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RESUMO

Préteses fonatdrias traqueoesofdgicas sao a solugdo mais atrativa para a recuperagdo da fala de
pacientes que foram submetidos a uma laringectomia total. A vibracdo induzida pelo escoa-
mento através do segmento faringoesofdgico, também conhecido como pseudoglote, pode ser
influenciada pelo comportamento aerodinamico dentro da prétese fonatdria e pelas caracteris-
tica do escoamento a jusante da protese. Trabalhos anteriores investigaram a queda de pres-
sdo através de diferentes proteses tanto em experimentos in-vitro quanto in-vivo. Ademais, os
aspectos aerodinamicos do escoamento na regido esofdgica somente foram investigados expe-
rimentalmente in-vitro para um modelo idealizado do sistema traqueoesofdgico. Este trabalho
propde investigar a queda de pressdo entre traqueia e esdfago, e também a distribui¢do de pres-
sd0 ao longo do segmento faringoesofdgico, como fun¢do do posicionamento e angula¢io da
protese. Os aspectos aerodindmicos do escoamento a jusante da protese também sdo avaliados.
A investiga¢do foi conduzida desenvolvendo um modelo numérico baseado em uma geometria
idealizada encontrada na literatura. Apds aferir as limitacdes do modelo idealizado, um experi-
mento foi conduzido para se obter as relagdes entre pressio, vazao volumétrica de ar e abertura
da proétese, relacdes fundamentais na criacdo de um modelo mais preciso do sistema traque-
oesofdgico. Apds essas investigacOes preliminares, imagens de tomografia computadorizada
foram utilizadas para construir um modelo mais realista. Este modelo foi utilizado para aferir
a influéncia da posicao da prétese na distribui¢do de pressao dentro do segmento faringoesofa-
gico. Os resultados indicam que o posicionamento de prétese ndo tem influéncia significativa
na queda de pressdo utilizada para verificar a influéncia do posicionamento da prétese fonatdria.
Entretanto, a distribui¢do de pressao dentro do segmento faringoesofdgico € influenciada pela
posicdo da prétese, especialmente para altos valores de vazao de ar.

Palavras-chave: Prétese fonatdria. Voz traqueoesofdgica. Aerodinamica da voz.






RESUMO EXPANDIDO

Introducao

O cancer de laringe aflige uma parcela significativa da populacdo mundial, consistindo 25% dos
casos de cancer na regido da cabeca e pescoco. Dentre as formas de tratamento deste cancer,
a laringectomia total se destaca devido a sua principal consequéncia, a perda da capacidade de
producdo da voz. Devido a alta taxa de sobrevivéncia e a grave consequéncia do tratamento,
sdo grandes os esfor¢os relacionados a reabilitagdo dos pacientes. As trés principais formas de
recuperacdo da fala sdo a eletrolaringe, a voz esofdgica e a prétese traqueoesofagica. As pro-
teses fonatdrias traqueoesofdgicas sdo a solugdo mais atrativa para recuperacao da fala devido
a intuitividade e boa qualidade da voz produzida. A prétese traqueoesofagica permite que o ar
do pulmao seja redirecionado para o es6fago, passando através do segmento faringoesofagico e
produzindo uma nova voz. Desde sua introdu¢do na década de 80, a prétese vem sendo aprimo-
rada por diversos fabricantes. Para que melhorias possam ser desenvolvidas para estas proteses,
€ necessario compreender os mecanismos de producdo da voz traqueoesofdgica. Diversos au-
tores buscam compreender 0s mecanismos que atuam na prétese, mas poucos consideram o

sistema traqueoesofdgico como um todo.

Objetivos

Este trabalho tem como objetivos o desenvolvimento de um modelo numérico capaz de captu-
rar os fendmenos fluidodindmicos que ocorrem no sistema traqueoesofagico; a determinagao
da relacdo entre vazio volumétrica de ar, queda de pressdo e angulo de abertura da védlvula da
prétese através de um experimento; e estimar a influéncia do posicionamento da prétese nas

forcas que agem sobre o segmento faringoesofagico.

Metodologia

Desenvolveu-se um modelo computacional baseado no método de Volumes Finitos para que
o escoamento de ar através do segmento faringoesofagico pudesse ser simulado. Este modelo
consiste de um algoritmo de solu¢do segregado, com modelagem de turbuléncia do tipo realiza-
ble two-layer k-¢. Inicialmente foi criado um modelo baseado em um experimento da literatura.
Este modelo consiste em um sistema idealizado do segmento traqueoesofdagico construido em
uma escala maior e utilizando d4gua como fluido de trabalho. Posteriormente, este modelo expe-
rimental foi utilizado como validacdo do modelo numérico. Devido as caracteristicas da protese,
o modelo idealizado ndo representava elementos fundamentais do escoamento. Para contornar

este problema, construiu-se uma bancada experimental para determinar a relacio entre a vazao



volumétrica de ar, a queda de pressdo e o angulo de abertura do mecanismo de valvula da pré-
tese. Determinados estes parametros e utilizando imagens de tomografia da regido da cabeca
e pescoco, o modelo numérico pode ser aplicado a uma geometria simplificada do sistema tra-
queoesofdgico para estimar as forcas atuantes sobre o segmento faringoesofdgico. Com este
modelo, variando-se a posicao da prétese no sistema traqueoesofagico, pode-se quantificar a

influéncia deste posicionamento nas for¢as que atuam no segmento faringoesofagico.

Resultados e Discussao

Para o modelo inicial, baseado no modelo experimental idealizado, foram obtidos os campos
de velocidade e vorticidade nos planos designados na literatura. Através do experimento foram
obtidas curvas para relacionar a diferenca de pressdo, a vazio volumétrica de ar e o angulo de
abertura do mecanismo da prétese. Com o modelo final, foram obtidas as quedas de pressdo
através da protese e as distribui¢des de pressdo nas paredes anterior e posterior do plano sagital
médio do segmento faringoesofagico para trés posicoes distintas da prétese e trés condi¢des de
escoamento de ar. Os campos de velocidade no plano sagital médio do segmento faringoesofé-

gico também foram obtidos.

Consideracoes Finais

A recuperacgdo da fala através da prétese traqueoesofédgica € sem diivida a técnica mais avangcada
para a recuperagdo da fala disponivel nos dias de hoje. Entretanto, ainda existem questionamen-
tos em relacdo a produgdo da voz no segmento faringoesofdgico. Os resultados sugerem que
a influéncia do posicionamento na perda de carga € desprezivel, e o grande limitador € o seg-
mento faringoesofdgico, e ndo a proétese. Por outro lado, a distribuicdo de pressdo no segmento
faringoesofdgico € afetada pelo posicionamento da prétese, o que pode impactar diretamente
na vibracao do segmento faringoesofagico. Os resultados também sugerem que a geometria do

esoOfago € de suma importancia no escoamento que entra no segmento faringoesoféagico.



ABSTRACT

Tracheoesophageal voice prostheses are the most appealing solution for the voice recovering
process of patients that have undergone a total laryngectomy. The flow-induced vibration of
the pharyngoesophageal segment, also known as the pseudoglottis, might be influenced by the
aerodynamic behavior inside the prosthesis itself and by the characteristics of the flow structures
downstream from its outlet. Previous works have investigated the pressure drop across different
prosthesis designs with both in-vitro and in-vivo experiments. Nevertheless, the aerodynamic
aspects of the flow in the tracheoesophageal region have been only investigated in-vitro with an
idealized geometry. In the present study, the pressure drop between the trachea and the esopha-
gus, as well as the pressure distribution along the pharyngoesophageal segment, are investigated
as a functions of the prosthesis position and angulation. Moreover, the aerodynamic aspects of
the flow downstream from the prosthesis outlet are assessed. The investigation was conducted
by developing a computational model based on the idealized geometry available in the litera-
ture. After assessing the limitations of the idealized model, an experiment was performed in
order to obtain the relationship between pressure, volume flow, and prosthesis opening, which
was used to create a more accurate representation of the airflow through the prosthesis. The
obtained results along with computed tomography images from laryngectomized subjects were
used to build a more realistic computer model. This model was finally used to assess the influ-
ence of the voice prosthesis position on the pressure distribution inside the pharyngoesophageal
segment. The results suggest that the prosthesis positioning does not play a significant role
on the pressure drop across the prosthesis. Nevertheless, the pressure distribution inside the
pharyngoesophageal segment is influenced by the prosthesis position, particularly for high vol-
ume flows.

Keywords: Voice prosthesis. Tracheoesophageal speech. Voice aerodynamics.






LIST OF FIGURES

Figure 1 The anatomical planes of the humanbody .............. ... ... . .......... 29
Figure 2 Sagittal cut showcasing the difference in anatomy before and after a laryngec-

tOMY PTOCEAUIE . ..ottt ettt e e e e e e e et e et 29
Figure 3  Electrolarynges ............oiiiiii e 30
Figure 4 Sagittal cut depicting an installed TE prosthesis ......................... ... 31
Figure 5 A typical voice prosthesis ...........c.oouiiiiiiiiiiiiiiiiiiiiiieeeeennnn, 32
Figure 6 Gussenbauer’s voice recovery deviCe .............ouuuiiiiiiniinnnnnneen.. 35
Figure 7 Hand-fabricated prototypes . ..........coouiiiiiiiiiiiiiiiiiiieeeeann. 37
Figure 8 Nijdam voice prosthesis ...........ouiiiiiiiiinii e, 37
Figure 9 Provox voice prosthesis schematics ............. ..., 38
Figure 10 Blom-Singer classic indwelling voice prosthesis ............................ 38
Figure 11 Provox 2 voice prosthesis .......... ... 39
Figure 12 Staffieri voice prosthesis .............ouiiiiiiiiiiiiii it 39
Figure 13 Blom-Singer Advantage voice prosthesis ............ ..., 40
Figure 14 Blom-Singer Dual-Valve voice prosthesis ................coooiiiiiiiiiiaa.. 40
Figure 15 Provox Vega voice prosthesis ...........c..uuuiitiiieeneeeennnnnnniiannnnn. 41
Figure 16 Several models of voice prostheses ........... ..., 41
Figure 17 Membrane-element sound-producing voice prosthesis ....................... 42
Figure 18 Artificial larynx ........ ... e 43
Figure 19 Experimental set-up used by Hilgers, Cornelissen and Balm (1993). .......... 44
Figure 20 In-vitro experimental results of Hilgers, Cornelissen and Balm (1993) ........ 44
Figure 21 Experimental set-up used by Belforte et al. (1998) ................... ... ... 45
Figure 22 Pressure drop by volume flow of the Provox 2 and the Provox Vega models .... 46
Figure 23 Experimental set-up of Kress and Schifer (2010). ....................... ... 46



Figure 24 Pressure drop by volume flow for low-resistance prostheses .................. 47
Figure 25 Comparison of pressure drop by volume flow for Provox Vega 17 Fr and the

Provox Vega 22.5 Fr by Hilgers et al. (2010b) and Kress and Schifer (2010). ............ 47
Figure 26 Experimental set-up used by Van Den Hoogen et al. (1997). ................. 48
Figure 27 Experimental results of pressure drop vs airflow by Van Den Hoogen et al.

(1007 oo e 49
Figure 28 Experimental set-up used by Grolman et al. (2006). ......................... 49
Figure 29 Experimental results of pressure drop vs volume flow by Grolman et al. (2006) 50
Figure 30 Idealized tracheoesophageal model by Erath and Hemsing (2016) ............ 51
Figure 31 CAD model of the idealized TE system. ............... ... ... 58
Figure 32 Variation of area ratio and pressure at the outlet versus time. ................. 59
Figure 33 Experimental visualization planes of Erath and Hemsing (2016). ............. 59
Figure 34 Comparison of velocity at the center point of the prosthesis for each mesh. .... 61
Figure 35 Velocity u, in the sagittal plane and in the transverse plane. .................. 61
Figure 36 Sagittal view of the final polyhedral mesh and mesh prism layer detail ........ 62
Figure 37 Transverse plane velocities, u, and u, , and vorticities, wy. .................. 64
Figure 38 Sagittal plane velocities, u, and u, , and vorticities, W,. ..................... 66
Figure 39 Coronal plane velocities, u, and u, , and vorticities, wWy. ..................... 68
Figure 40 Graphical representation of the experimental set-up. ........................ 70
Figure 41 Examples of photos taken with the experimental set-up. ..................... 71
Figure 42 Pressure drop vs volume flow. ....... ... ... . i 73
Figure 43 Pressure drop vs volume flow compared to results from the literature. ......... 74
Figure 44 Pressure drop vs valve flapangle. ......... ... .. ... . il 75
Figure 45 Volume flow vs valve flapangle. ....... ... .. ... . i i i 75
Figure 46 Mid-sectional view of the upper portion of the plenum chamber and the valve

used in the SIMUIAtION. . .. ..ottt e 76



Figure 47 Dimensions for the Provox 2 ....... ...

Figure 48 Volume flow values for different cell counts across the transversal mid-section

Of the ProSthESIS . ..ottt e
Figure 49 Pressure drop vs volume flow for numerical, experimental and literature results.
Figure 50 CT scan of patient 1 during apnea and phonation ...........................
Figure 51 CT scan of patient 2 during apnea and phonation ...........................
Figure 52 Detail of the prosthesis in CT scan of patient 1 during apnea and phonation ...
Figure 53 Detail of the prosthesis in CT scan of patient 2 during apnea and phonation ...
Figure 54 3D recreation of the tracheoesophageal airway of patient 1 ..................
Figure 55 3D recreation of the tracheoesophageal airway of patient2 ..................
Figure 56 The simplified geometry for the TEsystem ..................... .. ... . ...
Figure 57 Three positions selected for simulations. ............ ... ...,
Figure 58 Comparison of simulation results with Grolman et al. (2006) in-vivo results. ...
Figure 59 Sagittal cut displaying the analysis region. ...................coiiiieeeo...

Figure 60 Pressure on the anterior PE segment wall for a flap angle © = 9° and a volume
flow of (Q = 0.0372 LPS ... .o

Figure 61 Pressure on the posterior PE segment wall for a flap angle © = 9° and a volume
flow of () = 0.0372 LPS ... o

Figure 62 Pressure on the anterior PE segment wall for a flap angle © = 23° and a volume
flow of () = 0.1650 LPS .. ... .

Figure 63 Pressure on the posterior PE segment wall for a flap angle © = 23° and a volume
flow of () = 0.1650 LIPS ... i

Figure 64 Pressure on the anterior PE segment wall for a flap angle © = 369° and a volume
flow of () = 0.3640 LIPS ... o

Figure 65 Pressure on the posterior PE segment walls for a flap angle © = 36° and a
volume flow of ) = 0.3640 LPS ... .. .

Figure 66 Velocity field streamlines of the mid-sagittal plane of the PE segment for a vol-

82

82

83

83

84

85

86

87

89

91

91

92

92

93

93

94



ume flow of () = 0.0372 LPS (9 degrees valve flap opening). .......................... 94

Figure 67 Velocity field streamlines of the mid-sagittal plane of the PE segment for a vol-
ume flow of () = 0.1650 LPS (23 degrees valve flap opening). ......................... 95

Figure 68 Velocity field streamlines of the mid-sagittal plane of the PE segment for a vol-
ume flow of () = 0.3640 LPS (36 degrees valve flap opening). ......................... 95



LIST OF TABLES

Table 1 Incidence of larynx cancerin 2018....... ... ... .. 28
Table 2 Usual voice parameters as compiled by several authors........................ 53
Table 3 Mesh details for convergence analysis. ............coiiiiiiiiiiiiiiiio... 60

Table 4 Volume flow, (), pressure drop, AP, and valve flap angle, © obtained from the

experimental SELUP. . . ... ...ttt e 72

Table 5 Volume flow, ), pressure drop, A P, and valve flap angle, ©, obtained to be used

with the computational model. . ....... .. ... . . 77

Table 6 Pressure drop in the TE system considering three different prosthesis positions. . 88






CAE

CFD

CT

FVM

PE

PIV

RANS

SPVP

TE

LIST OF ABBREVIATIONS

Computer-Aided Engineering
Computational Fluid Dynamics
Computed tomography

Finite Volume Method
Pharyngoesophageal

Particle Image Velocimetry
Reynolds-averaged Navier-Stokes
Sound-Producing Voice Prosthesis

Tracheoesophageal






Latin alphabet
A Area
A, B Reference positions
c Speed of sound
Cy Skin friction coefficient
D Diameter
Frequency
k Kinetic energy
L Characteristic dimension
Ma  Mach number
P Pressure
Volume flow
Resistance to flow
r Radius
Re Reynolds number
St Strouhal number
U Velocity
u Mean velocity
Us Friction velocity
Uno Free stream velocity
x, Yy, 2 Orthogonal coordinates
+

Dimensionless wall distance

LIST OF SYMBOLS



Greek alphabet

AP

&l

Pressure difference

rate of kinetic energy dissipation
Dynamic viscosity

Kinematic viscosity

Density

Shear stress

Vorticity

Superscripts and subscripts

air

E

ef

P

T

wall

Air
Endoesophageal
effective
Prosthesis

Endotracheal

Wall

water Water



CONTENTS

1 INTRODUCTION .. itiiiiiiiiiitiiiiieteennneeeeoneseeessnsscessnnnssnnns 27
1.1 BACKGROUND . ... e e e 27
1.1.1 Total laryngectomy ... ...... ... .. .. 28
1.1.2 Voice recovery after total laryngectomy .............. ... ... . ... ... .... 30
1.2 OBJECTIVES . .. e 32
1.3 OUTLINE . . .o e e e e e e e 33
2 LITERATURE REVIEW ...t iiiiiiiiiiiiiiiiiiieetentneeeeonnseecennnnnns 35
2.1 VOICE RECOVERY AFTER LARYNGECTOMY . ..... ..ottt 35
2.2 TRACHEOESOPHAGEAL VOICE PROSTHESES ..... ... . ... ... ... ....... 36
2.3 NEWER TECHNIQUES . . ... e e 41
2.4 EXPERIMENTAL STUDIES OF VOICE PROTHESES . ........................ 43
2.4.1 In-vitrostudies .. ........... ... 43
242 In-vivostudies. . ......... ... 48
2.4.3 Idealized tracheoesophageal system ...................................... 50
2.5 VOICE PRODUCTION PARAMETERS OF TRACHEOESOPHAGEAL SPEAKERS 51
2.6 DISCUSSION . .. e e e e e e e e 54
3 COMPUTATIONAL PROCEDURES ... ..iiiiiiiiiiiiiiiiteeennneeeennnnnns 55
3.1 COMPUTATIONAL METHOD ... ... e 55
3.1.1 Computational models ......... ... ... .. .. . ... . 55
302 Star-COMA . .o 57
3.2 IDEALIZED TRACHEOESOPHAGEAL MODEL . ...... .. ..., 57
3.3 MODEL VALIDATION . . . . oottt e e e e e e 60
3.3.1 MeSh CONVEIrZeNCe . .. ...ttt ittt et et ettt et e 60
3.4 COMPARISON WITH LITERATURE RESULTS . ....... ... .. o 62
3.4.1 Transverseplane ................ ... . . e 63
3.4.2 Sagittal plane . ... ... 64
343 Coronal plane. . ............ .. 66
3.5 DISCUSSION . .o e e 68
4 QUASI-STEADY BEHAVIOR OF A REAL PROSTHESIS.............ccu.... 69

4.1 DETERMINING THE OPENING ANGLE OF A FLAP IN A VOICE PROSTHESIS 69

4.2 RELATION BETWEEN VOLUME FLOW, FLAP OPENING AND PRESSURE
DIFFERENCE . ... e e e 72

4.3 COMPUTER MODEL . . . ... . e 75



4.3.1 Mesh CONVEIrgeNCe . .. ...ttt ettt et et 78

4.3.2 Comparison with literatureresults ....................................... 79
4.4 DISCUSSION . .. e e e 80
5 FLUID DYNAMIC BEHAVIOR FOR A SIMPLIFIED TE GEOMETRY ........ 81
5.1 COMPUTED TOMOGRAPHY .. ... e 81
52 COMPUTER MODEL. . . ... . e 85
5.3 PROSTHESIS POSITIONING . . . ..ottt e 86
54 PRESSURE DROP. . ... .. e 87
5.5 PRESSURE DISTRIBUTION IN THE PESEGMENT.......................... 89
5.6 DISCUSSION . .. e e e 96
6 CONCLUSIONS i iiiiiiiiiiiitiiitttieteneeensessssssnscssssssssnsnnsns 99
6.1 SUGGESTIONS FOR FUTURE WORK . ..... ... i 100
References....cooouiiiiiiiiiiiiiiiiiiiieiiieiiieeineeenseesneesnseennsesnnens 103
ANNEX A - Post-processing of tomography images .........cccvetivrierncncenns 113
ANNEX B - Parecer cosubstanciadodo CEP ...............cciiiiiiiiiiiiinne.. 125

ANNEX C - Termo de consentimento livre e esclarecido .........ccevivevieeennnn. 131



27

1 INTRODUCTION

This work proposes to investigate the fluid flow phenomena that occur through the tra-
chea, esophagus and pharynx of laryngectomized patients—people who have had their larynges
removed due to cancer or other diseases of the neck region.

The larynx is an organ that composes part of the respiratory system, located between the
pharynx and the trachea. It houses the vocal folds and, as such, plays an important role in voice
production. Being subjected to a laryngectomy, a patient loses the capability to speak.

The voice is one of the defining characteristics of individual identity and human expres-
sion. Technology has been following a path in which voice-activated and voice-controlled de-
vices are more and more commonplace. From personal assistant applications to security sys-
tems, being unable to speak can be a hindrance. The social impact is even more significant and
can lead to several lifestyle and psychosocial issues. Patients have reported reduced olfactory
and taste response, respiratory issues, communication problems, and social stigma (HILGERS et

al., 1990; BLOM; SINGER; HAMAKER, 1998; NALBADIAN et al., 2001).

1.1 BACKGROUND

Laryngeal cancer is one of the most common diseases to afflict the head and neck region,
comprising around 25% of the malignant tumor occurrences in this area, with a larger incidence
on males (STEWART; WILD, 2014; INSTITUTO NACIONAL DE CANCER, 2018). The specific causes
of this cancer are not well known and the risk factors include excessive use of alcohol and
tobacco—especially when combined—and contact with asbestos (STEWART; WILD, 2014). More
recently, correlations between laryngeal cancer and the human papillomavirus (HPV) have been
reported, though no direct relation has been established (CHEN et al., 2017). Table 1 shows the
number of cases per continent logged by the World Health Organization (2018).

This type of cancer has a high five-year survival rate! when compared to other forms of
cancer, in countries with both high and low Human Development Indexes (SANKARANARAYANAN
etal., 2011; CANCER RESEARCH UK, 2015; NATIONAL CANCER INSTITUTE, n.d.). Due to the high
survivability and the severe consequences of this cancer, rehabilitation efforts are of great con-
cern.

There are a few standard treatments for this type of cancer, including surgery, radiotherapy

and chemotherapy. Surgical interventions include partial or total removal of the vocal folds

IThe percentage of people in a study or treatment group who are alive five years after they were diagnosed with
or started treatment for a disease.
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Table 1 — Incidence of larynx cancer in 2018 (WORLD HEALTH ORGANIZATION, 2018).

Region Registered cases Per 100000
Africa 10058 0.78
Asia 93373 2.1
Europe 39875 54
Latin America and the Caribbean 17044 2.6
North America 16352 4.5
Oceania 720 1.7
Total 177422

(cordectomy) and the partial or total removal of the larynx (laryngectomy). In most cases, it

results in the loss of the voice production capability (AMERICAN CANCER SOCIETY, n.d.).

1.1.1 Total laryngectomy

Throughout this work the three anatomical planes commonly referred in medicine will be
used: the sagittal plane divides the body in left and right parts; the coronal plane which divides
the body in front and back parts (or anterior and posterior, respectively); and the transverse
plane that separates the body in top and bottom parts. These can be visualized in Figure 1.

The total laryngectomy procedure consists of removing the larynx and, therefore, discon-
necting the mouth and nasal cavities from the respiratory system. In order for the patient to
breath again, a puncture—the tracheostoma— is created at the base of the neck. This puncture
is connected to the top-end of the trachea. The procedure is described in-depth by Schwartz,
Hollinshead and Devine (1963) and Tucker (1990).

The pharyngoesophageal (PE) segment is the segment that connects the upper portion of
the esophagus to the lower portion the the pharynx. It is also known as the upper esophageal
sphincter—usually when referring to its function. It precludes the passage of air from the phar-
ynx to the esophagus, as well as the esophageal contents to the pahrynx (SINGH; HAMDY, 2005),
and so, it stays closed. When a patient undergoes a total laryngectomy, the PE segment main-
tains its functions, but it also becomes the primary source of sound in post-laryngectomy voice
production. This will be further discussed in Section 1.1.2.

In Figure 2 a sagittal cut of the anatomy of the head and neck before and after the pro-
cedure can be seen. In Figure 2a shows the trachea coming up into the larynx as well as the
esophagus. Both of these enter the pharynx (the throat), which is part of both the respiratory and
the digestive systems. Figure 2b shows the anatomy after laryngectomy, in which the larynx is

absent and a tracheostoma was created to allow breathing.
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Figure 1 — The anatomical planes of the human body (BETTS et al., 2017).
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Figure 2 — Sagittal cut showcasing the difference in anatomy before and after a laryngectomy
procedure. The lines indicate the path of the air during breathing (blue) and voice production
(red).
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1.1.2 Voice recovery after total laryngectomy

The most common methods currently available for voice recovery of laryngectomized
patients are the electrolarynx, esophageal voice production and the TE voice prosthesis.

The electrolarynx, depicted in Figure 3, is a hand-held device, which has a vibrating
diaphragm. It produces mechanical vibrations that induce vibration of the neck tissues, allowing
the user to speak with a monotonic robot-like voice when held against the jaw. The main
drawback of the electrolarynx is the lack of modulation of frequency and vibrational amplitude.
Some manufacturers attempted to increase the emotion output of of the voice produced by these
devices by allowing manual modulation of the fundamental frequency to help lessen the stigma.

The esophageal voice production is a technique that involves injecting air into the esophageal
tube and releasing it in a controlled manner in order to induce the vibration of the PE segment,
thereby producing voice. It is a learned skill and requires training and practice (VAN AS, 2001).
Itis characterized by Gates et al. (1982) as harsh and with low pitch and intensity. It is limited by
the amount of air that can be trapped inside the esophagus. The esophagus has an approximate
volume of 40-80 cm® (BLOM, 2000), while the lung inspiratory capacity—that is, the maximum
amount of air that can be inhaled past a normal expiration—is approximately 3500 cm® (BETTS
etal., 2017), which leads to very short and truncated sentences. Despite its limitations it allows
the user to speak in a hands-free or device-free manner. It is also important as a form of alaryn-
geal communication, especially when cost and maintenance of tracheoesophageal prostheses or
electrolarynges are prohibitive (ZENGA et al., 2018).

The tracheoesophageal (TE) voice production is a method developed by Singer and Blom
(1980) based on a one-way valve. The valve mechanism opens when the tracheostoma is oc-

cluded and the endotracheal pressure, Pr, is greater than the endoesophageal pressure, Pg,

(a) SolaTone Plus (ATOS MEDICAL, n.d.). (b) Blom-Singer EL-1000 (INHEALTH
TECHNOLOGIES, n.d.).

Figure 3 — Electrolarynges
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allowing the air to pass from the trachea to the esophagus. In order to implement this voice
prosthesis, the physician must puncture the posterior wall of the trachea to create a hole that
leads into the esophagus. The voice prosthesis is inserted in this hole and acts as a gate that
allows air to pass from the trachea to the esophagus when the tracheostoma is occluded and
precludes the passage esophageal content into the lungs. The air diverted into the esophagus
passes through the PE segment and induces the vibration of the PE segment, similarly to the
esophageal speech. Figure 4 depicts a sagittal cut showing the prosthesis position in a laryngec-
tomized patient. Although it is reportedly more intuitive than the esophageal voice production
and considered the best voice rehabilitation method (ZENGA et al.,, 2018), it has several limi-
tations when compared to laryngeal voice production. The prosthesis prone to failure due to
Candida growth, which also leads to short lifespans, and the voice production success rate is
high, but it varies significantly from patient to patient. Low pitch and low intensity are com-
mon limitations. Some problems can arise due to either the hypertonicity (high stiffness) or
hypotonicity (insufficient stiffness) of the PE segment (VAN AS, 2001), which leads to patients
incapable of producing voice.

TE voice prostheses are built with medical grade materials like silicone rubber, fluoro-
plastics, and titanium. Shaft diameters fall within the range of 12-22.5 Fr (approx. 4 mm-8
mm), while the length varies from 4 to 22 mm. Figure 5 depicts a typical voice prosthesis, with

its components indicated. This prosthesis uses the most common valve mechanism found in

Tracheoesophageal
prosthesis

Tracheostoma

Figure 4 — Sagittal cut depicting an installed TE prosthesis. The blue line indicates the path of
the air during breathing and the red line during phonation.
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Figure 5 — A typical voice prosthesis and its components a) Esophageal flange b) Prosthesis
shaft ¢) Tracheal flange d) Safety strap e) Radio-opaque fluoroplastic valve seat f) Valve flap g)
Prosthesis hood.

theses prostheses, a hinged gate.

It is recommended that the prosthesis be replaced every few months, depending on the
clinician’s evaluation. However the elevated cost and usually short life-span are limiting factors
for patients who cannot afford to replace prostheses regularly. A prosthesis cost is estimated at
R$ 2500.00, which makes it cost-prohibitive for most. Life-span of the prosthesis is reported to
be as low as 61 days median (LEWIN et al., 2017). It is difficult to predict how long a prosthesis

will last due to differences in individual biological circumstances.

1.2 OBJECTIVES

In order to pursue a better quality of life for patients, it is necessary to understand the
mechanisms that govern the fluid flow in the system. With this in mind, the primary objective of
this work can be defined: the development of a computer model capable of reproducing the flow
field within the tracheoesophageal system and its dependency on features, such as prosthesis

position and prosthesis characteristics. To accomplish this, a few steps must be undertaken:

1. Develop a numerical approach that is capable of reproducing physical phenomena similar

to the fluid flow found in the tracheoesophageal system;

2. Determine the relation between volume flow, pressure drop and valve opening angle by

means of an experiment;
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3. Estimate the influence of the prosthesis positioning on the forces acting on the PE segment

by means of a computer model.

1.3 OUTLINE

This work is organized the following way:

Chapter 2 presents a literature review on the development of the TE voice and voice
prostheses, as well as some investigations. The aim of these studies is twofold: first, to under-
stand the mechanisms of the valve and, secondly, to understand the aerodynamics of tracheoe-
sophageal voice production. Taking into account both in-vitro and in-vivo investigations, these
works answer some fundamental questions necessary to the development of this work. More-
over, this section highlights some novel approaches to solve the voice production problem.

Chapter 3 provides a description of the computational procedures used to develop and
build all the numerical models in this work. We discuss an idealized experimental model by
Erath and Hemsing (2016), which serves as the reference for the developed model. We compare
the experimental results of Erath and Hemsing (2016) with those obtained by the simulation in
order to evaluate the quality of the results produced by the numerical models that were chosen.

Due to the nature of the experiment by Erath and Hemsing (2016), some simplifications
had to be made, which limited the understanding of the flow in the TE system. In order to
circumvent these limitations, Chapter 4 presents an experimental set-up devised to determine the
relation between volume flow, pressure and the valve flap opening. By adjusting the numerical
model presented in Chapter 3 to fit the observed experiment, we bring it closer to a realistic
geometry.

Based on the data obtained in Chapters 3 and 4, Chapter 5 presents a more realistic model
of the TE system of a laryngectomized patient. With this model, it is possible to approximate
the fluid flow phenomena that occur in the TE system with more accuracy. With the results
obtained by the latter model, we discuss the implications of valve positioning in the production
of voice.

Chapter 6 provides a general discussion of what was observed in this work as well as the

limitations, conclusions, and suggestions for future works.
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2 LITERATURE REVIEW

2.1 VOICE RECOVERY AFTER LARYNGECTOMY

The first recorded laryngectomy for cancer treatment was performed by the Austrian sur-
geon Theodor Billroth on December 31, 1873. However, the first documented attempt of voice
recovery was performed by his assistant, Carl Gussenbauer. Gussenbauer developed an internal
voice prosthesis, which consisted of a tracheal cannula, a pharyngeal cannula. and a phonation
cannula with a vibrating reed that was inserted in the tracheostoma. When the tracheostoma was
occluded, the device would divert the air from the trachea to the pharynx, while passing though
the the metal reed, which produced sound. A lid was placed on top of the pharyngeal cannula
to prevent aspiration. The device, shown in Figure 6, was placed 21 days after the surgery and
the patient was able to speak with a very poor quality of voice (WEIR, 1973).

Throughout the years, several other techniques have been proposed. David Foulis in
1877, Victor von Bruns in 1878, and Paul von Bruns in 1881 modified Gussenbauer’s design
according to their personal observations. Paul von Bruns’ design was further improved by
Julius Wolff in 1892. In 1894, Eugen Kraus tried to combat one of the main problems with the
existent solutions, the accumulation of secretion. All of these developments occurred in a period
when laryngectomy did not result in a complete separation of the respiratory and digestive

systems. Gluck and Sorensen would later introduce a surgical method that completely separated

Figure 6 — Gussenbauer’s voice recovery device. (a) Tracheal cannula, (b) pharyngeal cannula,
(c) phonation cannula, (d) turnable sealing, (¢) window to trachea, (h) artificial epiglottis, and
(1) spring (LORENZ, 2017).
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the respiratory and digestive systems in 1881. This new approach reduced mortality to less
than 10%, but it also precluded the rehabilitation of voice using the current methods (KRAMP;
DOMMERICH, 2009; LORENZ, 2017).

Several authors have reviewed the history of voice recovery of laringectomized patients
using various techniques like the aforementioned esophageal voice production and the electro-
larynx. Further reading on the subject can be found in Kramp and Dommerich (2009), Tang
and Sinclair (2015), Lorenz (2017), Zenga et al. (2018), and Bohnenkamp (2019).

In 1980 a new solution emerged. Inspired by a patient described by Guttmann in 1932,
who self-inflicted a tracheohypopharyngeal shunt with an ice-pick and managed to produce loud
fluent tracheopharyngeal voice and the work by Taub and Spiro (1972), Mark 1. Singer and Eric
D. Blom developed what is now known as the TE voice prosthesis (BLOM; SINGER; HAMAKER,
1998). Nowadays, TE voice production is the most common voice recovery method (ZENGA et
al., 2018).

2.2 TRACHEOESOPHAGEAL VOICE PROSTHESES

Singer and Blom (1980) developed the first commercially available tracheoesophageal
prosthesis, the Blom-Singer Duckbill prosthesis. They created a device that was capable of
diverting the air from the trachea into the esophagus while impeding the flow in the opposite
direction. Their first attempt at a prosthesis was built in 1978 using a rubber catheter. The valve
mechanism was made using a ball trapped in a cage at the esophageal tip. This design, however,
would easily malfunction due to clogging.

The next design replaced the ball system with a simple slit cut on the closed end of the
catheter. This model was nicknamed "duckbill" for its resemblance. This valve would open
when air was forced through it and close due to its own elasticity when no airflow was ap-
plied. This design was successful in clinical trials and the prosthesis started to be produced and
commercialized. Both designs’ prototypes are shown in Figure 7.

This device was later classified as "non-indwelling", a design that could be inserted or re-
moved by the patients themselves, contrary to the "indwelling" designs that would be introduced
in the future, which required the intervention of a physician.

Not long after, flanges were added on the esophageal end of the prosthesis to avoid dis-
lodgement. One problem of this design was that the "duckbill" valve tip length was causing
problems. Being 8 mm long, it could touch the posterior wall of the esophagus and impede the
valve mechanism of working. If it was longer than 8 mm, the tip would not close properly. If it
was shorter, the airflow resistance was significantly higher.

To circumvent these issues, the valve mechanism had to be internalized. In 1983, the
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Figure 7 — Hand-fabricated prototypes, ball valve on the left and slit valve on the right (BLOM;
SINGER; HAMAKER, 1998).

duckbill portion of the prosthesis was removed and the valve design was replaced by a hinged
flap and was called "low-pressure" voice prosthesis (BLOM; SINGER; HAMAKER, 1998). This
design went on to become very popular for voice prostheses.

Knapp and Panje (1982) developed a bi-flanged prosthesis called the Panje Voice prosthe-
sis or voice button. It is based on the same principle as the one designed by Singer and Blom
(1980). It had a slit valve similar to the duckbill, but with an extra slit perpendicular to the first
one. The main advantage over the Blom-Singer prosthesis was that the device was held in place
by the tracheostoma. It can be seen in a comparison of different prostheses in Figure 16.

Nijdam et al. (1982) further changed the design. Instead of a slit or hinged valve, the
mechanism of the prosthesis was based on the hat on the esophageal side. Its sides pressed
against the esophageal wall, closing the passage. When the air is forced through the valve, the
hat’s "brim" rises, as indicated by the arrows in Figure 8. They also reported that average device

life was longer than those reported by the Blom-Singer and the Panje prostheses.
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Figure 8 — Nijdam voice prosthesis (VERKERKE et al., 1997).
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Karschay et al. (1986) attempted to address the limitations of the existing Blom-Singer
duckbill and Panje prostheses. Their Herrmann voice prosthesis had a slit valve mechanism
tilted upwards, nicknamed "tracheal chimney" for its appearance. This was done after investi-
gations showed that the prosthesis contact with surrounding tissue had a significant impact in
flow resistance. This prosthesis can be seen in Figure 16.

Hilgers and Schouwenburg (1990) presented the Atos Provox voice prosthesis developed
between 1988 and 1990. It was a hinged valve, much like the Blom-Singer low-pressure design.
Its geometry and dimensions can be seen in Figure 9. It became a very popular design along
with the Blom-Singer classic. Moreover, it had a protective hood to avoid clogging of the valve
mechanism by deviating the esophageal content from the prosthesis. It had an internal plastic
ring to provide support to the soft shaft. The valve flap was also created with a pre-tension to
increase the resistance to low pressure airflows and avoid leakage.

In 1996, the first indwelling Blom-Singer voice prosthesis was introduced (BLOM; SINGER;
HAMAKER, 1998). It was an evolution of the non-indwelling hinged valve that was prototyped
along with the "duckbill" prosthesis, but no significant differences in the mechanism were made,
as depicted in Figure 10.

One year after, Hilgers and collaborators devised the Atos Provox 2 (HILGERS etal., 1997),

as depicted in Figure 11. It was very similar to the original Provox from the mechanical view-

40.00

Figure 9 — Provox voice prosthesis schematics with dimensions in mm and degrees (HILGERS;
CORNELISSEN; BALM, 1993).

N—

Figure 10 — Blom-Singer classic indwelling voice prosthesis INHEALTH TECHNOLOGIES, n.d.).
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&

Figure 11 — Provox 2 voice prosthesis (ATOS MEDICAL, n.d.).

point. Its development was driven by the need of improving the patient’s comfort during the
replacement procedure.

Schouwenburg, Eerenstein and Grolman (1998) developed a new design called Voice-
Master prosthesis. This prosthesis had a ball attached by springs at the esophageal end instead
of the usual flange. The springs keep the ball flush against the valve tip and with airflow, the ball
would be pushed out to allow air to pass through. They claimed that the valve performance was
superior to other designs when tested in-vitro due to the shape of the valve mechanism. Instead
of a hinged door that occludes most of the air path, the ball provided superior aerodynamic
characteristics by only needing a very small opening. The material of the prosthesis was mostly
Teflon, which prevented Candida growth. Some reported problems were the accumulation of
debris, leakage, snapping of the suspension springs at their hinges, and incidental sticking of
the ball. The main advantage of the model was its capability of being an indwelling prosthesis
that was easily removed and put back on. However, this advantage also lead to one reported
case of the prosthesis being swallowed by a patient (PHILIP, 2006). This prosthesis has since
been discontinued.

Belforte et al. (1998) showed a newly developed Staffieri voice prosthesis. The valve
principle was based on a hood that covered the esophageal tip of the prosthesis. This hood had
a slit opening in the lower part of the prothesis end that allowed the air to pass through. Its

mechanism can be seen in Figure 12

N
@—

Figure 12 — Staffieri voice prosthesis (BELFORTE et al., 1998).
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The Provox ActiValve was introduced by Hilgers et al. (2003) for people with reported
early valve failure. This version had the same hinged valve mechanics, but it contained a magnet
at the tip of the flap to increase the threshold of pressure for the opening of the flap. Unlike the
Provox 2, this valve was not pre-loaded, relying only on the magnet force to keep the flap closed.
After opening, the valve behaved similarly to the traditional prostheses.

The Blom-Singer Advantage (Figure 13) was created as an attempt to increase prosthesis
life. The Blom-Singer classical design was working well for voice production, however, the
device lifetime was shorter than desirable. This prosthesis was designed with silver oxide mix-
ture embedded in the silicone, in order to reduce biofilm formation, which is the main cause of
premature prosthesis failure (LEDER et al., 2005).

InHealth Technologies, the Blom-Singer prostheses manufacturer, developed the Blom-
Singer Dual-Valve prosthesis Figure 14. The dual valve mechanism was created to prevent
aspiration of liquids in case the esophageal valve failed. It uses the same simple hinge principle
found in previous prostheses. This prosthesis was used for patients whose valves would fail
regularly due to clogging. It required higher pressures to function, due to the double flap system.
For patients who had a recurrent prosthesis failure, the device helped to alleviate the situation,
at a significant price increase (BROWNLEE et al., 2018).

Hilgers et al. (2010a, 2010b) proposed the Provox Vega (Figure 15), the successor to
the Provox 2. This model showcases several improvements in its design. The valve flap was
inclined a few degrees to ease its opening and was brought back inside the prosthesis shaft to
keep it away from esophageal content. The wall thickness of the shaft was also reduced to

increase the cross sectional area further.

-
-
Figure 13 — Blom-Singer Advantage voice prosthesis (INHEALTH TECHNOLOGIES, n.d.).

primary valve

secondary valve

(a) Blom-Singer Dual-Valve photo (IN- (b) Blom-Singer Dual-Valve schematics
HEALTH TECHNOLOGIES, n.d.). (INHEALTH TECHNOLOGIES, 2010).

Figure 14 — Blom-Singer Dual-Valve voice prosthesis
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Figure 15 — Provox Vega voice prosthesis (ATOS MEDICAL, n.d.).

Figure 16 — Several models of voice prostheses. Left to right: Panje, Groningen, Algaba,
Staffieri, Traissac, and Herrmann voice prostheses (BLOM; SINGER; HAMAKER, 1998).

In 2016, the oncologist Vishal Rao and Shashank Mahesh created the AUM voice prosthesis—
nicknamed "dollar prosthesis"—, motivated by the high cost of imported European prostheses
in India. It is a simple design, apparently very similar to the Blom-Singer classic indwelling
prosthesis. As of 2019, it is not available for purchase and no further information has been

released (INNAUMATION, n.d.).

2.3 NEWER TECHNIQUES

Despite the TE prosthesis still being considered the best approach to voice rehabilitation,
other avenues are being investigated. Some have had success in recovering speech but still
require further research to overtake the TE prosthesis as the de facto voice rehabilitation tech-
nique. These techniques include larynx transplantation, a sound-producing voice prosthesis and
an artificial larynx.

In 1998 the first successful total laryngeal transplant was performed by Marshall Strome
in Cleveland, Ohio, on a 40-year-old male patient who had had his larynx and pharynx crushed
20 years earlier. Three days after the surgery the patient uttered his first word in 20 years. 36

months after the surgery his voice was reported to be of good quality and natural sounding
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(STROME et al., 2001). The second documented transplant was performed by Gregory Farwell
in 2010 in Sacramento, California. The patient, a 52-year-old woman, underwent a laryngeal,
thyroid gland, and tracheal transplantation. After the surgery the patient underwent rehabilita-
tion for 2 months, relearning to speak and swallow. On the 13th day after the procedure, she
spoke her first words in 11 years. Both patients used electrolarynges to communicate prior to
the procedures (SAKALLIOGLU, 2015).

Several attempts have been made to develop a sound-producing voice prosthesis (SPVP),
in order to offer patients increased voice intensity, modulation and frequency control. Early
concepts relied on using a beam-like structure inside the prosthesis that would vibrate due to
the airflow passing through (VAN DER TORN et al., 2001; DE VRIES et al., 2003). More recent
SPVP designs tried to take advantage of the already established voice prosthesis. An insert
comprised of a membrane attached to a set of masses inside a tube was developed. This would
form a channel through which the airflow would excite the inner structure to an auto-oscillation
that produces sound (TACK et al., 2006; VAN DER PLAATS et al., 2006; VAN DER TORN et al., 2006;
TACK et al., 2007; THOMSON; TACK; VERKERKE, 2007; TACK et al., 2008). This design (Fig-
ure 17) has proven to be very successful at preliminary clinical trials, although the frequencies
achieved were still high—particularly for male speakers—and the long term durability is still
uncertain. A comprehensive review of the past and current state of SPVPs is given by Verkerke
and Thomson (2014).

(a) (b)

Figure 17 — Membrane-element SPVP (a) schematic view (TACK et al., 2006) and (b) prototype
used in clinical trials (VERKERKE; THOMSON, 2014).

Another approach was proposed by Debry et al. (2014), who developed an artificial lar-
ynx that reconnects the trachea to the pharynx. This artificial larynx is comprised of a tube
made from silicone rubber and titanium, as well as a titanium cap which precludes the passage
of food and liquids into the prosthesis. This cap works like the valve mechanism of the TE
voice prosthesis. When the patient exhales, the cap opens allowing the air to flow through the
PE segment, inducing its vibration and producing voice. The main difference occurs during
inhalation. The patient does not need to undergo a tracheostomy to breath. While the curved

top of the cap deflects food and liquids, its bottom is open, allowing the air to flow from the
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pharynx into the artificial larynx. A design improvement has been reported in a a follow-up
study (DEBRY; VRANA; DUPRET-BORIES, 2017), but the overall working mechanism remains the
same. Figure 18 shows the newest iteration of this prosthesis and its components. Some remain
skeptical due to medical concerns regarding accumulation of fungi and food remnants combined

with feasibility of periodic removal of the prosthesis (D’ASCANIO; PIAZZA, 2017).

aspiration

Removable
titanium cap

Tracheal
titanium ring
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Figure 18 — Second iteration of the artificial larynx by Debry, Vrana and Dupret-Bories (2017).

2.4 EXPERIMENTAL STUDIES OF VOICE PROTHESES

To better understand what makes a good prosthesis, from the mechanical viewpoint, sev-
eral studies have been performed through the years. These studies aim to characterize some
particular properties or features of different prosthesis, and compare them to determine which

are the most effective and why.

2.4.1 In-vitro studies

The most common form of experimental evaluation of a prosthesis is the relation between
pressure drop between inlet and outlet and volume flow. The results are also expressed in terms

of resistance to flow, defined as

R=— 2.1

in which AP is the pressure drop and () is the volume flow of air. These experiments are
usually performed with similar experimental set-ups, consisting of an airflow regulator and
pressure transducers positioned up- and downstream and the prosthesis oriented along the main

axis of the flow.
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Hilgers, Cornelissen and Balm (1993) performed a test in order to evaluate their newly
developed prosthesis against four other available prostheses. The five tested prostheses were the
Provox, the Groningen low-resistance, the Groningen standard, the Blom-Singer low-resistance
and the Blom-Singer duckbill. A schematic of the experimental apparatus is displayed in Fig-

ure 19, and the results are shown in Figure 20.

Figure 19 — Experimental set-up used by Hilgers, Cornelissen and Balm (1993).

air pressure (kPa) 45 airflow resistance (kPa/l/sec)
6 30 41
5 4 25 4
4 - 204
34 154
29 104
14 5
0- Y T T Y T T T 0 T T Y y T Y T Y
0.05 01 015 0.2 0.25 0.3 0.35 0.4 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
airflow (l/sec) airflow (1/sec)
(a) (b)

Figure 20 — In-vitro experimental results of Hilgers, Cornelissen and Balm (1993). (a) Pres-
sure drop by volume flow and (b) flow resistance by volume flow . ¢, Provox low-resistance
prosthesis; +, Groningen low-resistance button; *, Groningen standard button; [], Blom-Singer
low-resistance prosthesis; x, Blom-Singer duckbill prosthesis.

Belforte et al. (1998) performed similar measurements, and were able to obtain the re-
lations between pressure and volume flow for the Staffieri prosthesis (Figure 21). Again, the

experiment was designed so that the main flow was oriented in the same direction as the main



45

Figure 21 — Experimental set-up used by Belforte et al. (1998). A represents the airflow en-
trance, R is a variable resistance to the flow, F is a flow gauge and M is a manometer.

axis of the valve. Their results show the same linear trends as found by Hilgers, Cornelissen
and Balm (1993), though for a different prosthesis model.

Hilgers et al. (2010b) do not provide details on the experimental set-up but they provide
pressure drop by volume flow curves for the newly introduced Provox Vega models and a curve
for the older Provox 2 for comparison. These are shown in Figure 22. The results show that
the Provox Vega has a better performance, but there is no significant difference between the
newer models and the old Provox 2. This can be explained by the fact that most of the ad-
vancements found in the newer prostheses are related to patient comfort and durability, with
few improvements regarding performance.

Kress and Schifer (2010) tested several prostheses commercially available using a simple
experimental set-up to determine the relation between pressure drop and volume flow. The ex-
perimental apparatus is shown in Figure 23. Once again the prosthesis principal axis is aligned
with the main flow orientation. The results are shown in Figure 24. All results, except for
the Blom-Singer Dual Valve show a linear trend. The double-valve mechanism seems to im-
part a quadratic trend on the pressure drop. There is no significant difference between most
prostheses.

Both Hilgers et al. (2010b) and Kress and Schifer (2010) experimented on the Provox
Vega 17 Fr and the Provox Vega 22.5 Fr. Figure 25 compares the results of these prostheses
found in Figures 22 and 23. The results show similar trends, however, the pressure drop for
high volume flows found by Kress and Schifer (2010) is significantly higher than those found
by Hilgers et al. (2010b). This could be attributed to differences in experimental setups, but,

there is no information on the Hilgers et al. (2010b) equipment.
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Figure 22 — Pressure drop by volume flow of the Provox 2 and the Provox Vega models
(HILGERS et al., 2010b).
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Figure 23 — Experimental set-up of Kress and Schifer (2010).
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Figure 24 — Pressure drop by volume flow for low-resistance prostheses (KRESS; SCHAFER,
2010).
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Figure 25 — Comparison of pressure drop by volume flow for Provox Vega 17 Fr and the Provox
Vega 22.5 Fr by Hilgers et al. (2010b) and Kress and Schifer (2010).
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2.4.2 In-vivo studies

In-vivo studies attempt to understand the fundamental differences between the prosthesis
in a controlled environment and during actual use, focusing on the tests that assessed trans-
device pressure drop. Two such works have been found.

Van Den Hoogen et al. (1997) tested a Nijdam prosthesis with nine patients. The pros-
thesis valve mechanism depends on the pressure of the esophageal end on the wall between the
trachea and the esophagus. That pressure could be controlled by varying prosthesis length. In
order to understand the issues that could arise from wrong sized prostheses, they used added
silicone rings between the tracheal flange and the tissue wall to emulate shorter prostheses with
the same experimental setup. The setup is shown in Figure 26. The pressures were measured in

the trachea, and in the esophagus next to the prosthesis.

— kg MT9500

Figure 26 — Experimental set-up used by Van Den Hoogen et al. (1997).

Their results are shown in Figure 27. The plot shows the relation between pressure drop
across the prosthesis and the air volume flow. Each line represents an average for all patients
with a different prosthesis length.

Grolman et al. (2006) performed a study with eight patients, six men and two women.
Half of them used the Provox 2 prosthesis while the other half used VoiceMaster prostheses.
Their experimental setup is shown in Figure 28. The pressure was assessed inside the trachea
near the tracheostoma and in the esophagus near the prosthesis esophageal end. The air volume
flow was measured with a mask worn by the patients. They attempted to measure volume
flow as a function of pressure for different speech efforts, varying between the minimal and
maximum patient’s effort to produce voice.

Their data was plotted against unpublished in-vitro results of five different prosthesis. We

assume these results were averaged. Both data sets were fit to linear curves and are shown in
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Figure 29.
The results suggest that there is a significant difference between the in-vitro and the in-
vivo pressure drop. These differences could be attributed to the more complex physiological

circumstances found in the in-vivo tests, as well as prosthesis age.

Trans device pressure loss (kPa)

o t t T f
0 0,1 0,2 0,3 0,4 0,5
Air flow (I/s)

Figure 27 — Experimental results of pressure drop vs volume flow by Van Den Hoogen et al.
(1997), in-vivo. Each line represents a different prosthesis length.

~= Esophageal pressure
catheter

-~ Endotracheal pressure

Figure 28 — Experimental set-up used by Grolman et al. (2006).
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Figure 29 — Experimental results of pressure drop vs volume flow by Grolman et al. (2006),
in-vivo and in-vitro.

2.4.3 Idealized tracheoesophageal system

Erath and Hemsing (2016) realized that the conventional prosthesis testing set-up could
lack accuracy, mainly due to the orientation of the valve’s main axis with the flow. Previous
works used set-ups in which the prosthesis was positioned in-line with the airflow piping, with
the prosthesis acting solely as a constriction in the flow. They hypothesized that the position of
the prosthesis in relation to the flow could have a significant impact on the pressure drop. In
order to understand the mechanisms behind the airflow through the TE system, they created an
experimental model comprised of cylindrical tubes representing idealizations of the trachea, the
prosthesis, and the esophagus, as shown in Figure 30.

The authors concluded that previous studies with the voice prosthesis aligned with the
airflow did not capture the complex dynamics of TE flow, as observed in the real TE system. In
the latter, a different flow phenomena is expected, such as flow detachment and vorticity, which

would highly influence the pressure drop.
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Figure 30 — Idealized tracheoesophageal model by Erath and Hemsing (2016). A is the transver-
sal area of the idealized PE segment and /7 is the normalized time. All dimensions in cm.

2.5 VOICE PRODUCTION PARAMETERS OF TRACHEOESOPHAGEAL SPEAKERS

Several authors have compiled information on voice production parameters. These pa-
rameters, presented in Table 2, dictate under which circumstances speech can be produced, and
will serve as a guideline through this work. The table presents ranges for the Reynolds number,
the Strouhal number, the Mach number, the pressure drop through the TE system and the air
volume flow. Many authors have obtained pressure readings for TE speakers, however, most au-
thors focus on the endoesophageal (subglottal) pressure, Pg. The pressure drop given in Table 2
by Schutte (1980) and Ruty et al. (2007) are related to laryngeal speech, that is, the pressure
drop across the vocal folds. Grolman et al. (2006) and Erath and Hemsing (2016) give values
found for TE speakers. Searl (2019) provides a review of the literature concerning alaryngeal
speech aerodynamics.

The Reynolds number, Re, a dimensionless quantity that relates the inertial forces and the

viscous forces in a flow, is defined as
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L
Re = 2% 2.2)
L
in which p [%] is the fluid density, u [] is the velocity, L [m] is a linear characteristic dimen-

sion and p [Pa - s] is the dynamic viscosity of the fluid. It is used to determine the ratio between
inertial and viscous forces, which ultimately indicates whether the flow regime is either lam-
inar or turbulent. For internal flows, the transition point from laminar to turbulent begins at
Re = 2000, and the flow is considered completely turbulent when Re > 2300 (VERSTEEG;
MALALASEKERA, 2007). This means that the flows found in TE voice production range from
laminar to turbulent.

The Strouhal number, St, gives the dimensionless frequency of vortex shedding,

_ /L

St (2.3)
Uu
in which f [%] is the vortex shedding frequency. The Mach number, Ma, is
Ma = <. (2.4)
c

in which c is the speed of sound. The Mach number represents the ratio between flow velocity
and the speed of sound in the mean, and allows to determine whether the compressibility effects
of a flow can be disregarded. For low Mach numbers—below Ma = 0.3—fluid flow models
can be assumed incompressible (FOX et al., 2016).

With the exception of those provided by Ruty et al. (2007) and Erath and Hemsing (2016),
the Reynolds and Mach numbers of Table 2 were obtained using Equations 2.2 and 2.4. Given

the volume flow () = uA, the mean velocity u can be found by

e
U= —,

A
in which A is the cross-sectional area of the prosthesis. The necessary air properties at 30°C

are, air density, p,;, = 1.169 kg/m?, dynamic viscosity, and z,;, = 1.869 - 1077 Pa-s, and speed
of sound, ¢ = 349 m/s (BELL et al., 2014).
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2.6 DISCUSSION

While several TE voice prostheses have been developed through the years, the mecha-
nism of the classical indwelling voice prosthesis created by Singer and Blom remains the most
popular in voice prostheses. Despite the differences, some prostheses are so similarly designed
to the point of being interchangeable (VAN DEN HOOGEN et al., 1996).

Blom (1988) addresses the particular shortcomings of the duckbill prosthesis, but several
of these observations still remain relevant for modern prostheses, such as the need for the pros-
thesis to be kept in place and how the overall size of the prosthesis and puncture position will
impact insertion and removal. They also raise concerns on materials used, arguing that despite
the qualities of silicone rubber, it is has limited durability and high adherence to certain Can-
dida growths. However, more durable materials such as stainless steel and titanium were too
heavy and could not be supported long-term by the TE fistula. Blom (2003) also comment on
the ever increasing size of prosthesis diameter and its consequences, such as increase leakage
due to enlargement of the TE fistula and using larger prostheses to combat this issue. Initial
prostheses were made using a 16 Fr (approx. 5 mm) catheter, while current prostheses sit be-
tween 20-23 Fr (6.7-7.7 mm). The optimal diameter for the prosthesis is still the subject of
scientific discussion.

Brown et al. (2003) show that there is no significant difference between non-indwelling
and indwelling voice prostheses in matters of voice quality and voice production. As for pros-
thesis maintenance, there is an overall patient preference for the indwelling prosthesis type.

Several prostheses models are seemingly discontinued or didn’t make it even past the first
studies phase. About prostheses like the Traissac/Newvoxx (in Figure 16), the Adeva Bigflow,
and the Heimomed Phonax little to no information is readily available.

There is a significant amount of in-vitro research for these prostheses. Most are very
similar and produce similar results, showing that for hinged flap prostheses, the relation between
volume flow and pressure drop is fairly linear. However, it is important to note that no attempts
to perform in-vitro tests on prostheses while using a testing apparatus that approximate the
human TE system have been found. On the other hand, the amount of in-vivo results for trans-
device pressure is limited. To the author’s knowledge, no works have attempted to numerically
simulate the fluid flow inside the TE segment.

From the parameters presented in Section 2.5, we can reasonably assume that, for the
displayed Reynolds number range, a model of TE voice flow will require turbulence modeling.
On the other hand, the Mach number range shows that an incompressible model is a reasonable
approximation. The pressure drops are less straightforward, because several authors only relay

the pressure measured inside the trachea, or the subglottal pressure inside the esophagus.
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3 COMPUTATIONAL PROCEDURES

To further explore physics in voice productions with voice prostheses, numerical tools
were developed, which allowed to better understand the phenomena that occurs in the tracheoe-
sophageal system. This approach allows for a better understanding of the flow that occurs
inside the system. With in-vivo and in-vitro models, it is not possible to observe certain aspects
of the flow, for instance, inside the prosthesis or inside the PE segment. By using computa-
tional methods, geometry variations and different boundary conditions are explored with ease,
not restrained by experimental procedure limitations. The method most traditionally associated
with Computational Fluid Dynamics (CFD) is the Finite Volume Method (FVM). The FVM is
a widely used method for many applications. It has been developed for decades, and has been

thoroughly researched and validated (VERSTEEG; MALALASEKERA, 2007).

3.1 COMPUTATIONAL METHOD

As the model parameters are expected to fall within the range of values given in Sec-
tion 2.5, it is reasonable to assume from the Mach number that there is no need to consider
compressibility issues. On the other hand, the Reynolds number range means that the model
will require turbulence modeling. To model the problem, an incompressible segregated flow
solver was used, for both steady and unsteady situations. The turbulence modeling was achieved

by using a Reynolds-Averaged Navier-Stokes (RANS) two-layer realizable k-¢ model.

3.1.1 Computational models

The FVM is a method for solving partial differential equations and consists in dividing
the domain in a finite number of control volumes, in which the conservation laws must be
satisfied. Each volume corresponds to a cell in a computational grid. This results in a set of
linear equations, the same amount as the number of cells. When dealing with time dependent
problems, the time can also be subdivided into time-steps. A full description of the method can
be found in Versteeg and Malalasekera (2007) and SIEMENS (2016). It was selected for this
work for its availability and ease of use.

Recalling Equation 2.2, the Reynolds number is defined as
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As discussed in Section 2.5, a Reynolds number greater than 2300 means that a viscous flow
inside pipes with low Mach numbers is usually turbulent. Since the Reynolds number of the
experiment falls within the turbulent range, turbulence modeling is required.

The experimental velocity fields were phase-averaged in time in order to obtain a mean
velocity field. In a computational domain the Reynolds-Averaged Navier-Stokes (RANS) can
be considered the analogous model when applied to a time dependent simulation. In the RANS
model, all flow quantities are decomposed into a mean value and its fluctuation. This approach
has been a mainstay of CFD for over the last three decades. (VERSTEEG; MALALASEKERA,
2007)

In order to properly solve the fluctuation part of the RANS equations, a turbulence model
is needed. The k-¢ turbulence model is a two-equation model that solves the equations for the
turbulent kinetic energy and the turbulent dissipation rate. There are several approaches for the
k-e model.

Since the interest lies in the phenomena that occur near the wall, it is necessary to use a
method that allows for the flow to be properly solved near the wall in the boundary layer region.
The two-layer approach, first suggested by Rodi (1991) fulfills this criteria. In this approach, the
region next to the wall has the turbulent dissipation rate and the turbulent viscosity formulated
as functions of the wall distance and are blended smoothly with the layer far from the wall. The
equation for the turbulent kinetic energy is solved across the entire flow domain. The realizable
model adds an equation for the turbulent dissipation rate (SIEMENS, 2016).

In order to make use of the capabilities of the model and solve the flow near the wall, we
must make sure that the mesh being used is adequate. To do so, a dimensionless quantity known
as the dimensionless wall distance, y*, is used. It gives a parameter to which one can evaluate

the mesh near the wall. The y™ is defined as

+ _ Yur
14

) 3.1

where v is the friction velocity, y is the absolute distance from the wall, and v is the kinematic
viscosity, defined as v = u/p.
Versteeg and Malalasekera (2007) give the friction velocity

up = Al (3.2)
p
and the wall shear stress, 7y,4]> s
Cepu?,
Tall = g (3.3)

with Cf being the skin friction coefficient. This coefficient is usually obtained using empirical
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correlations found in the literature. Schlichting (1979) gives

Cy = [2logy, (Re,) — 0.65] 7, (3.4)

for Re < 10°.

In order to properly model the boundary layer one needs to obtain a value of y* = 1.

3.1.2 Star-CCM+

STAR-CCM+ is a Computer-Aided Engineering (CAE) software for solving multidisci-
plinary problems in both fluid and solid continuum mechanics, within a single integrated user
interface (SIEMENS, 2016).

It allows the user to import geometries, generate surface and volume meshes, solve the

governing equations, and post-process the results.

3.2 IDEALIZED TRACHEOESOPHAGEAL MODEL

Erath and Hemsing (2016) developed an experimental procedure to analyze the flow
through an idealized model of the TE system. They used a Particle Image Velocimetry (PIV)
method to obtain the velocities of the fluid flowing through the idealized system. In order to be
able to visualize the flow structures inside the system, the components—the trachea, the esoph-
agus, and the prosthesis—were represented by straight cylinders and water was used as the fluid
medium. Figure 30 shows the idealized model and its dimensions. The set-up was designed on a
scale of 3.5:1. The flow was controlled by two constant pressure head tanks, keeping a pressure
difference of 1000 Pa in the system. The idealized PE segment had a gate system to mimic the
fluctuation of pressure caused by its vibration by gradually opening and closing the constriction
during each cycle. The plot at the top-left of Figure 30 shows the area ratio of the PE segment
at given times during the opening and closing cycle.

To simulate this set-up, a computational mesh based on the dimensions displayed in Fig-
ure 30 and the information provided by Erath and Hemsing (2016) was created. The solid model
is shown in Figure 31.

The boundary condition was set as a pressure difference between the inlet and the outlet
of the system. Markow et al. (2017) show that the area of the glottic opening correlates in-
versely to the pressure drop across the vocal folds. In order to simulate the area ratio change, a
constant pressure in the inlet and a variable pressure in the outlet was used. Figure 32a shows
a reproduction of the inset plot of Figure 30, giving the area ratio versus time that was imposed

on the idealized PE segment. Figure 32b shows the pressure versus time that was applied to the
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Figure 31 — CAD model of the idealized TE system.

outlet boundary condition. As mentioned, the area ratio and the pressure are inversely related.
To obtain the pressure curve, the area ratio curve was flipped upside down and squared; this
square relationship was established through preliminary simulations. This yielded a normalized
pressure curve, which was then multiplied by 1000 Pa to obtain the actual boundary condition.

In the experiments carried out by Erath and Hemsing (2016) three visualization planes
were defined, which are depicted in Figure 33. These planes were analogous to the conven-
tional anatomical planes found in Figure 1. However, they were defined only in the trachea
region next to the prosthesis. To compare the results obtained in the simulation with the litera-
ture’s experimental results, the numerical data was extracted at the same locations. Due to the
limitations of the PIV used in the experiment, the velocities are only obtained in the in-plane

configuration. Out-of-plane components could not be captured.
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3.3 MODEL VALIDATION

In order to assure mesh independence, a convergence analysis was carried out. To per-
form the analysis, several meshes with decreasing volume sizes—and consequently, higher cell
counts—were created. For each mesh size, a control variable was computed to be compared
for different mesh refinements. In this case, the velocity was chosen. After the first simulation,
each subsequent computed velocity was compared to the velocity obtained with the preceding
mesh, until a the solution became mesh independent and satisfactory mesh was achieved.

In the test, a steady-state model that would yield the highest velocities was used. That is,

the boundary conditions were set to the maximum pressure difference in our range, 1000 Pa.

3.3.1 Mesh convergence

Two types of mesh were tested, tetrahedral and polyhedral. Both types perform well with
arbitrary geometries. By using a set of reference dimensions, the meshing tool of the software
generated a mesh for each. Table 3 shows the information for each tested mesh, including type,

reference dimension and the total cell count for the domain.

Table 3 — Mesh details for convergence analysis.

Type Reference dimension Cell count  Vertices
20mm 166990 65343
15mm 200316 77410
Tetrahedral 10mm 241459 92396
7.5mm 298235 111622
5.0mm 718514 236048
4.0mm 1150026 365133
7.5mm 115573 321317
Polyhedral 5.0mm 239026 748124
4.0mm 330189 1055391

For each mesh, the x-velocity profiles on the y- and z-axes at the prosthesis exit were
computed. Then, the velocity at the center point of each profile was extracted and plotted against
the cell count in Figure 34. Both types of mesh achieve convergence within the range displayed
in Table 3; however, the polyhedral mesh reaches convergence levels with a significantly lower
cell count, which leads to a better overall performance. For the simulations, the Polyhedral mesh

with the 0.50 cm reference dimension was selected. This choice is based on the performance
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and results of all the meshes. The velocity profiles of u, in the y- and z-axes are displayed in

Figure 35. The two meshes produce very similar velocity profiles, with the tetrahedral mesh

giving a slightly higher velocity.
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Figure 34 — Comparison of velocity at the center point of the prosthesis for each mesh.
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Figure 35 — Velocity u, (a) in the sagittal (z-y) plane and (b) in the transverse (z-z) plane.

With the mesh size established, it is necessary to determine a time-step length that would

allow the correct modeling of the flow while maintaining reasonable processing times. The

chosen time-step was At = 0.001 s with 10 iterations per time-step, small enough to properly

model the flow and with enough inner iterations to allow the convergence of each time-step.

The relations described in Equation (3.1) were used to determine the prism layer mesh

that would allow us to capture the boundary-layer. For water at room temperature, the density
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(b)
Figure 36 — Sagittal view of the (a) final polyhedral mesh and (b) mesh prism layer detail.

is pwater = 998.3 kg/m?, and the dynamic viscosity is jiywater = 1.0139- 1073 Pa-s (BELL et al.,
2014). The characteristic dimension was considered to be the prosthesis diameter, Dp =254-
1073 m. Erath and Hemsing (2016) mention a peak velocity of 0.6 m/s, to avoid underestimation
of the freestream velocity and obtain a value of y* greater than 1, the expected freestream
velocity was set to 0.5 m/s. This yielded a Reynolds number of 12657.

With these values, the required wall distance for the first mesh layer is 2.93- 1075 m. With
10 layers, a stretch factor of 1.2 and a total prism layer thickness of 5- 10~* m, the obtained first
layer had a thickness of of 1.92 - 1075 m.

The initial conditions for the steady state simulations were set to P = 0 Paand u = 0 m/s.

For the transient analysis, the steady state solutions were used as initial conditions.

3.4 COMPARISON WITH LITERATURE RESULTS

Flow velocities were extracted from the numerical model and processed to be plotted on a

vector field. The vorticity was calculated and then plotted on a contour map on top of the veloc-
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ity vectors. In a two-dimensional field, the vorticity is computed parallel to the orthogonal axis.
Following the orientation in Figure 33, in the transverse plane (z-z) the vorticity coordinate is

on the y-axis. The vorticity in a two-dimensional field is given by

5= (8uz B 8%) 7 35)

ox 0z
in which u, and u, are the flow velocities obtained in the z-z-plane (transverse plane). The

results were then compared to the experimental results obtained by Erath and Hemsing (2016).

3.4.1 Transverse plane

The transverse plane was positioned at the center of the prosthesis diameter, as indicated
in Figure 33. Figure 37 shows transverse plane velocities for eight time-steps. The distances are
given in relation to the prosthesis diameter, Dp. The flow forms a jet that leaves the prosthesis
and hits the far-side of the esophagus, creating some recirculation zones on both sides of the
jet that dissipate quickly as the boundary conditions approaches the end of the cycle. The flow
structure in this plane is very symmetrical, as expected, for a cylindrical tube with the flow
entering with no asymmetry.

The numerical approach captures the phenomena very well, there is a very good agree-
ment on the formation of the jet structures and the velocity field. The numerical model yielded
lower velocities and vorticities when compared to the literature experimental results. To com-
pare them side-by-side, the numerical values were normalized dividing by 3, and the experimen-
tal values were normalized dividing by 4. The different normalization value could be associated
with approximation of the boundary condition to a fluctuating pressure instead of the variation

of area constrictions, as well as the exact geometry of the idealized PE segment.
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Figure 37 — Transverse plane velocities, u, and u, , and vorticities, w,.

3.4.2 Sagittal plane

Figure 38 shows the results of u,, u,, and . obtained in the sagittal plane at the same
eight instants showcased for the transverse plane (Figure 37). The same representations are

applied. The jet formation is very similar, with the jet coming straight out of the prosthesis and
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hitting the posterior esophageal wall. When the vortex structures of the jet hit the wall, they
travel up and down, stretching the vortexes and causing recirculation of flow both above and
below the jet. The positive vortex (red in Figure 38) travels upwards towards the PE segment far
above. The negative vortex (blue in Figure 38) travels toward the bottom end of the esophagus
where the path is much shorter, causing a recirculation to occur and interact with the jet. This
causes the jet to tilt slightly up in the direction of the PE segment. This can be noticed in
the sequence of Figures 38d, 38e, and 38f, in which the velocity vectors above the jet have
little to no velocity in the negative y direction, while the velocity vectors below the jet form a
recirculation zone. Again there is a good agreement between the numeric and the literature’s

experimental results.
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Figure 38 — Sagittal plane velocities, u, and u, , and vorticities, .

3.4.3 Coronal plane

Figure 39 shows the results of u, and u, w, for the eight time-steps for the coronal plane.
Once again the velocity vectors are plotted on top of the vorticity contour map. There is a
significant amount of noise in the experimental results, especially close to the esophageal walls.
This happens due to the bulk of the velocity being normal to the coronal plane. While the
overall structure of the flow appears to be similar, with the vorticity contour showing positive
and negative values at roughly the same positions, the flows appear to be out-of-phase. This
happens due to the imprecisions related to the manual positioning of the measuring plane in the

experimental model, while in the computer model the data can be extracted at exact positions.
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Figure 39 — Coronal plane velocities, 1, and u, , and vorticities, w;.

3.5 DISCUSSION

The idealized experiment is well represented by the numerical model. The FVM was
able to reproduce the flow inside an idealized TE system by means of an incompressible seg-
regated solver combined with a k-¢ turbulence model. It was also possible to establish a good
methodology to estimate the necessary values of the dimensionless wall distance, y*, to allow
the turbulence model to properly solve the flow near the wall. The velocities and vorticities in
the numeric transverse and sagittal planes are in excellent agreement with what was observed
experimentally by Erath and Hemsing (2016). In the coronal plane, on the other hand, the
experimental data has too much noise to draw conclusions.

This analysis is still limited by the simplifications that were necessary to conduct the
experiment. The valve flap mechanism plays an important role in the flow downstream of the
prosthesis and cannot be neglected in further analysis to understand the mechanisms that drive

TE voice production.
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4 QUASI-STEADY BEHAVIOR OF A REAL PROSTHESIS

After developing a computer model capable of reproducing the experiment performed by
Erath and Hemsing (2016), the natural next step was to bring the computer model closer to
a real geometry. The idealized model of Erath and Hemsing (2016) was built 3.5 times life
size. However, when the model was scaled down to match the actual size of the TE system,
the results did not agree with the expectations. Hilgers, Cornelissen and Balm (1993), found
that the volume flow magnitude in-vivo was significantly lower than that found experimentally
in an idealized setup. The problem is likely to be in the assumption that the valve flap opens
completely during the beginning of the phonatory cycle.

By observing a real prosthesis, it is possible to notice that the opening is heavily dependent
on the volume flow. The opening changes the behavior of the airflow by limiting the sectional
area through which the air will exit the prosthesis. This leads to a significant pressure drop and

change in flow direction downstream of the prosthesis.

4.1 DETERMINING THE OPENING ANGLE OF A FLAP IN A VOICE PROSTHESIS

In order to further develop the computational model, we must first understand the relation
between boundary conditions and the valve’s flap opening. To achieve that, an experimental
apparatus was devised to measure air volume flow, pressure drop and prosthesis’ flap opening
angle.

Figure 40 depicts a schematic representation of the experimental setup used to evaluate
the valve flap opening. The setup is comprised of a prosthesis with its tracheal flange attached
to a plenum chamber, a rotameter, a portable pressure sensor, a camera with magnifying lenses,
and a laptop computer. The prosthesis considered for the study was a Provox 2 voice prosthesis
(depicted in Figure 11), due to availability in the lab and possibility of visualizing the movement
of the flap through the prosthesis’ shaft. The rotameter is an Omega FL.-2043, designed for vol-
ume flows in the range of 4 to 50 LPM. The portable pressure sensor is a KIMO MP-105, used
to measure pressure difference between its two probes. The camera is a microscope-mounted
AmScope MA1000 which connects to a computer using a proprietary software, ISCapture.

A compressed air line feeds the rotameter, which serves as an volume flow regulator. The
compressed air is then fed into the lower part of the plenum and exits to the atmosphere through
the prosthesis. The difference between internal pressure in the plenum end external pressure
is assessed with two probes. One is inserted in the plenum and the other measures outside

pressure. The camera connected to a computer is placed perpendicular to the valve’s main axis,
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as depicted in Figure 40.

ple

Figure 40 — Graphical representation of the experimental set-up.
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The experimental procedure consisted of setting the rotameter to a known volume flow
value, wait a few seconds for the flow to stabilize and assess both the pressure difference and
the position of the flap through the camera. This was repeated for different volume flow val-
ues from 5 to 45 LPM, at 5 LPM intervals. For low values of the volume flow the assessment
was straightforward. However, at high volume flows the measurements were compromised by
significant oscillations on the pressure readings caused by the high flow velocity. Despite this
limitation, an attempt was made to obtain at least two readings of pressure and their respective
valve openings at high volume flow regimes. It is expected that this readings carry some un-
certainties due to the pressure oscillations. Nevertheless, this flow rate is much higher than that
found in normal phonation (GROLMAN et al., 2006).

Examples of the photos obtained with this method are showcased in Figure 41. The photos
were then processed using the open source package Image] (SCHNEIDER; RASBAND; ELICEIRI,
2012), in order to evaluate the angle of the valve flap for each volume flow/pressure difference.
The angle was evaluated by manually tracing a line parallel to the valve flap and another line
parallel to the blue valve seat.

Table 4 presents the values obtained for air volume flow, (), in LPM; pressure difference,
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(2) Q = 20 LPM and AP = 1100 Pa. (b) Q = 40 LPM and AP = 3040 Pa.

Figure 41 — Examples of photos taken with the experimental set-up.

AP, in kPa; and the valve flap angle, ©—each line represents one data set. For the low volume
flow values, the pressure readings inside the plenum were steady and allowed two pictures of
the same volume flow—pressure couple to be obtained. For values of the volume flow above 30

LPM, the oscillations of the pressure readings started to be significant.
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Table 4 — Volume flow, (), pressure drop, AP, and valve flap angle, © obtained from the
experimental setup.

Q [LPM] AP [Pa] O [°]
5 360 9.1
5 360 8.9
10 610 18.7
10 610 19.9
15 850 243
15 850 22.9
20 1100 27.2
20 1100 26.9
25 1420 39.2
25 1420 35.8
30 1840 39.6
30 1900 41.8
35 2500 —
40 3040 48.4
40 3040 50.4
40 3110 524
45 4300 59.3
45 4400 58.3

? Opening angle could not be determined.

4.2 RELATION BETWEEN VOLUME FLOW, FLAP OPENING AND PRESSURE DIFFER-
ENCE

After extracting the necessary data from the experiment, the results were plotted for better
visualization. Figure 42 presents a scatter plot of the relation between pressure drop and volume
flow. The relationship appears to be quadratic, however, as discussed in Section 2.5, the usual
range of speech volume flow lays within O and 0.4 LPS, or 24 LPM. Within this range, the
relationship between volume flow and pressure is fairly linear.

Two similar studies have been found in the literature. Both studies show data sets from ex-
periments conducted with the voice prostheses in-vitro, in which the pressure drop and volume
flow through the prosthesis are related.

Grolman et al. (2006) performed an in-vivo study with eight patients to compare with data
of an unpublished study. Half of the patients used the Provox 2 prostheses, while the other half

used the VoiceMaster prostheses. The unpublished study tested five different voice prostheses
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Figure 42 — Pressure drop vs volume flow.

in order to obtain their aerodynamic characteristics. The in-vivo study data were then plotted
along with the average of the in-vitro study data (Figure 29). Only the in-vitro data is used for
comparison in Figure 43.

Hilgers et al. (2010b) tested four different prostheses to obtain the relation between pres-
sure drop and volume flow; the Provox 2, and three Provox Vega models (Figure 22). The
Provox 2 data is used for comparison in Figure 43.

Using the obtained data up to 0.42 LPS (25 LPM), and considering a linear relation be-
tween pressure and volume flow for this range, a linear curve for the data was adjusted using the
least squares method (JONES et al., 2001). Best linear fits were also obtained for both literature
data sets using the same method. The three curves are displayed in Figure 43.

The pressure drop ranges for all three studies are very similar, ranging from around
0.3 kPa to 1.4 kPa. After curve-fitting the three data sets, the following line equations were

obtained: for this work,

AP = 0.085 + 3.132Q;

for Grolman et al. (2006),

AP = 0.167 + 3.524Q;

and for Hilgers et al. (2010b),
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AP = 0.396 + 3.016Q.

The slopes of the three curves are very similar. However, there is a slight offset between the
curves. These differences can be explained by the different experimental techniques employed,
similarly to what happens in Figure 25. While the prostheses used by Grolman et al. (2006) are

not known, the prosthesis used by Hilgers et al. (2010b) is the same used in this experiment.
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Figure 43 — Pressure drop vs volume flow compared to results from the literature.

Figure 44 shows the relation between pressure drop and valve flap angle. Much like the
relation between pressure drop and volume flow, it appears to be quadratic but roughly linear

up to 1.4 kPa as well. A curve was fitted according to
AP = 0.6190 — 0.03250 + 0.00160>.

Figure 45 shows the relation between volume flow and valve flap angle. This relation is

fairly linear through the whole range of pressure and yielded the linear curve, described by
Q = —0.0711 + 0.01416.

Within the range of TE voice production, all three variables appear to be linearly related
to each other. These curves can be used to interpolate new sets of boundary conditions for

simulations that were not determined by the experiments.
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Figure 45 — Volume flow vs valve flap angle.

4.3 COMPUTER MODEL

In Chapter 3, a computer model based on an unsteady incompressible RANS-based solver
using a two-layer realizable k—e turbulence model was developed and validated. The model,
however, is based on an experiment performed with a simpler geometry, considering water as the

fluid medium. Although the experiment was designed in order to maintain dynamic similarity
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Figure 46 — Mid-sectional view of the upper portion of the plenum chamber and the valve used
in the simulation.

by Reynolds, Strouhal, and Euler numbers, we must redefine some of the model characteristics
in order to simulate an air flow through a more complex valve geometry.

The upper portion of the plenum chamber with the valve attached was modeled via CAD
software to be used in the Star-CCM+ simulation tool. The bottom of the chamber was used as
the inlet and the atmosphere was modeled as a large box around the prosthesis. A mid-sectional
view of this model is displayed in Figure 46. The dimensions of the Provox 2 prosthesis used
are given in Figure 47.

The experimental results previously discussed were representative of a steady state situa-
tion. In order to reproduce the experiment, the numerical model was resolved with a steady state
incompressible solver. Following the guidelines of turbulence modeling present in the software
manual, the same RANS two-layer realizable k—e turbulence model was maintained.

The experimental results for the flap angle were rounded for a more convenient CAD
modeling. Table 5 presents the results of Section 4.1 with the volume flow displayed in LPS
and the angles rounded.

A geometry was created for each valve flap angle. The chosen boundary condition was
a pressure difference between the inlet and the atmosphere (outlet). The inlet was set to the
values of pressure found in Table 5 and the outlet boundary was set to 0 kPa to maintain the
pressure drops measured by the pressure sensor. The volume flow was then assessed inside
the prosthesis. Given that the flow is considered incompressible, the volume flow is constant

throughout the flow path due to mass conservation.
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Figure 47 — Dimensions for the Provox 2. All values in mm.

Table 5 — Volume flow, ), pressure drop, AP, and valve flap angle, ©, obtained to be used with
the computational model.

Q[LPS] AP[Pa] O[]
0.083 360 9
0.166 610 19
0.250 850 23
0.333 1100 27
0.416 1420 36
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In order to assure numerical accuracy, a new convergence test and a new boundary layer
analysis were performed to determine, respectively, the mesh size and the boundary layer dis-

cretization.

4.3.1 Mesh convergence

With a new dimensional scale and a significant constriction, a new mesh size to perform
the simulation was necessary. In order to achieve a mesh-independent solution, the two edge
cases were selected (9 degrees and 36 degrees flap angle) to perform a mesh refining process.
Once again, the polyhedral mesh was selected due to the complex geometry of the valve. The
control variable was the volume flow inside the valve. Figure 48 showcases this process by

plotting the volume flow against the number of volume cells per valve diameter.

le—2

X
6.0 0.3625 - « 5 =
55 0.3600 -
X
_ — 0.3575 -
/5] _
I&_—‘] 5-0 IQA_-‘]
S S 0.3550 -
45
X
0.3525 -
4.0 - X
X x 0.3500 -
x X : X
10 15 5 10 15
Cells Cells
(a) (b)

Figure 48 — Volume flow values for different cell counts across the transversal mid-section of
the prosthesis for a (a) 9 degrees opening angle and (b) 36 degrees opening angle.

Figure 48a depicts a fast descent for the first refinement steps, starting at 13 volumes
across the diameter, the volume flow stabilizes. In Figure 48b, the stabilization of the volume
flow occurs for a coarser mesh, due to the airflow passageway for a 36 degree opening being
larger than the one for a 9 degree opening. The variation for both meshes after stabilization is
lower than 5%. In order to maintain uniformity with all simulations, the mesh with 15 volumes
across the prosthesis diameter was chosen for a balance of accuracy and performance.

In order to assure numerical accuracy, the dimensionless wall distance, 3, can be calcu-
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lated using Equation (3.1). This value was used with all the meshes tested. In order to attain
ay" =~ 1, the freestream velocity was set to u,, = 35 m/s and the characteristic dimension
to L = 5-107* m (approximating the constriction characteristic dimension to 1/10th of the
prosthesis diameter). These, alongside with p,;. = 1.169 kg/m? and Hair = 1.869 - 107° Pa-s
(BELL et al., 2014), yield a Reynolds number of Re = 1094.

The wall distance necessary to obtain a value of y* ~ 1 was 4.56-10~% m. A wall distance
of 2.78 - 10~° m was achieved with total prism layer thickness of 1 - 10~* m, 16 layers and a
stretch factor of 1.1. This kept the overall y™ value below 1 for most of the domain.

The initial conditions throughout the domain were set to P = 0 Pa and v = 5 m/s on the
prosthesis axial direction. The turbulence initial conditions were set to an intensity of 0.1224, a

length scale of 2.45 - 10~* m, and turbulent velocity scale of 3.5 m/s.

4.3.2 Comparison with literature results

After the simulation, the volume flows for each case were extracted and plotted against
the pressure differences used as boundary conditions. These can be seen in Figure 49. The
results are also compared with those previously displayed in Figure 43. Once again, best fit
linear curves were found. The slope of the curve found for the numerical results is very similar

to those found experimentally, 3.298 kPa/LPS.
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Figure 49 — Pressure drop vs volume flow for numerical, experimental and literature results.

The results show that the numeric model underestimates the volume flow obtained in the

experiment for the given pressures. This can be attributed to the measurement of the volume
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flow. In the experiment, the volume flow was measured using the rotameter in the inlet of the
plenum. However, the volume flow exiting the prosthesis might not be the same being read
on the inlet due to possible leakages around the inlet, the pressure sensor probe or around the
prosthesis. Also not considered, is the force that the fluid exerts on the flap. In the numerical
model, the geometry is fixed and the flow does not need to push against the prosthesis’ elastic

reaction force.

4.4 DISCUSSION

The experiment described in this chapter has shed some light on the behavior of the pros-
thesis’ flap. It has been concluded that the two possible flap stages (closed and open) is an over
simplified assumption to describe the valve dynamics. This issue had to be addressed before
moving on to a more complex geometry for the TE system. Moreover, it was possible to under-
stand the relation between the boundary conditions—volume flow and pressure difference—and
the prosthesis’ flap opening angle.

Even though the relation between pressure drop and the other parameters appear to be
quadratic for the values of volume flow considered in the experiments. This is not the case
for volume flow values within the range of human speech. For those, all the relationships
were observed to be linear. This information can be useful if further analyses on the material
properties of the prosthesis are performed.

The computer model was able to capture the behavior of the flow through the prosthesis
reasonably well. There is a very good agreement with the experimental results and those found
in the literature from previous in-vitro experiments with similar prosthesis.

It is important to remark that only one prosthesis was evaluated in this work. It is possible
that a larger sample could improve the accuracy of the experimental results. The experiment
reported in this chapter was a necessary stepping stone to allow for further analyses of the TE

system, as will be discussed in the next Chapter.
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S FLUID DYNAMIC BEHAVIOR FOR A SIMPLIFIED TE GEOMETRY

In the previous chapters a numerical model for an idealized TE system and an experiment
with a prosthesis were performed. In this chapter, a more realistic take on the TE system will
be given. A new model was created based on the real geometry of the TE system. Assuming
that the flow behavior can be approximated to a quasi-steady state, simulations were performed
using the numerical models established previously in order to assess the flow behavior inside

the PE segment in the presence of a TE voice prosthesis.

5.1 COMPUTED TOMOGRAPHY

To create a more realistic geometry, computed tomography! (CT) scan images of two
male TE speakers were obtained. Both patients were users of the Provox Vega voice prosthesis
for a while at the time. Both spoke with clear intelligible voice and could sustain speech for a
considerable amount of time. The scan was accomplished on a Canon Aquilion Prime SP Star,
with the capability of perform 160 slices per rotation. Figures 50 and 51 show sagittal cuts
for patients 1 and 2, respectively. The grayscale in the image represents the different densities,
with white components showcasing the bones and black the "empty" spaces filled with air. The
planes depicted do not represent the same visualization plane for each patient, they were chosen
to enable the best visualization of the PE segment. The PE segment is indicated by green arrows
and the TE voice prosthesis location is indicated by the red arrows. Figures 50a and 51a show
patients during apnea (holding breath), while Figures 50b and 51b show the patients during
phonation of the vowel /a/. The hands of the patients can be seen occluding the tracheostoma in
the images that display the phonation.

In Figure 50a the esophagus of patient 1 appears closed from the prosthesis up to the PE
segment, while the esophagus of patient 2, in Figure 51a, is only closed at the PE segment.
During apnea, the PE segment remains closed, as it is expected from the upper esophageal
sphincter function.

In Figures 50b and 51b, the esophagi of both patients is expanded, and the PE segment is

open to allow the passage of air. Interestingly, during phonation, the esophagus of both patients

ITomography is a technique of imaging by sections. A computed tomography is an imaging technique that
uses a computer to perform several cross-sectional X-rays to obtain a complete spatial image of the structures
inside the body. The technique—developed in the 1970s—is based on the principle that X-rays are reflected at
different levels by different body structures. The procedure is performed with a patient lying on a platform while
a computed tomography scanner rotates around the patient taking X-ray scans. These scans are then processed by
a computer and combined to form images of "slices" of the human body. The computed tomography has become
a routine analysis tool in medicine as it is minutely precise (BETTS et al., 2017).
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is closed right below the prosthesis. We believe that the pressure exerted by the patient’s hand
on the tracheostoma pushes the trachea against the esophagus. While the trachea maintains its
form, the esophagus is soft and offers little resistance, causing it to close.

Figures 52 and 53 show a more detailed view of the sagittal plane of both patients,
focusing on the prostheses. The planes showcased are not the exact same ones from Fig-
ures 50 and 51. These were obtained roughly where the plane cuts at the center of the prosthesis

diameter. In Figure 52a, the esophagus is not visible, but the voice prosthesis appears to be or-

Figure 50 — CT scan of patient 1 during (a) apnea and (b) phonation. Green arrow indicates the
PE segment, red arrow indicates TE voice prosthesis.

(b)

Figure 51 — CT scan of patient 2 during (a) apnea and (b) phonation. Green arrow indicates the
PE segment, red arrow indicates TE voice prosthesis.
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thogonal to the trachea. In Figure 53a both the trachea and the esophagus are visibly orthogonal
to the prosthesis. These images alone are in accordance to the assumptions made in the model
of Chapter 3 about the prosthesis position.

Figures 52b and 53b show a close-up on the prostheses during phonation. Both prostheses
appear to have been tilted up. This is related to the trachea being pushed back, as aforemen-
tioned. This is an interesting observation, as in prior assumptions the prosthesis was thought to
remain static. The images, however, show that the position of the prosthesis in relation to the

flow is not orthogonal as expected.

(a) (b)

Figure 52 — Detail of the prosthesis in CT scan of patient 1 during (a) apnea and (b) phonation.

’

(b)

Figure 53 — Detail of the prosthesis in CT scan of patient 2 during (a) apnea and (b) phonation.

The 3D Slicer software (KIKINIS; PIEPER; VOSBURGH, 2014) allows the manipulation and
post-processing of the geometries obtained with the CT scans. Using this tool, the internal
geometries of the TE airways were extracted. Figure 54 shows the 3D recreation of the TE
airway of patient 1, and Figure 55 shows the recreation for patient 2. The prosthesis appears
as just a very thin line in Figure 54 and cannot be visualized for patient 2 in Figure 55. This

happens due to the method used to extract the geometries.
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Figure 54 — 3D recreation of the tracheoesophageal airway of patient 1. Green arrows indicate
the PE segment, red arrows indicate TE voice prosthesis.

The extracted geometries illustrate better what was observed in Figures 50 and 51, the
portion of the esophagus below the prosthesis is mostly closed. The esophagus itself is inflated
and the PE segment appears to be completely open. In Figure 54 it is possible to notice a
slight buckling of the trachea, when compared to the almost straight trachea in Figure 50a.
The curvature of the trachea seems to coincide with the bottom shape of the esophagus, further
supporting the assumption that the trachea pressing against the esophagus causes it to close

below the prosthesis. The images for patient 2 neither corroborate nor disprove that assumption.
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Figure 55 — 3D recreation of the tracheoesophageal airway of patient 2. Green arrows indicate
the PE segment, the TE voice prosthesis cannot be visualized in this image.

5.2 COMPUTER MODEL

An approximate computational mesh was created based on the 3D recreations of Fig-
ures 54 and 55. This model consisted of a cylindrical component to represent the trachea, the
TE voice prosthesis, and the approximate geometries to represent the esophagus, the PE seg-
ment and the pharynx. In order to simplify the complex geometries of Figures 54 and 55, the
simplified geometry was built symmetric in relation to the sagittal plane. This simplified model

is shown in Figure 56.
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N

Figure 56 — The simplified geometry for the TE system. Green arrows indicate the PE segment,
red arrows indicate TE voice prosthesis.

5.3 PROSTHESIS POSITIONING

To assess the influence of the prosthesis position on the aerodynamics of the TE system,
three positions were defined for the prosthesis in the system. The idea is that if the axial di-
rection of the prosthesis is oriented along the main axis of the flow, the trans-device pressure
drop will decrease. With a lower pressure drop, the pressure in the esophagus should be higher,
giving more energy to the flow through the PE segment. Figure 57 illustrates the three positions,
here called "inferior", "middle", and "superior". In the inferior position (a) the prosthesis has an
angulation of 0°, in the middle position (b) the prosthesis has an angulation of 15°, and in the
superior position (c) the prosthesis has an angulation of 35°, with respect to the horizontal line
depicted in Figure 57.

To perform the simulation, the chosen boundary condition was an imposed volume flow,
@, at the system’s inlet. The previous models used pressure boundary differences. However, in
Chapter 4, the measured pressures of the experiment were for the trans-device pressure drop,

from trachea to the esophagus. In that chapter, a computer model was developed and the relation



87

D§ %
B

(a) Inferior position (b) Middle position (c) Superior position

Figure 57 — Three positions selected for simulations.

between pressure drop and volume flow was found. In this chapter, the volume flow boundary
conditions will be set to those found in Figure 49. For each value of () there is an existing
prosthesis opening angle. This means a different geometry for each boundary condition set. In
order to minimize the volume of simulations, three of the five volume flows in Figure 49 were
selected. The selected volume flows were the lowest, () = 0.0372 LPS; the median, () = 0.1650
LPS; and the highest, () = 0.3640 LPS. The associated prosthesis openings are, respectively,
9°, 23°, and 36°. This amounts to nine simulations altogether.

The methods for these simulations are the ones described in Section 4.3, with the sole
exception of the boundary conditions. For this model the inlet was set by imposing the afore-

mentioned volume flows, (), and the outlet was set to P = ( kPa.

5.4 PRESSURE DROP

For each simulation, the pressure drop was obtained by subtracting the endoesophageal
pressure, Pg, from the endotracheal pressure, Pr. Table 6 shows the the pressure drop, AP,
associated with each prosthesis positioning and inlet volume flow, ). The Re was calculated
using an approximated effective flow area. If A is the cross sectional area of the prosthesis and

O is the prosthesis’ flap opening angle, the effective area of the flow can be approximated by
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Aof = A — Acos O, 5.1

which yields

DZe = D* — D* cos ©, (5.2)

being D the diameter of the prosthesis cross-section. The mean velocity across the effective
area is given by
Q

U= —. (5.3)
Aef

Inputing Equations (5.2) and (5.3) in (2.2) gives

_ pQv/D? — D?cos ©

Re
Aetht

Table 6 — Pressure drop in the TE system considering three different prosthesis positions.

Position O[°] QILPS] AP [kPa] Re
9 0.0372 409 2670

Inferior position 23 0.1650 907 4660
36 0.3640 1226 6633

9 0.0372 409 2670
Middle position 23 0.1650 937 4660
36 0.3640 1247 6633

9 0.0372 422 2670
Superior position 23 0.1650 936 4660
36 0.3640 1258 6633

Experimental results from Grolman et al. (2006) can be used for comparison with the data
obtained. Grolman et al. (2006) performed tests with eight different patients, of which, four
used the Provox 2 voice prosthesis and four used the VoiceMaster voice prosthesis. Figure 58
shows the comparison between the values obtained with the simulations with in-vivo results of
Grolman et al. (2006). The best fit linear curve was also adjusted for the data.

The pressure drops displayed in Table 6 are close to those expected, found in Chapter 4.
The pressure drops associated with the inlet flows are AP = 360 Pa, AP = 850 Pa, and
AP = 1420 Pa. All are within the same order of magnitude of the results of the simplified
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Figure 58 — Comparison of simulation results with Grolman et al. (2006) in-vivo results.

geometry. The influence of the prosthesis positioning was not significant, and contrary to what
was expected, the pressure drop increased for the superior position. This can also be visualized
in Figure 58, in which the adjusted curve for the superior position yields higher pressure drops
than the inferior and middle positions.

The experimental curve of Grolman et al. (2006) shows a significant scatter and higher
pressure drop when compared to the simulation cases. The experimental curve was obtained
with data from eight patients, with half of those using the same prosthesis modeled in the
simulation and the other half a prosthesis with a different valve mechanism. There is also the
restitutive force of the valve mechanism causing further losses not present in the numerical
model. This serves to illustrate that while the simulation captures the behavior of the prosthesis
satisfactorily, there are still more factors to be considered. The physiological conditions also

still dictate a significant portion of the flow behavior.

5.5 PRESSURE DISTRIBUTION IN THE PE SEGMENT

The pressure distribution in the PE segment should play an important role in voice produc-
tion. To better understand how the prosthesis positioning affects this distribution, an analysis
region was selected on the simplified model. Due to the symmetry of the geometry, the flow in

the PE segment is also fairly symmetrical, and the analysis can be performed on the mid-sagittal
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plane. Figure 59 shows the upper portions of the mid-sagittal cut of the TE system, including
the upper part of the esophagus, the PE segment, and the pharynx. In this figure points A and B
delimit the region in which the pressure distribution is assessed.

Figures 60 and 61 show the pressure distribution for the anterior and posterior esophageal
wall, respectively; and for a volume flow () = 0.0372 LPS. The left axis represents the nor-
malized distance from A to B shown in Figure 59. The image on the right side of the figures
shows, in red, which side of the PE segment is being analyzed. The same representations apply
for Figures 62 and 63 for a volume flow of () = 0.1650 LPS, and for Figures 64 and 65 for a
volume flow of () = 0.3640 LPS.

The pressure curves along the PE segment for the lowest volume flow (Figures 60 and 61)
are very similar, with almost no variation for either the anterior or the posterior walls. The low
volume flow entering the PE segment with low velocity could explain the low pressures found
in these plots.

For the volume flow (Q = 0.1650 LPS, differences start to appear between the tested
positions. In Figure 62, the pressure acting on the anterior wall is unchanged from the inferior
to the middle position, but it is grater with the prosthesis in the superior position, this difference

decreases up until around z=; = 0.7. On the posterior wall (Figure 63) the pressure drops

significantly at the initial portion of the segment, acting like a converging nozzle ( 7 < 0.15).
For the superior position the pressure reaches lower values in the lower portions of the PE
segment, but are not significantly affected in the upper portion.

In Figure 64, the pressure distribution behavior is very similar to those in Figure 60 and 62,
with the superior position yielding the highest pressure and the middle position yielding the
lowest. For the posterior wall, in Figure 65 the pressure distribution for the inferior position of
the prosthesis has the largest variation of all cases.

These results show that the pressure distribution on the PE segment are only significantly
affected by prosthesis positioning for higher volume flows, particularly on the posterior wall.
To further understand the reasons for this, the velocity field in the PE segment is analyzed.

Figures 66, 67, and 68 show the streamlines of velocity in the PE segment for the three
different boundary conditions, considering the three prosthesis positions. The y coordinate is
normalized by points A and B of Figure 59.

In all cases, the flow entering the PE segment for the inferior position has the bulk of the
velocity in the positive z direction. For the middle position, as the volume flow increases from
@ = 0.0372 LPS to Q = 0.3640 LPS, the flow starts to gain negative = velocity. Finally, the
phenomenon that occurs for the middle position in high volume flows is prevalent in all three
cases for the superior position. Observing the prosthesis positions in Figure 57, and remem-

bering the jet structures formed in the sagittal plane of the idealized model of Chapter 3 hit
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Figure 59 — Sagittal cut displaying the analysis region.
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Figure 61 — Pressure on the posterior PE segment wall for a flap angle © = 9° and a volume
flow of () = 0.0372 LPS

1.0 -
} ______ Inferior Position
K4 AP =907Pa
0.8 1 j/ ___ Middle Position
: AP =937Pa
0.6 '\I ____ Superior Position
i\ AP = 936Pa
< \
|| \\
m \j\\
;
W
(AN
0.2 1 RE
0.0 T T T T ~~~~|‘.§.\ 1
0 10 20 30 40 50

Pressure [Pa]

Figure 62 — Pressure on the anterior PE segment wall for a flap angle © = 23° and a volume
flow of @) = 0.1650 LPS
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Figure 63 — Pressure on the posterior PE segment wall for a flap angle © = 23° and a volume
flow of () = 0.1650 LPS
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Figure 64 — Pressure on the anterior PE segment wall for a flap angle © = 369° and a volume
flow of @) = 0.3640 LPS
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Figure 65 — Pressure on the posterior PE segment walls for a flap angle © = 36° and a volume
flow of @) = 0.3640 LPS
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Figure 66 — Velocity field streamlines of the mid-sagittal plane of the PE segment for a volume
flow of @) = 0.0372 LPS (9 degrees valve flap opening).
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Figure 67 — Velocity field streamlines of the mid-sagittal plane of the PE segment for a volume
flow of () = 0.1650 LPS (23 degrees valve flap opening).
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Figure 68 — Velocity field streamlines of the mid-sagittal plane of the PE segment for a volume
flow of ) = 0.3640 LPS (36 degrees valve flap opening).
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the posterior esophageal wall, it is reasonable to assume that the behavior in this case will be
identical. When the jet impinges the wall, the vortexes will travel downstream in the direction
of the PE segment and towards the bottom end of the esophagus. The interaction of the vor-
tex with the bottom end of the esophagus created a large recirculation zone in Figure 38 that
caused the jet to tilt upwards towards the PE segment. In Figures 66¢, 67c, and 68c there is a
recirculation occurring below the PE segment that limits the effective area of the flow, causing
the jet to tilt downwards and, ultimately, lose energy. This limits the velocity of the flow into
the PE segment when the prosthesis is at the superior position. This seems counter intuitive,
given the fact that the closer the prosthesis is to the PE segment, the lower the pressure losses
should be. The Hermann voice prosthesis (KARSCHAY et al., 1986) tried to address this issue by
designing the prosthesis esophageal end pointed up. However, this esophageal end was too big
and proved to be unsuccessful due to the prosthesis opening being precluded by the esophageal
walls, similarly to the Blom-Singer Duckbill prosthesis (BLOM, 1988). This study suggests that
the tracheoesophageal geometry is of utmost importance in the determination of the volume

flow through the TE system.

5.6 DISCUSSION

The results observed in this chapter suggest that the prosthesis position does not signifi-
cantly change the pressure drop on the TE system for the given volume flows. These observa-
tions agree with Blom (1988), who claims that the main regulator of tracheoesophageal flow is
the PE segment, as opposed to the prosthesis. The results go against the expectations by hav-
ing the superior position—more aligned with the overall flow—increasing the pressure drop,
especially in relation to the inferior position.

It is also shown that the most important aspect of the pressure distribution on the PE walls
is related not to the pressure drop, but with the velocity profiles entering the PE segment that are
highly influenced by tracheoesophageal geometry. However, the analyses were performed for a
stedy-state model with rigid walls and an ideally symmetric geometry. From the observations
made about the movement of the esophageal walls in Figures 50 and 51, we can infer that this
assumption limits the scope of the analyses. The actual esophagus will have compliance; Betts
et al. (2017) define compliance as "the ability of any compartment to expand to accommodate
increased content." That means that the esophagus will change shapes according to the situa-
tion. While the PE segment has been observed from above during phonation, as can be seen in
Schwarz et al. (2011) and Hiittner et al. (2015), the behavior of the esophagus is still unknown
during actual phonation. Kinematic CT scan could be used to assert this. As for the choice of a

steady state model, considering a frequency of 70 Hz (VERKERKE; THOMSON, 2014), a charac-
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teristic length for the PE segment of L = 0.003 and the peak velocities found in Section 5.5, the
Strouhal numbers yielded are between 0.0066 and 0.0525. These low Strouhal numbers show

that the quasi-steady assumption is reasonable.
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6 CONCLUSIONS

The TE voice recovery method developed by Singer and Blom (1980) is still the most
effective method available. However, it has not changed significantly since its inception. There
is still a non-negligible number of patients that are not capable of producing voice by using the
TE voice prosthesis. Several studies have been conducted trying to assert the qualities of the
prostheses, but the literature in TE prosthesis testing is still limited to experimental setups that
do not represent the TE system in its entirety. Grolman et al. (2006) have shown that there is a
significant difference between in-vitro tests and the actual use of the prosthesis. The Provox 2
used extensively throughout this work is no longer being distributed by the manufacturer. Newer
prostheses like the Blom-Singer Advantage or the Provox Vega have yielded similar results in
in-vitro tests but have improved characteristics concerning durability and patient comfort. Blom
(1988) argues that better performance prostheses—in terms of aerodynamics—do not correlate
with better speech capabilities, as the volume flow is regulated mainly by the PE segment.

The computer model of Chapter 3 was developed using an unsteady incompressible seg-
regated FVM solver and a RANS realizable two-layer k-¢ turbulence model. This model was
based on the experiment by Erath and Hemsing (2016) and the experimental data was used as
validation for the selected simulation techniques. The comparison of the results from the exper-
imental model and the numerical model showed good agreement and the numerical method of
this work was therefore validated.

Upon further analysis, the approximation used for the idealized prosthesis showed to be
insufficient to assess the actual pressure drop in a TE system. Preliminary observations showed
that the flow was highly influenced by the valve flap mechanism. The flap offered some resis-
tance to the flow caused by a limited opening and reduced effective area for the flow outlet. To
circumvent that issue, an experiment was devised to relate pressure drop and volume flow with
the opening angle of the prosthesis flap. Using a simple setup consisting of a plenum chamber
and measuring equipment, the data was extracted. This data was then used to further consolidate
the developed computer model. Assuming that the flow was quasi-steady, a steady state simu-
lation was performed using the same models from Chapter 3. The results were compared to the
experimental results obtained previously and other experimental results found in the literature.
However, the analysis was limited to only one prosthesis. The accuracy of the study could be in-
creased by using a larger sample of the same prosthesis. Other prostheses models could also be
tested to better understand the differences in mechanism. Nevertheless, the experimental setup
could not work, for instance, with the Provox Vega or the Blom-Singer Advantage, because the

experiment was based on photographs taken from the side of the prosthesis. In this sense, the
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Provox 2 considered in this work was the only model that allowed for the visualization of the
flap angle. The newer prostheses mentioned do not offer the same visibility. Another approach
could be devised, using more sophisticated measuring techniques.

The results obtained in Chapter 5 suggest that the pressure drop in the TE system is not
significantly affected by the change in positioning and angulation of the prosthesis. Despite the
low variation, the results were the opposite of those expected, with the pressure drop increas-
ing slightly for the upper positions. The jet formed at the exit of the valve hits the posterior
esophageal wall and the vortexes formed travel up and down, similarly to the results seen in
Chapter 3. While the superior position has the valve more closely aligned with the main orien-
tation of the flow, the jet creates a recirculation zone right below the PE segment. This causes
the jet to tilt downwards, away from the PE segment.

However, the pressure distribution on the wall is affected by the increase in volume flow,
which could significantly impact the induced vibration of the PE segment. The velocity fields
for the inferior and middle positions are very similar, entering the PE segment with most of
the velocity vectors pointing "up" in the z direction. On the other hand, the velocity of the
flow entering the PE segment when the prosthesis is at the superior position has a more signif-
icant velocity component in the = direction. This is the consequence of the formation of the
recirculation zone inside the esophagus near the PE segment.

All the results suggest that the esophagus geometry plays an important part on the flow
that leads into the PE segment. The developed model had a symmetric geometry without com-
plex structures. The real geometries, obtained by CT scanning, are very asymmetrical. These
asymmetries should influence the flow severely. It is also important to note that all the walls
were assumed to be rigid in the present analysis. The actual esophagus will have compliance.
That is, the esophagus will expand when air is injected and will deflate when the air escapes.
This means that the esophageal walls could undergo displacement during the phonatory cycle.
While the PE segment has been observed during phonation, it is not entirely clear how the
esophagus behaves.

The analyses conducted on the fluid flow inside the TE system were for a steady state

model, assuming that the flow behavior is quasi-steady.

6.1 SUGGESTIONS FOR FUTURE WORK

While the findings suggest that prosthesis position and angulation do not play a significant
part in pressure drop, the analyses performed can still be useful in further investigations, such

as:

e Use of a time-dependent model with fluid-structure interaction to model the oscillation of
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the PE segment;
Simulate the flow in the TE system with actual CT scan meshes;

Create a new experimental methodology capable of obtaining the valve flap angle of

different prosthesis by different manufactures in similar conditions;
Create mathematical models of the valve opening behavior of the prosthesis;
Optimization of prosthesis geometry to reduce losses;

Quantify the contribution of secondary sound producing mechanism, as described by
Stevens (2000).
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