remains gas dominated during the opening phase for all V L , whereas for f c > 1 Hz, the contribution of water to the mixture increases for all V L > 0 mL so that the flow is no longer gas dominated. Moreover, for f c = 10 Hz and V L ≥ 3 mL mixing increases so that the flow becomes homogeneous and turbulent. Further research is necessary to investigate and quantify droplet properties and their distribution and the reciprocal effect on jet and vortex formation and dissipation mechanisms affecting the mixing for different ( f c ,V L ). In this study, geometrical and flow parameters were inspired on flow through the human glottis. With respect to glottal flow, it is seen that the common quasi-one-dimensional steady flow model approach can be extended to water-air flow with the same accuracy when viscous mixing is accounted for and differences observed between the closing and opening phase. It is of interest to further validate selected flow models for different constriction shapes, for self-oscillating deformable glottal replica's as well as to study liquids other than water, i.e. either Newtonian like contained in some artificial saliva sprays or non-Newtonian like natural saliva. Furthermore, it is of interest to further investigate the role of squeezing flow due to the constricted wall motion on pressure driven channel flow.

CHAPTER 7

Conclusion and perspectives

In this thesis, several aspects of the physics of vocal folds oscillation have been studied. The context of this study was presented in a first part, summarising the phonatory system with the vocal folds physiology and oscillation features. Then the different physical numbers and the perturbation quantification variables were presented as well as the used experimental set-up. It was shown that experiments allow to mimic order of magnitudes characterising the fluidstructure interaction for adult human speakers, under normal health conditions. In addition, the use of different types of replicas allows to span a large region in the parameter space of flow and structure variables ensuring the generality of the results presented briefly hereafter. This thesis aimed three contributions from which the following conclusions are formulated.

Firstly, the MSePGG algorithm and workflow were proposed in order to calibrate an existing ePGG device containing a single light source and sensor. The device parameters were quantified (distance, angle, etc.) to develop the algorithm. The MSePGG algorithm uses measurements obtained from several source-sensor distances for a quantitative estimation of the glottal area as function of time. The algorithm is quantitatively validated in real time on two vocal folds replicas (MDR and PLT) with a mean error of 5.4%. Then calibration was illustrated for measurements on a human subject. It is concluded that the proposed algorithm encourages future use and development of this measurement technique. This is of interest as it allows a continuous and non-invasive measurement which does not need medical supervision and has the advantage of a high time resolution compared to other techniques like high speed video.

Secondly, in the continuation of Tokuda et al. [5,[START_REF] Shimamura | Experimental study on level difference between left and right vocal folds[END_REF], who studied the vertical level difference for parallel vocal folds, the effect of the angular vertical asymmetry, as occurring in the case of an unilateral vocal fold paralysis, on the vocal folds oscillation is studied. Since the vocal folds are connected together at their anterior end, imposing an angular asymmetry results in a more realistic geometrical representation of this pathological condition. The experimental work is realised on three mechanical vocal folds silicone replicas while systematically increasing the angular asymmetry. Results show that the progressive loss of full initial contact between the two vocal folds, i.e. resulting in an increasing glottal leakage, affects their auto-oscillation properties (harmonic frequencies, THD and SNR) and the threshold pressures at oscillation onset and offset. The oscillation frequency decreases and sustaining oscillation becomes more difficult as seen from the increasing threshold pressures. In addition, perturbation parameters often associated 125 with voice quality increase as well. Finally, a vertical level difference model is fitted allowing to predict the general tendency of increasing oscillation onset pressure for large asymmetry angles associated with loss of full contact.

Thirdly, the effect of water spraying was experimentally investigated on the glottal airflow and on the vocal fold auto-oscillation. Three types of vocal fold replicas were used. Forced oscillation allowed to show the influence of water on the glottal airflow itself. It was found that airflow during opening and closing phases is affected as viscous water-air mixing dominates the opening phase. During auto-oscillation it was observed from systematic feature quantifications, for all deformable replicas, that the waveform shape is altered, the period of oscillation increases, perturbations, like SNR or THD, increase and non-linearities are enhanced. This experimental study stresses the need for further studies considering the presence of liquid, like water, during auto-oscillation. Although this work is a first study and different methodologies could be used, current results encourage further research on these effects which are rarely considered in physical studies so far.

Fourthly, a theoretical flow model was proposed and validated accounting for air-water presence during oscillation. In agreement with experimental findings described in the previous paragraph, the model takes into account different air-water mixing during the oscillation phases. As it is a quasi-analytical flow model it is suitable to be implemented in a reduced order fluid-structure interaction model of vocal fold oscillation. The model needs yet to be validated on data obtained on the deformable replicas.

Threshold pressures at auto-oscillation onset and offset as well as perturbation quantities are considered throughout this thesis. A summary of features often considered in voice quality studies (oscillation frequency, threshold pressures, SNR, etc.) is given in Table 7.1.

It is seen that the conditions studied, vocal folds asymmetry and water hydration, have a significant effect on the vocal folds oscillation. In general, as the condition parameter (asymmetry angle α or water volume V L ) increases, threshold pressure increases, the oscillation frequency decreases and perturbations, like SNR, tend to increase up to 45% for UVFP and with 15% up to 45% for the hydration. However, for small condition parameter values, perturbations can be negligible, like for small water volumes (V L < 2 mL), or even decrease as is the case for small vertical asymmetry angles α for which no glottal leakage occurs. As these conditions are very different in nature, on one hand related to the geometry and on the other hand related to the fluid, it is seen that these common perturbation measures are of equal magnitude illustrating the difficulty of identifying markers enabling to relate obtained values to a single condition.

The following perspectives can be formulated.

It is of interest to further validate the MSePGG algorithm firstly on healthy subjects and eventually on subjects suffering from different vocal folds pathologies. Such measurements will likely lead to further refinement and improvement of the MSePGG algorithm. Moreover, it is obvious from the proposed algorithm that accuracy of measurements on human subjects would benefit from an improvement of the ePGG device with multiple sensors. Such a prototype is developed in [START_REF] Cambez | Mesurer la voix tech. rep[END_REF].

As unilateral vocal fold paralysis has more symptoms than just the vertical angular asymmetry considered in this thesis, the current study needs to be continued. Indeed, an horizontal positioning asymmetry is also observable, as is an asymmetry of mechanical parameters between both vocal folds. Moreover, the vocal folds shape is likely influenced. The vertical angular asymmetry can lead to non-linearities in the vocal folds vibration which can be studied. Besides these physical changes due to unilateral vocal fold paralysis the used experimental methodology can be elaborated. For instance, high speed imaging of the vocal folds auto-oscillation allows to analyse the vibrating structure in more detail.

The current study showed quantitative evidence of the impact of water on main oscillation features. Therefore, more research is needed either experimentally, numerically or theoretically. The use of different liquids with different viscosity is an example of an experimental study directly related to this work. It would allow not only to detail the influence of viscosity on quantified features, but, in addition, it is of interest to further validate the theoretical flow model. From this point of view, the use of different artificial saliva sprays, for which fluid properties are determined in Appendix G, is motivated and first results are shown in Appendix H. Moreover, it has a direct relationship with fluids used in clinical practice. Besides viscosity, non-Newtonian liquids need to be assessed as human vocal folds mucus is non-Newtonian. Next, the influence of the experimental procedure needs to be addressed in more detail: influence of the used nozzle, characterisation of droplet distribution, liquid supply method, observation of flow patterns, etc. Finally, new replicas allowing liquid exchange with the flow have to be developed.

Concerning the theoretical flow model, it would be interesting to consider predictions on human speakers (e.g. after an artificial saliva spray was used) as it assumes that structural properties are unaltered and it does not account for fluid transport between the flow and the vocal folds structure. Furthermore, the theoretical model can be expanded as for instance the presence of a liquid bridge between the vocal folds can be accounted for. 

B.3 Photo-diode

For the mechanical response measurements, the aperture of vocal folds replicas is measured using an optical system using a photo-diode for its light sensitivity (wavelength 635 nm). The calibration of the photo-diode is carried out from the imposed aperture at the minimum of the constriction of the MDR replica. As for the optical sensor, the imposed aperture is varied by placing metal lamellae whose thickness is known between the vocal folds. Figure B.3 shows the calibration curve of the photo-diode (potentiometer = 100 Ω) whose response is linear with a sensitivity of -9.31 mm/V, R 2 = 99.82 %. To be able to recover its signal, the photo-diode is mounted on an electronic circuit detailed in Figure B.4. The potentiometer allows to adapt the linear response zone according to the brightness of the laser (wavelength 635 nm). The negative gain is explained because the photodiode signal is connected to the negative input of the operational amplifier and is compared to 0 V connected to the positive input.

B.4 Laser transceiver

A Panasonic HL-G112-A-C5 laser transceiver (wavelength 655 nm) is calibrated by displacing a steady target between 60 mm and 180 mm (sensor measurement range) with a step of 10 mm. This is illustrated in Figure B.5. The calibration is repeated for different materials (steel, latex and silicone: taken from different VF replicas) to ensure that the calibration is not For completeness, the density is estimated (Table E.3) as the mass (accuracy 0.01 g) of the specimens divided by their volume (23715 mm 3 ).

E.3 Results: latex tubes

The latex is a natural rubber and tubes are used in the PLT replica for each VF and for the central tube. In the current study, four tubes are analysed with two thicknesses (0. 

E.3.1 Measurement protocol

Tubes with a diameter of 11 mm are simply fixed, bent in order to have two layers of latex as shown in Figure E.11(a). The tubes with a diameter of 28.5 mm are fixed bent so as to have four layers to be able to be held entirely in the tensile bites, illustrated in E.11(b).

Each tube has initial length l 0 = 80 mm and an initial section given in Table E.4. For each tube, measurements consist of a charge followed by a decharge from ∆l = 0 mm to different maximum elongation values: As in Section E.2 the linear fitting of the slope C S (ε) is calculated to obtain the modulus of elasticity E , with its fit accuracy (coefficient of determination R 2 ). The best accuracy (R 2 > 97 %) is obtained for maximum smoothing (MA 20), so that these values are reported in Table E.5, with the estimated density. Résumé -La production de la voix humaine est générée par l'auto-oscillation des cordes vocales , due à l'interaction entre le flux d'air venant des poumons et la structure élastique des cordes vocales. Le but de cette thèse est de réaliser une étude expérimentale et théorique permettant de mieux comprendre et de modéliser ce phénomène et certaines de ses perturbations. Premièrement, l'algorithme du MSePGG est proposé pour la calibration d'un dispositif non-invasif de mesure in vivo de l'air glottique. Cet algorithme est validé sur des répliques de cordes vocales et illustré pour des mesures sur un locuteur. Deuxièmement, les cordes vocales sont recouvertes par une fine couche de liquide essentielle à la phonation . Une approche expérimentale est proposée afin d'étudier l'influence de la présence de ce liquide sur des répliques de cordes vocales . Elle démontre que la pulvérisation d'eau a un impact sur les paramètres basiques de la voix et sur leurs perturbations. Un modèle théorique simplifié tenant compte de la présence de l'air et de l'eau est ensuite proposé et validé. Troisièmement, l'effet de l'asymétrie angulaire verticale des cordes vocales, dans le cas d'une paralysie unilatérale, sur l'interaction fluide-structure est évalué expérimentalement. Il est observé que la perte initiale de contact des cordes vocales entraîne une variation importante des caractéristiques de phonation et de leurs variations. Un modèle théorique simple est adapté afin de prédire l'augmentation de la pression de seuil de l'oscillation des cordes vocales. Pour des applications cliniques futures, les résultats obtenus suggèrent la poursuite du développement du système MSePGG et illustrent les multiples causes potentielles de perturbation de la voix. Abstract -The production of the human voice is generated by vocal folds auto-oscillation , due to the interaction between the air flow coming from the lungs and the elastic structure of the vocal folds. The purpose of this thesis is to realise an experimental and theoretical study in order to improve the understanding and modelling of this phenomenon and some of its perturbations. Firstly, the MSePGG algorithm is proposed for the calibration of a non-invasive device for in vivo glottal area measurements. The algorithm is validated on mechanical replicas and illustrated for measurements on a human speaker. Secondly, the vocal folds are covered by a thin layer of liquid, essential for phonation. An experimental approach is proposed to systematically study the influence of the presence of liquid on vocal fold replicas . Water spraying is shown to alter basic voice parameters as well as their perturbation. A simplified theoretical flow model accounting for the presence of both air and water is proposed and validated. Thirdly, the effect of vertical vocal fold angular asymmetry, as occurring in the case of unilateral vocal fold paralysis, on the fluid-structure interaction is experimentally assessed. It is found that loss of full vocal folds contact leads to important variation on phonation features and their variations. A simple theoretical model is shown to fit the increase of auto-oscillation onset threshold pressure with asymmetry angle. For future clinical applications obtained results suggest the further development of the MSePGG device and illustrate the multiple potential causes of voice perturbation.
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 1121 Figure 1.1 -Illustration of the voice process.

Figure 2 . 1 -

 21 Figure 2.1 -Illustration of phonation system.

Figure 2 . 2 -

 22 Figure 2.2 -Structure of a human vocal fold: a) realistic view from [26, 27], with intermediate and deep layer forming the vocal ligament and b) simplified illustration.

  Hz, with an unidentifiable bandwidth, • f M 2 = 171 Hz, with a bandwith ∆ f M 2 = 44 Hz, • f M 1 = 241 Hz, with a bandwith ∆ f M 1 = 45 Hz.

Figure 2 . 3 -

 23 Figure 2.3 -Mechanical response of in-vivo human vocal folds taken from Švec's thesis [28].

Figure 2 . 4 -

 24 Figure 2.4 -Schematical illustration in the medio-frontal plan, of one cycle of vocal folds oscillation. Inspired from [21, 28].
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 25 Figure 2.5 -Videostroboscopic image of UVPF. Adapted from Rosen and Simpson.

Figure 2 . 6 -

 26 Figure 2.6 -Motion driven rigid (MDR) replica: a) side and b) top view, c) general view in medio-frontal view and d) schema of rigid vocal fold half cylinder (fixed with pressure tap and mobile without).

. 4 .

 4 Note that f M 1 almost doubles for 60 Hz to 110 Hz which is in the range of human vocal folds from 62 Hz up to 114 Hz.
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 227 Figure 2.9 shows the oscillation threshold pressure P On and P O f f (Figure 2.9(a)) and associ-

Figure 2 . 8 -

 28 Figure 2.8 -Typical amplitude curve of mechanical response for a latex vocal fold tube (P PLT =3800 Pa) following the procedure outlined in Appendix C.

Figure 2 .

 2 10, has a different thickness l d , and different Ecoflex(A & B)-to-Silicone (ES) or Dragonskin(A & B)-to-Silicone (DS) mixing ratio M . M is given as (ES,DS x E,D :y S ) with x E,D the quantity of Ecoflex/Dragonskin A and B compared to y S the (a) Threshold pressures (b) Auto-oscillation and mechanical frequencies

Figure 2 . 9 -

 29 Figure 2.9 -Typical PLT replica's curves a) threshold pressures and b) oscillation f 0 and mechanical f M 1 frequencies as a function of internal pressure P PLT for micrometric screws position o mm = 1 mm.

  (a) Illustration in the medio-frontal plane (b) Top view (transverse plan) (c) Realistic view of the medio-frontal plane (d) Description of the different layers

Figure 2 . 10 -

 210 Figure 2.10 -Silicone vocal folds replicas M5, MRI and EPI in a) the medio-frontal plane b) the transverse plan, c) and d) detailed layers in the medio-frontal plane.

  .

  3 and Figure2.10(c) and 2.10(d)) which is cast using the geometrical so called M5 model[START_REF] Scherer | Intraglottal pressure profiles for a symmetric and oblique glottis with a divergence angle of 10 degrees[END_REF].

2 Figure 2 . 11 -

 2211 Figure 2.11 -Typical amplitude curve of mechanical response for silicone vocal folds replicas, M5, MRI and EPI measured in Appendix C.
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 212 Figure 2.12 -General set-up.
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 31 Figure 3.1 -External photoglottograph (ePGG) principle (mid-coronal plane) of glottal transillumination: orientation angle of light source (IR), distance from source d, light sensor (S) at position d k , trachea area A t , glottal area A g (t) and light flux Φ(d).
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 32 Figure 3.2 -Illustration of ePGG fixed subglottal light sensor (S) position and 3 supraglottal source (IR) positions along the front neck surface and source-sensor distances d k [mm].

Figure 3 . 3 -

 33 Figure 3.3 -Mechanical airway replica with ePGG light sensor (S) and source (IR).
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 34 Figure 3.4 -Vocal folds replica a) MDR and b) PLT with subglottal and supraglottal airway replicas to which ePGG sensor (S) and source (IR) are mounted.

Figure 3 . 5 -

 35 Figure 3.5 -Mean ePGG signal as a function of source-sensor distance d for the airway replica with 2 (×) and 3 (+) leather layers.

  Figure 3.3, i.e. in absence of a glottal constriction (no glottal replica). The source orientation angle is systematically varied from 0 • up to 40 • and the source-sensor distance is held constant to d = 100 mm. Measured mean ePGG signals are plotted in Figure 3.6.
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 36 Figure 3.6 -Mean ePGG signal as a function of source orientation.
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 37 Figure 3.7 -Mean ePGG signal as a function of static glottal area A g for a rigid (×) and a deformable (+) mechanical glottal replica.

Chapter 3 .Figure 3 . 8 -

 338 Figure 3.8 -Correlated time signals of glottal area A g (t) (dashed line) and scaled ePGG (full line): a) rigid replica ( f 0 = 10 Hz), b) deformable replica ( f 0 = 129 Hz).

Chapter 3 .

 3 External lighting and sensing photoglottography: characterization and MSePGG algorithm quently, light flux Φ(d) > 0 can be approximated by model Φ m (d) defined as

. 5 )

 5 Inserting (3.5) in (3.1) results in modeling the ePGG voltage U(d k ) as U m (d k ) given by

3. 5 . 2 . 1

 521 Parameter estimation Let vector U = [U(d 1 ) . . .U(d K )] † ∈ R K denote the concatenation of K mean ePGG measurements and . † the transpose operator. Vectorizing model (3.6) yields

v

  by the following least mean square (LMS) minimization

Figure 3 . 9 -

 39 Figure 3.9 -MSePGG workflow overview.

Figure 3 .

 3 Figure 3.10 -Deformable mechanical replica: a) ePGG signal portion, b) measured A g (dashed line) and estimated Âg (full line) area. Mean error yields 5.4%.

. 2 .

 2 The three source positions resulting in the largest source-sensor distances (d = 61 mm, d = 70 mm and d = 81 mm) were assessed as (6.2) is verified to hold: P = 3, K = 3 and I = 3. The ePGG measurements for each source-sensor distance during vowel /a/ are shown in Figure 3.11(a).
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 33 ePGG data associated with each of these areas are plotted in Figure3.11(b) as a function of source-sensor distance d. It is observed that in agreement with(3.6) the ePGG level decreases linearly for each area with respect to source-sensor distance d. The linear fits yield zero voltage level at nearly the same source-sensor distance (d = 89.2 ± 0.2 mm) and thus the linear fits intersects near -0.012 V at U m (d k )η = 0 following (3.6) for all d k . Therefore, the intersection point's magnitude (0.012 V) provides a rough estimation of the order of magnitude of the estimated ePGG voltage associated with closed glottal area η = 0.01 V.The extracted ePGG voltages plotted in Figure3.11(b) (U 1,2,3 ) are then used to initialize MSePGG parameters following the procedure described in Section 3.5.2.2, i.e. step 1 of the calibration protocol shown in Figure3.9. Concretely, at first, α (0) v and β (0) v are initialized from (3.13) using ePGG voltages associated with maximum glottal opening during quiet inspiration and taking glottal area A 0 = 127 mm 2 as a known reference area value (Section 3.5.3, [86]). Next, α (0) v , β (0) v and extracted U 1,2,3 voltages associated with A 1,2,3 (shown in Figure 3.11(b)) are used in (3.14) in order to initialize A 34 mm 2 . Once all MSePGG parameters are initialized their value is estimated from (3.10) as described in Section 3.5.2.1, i.e. step 2 of the calibration protocol shown in Figure 3.9. It is noted that the initialized ( A † resulting from (3.14)) and estimated ( ˆ A min = [ Â1 Â2 Â3 ] † resulting from (3.10)) area values are in good agreement (≤ 1 mm 2 ) and thus the proposed initialization procedure results in reasonable area values.

Figure 3 . 11 -

 311 Figure 3.11 -Sustained vowel /a/ pronounced by a human speaker for 3 ( K = 3) source-sensor distances d: a) ePGG data as a function of time, b) extracted ( K × N = 9) ePGG values for MSePGG parameter estimation (symbols) as a function of d and their linear fit (dashed line) for three (N = 3) areas (A 1 > A 2 > A 3 ), c) estimated glottal areas Âg (t).

Figure 3 . 12 -Chapter 3 .

 3123 Figure 3.12 -Estimated glottal areas Âg for consecutive (5 s) utterance of /sa/ by a human speaker.

  Figure 4.1: largest E and smallest thicknesses e along the inferior-superior direction and length w along the posterior -anterior direction. The right vocal fold (normal) is fixed in the transverse plane, whereas the left vocal fold (paralysed) is rotated so that its posterior edge is lifted in the superior direction resulting in left-right vocal folds asymmetry angle α shown in Fig 4.1. For all glottal vocal folds replicas, the rotation axis along the left-right direction is fixed in the rigid holder at a = 4.5 mm from the anterior edge (Table 4.1). Experiments are performed for 13 different values of left-right asymmetry angle α ranging from α = 0 • up to α = 24.6 • . For symmetric angular configuration (α = 0 • ), the glottal area in the transverse plane is negligible as the vocal folds are in full contact (Figure 2.10(b)). When α is increased, air leakage occurs through a glottal gap in the medio-sagittal plane since the vocal folds are no longer in full contact as depicted in Figure 4.1 (red dashed triangle). The triangular

. 1 )

 1 Three contact regimes (I, II and III) are identified as α increases: I) G = 1 when l A = 0, i.e. full vocal fold's contact, II) 1 > G > 0 when 0 < l A < w, i.e. partial vocal fold's contact and III) G = 0 when l A = w, i.e. no vocal folds contact. Note that full contact (regime I) implies no air leakage and hence A = 0, whereas, for A > 0, either partial contact (regime II) or no (a) General superior view, MRI (b) Sagittal side view (c) Medio-frontal view

Figure 4 . 1 -

 41 Figure 4.1 -Imposed asymmetry angle α, glottal gap parameters A, l A , h A and geometrical parameters E, e, w and a: a) glottal gap (red triangle) for MRI replica with α = 20 • (A ≈ 32 mm 2 , l A ≈ 14.2 mm and h A ≈ 4.6 mm), b) sagittal view, c) single left vocal fold.
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 42 Figure 4.2 -Geometrical characterization of M5, MRI and EPI replicas as a function of asymmetry angle α: a) degree of contact G (Eq. (4.1)) and critical angles α (I,II),(II,III) (vertical lines), b) glottal gap area A (Eq. (4.2)) and maximum normal pre-phonatory glottal area (5 mm 2 , horizontal line) and c) glottal gap height h A (Eq. (4.4)) and maximum vertical level difference during phonation (3 mm, horizontal line). Symbols indicate experimentally assessed α values.
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 43 Figure 4.3 -Measured upstream pressure time signal of P u (t) for the EPI replica with α = 0 • . Oscillation onset P On and offset P O f f pressures are indicated (square) as is the steady state oscillatory signal portion (P u ≈ P On ) used for analysis (5 s). For clarity, a zoom of P u (t) near oscillation onset (left), during steady state oscillation (middle) and near oscillation offset (right) is provided.

  ) and offset (P O f f ) pressures are plotted as a function of α in Figure4.4. Associated fundamental ( f 0 ) frequencies and detected second ( f 1 ) and third ( f 2 ) harmonics are shown in Figure 4.5. The minimum and maximum onset pressures P On (α) relative to the value 60 Chapter 4. Influence of level difference due to vocal folds vertical angular asymmetry
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 44 Figure 4.4 -Mean (symbols) and standard deviation (error bars) of onset P On and offset P O f f pressures as a function of asymmetry angle α: a) M5, b) MRI and c) EPI. Critical angles (vertical lines) indicate contact regime changes between G = 1 (I), G ∈]0, 1[ (II) and G = 0 (III).

Figure 4 . 5 -

 45 Figure 4.5 -Mean (symbols) and standard deviation (error bars) of harmonic frequencies ( f N ) as a function of asymmetry angle α: a) M5, b) MRI and c) EPI. Critical angles (vertical lines) indicate contact regime changes between G = 1 (I), G ∈]0, 1[ (II) and G = 0 (III). Horizontal dashed lines indicate mechanical resonance frequencies f M 1,2 .
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 46 Figure 4.6 -Mean (symbols) and standard deviation (error bars) of total harmonic distortion (THD in [dB]) as a function of asymmetry angle α for all replicas. Critical angles (vertical lines) indicate contact regime changes between G = 1 (I), G ∈]0, 1[ (II) and G = 0 (III).

  (a) Steady state, α = 0 • (b) Steady state, α = 20 •
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 47 Figure 4.7 -Measured upstream pressure P u (t) for EPI steady state oscillation: a) α = 0 • and b) α = 20 • .
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 48 Figure 4.8 -Harmonics power ratio P f 1 /P f 0 as a function of asymmetry angle α for M5, MRI and EPI. Critical angles (vertical lines) indicate contact regime changes between G = 1 (I), G ∈]0, 1[ (II) and G = 0 (III).

Figure 4 .

 4 [START_REF] Wu | A computational study of vocal fold dehydration during phonation[END_REF] shows that, for all replicas, increased THD is accompanied by a reduced signal-to-noise (SNR) ratio of about 15 dB.
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 49 Figure 4.9 -Mean (symbols) and standard deviation (error bars) of signal-to-noise ratio (SNR in [dB]) as a function of asymmetry angle α for all replicas. Critical angles (vertical lines) indicate contact regime changes between G = 1 (I), G ∈]0, 1[ (II) and G = 0 (III).
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 410 Figure 4.10 -Measured (symbols) P On (h l A (α)) and fitted (full lines) with Eq. (4.6) for all replicas.
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 151 Figure 5.1 -Schematic illustration of experimental setup in the medio-frontal plane indicating liquid injection time tag t L , sprayed liquid volume V L , upstream pressure P u (t), glottal area A c (t). Assessed vocal folds replicas: deformable (silicone and PLT) and forced motion (MDR with constriction pressure P c (t)).
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 53 Figure 5.3 -Illustration of waveform shape feature vectors for f 0 cycle-to-cycle analysis for pressure P • = P u .

Chapter 5 . 2 Figure 5 . 4 -

 5254 Figure 5.4 -Illustration of f N cycle analysis and oscillation regimes: a) normal f N = f 0 , b) subharmonic f N = f 0 /2.

1

 1 with P(l) the histogram of diagonal lines with lengths l and minimum line length l min ≥ 2. In addition, entropy E is obtained from the probability distribution of the diagonal line lengths p(l) as E = -Fluid-structure interaction without liquid spraying: V L = 0 mL
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 55 Figure 5.5 -Deformable vocal folds replicas in parameter space ( f 0,d , P u ) for V L = 0 mL: silicone vocal folds replicas (M5, MRI, EPI: filled rectangles) and PLT vocal folds replica conditions (P PLT , o mm ) for varied P PLT (full line rectangles) or varied o mm (dashed rectangles) from reference condition (2800, 0).

  Figure 5.6(a) and discussed in [104].
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 3356 Figure 5.6 -Motion driven rigid MDR vocal folds replica: a) measurement, b) A (V L )/A d from P c (t), c) T t (V L )/T t d from P c (t) and d) (T c /T o )/(T c /T o ) d from P c (t). Subscript d indicates V L = 0 mL. Mean (symbols) and standard deviation (vertical bars) are plotted in b), c) and d). For clarity data for {1, 10} Hz are shifted around V L .

  (a) PLT, V L = 4 mL, f 0,d ≈ 105 Hz (b) PLT, P u (t • f N ) for V L ≤ 5 mL (c) EPI, P u (t • f N ) for V L ≤ 5 mL

Figure 5 . 7 -

 57 Figure 5.7 -Deformable vocal folds replicas: a) measurement, b) P u (t • f N ) for PLT condition (3300, 0) and V L ≤ 5, c) P u (t • f N ) for EPI and V L ≤ 5. b,c) Time is normalised with f N yielding f 0(,d) or f 0 /2. Curves for V L ≥ 3 mL are upshifted, V L ≥ 2 mL (dotted lines) and V L = 0 mL (full line).
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 558 Figure 5.8 -Mean (symbols) and standard deviation (vertical bars) as a function of sprayed water volume V L : a) normalized period T /T d and added mass hypothesis (dash-dotted line) with m d = m d (Eq. (5.10) for α L = 1 and α m = 1) and m d = m d ± ∆m d (shaded region), b) period perturbation ζ T . Values from f 0 cycle-to-cycle analysis.
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 59 Figure 5.9 -Mean (symbols) and standard deviation (vertical bars) as a function of sprayed water volume V L : a) normalized amplitude A /A d , b) amplitude perturbation ζ A , c) turbulence intensity ∆U P u,max /U P u,max .

  Figure 5.10 -Mean (symbols) and standard deviation (vertical bars) as a function of sprayed water volume V L : a) normalised closed portion (T t /T )/(T t /T ) d , b) closing-opening asymmetry (T c /T o )/(T c /T o ) d .

(a) 1 -

 1 Figure 5.11 -Evidence for subharmonic frequency f 0 /2 as a function of V L : a) subharmonic-tofundamental power ratio 1 -P f 0 /2 /P f 0 , b) probability of T from f N cycle-to-cycle analysis for PLT condition (2800, 0).

Figure 5 .

 5 Figure 5.12 -Mean (symbols) and standard deviation (vertical bars) as a function of sprayed water volume V L : a) normalized period T /T d , b) period perturbation ζ T . Values from f N cycleto-cycle analysis.

Figure 5 .

 5 Figure 5.12(a) and associated cycle-to-cycle perturbation ζ T is shown in Figure 5.12(b). For silicone vocal folds replicas (M5, MRI, EPI) f N = f 0 so that plotted values are similar to those in Figure 5.8(a). For PLT replica conditions first harmonic frequency f N equals either fundamental frequency f 0 or subharmonic frequency f 0 /2 as illustrated in Figure 5.11(b) for PLT condition (2800, 0). Consequently, mean T /T d -values gradually increase with V L towards T /T d ≈ 2 expressing the growing weight of subharmonic frequency f 0 /2 on mean values of T /T d as is illustrated in Figure 5.11.

Figure 5 . 13 -

 513 Figure 5.13 -Overall spectral features: a) total harmonic distortion rate THD, b) signal-to-noise ratio SNR.

Figure 5 . 14 -

 514 Figure 5.14 -Illustration of upstream pressure time series P u (t • f N ) (left) and their phase space representation (right) for volumes V L ≤ 5 mL (gray scaling indicating V L in mL and f N in Hz) for silicone (MRI) and PLT (condition (2800,0)) vocal folds replicas. For clarity time series P u (t • f N ) are up-shifted (+1500 Pa) with each V L increment.

Figure 5 . 15 -

 515 Figure 5.15 -Recurrence plots for V L ∈ {2, 4} mL for vocal folds replicas: a,c) PLT condition (2800,0) and b,d) silicone MRI.

Figure 5 . 16 -

 516 Figure 5.16 -Degree of determinism (D(V L )), recurrence rate (R(V L )) and their ratio (γ(V L )) for vocal folds replicas (symbols) shifted around each V L value for clarity.

Figure 5 . 17 -

 517 Figure 5.17 -Entropy E(V L ) and estimated correlation dimension D 2 (V L ) for vocal folds replicas (symbols) shifted around each V L value for clarity. The frame contains a zoom for D 2 (V L ) with V L ∈ {1, 2} mL.

1 Figure 6 . 1 -

 161 Figure 6.1 -Schematic overview of the vertical (β = 90• ) rigid channel with time-varying rectangular constriction (radius 1 cm, width L = 3.0 cm), pressure taps and fluid supplies: orientation angle β , gravitational acceleration g, imposed mobile vocal folds frequency f c , time-varying minimum spacing h c (t), liquid supply time tag t L (t), liquid volume V L , upstream pressure P u (t) and minimum constriction pressure P c (t). Flow is supplied along the positive z-direction and liquid is injected along the negative z-direction.

Figure 6 . 2 -

 62 Figure 6.2 -Void fraction v f (thick full line) and normalised homogeneous density ρ h /ρ L (thin dashed line) as a function of mass quality x for air-water mixture. As a reference v f = x (diagonal line) for ρ L = ρ G = ρ h is indicated.

  3), i.e. γ G = x and γ L = 1x according to McAdams et al. [150] (for s = -1) and [151] (for s = 1). This scaling is further refined to account besides the mass quality also for densities of the phases which involves void fraction v f following Beattie et al. [153] (for s = 1) since γ G = v f and γ L = (1v f )(1 + 2.5v f ) and kinematic viscosities of the flow phases following Dukler et al. [152] (for s = 1) since γ G = ρ h x/ρ G and γ L = ρ h (1x)/ρ L to which Fourar et al. [155] (for s = 1) added γ 0 = 2 x(1x)µ G µ L /ρ G ρ L , which is maximum for x = 0.5 and reduces symmetrical towards 0 at limiting values x ∈ {0, 1} so that µ h is increased for intermediate x compared to values obtained for γ 0 = 0. Furthermore, [154] (for s = -1) optimized (for data in 0 < x < 0.25) scaling factors provided by McAdam et al. [150] by adding an exponent greater than unity to the mass averaging so that resulting µ h increases as γ G = x 1.4 and γ L = (1x 1.4

Figure 6 . 4 -

 64 Figure 6.4 -Normalised homogeneous mixing viscosity µ h (x)/µ L from Eq. (6.6) for air-water mixture with (γ L , γ G ) following: McAdam (gray thick dashed), Cicchitti (black diagonal thick dashed), Lin (black thick full), Dukler (gray thin full), Beattie (black thick dotted). Also µ h (x)/µ L from Eq. (6.5) with Garcia ( f (ρ h /ρ i ), discontinuous thin dash-dotted) is shown. Note that µ G /µ L ≈ 0.018. A zoom for x ≤ 0.01 is included.

  .5. For intermediate x-values (x ≈ 0.5) µ τ h yields by definition from 1.7 up to 25 times µ h from Eq. (6.6) with {γ L , γ G , γ 0 } taken following Cicchitti [151] and McAdams [150], respectively, so that the contribution of turbulence is most notable for intermediate x-values.

Figure 6 . 5 -

 65 Figure 6.5 -Normalised homogeneous mixing viscosity µ h (x)/µ L from Eq. (6.6) (McAdam (gray thick dashed) and Cicchitti (black diagonal thick dashed)) and turbulent mixing viscosity µ τh /µ L from Eq. (6.9) (Aung (black thin full)) for air-water mixture.

  ) and Chisholm's constant C LG depending on the liquid-gas flow regime: C LG = 5 for laminarlaminar flow, C LG = 10 for turbulent-laminar flow, C LG = 12 for laminar-turbulent flow and C LG = 20 for turbulent-turbulent flow. Multipliers as a function of X for different Chisholm's constants are shown in Figure 6.6.

Figure 6 . 6 -

 66 Figure 6.6 -Multipliers φ 2 L and φ 2 G as a function of Martinelli's parameter X for air-water flow (ρ L /ρ G = 832) and for different Chisholm's constants: C LG = 5 for laminar-laminar (LL) flow (full line), C LG = 10 for turbulent-laminar (TL) flow (dashed-dotted line), C LG = 12 for laminarturbulent (LT) flow (dashed line) and C LG = 20 for turbulent-turbulent (TT) flow (dotted line).
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 2617 so that C LG weights the mean of the contribution of pure gas and liquid to ∆P I ,M . Furthermore, C LG can be derived analytically [169] under certain flow assumptions. For homogeneous air-water flow C LG ≈ 28.6 which agrees well with Chisholm's value for turbulent-turbulent flow (C LG = 20). For C LG = 0, ∆P I ,M is the sum of the pressure drops of the single-phase flows corresponding to laminar plug flow. A continuous expression of C LG for air-water flow in vertical channels is proposed by [170]:

  .20) with surface tension σ and hydraulic diameter D. For air-water flow at temperature T ≈ 22 • C and assuming D ≤ 3 mm, σ ≈ 72 mN/m (at temperature T = 22±2 • C), it follows from Eq. (6.20) that Lp > 0.9 so that Eq. (6.19) C LG ≤ 11 holds as plotted in Figure 6.7. Therefore from Eq. (6.19) follows that C LG increases with D and is in fair agreement with Chisholm's value for laminarlaminar flow (C LG = 5) for D ≈ 1.1 mm and for turbulent-laminar flow (C LG = 10) for D ≈ 2.6 mm. Note that D < 3 mm corresponds to micro-scale channels based on the classification of [171] using 3 mm as the threshold.

Figure 6 . 7 -

 67 Figure 6.7 -C LG (thin dashed line) constant Eq. (6.19) and Laplace number (thick full line) Eq. (6.20) for air-water flow (ρ L /ρ G = 832) as a function of hydraulic diameter D. As a reference constant Chisholm's values for laminar-laminar (LL) flow (C LG = 5) and for turbulent-laminar (TL) flow (C LG = 10) are shown.

Figure 6 . 8 -

 68 Figure 6.8 -Measured data for f c = 1 Hz and V L = 4 mL: (top) P u (t) (black full line), P c (t) (gray full line) and t L (t) (dashed line) with duration of liquid injection ∆t L and (bottom) h c (t) (full line).
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 41 Experimental observationsExamples of measured data are presented in order to provide a qualitative description of the effect of liquid injection for all assessed ( f c ,V L ).

Figure 6 . 9 -

 69 Figure 6.9 -Illustration of minimum constriction pressure P c during a single period t • f c ( f c = 10 Hz) for V L ∈ {0, 1, 3, 5} mL for given P u and h c (scaled with respect to P u ).

  Figure 6.10 -Illustration of upstream pressure P u and minimum constriction pressure P c during a single period t • f c for f c ∈ {1, 6, 10} Hz and prescribed h c (scaled with respect to P u ): a) V L = 0 mL and b) V L = 0 mL (black curves) and V L = 5 mL (gray curves). For clarity P c is shifted down for f c ∈ {1, 6} Hz.

  (6.19), constant along z: C LG = max C LG (Lp(z)) . b alternatively Eq. (6.12) with Chisholms's constant value: C LG ≈ 12 (LT flow). c C LG (z) Eq. (6.19), varying along z: C LG = C LG (Lp(z)). d alternatively Eq. (6.16) with Chisholms's constant value: C LG ≈ 20 (TT flow).

Figure 6 .

 6 11(b) and Figure 6.11(c)) or varying along z as C LG (z) = C LG (Lp(D(z))) (label SG [C LG (z)] in Figure 6.11(b) and Figure 6.11(c)) due to varying hydraulic diameter D(z). From Table 6.2 and modeled data curves (SG) illustrated in Figure 6.11(b) and Figure 6.11(c) is seen that varying C LG (z) gains accuracy as f c increases from f c = 6 Hz to f c = 10 Hz.

Figure 6 .Chapter 6 .

 66 Figure 6.11 -Measured P c (black full) and best models outcomes for V L ∈ {1, 2, 3, 4, 5} mL (shifted for clarity) and f c ∈ {1, 6, 10} Hz during closing and opening (h c > 0): gas dominated slip (SG) model Eq. (6.12) for C LG ≈ 12 (thick dotted) or C LG (z) (gray thin full), slip (S) model Eq. (6.16) for C LG ≈ 20 (thick dashed) and homogenous (H) flow model Eq. (6.6) for Cicchitti parameters (gray thin dash-dotted) and following Aung Eq. (6.9) (thin dotted).

Figure B. 2 -

 2 Figure B.2 -Calibration curve obtained for the optical sensor OPB700: heigth of the aperture of the MDR replica constriction as a function of voltage given by the sensor.

Figure B. 5 -

 5 Figure B.5 -Setup for the laser calibration. The laser (left) pointing onto the target (right) placed between 60 mm and 180 mm.

Figure B. 6 -

 6 Figure B.6 -Calibration curves obtained for the laser transceiver. Distance as a function of voltage between 60 mm and 180 mm.

  Measured data plotted in Figure C.2, are realised for the three silicone replicas, M5, MRI and EPI. Properties extracted for the two first mechanical resonances are given in Table C.1.The coherence 2 associated with the FRF is above 90 % for frequencies up to 250 Hz for the three replicas. So the results are considered from 60 Hz to 250 Hz.

4 Figure E. 5 -

 45 Figure C.2 -Example mechanical responses silcone replicas EPI, M5 and MRI.

Figure E. 6 -

 6 Figure E.6 -Measured section areas S (symbols) as a function of the deformation ∆l and their quadratic fitting (full lines).

4 Figure E. 7 - 2 Figure E. 9 -

 4729 Figure E.7 -Comparison of the constrains calculated with the varying section S and with the section S 0 =150 mm 2 .

1 .

 1 ∆l =25 mm at a deformation rate of 1 mm/s, 2. ∆l =50 mm at 1 mm/s, 3. ∆l =75 mm at 1 mm/s, The charge C (up to 15 N) and the longitudinal deformation ∆l are measured with a sampling frequency of 10 Hz.

  Figure E.11 -Tensile test configuration for a) latex tube with diameter 11 mm and b) latex tube with diameter 28.5 mm.

  Figure E.12 -Charge and decharge of each measurement with observation of the relaxation deformation.

Figure H. 2 -

 2 Figure H.2 -Influence of liquid spraying, distilled water and Artisial, for two configuration of the PLT replica: (1900,1) and (2800,1).
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  Normalised homogeneous mixing viscosity µ h (x)/µ L from Eq. (6.6) for airwater mixture with (γ L , γ G ) following: McAdam (gray thick dashed), Cicchitti (black diagonal thick dashed), Lin (black thick full), Dukler (gray thin full), Beattie (black thick dotted). Also µ h (x)/µ L from Eq. (6.5) with Garcia ( f (ρ h /ρ i ), discontinuous thin dash-dotted) is shown. Note that µ G /µ L ≈ 0.018. A zoom for x ≤ 0.01 is included. . . . . . . . . . . . . . . . . . . . . . . . . . .6.5 Normalised homogeneous mixing viscosityµ h (x)/µ L from Eq. (6.6) (McAdam (gray thick dashed) and Cicchitti (black diagonal thick dashed)) and turbulent mixing viscosity µ τ h /µ L from Eq. (6.9) (Aung (black thin full)) for air-water mixture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 2 .

 2 1 -Summarised values of density and viscosity measured in Apppendix G.

		Density ρ Kinematic viscosity ν Dynamic viscosity µ
		[kg.m -3 ]	[m 2 .s -1 ]	[kg.m -1 .s -1 ]
	Human saliva [45] Mucus [38] Artisial saliva Teijin saliva Water Air	∼ 1000 ∼ 1000 1015 1014 1000 1.20	∼ [2.75 -15.51] ×10 -6 [2.75 -15.51]×10 -3 ∼ [1 -10]×10 -6 [1 -10]×10 -3 7.3×10 -6 7.4×10 -3 4.9×10 -6 4.9×10 -3 1.00×10 -6 1.0 ×10 -3 1.57 ×10 -5 1.8 ×10 -5

Table 2 .

 2 2 -Summary of moduli of elasticity E [kPa] for different molding layer (mixing ratio M ) from literature and estimated in the current study (Appendix E).

		DS 1:1 ES 1:1 ES 1:2 ES 1:4 ES 1:8
	Drechsel et al. (2008) [57] Riede et al. (2008) [58] Pickup et al. (2010) [50] Murray et al. (2010) [59] Murray et al. (2011) [51] Current study	22 --∼ 21 50 52.0	---∼ 2.3 ∼ 1.8 ∼ 0.3 ∼ 0.08 4.1 --∼ 10 --8.5 2.9 -12 1.6 0.2 -21.9 10.4 4.9 0.2 *
	* Value for ES 1:8 is taken from	

Table 2 .

 2 6 -Vocal folds replicas used and main quantities analysed in the next chapters ( ).MDR replica PLT replica Silicone replicas P (u) A c

	Chapter 3 Chapter 4 Chapter 5 Chapter 6	-	--	--	-	--

  Hirtum A., 2019. External lighting and sensing photoglottography: characterization and MSePGG algorithm. Biomedical Signal Processing and Control, 51:318-327.Experiments involving the human speaker were performed at the Phonology Phonetics Laboratory, Paris, France.

	Specific nomenclature	
	PGG	PhotoGlottoGraphy	
	ePGG	external PhotoGlottoGraph	
	MSePGG	Multi Signal external PhotoGlottoGraph	
	IR	InfraRed light	
	S	Sensor	
	d	Source -Sensor distance	m
	d k	Sensor position	m
	A g	Glottal area (human and replicas)	m 2
	A u	Internal area of plexiglass tube	m 2
	U ePGG	ePGG sensor voltage	V
	I	Light intensity	cd
	Φ	Ligth flux	lm
	η	Light signal of A c =0	lm
		29	

Table 3 .

 3 1 -Typical values for variables of interest for adults and mechanical replicas[START_REF] O'shaughnessy | Speech Communication Human and Machine[END_REF][START_REF] Cisonni | Theoretical simulation and experimental validation of inverse quasi one-dimensional steady and unsteady glottal flow models[END_REF][START_REF] Van Hirtum | High-speed imaging to study an auto-oscillating vocal fold replica for different initial conditions[END_REF][START_REF] West | Bio-engineering aspects of the lung[END_REF][START_REF] Brancatisano | Respiratory movements of the vocal cords[END_REF][START_REF] Scheinherr | Realistic glottal motion and airflow rate during human breathing[END_REF].

	Quantity	Symbol Human	Replicas a,b
	Glottal area Trachea radius	A g R t	≤ 270 mm 2 ≤ 250 mm 2 10 mm 12.5 mm
	Trachea length	L t	120 mm	150-260 mm
	Frequency c	f 0	75 -250 Hz 90-350 Hz
	Subglottal pressure c P u		

  Based on Bouvet A., Tokuda I., Pelorson X., Van Hirtum A., 2020. Influence of level difference due to vocal folds angular asymmetry on phonation. Journal of the Acoustical Society of America, 147 (2). This work was partly supported by JSPS summer fellowship (SP18205). Experiments were performed in the Department of Mechanical Engineering at Ritsumeikan University, Kyoto, Japan.

	Specific nomenclature	
	α	Angle asymmetry between the two vocal folds	o
	E	Largest thickness of vocal folds	m
	e	Smallest thickness of vocal folds	m
	a A	Rotation axis -anterior VF edge distance Triangular leakage gap due to asymmetry	m m 2
	l A	Base of the triangular gap	m
	h A	Heigh of the triangular gap	m
	G	Degree of contact between vocal folds	[-]
	α (I,II) , α (II,III)	Critical asymmetry angles	o
	I, II, III	Different contact regimes	[-]

Table 4 .

 4 1 -Dimensional parameters and critical asymmetry angles α (I,II),(II,III) for all replicas (M5, MRI and EPI).Replicaw [mm] E [mm] e [mm] a [mm] α I,II [ • ] α II,III [ • ]A, base l A and height h A appears near the posterior vocal folds edge and extends towards the anterior edge as α increases. In this sense, l A indicates the length, for which the vocal fold's contact is interrupted. The degree of vocal fold's contact as a function of α is then expressed as G ∈ [0 1]:

	M5	17.0	10.7	2.99	4.5	8.1	29.2
	MRI	18.0	10.0	3.00	4.5	7.8	28.8
	EPI	17.0	10.2	1.09	4.5	3.0	14.0

Table 4 .

 4 2 -Minimum and maximum onset pressures relative [%] to the value for α = 0 • and associated α [ • ].

	Replica	minimum [%] [ • ]	maximum [%] [ • ]
	M5	-10.5 10.7 46.9 24.6
	MRI	-2.0	1.7 29.5 24.6
	EPI	-12.9 11.7 45.0 24.6
	Oscillation onset (P On		

Table 4 .

 4 

	Replica	I	II	III
	M5	0.3 -10.3 not measured
	MRI	-2.4 -19.8 not measured
	EPI	-0.5 -22.8	-34.2

3 -Overall decrease of fundamental frequency f 0 relative [%] to the value for α = 0 • in the full contact (I), partial contact (II) and no contact (III) regime.

Table 4 .

 4 4.4. Parallel level difference analogy from P On 65 4 -Overview for α = 24.6 • of leakage area A and potential parallel level difference analogy approximations ∆E ≈ h A , ∆E ≈ h L and ∆E ≈ h l A .

	Replica A [mm 2 ] h A [mm] h L [mm] h l A [mm]
	M5	44.0	5.8	2.6	2.9
	MRI	50.5	6.2	2.8	3.1
	EPI	74.2	7.5	4.4	3.7

  Hirtum A., 2020. Influence of water spraying on an oscillating channel. Journal of Fluids and Structures, 93:102840(20).Van Hirtum A., Bouvet A., and Pelorson X., 2019. Quantifying the oscillation complexity following water spraying with interest for phonation. Physical Review E, 100:043111[START_REF] Steinecke | Bifurcations in an asymmetric vocal-fold model[END_REF].

	Specific nomenclature	
	T	Oscillation period	s
	T t	Total close phase of the period	s
	T c	Closing phase	s
	T o	Opening phase	s
	A	Amplitude signal	Pa
	F A	Fluid force	N
	V L	Sprayed liquid	mL
	m	Vibrating vocal fold mass	g
	m V L	Liquid mass on the vocal fold	g
	Q max	Volume flow rate	m 3 /s
	c s	Separation constant	[-]
	U P u ,max	Maximum airflow velocity	m/s
	t L	Marker time series	[-]
	∆t L	Marker duration	s
	Φ L	Water injection flow rate	mL/s
	U L	Liquid bulk velocity	m/s
	We	Weber number	[-]
	t d	Droplet relaxation time	s
	Stk	Stokes number	[-]
	α m,L	Mass factors	[-]
	l 2	Euclidean norm	[-]
	C m	Correlation sum	[-]
	R i, j	Recurrence plot	[-]
	D	Degree of determination	[-]
	R	Rate of states	[-]
	γ	D and R ratio	[-]
	E	Entropy	[-]
	T d		
		69	

Table 6 .

 6 1 -Injected liquid volume V L and duration ∆t L . Estimated flow rate Φ L during injection.

	V L [mL]	1.0 ±0.1	2.0 ±0.1	3.0 ±0.1	4.0 ±0.1	5.0 ±0.1
	∆t L [s]	0.86 ± 0.17 1.02 ± 0.10 1.47 ± 0.22 1.66 ± 0.27 2.61 ± 0.41
	Φ					

L [mL/s] 1.11 ± 0.11 1.98 ± 0.19 2.26 ± 0.22 2.15 ± 0.21 1.95 ± 0.19

Table 7 .

 7 1 -Typical vocal folds physical and perturbation values.

			f 0	P On	P O f f	SNR	T HD	ζ T	ζ A
			[Hz]	[Pa]	[Pa]	[dB]	[dB]	[%]	[%]
		Adult	75 -250	300 -1000	100 -500	24	-9.9	0.3	2.7
	Normal	MDR PLT M5 MRI EPI	1 -10 80 -150 ≈ 100 ≈ 115 ≈ 85	-250 -350 1100 980 440	-250 -270 890 675 325	20 25 40 40 40	0 -10 -20 -20 -10	0 1.5 -3 0.2 0.7 0.6	0 2.2 -4.6 0.3 1 0.3
	* UVFP	Adult • Adult M5 MRI EPI	92 ← 222 167.7 ± 66.6 Global tendencies for increasing initial glottal area A > 0 --8 ← 17 ---3.7 ± 5.6 -123 ← 135 1000 → 1600 750 → 1300 25 ← 46 -25 → 0 115 ← 138 1000 → 1300 800 → 1100 25 ← 45 -10 → 0 85 ← 105 380 → 650 300 → 400 25 ← 40 -6 → -3	0.3 → 0.8 4 → 19 4.4 ± 3.6 9.9 ± 5.1 2 8 3 10 4 15
			Global tendencies for increasing water spraying volume V L 1		
	MDR PLT M5 MRI EPI * Unilateral vocal fold paralysis 1 -10 Water spraying ≈ 50 ≈ 97 105 ← 110 77 ← 80 • : Pinho2012 [172]	-----	-----	0 15 ← 25 -20 → -2 37 ← 43 ≈-15 31 ← 36 -17 → -15 25 ← 45 ≈ -7	0 5 → 25 2 2 1 → 5	4 → 8 < 2 < 2 0.3 → 3
	: Schindler2008 [173]						

Table B .

 B 2 -Sensitivities of the laser transceiver calibration for different materials.

		Sensibility	R 2
		[mm/V]	[%]
	Steel	12.05	100.0
	Latex	12.02	99.99
	Silicone	11.94	99.99

Table C .

 C 1 -Overview mechanical resonance properties of replicas for α = 0 • .

		first resonance peak		second resonance peak
	Replica	f M 1 [Hz] ∆ f M 1 [Hz] Q M 1 [-]	f M 2 [Hz]	∆ f M 2 [Hz]	Q M 2 [-]
	PLT	60 -110	10 ± 3	5 -18 90 -125	9 ± 3	6 -20
	M5	152	16	9.5	222	unidentifiable unidentifiable
	MRI	143	10	14.3	219	unidentifiable unidentifiable
	EPI	145	11	13.2	222	unidentifiable unidentifiable
	C.3.1 Silicone replicas			

Table E .

 E [START_REF] Luizard | Threshold of oscillation of a vocal folds replica with unilateral surface growths[END_REF] -Initial section and relaxation deformation values for each tube.

	Thickness	∅	Section		Relaxation deformation	
	[mm]	[mm] [mm 2 ] 25 mm [%] 50 mm [%] 75 mm [%]
	0.2	11	10.4	2.0	4.0	5.7
	0.3	11	6.91	2.5	3.4	4.0
	0.2	28.5	17.9	1.5	2.0	3.4
	0.3	28.5	26.9	1.2	2.0	3.0

ArtSpeech ANR-15-CE23-0024

P d ≈ 0, so the driven pressure difference is approximated as ∆P = P u

In this chapter, the interest is to measure the glottal aperture. For this purpose the term A g will be used for both humans as well as replicas.

Note that P ≥ 2 is a theoretical criterion. In practice, P ≥ 3 is used.

(a) ePGG portion, f 0 = 131 Hz and f 1 = 262 Hz (b) Glottal area

(a) ePGG measurement, sustained vowel /a/, f 0 ≈ 126 Hz (b) ePGG values for parameter estimation (c) Estimated glottal area

(a) T /T d : 1 (full line), 1.1 (dashed line) (b) ζ T : 2% (dashed line)

(a) silicone: MRI (b) PLT: (2800,0)

(a) f c = 1 Hz, shifted with 600 Pa (b) f c = 6 Hz, shifted with 800 Pa (c) f c = 10 Hz, shifted with 900 Pa
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APPENDIX A

Axes and planes

In order to describe the point of view of the different figures, the medical planes and axes used, illustrated in 

Calibration of sensors

Measurement are performed using sensors that convert physical quantities such as pressure or aperture height into an electrical voltage recorded by the digital acquisition system. The response of these sensors are susceptible on experimental conditions (position, atmospheric pressure, brightness, etc.). A calibration is required to convert the measured voltage back into physical parameters. In this works calibration is performed fitting a linear model to measured data.

The calibration accuracy is expressed with the coefficient of determination R 2 (%):

which expresses how well the calibration model fits experimental data with sample variance σ 2 data about its mean value and σ 2 the sample variance of the model residuals. Accuracy increases as R 2 approaches 100 %.

The voltage signals from the sensors presented below are conditioned by a National Instruments SCXI-1121 pre-processing unit. Their digitisation is carried out with an acquisition card National Instruments PCI-6225 combined with a National Instruments BNC-2110 input/output card, the sampled signals are then processed with the National Instruments Labview software programs.

B.1 Pressure sensor

Pressure measurements are conducted with piezoresistive pressure transducers type Kulite XCS-093 and Endevco 8507C-2 and 8507C-5 types. The calibration of these sensors is performed against a liquid column manometer Kimo MG80 and TJ300 (accuracy ± 5 Pa). Measurements are made for flows in a tube of uniform cross-section (diameter 25 mm) with a constriction at its end to obtain pressures higher than atmospheric pressure. The uniform section contains a wall pressure tap (diameter 0.4 mm). Figure B.1 shows a typical example of a calibration curve for three sensors representing all types of sensors used. All these sensors have linear responses (R 2 > 99%) but have different gains as summarized in Table B 

B.2 Optical sensor

An OPTEK OPB700 optical sensor is used to measure the imposed opening of the constriction of the rigid MDR vocal folds replica. The calibration of this sensor is performed with different known minimum constriction heights of the replica. This height is adjusted by placing metal lamellae of known thickness (0 up to 1 mm with accuracy 0.05 mm) between the two vocal folds. Figure B.2 shows the calibration curve of this sensor. The sensor position must be adjusted so that the minimum and maximum opening is in the linear response area of the sensor. During this calibration, a sensitivity of 0.347 mm/V, with accuracy R 2 = 99.51 % is obtained. B.2 the sensibility obtained for each material. These are close enough to be considered as the same at 12 mm/V.

B.4. Laser transceiver

Mechanical frequency response

Deformable PLT and silicone vocal folds replicas (Section 2.5.2 and 2.5.3) are structures capable of auto-oscillation due to a FS interaction. The resulting oscillation features depend on their mechanical properties. These properties can be determined from the frequency analysis of the mechanical frequency response measurement outlined in this appendix.

C.1 Experimental set up

A shaker (Modalshop K2007E) equipped with a steel bar (length l bar = 230 mm and diameter d bar = 3.7 mm given a cross section S bar = first resonance 3 × 10 6 Hz 1 ) is positioned so that the free bar end is in contact with the VF replica. A laser (wavelength 635 nm, beam width 5 mm), two lens (L 1 concave focal 100 mm and L 2 convex focal 100 mm) and photo-diode (BPW34) (accuracy 0.05 mm, calibration in Appendix B.3) are aligned along the inferior and superior side of the replica respectively as illustrated in Figure C.1. Sinusoidal sweep signals from 60 Hz to 300 Hz with duration 30 s are fed to the shaker in order to excite the structure. An accelerometer (PCB 353B18 with signal conditioner PCB 482A21) is attached to the mobile bar to measure the applied excitation x(t). The photo-diode (BPW34) is used to quantify the varying amount of laser light passing through the replica during excitation given the response y(t) of the replica to the excitation. Note that alternatively the laser tranceiver (calibration in B.4) can be used. 

C.2 Frequency response function

C.3 Results

Mechanical response measurements are presented below for silicone replicas and the PLT replica. Mechanical resonance features are summarized in Table C.1. 

Silicone replica procedure

The M5, MRI and EPI replicas are used during the experiments. These are made from multi layers mixing silicone thinner and two parts A&B Ecoflex 03-00, Smooth-On, Inc, Easton, PA or two parts A&B Dragon Skin 10 Fast FX Pro, Smooth-On, Inc, Easton, PA, illustrated in Figure D.1. The procedure follows the processes given in [5,[START_REF] Pickup | Flow-induced vibratory response of idealized versus magnetic resonance imaging-based synthetic vocal fold models[END_REF][START_REF] Murray | Vibratory responses of synthetic, self-oscillating vocal fold models[END_REF][START_REF] Murray | Synthetic, multi-layer, self-oscillating vocal fold model fabrication[END_REF] and is detailed in this appendix. In this appendix the muscle is referred to as the body of the VF and the superficial layer as the cover. APPENDIX E

Young modulus estimation

The modulus of elasticity or Young's modulus E , expressed in Pa, is an intrinsic property of an elastic solid material. It relates the relative linear deformation ε to the charge or tensile stress C required to deform the material with a cross section S as:

with deformation ε = ∆l-l 0 l 0 , l 0 corresponds to the initial length of the material and ∆l its elongation for the corresponding charge.

E.1 Tensile test

The tensile test (Figure E.1) consists in measuring the deformation ∆l in mm as a function of the charge C in N applied on a specimen of the material. Young's modulus can be calculated using Eq. (E.1). For this purpose, the INSTRON 3369 electro-mechanical press was used with an INSTRON 2530-445/71212 50kN charge sensor (accuracy 0.16% of the reading) in the ENSE3 school of Grenoble.

Tensile test is applied to silicone VF layer specimens as outlined in Section E.2 and to latex tube samples (VF and central tube) as detailed in Section E.3. E.1. The modulus of elasticity is measured for the mixing ratio of each layer using a tensile test outlined in Section E.1. Moduli have already been reported in literature [START_REF] Pickup | Flow-induced vibratory response of idealized versus magnetic resonance imaging-based synthetic vocal fold models[END_REF][START_REF] Murray | Vibratory responses of synthetic, self-oscillating vocal fold models[END_REF][START_REF] Drechsel | Influence of supraglottal structures on the glottal jet exiting a two-layer synthetic, self-oscillating vocal fold model[END_REF][START_REF] Riede | Mammalian laryngseal air sacs add variability to the vocal tract impedance: Physical and computational modeling[END_REF][START_REF] Murray | Synthetic, multi-layer, self-oscillating vocal fold model fabrication[END_REF]. Values from literature and estimated in 

E.2 Results: silicone layers

E.2.2 Analysis

First, due to the small charges (up to 8 N), with respect to the range of the force sensor (50 kN), the measured charge signal is very noisy. A smoothing is therefore applied with a sliding average over 10 (MA 10) and 20 (MA 20) measuring data points (Figure E.5). This corresponds to an average of 1 s and 2 s of signal respectively, which implies a variation on 1 mm and 2 mm for elongation up to 25 mm, 50 mm and 100 mm and a variation of 2 mm and 4 mm for the elongation up to 150 mm. Then, the central section S of the specimen was measured for 5 elongation values: 0 mm, 25 mm, 50 mm, 100 mm and 150 mm (accuracy ± 0.25 mm 2 ). From these measurements, a quadratic regression was performed to determine the evolution of the section at each measurement point shown in Figure E.6. It is seen that the overall section reduction is about 38 % of S 0 . The modulus of elasticity (Eq. (E.1)) depends on section S , so that constraints C /S and C /S 0 (with S the variable section depending on the deformation shown in Figure E.6 and S 0 the initial section (150 mm 2 )) is shown in Figure E.7. It is observed that the curve plotted with a variable section is more linear than with the initial section. The analyses are therefore based on a constraint calculated according to the variable section with the deformation C /S . 

E.3.2 Analysis

As seen in Section E.2, the raw signal is noisy so that smoothing is applied with again a sliding average over 10 (MA 10) and 20 (MA 20) data points. This corresponds to an average of 1 s and 2 s of signal respectively, which implies a variation of 1 mm and 2 mm. Due to the small initial section (< 30 mm 2 ) and thickness (≤ 0.3 mm) the variation of the section with the applied charge could not be measured. So that the section S is taken constant to the initial section S 0 , Appendix E. Young modulus estimation Table E.5 -Measured modulus of elasticity and their accuracy of each latex tube.

Tube

Data Moving average Moving average Density Thickness ∅ 10 data points 20 data points 

(F.1) For the glottis:

and

with A g the glottal area, w the vocal fold width, x 0 the prephonatory glottal half-width and x R and x L the time dependent tissue displacement of the left and right vocal folds.

τ is the time delay within which the mucosal surface wave travels with velocity v mw .

Appendix F. Vertical angular asymmetry: leakage area and model Assumption 1: τ is small.

so the glottal area become:

with A 1 the glottal entry area and A 2 the glottal exist area.

Assumption 2: Only Bernoulli principle is taken into account (neglect e.g. acoustic loads).

Average of intra-glottal pressure at the left vocal fold:

Assumption 3: Glottis surface is linear.

F.2. Simplified fluid-structure interaction model 185

In the glottis:

ˆP(z)dz

Here:

From Equation F.12:

Appendix F. Vertical angular asymmetry: leakage area and model Assumption 5: Approximation of P g by its linearisation around x L,R = 0 and ẋL,R = 0

So using the mucosal wave model

with M the mass, B the damping, K the stiffness per unit area of the vocal fold medial surface.

By applying assumption 4 and 5 this becomes: 

APPENDIX G

Artificial saliva fluid properties

During the measurements of the influence of liquids on VF, two artificial saliva were used (Artisial and Teijin). In order to be able to compare their properties with human saliva and distilled water, their density ρ and kinematic viscosity ν were measured. The dynamic viscosity µ follows from the relationship ν = µ ρ . An overview of these fluids properties for human saliva, mucus, air and water and values determined for the two artificial saliva in this study is provided in Table G In addition, the wettability of these fluids for surfaces of the vocal folds replicas is determined in Section G.4.

G.1 Artificial saliva

The properties of two artificial salivae are determined.

G.1.1 Artisial

This solution (Figure G.1), which can be found in French pharmacies, is used in the event of a decrease or absence of salivary secretions. 

G.1.2 Teijin Saliva

This solution (Figure G.2), which can be found in Japanese pharmacies, is also used in the event of a decrease or absence of salivary secretions. Active ingredients: Sodium chloride, Potassium chloride, Hydrated calcium chloride, Magnesium chloride, Dipotassium phosphate. Excipients: Carmelose sodium, D-sorbitol, sodium benzoate, sorbic acid, sodium hydroxide, carbon dioxide. 

G.2 Results: density

Density measurement were realised collecting 10 ml of liquid with a micro-pipette (accuracy ± 0.1 mL) and weighed with a precision balance (accuracy ± 0.01 g). The process is repeated ten times to obtain the average density and its standard deviation (<1% of the averaged value). The results are obtained for 22 • C:

The average density for both artificial salivae is reported in Table G.1.

G.3 Results: kinematic viscosity

Viscosity measurements were realised using a Cannon-Fenske viscometer using the principal of capillarity. The measurement consists of measuring the filling times t 1 and t 2 of the liquid studied in both measuring spheres (S 1 and S 2 ), illustrated in APPENDIX H

Additional preliminary results for hydration

Immediate perspectives of experimental results presented in Chapter 5 are:

• influence of the mean upstream pressure P u for water spraying,

• influence of liquid fluid viscosity using Artisial artificial saliva in comparison with water, on quantified features.

Preliminary results for these two perspectives are presented hereafter using the PLT replica for two configurations:

• P PLT = 1900 Pa, o mm = 1 mm,

• P PLT = 2800 Pa, o mm = 1 mm.

H.1 Influence of mean upstream pressure

The influence of the mean upstream pressure P u is measured starting from the onset pressure (≈ 140 Pa) in absence on water (V L = 0 mL) up to 300 Pa. The pressure increment is 25 Pa. Quantified features obtained without water are compared with those for V L = 4 mL of distilled water. As in Chapter 5, 5 s portions are analysed. In the case that water is sprayed, the analysed pressure time trace is again taken 5 s after spraying was finished where the effect of water praying is stabled. 

Results are shown in

H.2 Influence of liquid viscosity

The influence of the liquid viscosity is assessed by comparing quantified features with different liquid spray fluids: distilled water and Artisial artificial saliva. Fluid properties are presented in Appendix G. It is seen that the viscosity is increased with a factor 7 for Artisial.