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Abstract:

Phonations into a tube with the distal end either in the air or submerged in water are used for voice
therapy.This study explores the effectimeechanisms of these therapy methods.

The study applied a physical model complemented by calculations from a computational model, and
the results were compared to those that have been reported for humans. The effects of tube phonation
on vocal tract resonars and oral pressure variation were studied. The relationshipansglotic
pressuréPyangt) variation in time vs. glottal area variati@?\(t), were constructed.

The physical model revealed that, for the phonation on [u:] vowel through a glassnesdube
ending in the ajrthe first formant frequenci: decreasedy 67%, from 35 Hz to 105 Hz, thus
slightly abovethe fundamental frequendyo that was set to 9®4 Hz For phonation through the tube

into water,F1 decreasedy 91-92%, reaching 2628 Hz, and the water bubbling frequerieye 19

24 Hz was just belowr:. Therelationships oPrans(t) vs. GA(t) clearly differentiate vowel phonation

from both therapy methods, and show a physical background for voice therapy withttigoesown

that comparable results have been measured in humans during tube theyaplge tube in airfF1
descends closeto Fo, while for the tube in water, the frequend% occurs close to the
acoustiemechanical resonance of the human vocal tract.

In both therapy methods, part of the airflow energy required for phonation is substituted by the acoustic
energy utilizing the first acoustic resonance. Thus, less flow energy is needed for vocal fold vibration,
which results in improved vocal efficiencyhe effect can be stronger in water resistance therapy if the
frequencyFy, approaches the acoustitechanical resonance of the vocal tract, while simultanedysly

is voluntarily changed cloge Fi.

Keywords: Biomechanics of voicemaximum glottal area declination rate (MADRypcal tract
acoustics;formant frequenciesphonation into tub& water resistance voice therapyater bubbling

frequency vocal efficiency.



INTRODUCTION

Phonation into different kinds of tubes is wideiged for voice training and theraffyovijarvi, 1969;
Laukkanen,1992; Titze, Finnegan, Laukkanen, & Jaiswal, 200anqvist et al., 2015 marante et
al., 2016; Guzman et al.,, 201 According to practicabxperience phonation into a tubenay feel
easierthan ordinary vowel phonatioand speech immediately aftetbe phonatiomftensounds louder
and lessstrained Voice therapy has exploited phonation through a tube wateri i.e., water
resistance therapyfor treatingboth hypofunctional ashhyperfunctional voice disorderBwo variants

of tubes have been increasingly wiaised in water resistance therapy: a glass tube called
fresonanceé u b(®owijarvi 1969 Laukkanen1992 Simberg& Laine 2007 with a length of 2428
cm andaninnerdiameter of ca8i 9 mm, anda Lax Vox tube made of flexible silicon, 35 cm in length
and 1 cm in inner diameter (Sihv@006 Sihvo & Denizogly 2007 Sihvo, 2017).

During the last two decades, many studies have been carried out to explaasidod tube training
and therapy. It is known that artificial prolongation and narrowing of the vocal(Watincreaseshe
impedanceln particular,phonation througimarrow tubes and straws and phonation through a ttde in
water increase supraglottic rgsnce (aipressure/flow (Titze et al, 2002 Hor§ ¢k, Radolf, Bula &
Laukkanen 2014 Amaranteet al, 2016. Increased supraglottic resistance offers training for breath
support Carroll & Sataloff 1991) and decrases transglatt pressure i.e., the difference between
subglottic and supraglottic presstrgvhich providesthe driving force of vocal fold vibratiofTitze &
Laukkanen2007. The phonatiothreshold and amplitude of tlvecal fold$(VFs) vibration decrese
thus the biomechanical lding related to phonation decreagdstze, 2006b). Simultaneously,
especially if the first acoustic resonance of YAE plus the tube is lowered effectively close to the
fundamental frequency¢) of the VFsd vibration, the positivanertanceof the VT may improve the
voice quality byassistingthe VFs0 vibration and/or strengthening the amplitudetioé harmonics

(Story, Laukkanen, & Titze2000;Fant & Lin, 1987 Rothenberg1981).



Earlier modelling studies have shown that positive inertance o¥dbal tract promotes vocal fold
vibration as the oscillation of the air pressure above the vocal folds is in phase with the velocity of the
vocal folds and the phonatiothreshold is also reducgditze, 2001).There are also findings for a
female singer showing that the vocal fold vibration is positively affected Weis close toF:
(Rothenberg1983.

Additionally, the increased supraglottic resistance intensifies sensations of resonatory vibrations in the
VT (Titze, 200®). Thus, the exerciswith tubes and other semiocclusions of the afiers the trainee
sensations of more economic and efficient voice productioes@densatioa may thenbe aguideto
establishsimilar acoustiemechanial conditions in the/T also after the exercissincethe traineanay
learnto apply epilaryngeal narrowing as a sourcengfedancematching between the glottis and the
VT (Titze, 20060). Moreover, water resistance therapy offers the element of water bubbling, which is
reflected inthe oscillation of supraglottic pressure and results in variation of the amplituithe \@Fso
vibration (Grangvistet al.,2015). This bubbling effect has been reported to feel éikmassage of the

VT and the larynx, and it has been suggested that it could offer similar beneficial affeissagé

e.g, improved blood circulation in the tiss(iglori et al, 2009.

Although water bubbling has been regarded as reladwinthe musclesnd potentiallyhealing for the
tissues, there are also some results showing tihatrelative glottal closing speed and the closed time of
the glottis may increagg&suzman et al., 2017yhen the tube immersion depth is high (e.gi,2B)cm
below the water surface) which suggesigher mechanical loading of the VHs.is also possibldor

the water bubbling frequendy approachhe acousti¢ mechanical resonance of the laryngeal tissues,
which may increase the effect of bubbling bdteneficially and adversely(H o r 8§ IRadklf, &
Laukkanen2017a).

This study aims to shed more light on the similarities and differences between tube traihitigewi
distal endof the tubein air and tubetraining with the distal end of the tube immersed in wakéis

study focuses on the following research questions:



1. Are there anyessentialdifferences betweethe gldtal area variation in time GA(t) versus
tranglottic pressurdéPrang(t) variationmeasured for phonation dhe vowel [u:] andphonationinto
the resonancéube withthe distal endeitherin air or in watef? An importantreason for studying
this relation is the fact that it gives an estimate of the average work done by airflow during vocal
fold vibrationthus allowing estimation of changes in vocal efficier8ycha study isdifficult to
realize in humansalthoughinvestigationshave been conducted with high speed filmighe VF
using larger tubes (Laukkanen et, &007; Guzman et al.2017) and filming through the nose
(Grangvistet al., 2015). Both casesobviously result in unnaturaMT conditions compared to
ordinary phonation into a resonance tube
2. Are there any important differences betwebe evaluatedglottal area time derivativedor all
three cases of phonationonsideredur focus is speciallyon the potential differences inthe
maximum arealeclination rate (MADR), which is considered todeneasuref the stresdoading
imposed ortheVFs duringcollisions(Titze & Laukkanen, 2007)
3. What are the effects othe acoustianechanical resonance and the fiestoustic resonancen
phonation througtthe tube in air and in wate@r Are there any fundamental differegs in the
principles ofthese two therapy methodsThis information would be useful to guide the proper
choice and use of the tubes.
In this study,a physical modelill be applied that includesa lung model, artificial VFs, anda
plexiglass model of theVT (Hor §1| e k , Bul a, K o gThenesyltsol&ain&lavdhthis f , 2
hardwalled VT modelarefurthercompared with(1) those obtaineg@reviouslyin humansandwith (2)
calculationsobtained from a computermode| where yielding walls were implementead better
resemble the VT of human#/ielding walls affect the formant frequencies and also leaapfarance
of a low-frequency acoustimechanical resonan¢®adolf,L a u k k ane n, H20048Radolk , &

et al., 2016; Hor 8l ek et al., 2017a)



For simplicity, we usé&1 to refer both to the first formant frequencies measured in the model and in
humans and to the first computed acoustic resonance frequencies.

METHODS

Physical model

A model of thehuman lungswhich includes the splitting of the airways up to fotstder branching,

was built in the subglottic part of the experimental facility (see Figure 1 and mblre in 8 Rasldf,,

Bul a, & 20K7d).gThenadr flowed through the model of the lungs to ttracheg which was
modeled by a metal tub&he total length of the trachea was 23 cm, and the inner diameter was 18 mm.
The experiments were performed with a 1:1 scaled 4laygeed vocal foldmodel with a total length of

20 mm verticalthickness 1B mmand width8 mmHor 8| ek etHoalB] ek2@1Thda | . ,
middle crosssectionof the vocalfold model was based on CT measuremsarita female subject
(Hampala et al.2015. The layers were formed bg silicon wedge modeling the vocal fold body inside
the VFs, a 23 mm thick water layer modeling the lamina propria, and a silicon cover with the thickness
slightly below 2 mmFilling with waterlowersthe Fo of the VF modeto ca. 80Hz andthe phonation
threshold flow(PTF, i.e., the lowest flowrate to start sustained phonatidém)ca. 0.02 I/scovering also

the lowest limits of human phonation (see, eBgken & Orlikoff, 2000.

The fundamental phonation frequency wpseset by aninitial pre-stressing of the VEsThis was
accomplishedy a slight variation of the distance between the frames enclosing the VFs, followed by
changing the hydrostatic pressure inside VFs After filling thei | a mi n a layer iotigerVFsa o
with wate and completing the tuning procedure, the model was fixed pexiglas frame and
connectedo the model of the subglottal spaces on one side and to the model of the VT on the other
side.

The geometrical configuratioaf the plexiglass model of th&ocal tract corresponded to the Czech
vowel[u:]. It consisted o#6 circular crossectional areas, perpendicular to the midline along the VT

from the VFs up to the lipsThese areasvere obtained from magnetic resonance images (MRI)



recorded during thehpnation ofa 35yearold male subject{a mp o | a, Hor 81| )eTe
total length of the/T modelwas18.7 cm.

Setup and measurementson the physical model

Measurements wergerformedfor: a) simulatedphonation orthevowel[u:], b) phonatiorwith [u:]-
vowelshaped VT attached eoglassesonanceube(length 27 cm, inner diameter 7.8 mending in
air, ¢) phonationwith [u:]-vowelshaped VT attached the sameaubeending inwater, and d) blowing
throughthe setup mentioned in c) but withdbie vocal folds vibrating (no phonation). T{th
conditionwasincluded to compare subglottic pressure, oral (back) pressureaaecbubbling
frequency with and without phonation. Such a comparisonrenagal moreon the interplay between
differenttypes ofoscillationsof the air pressureccurring simultaneousiy theVT during phonation

into water

In the experiments with phonatiofipw rates ranged betweehe PTFand themaximum rate beyond
whichthe vibrationamplitudeswvould endanger the ne&tal coherence of the artificiglFs. Theglottal
width betweenthe VFs wagreset to zero and not changed.the experimentvithout phonation the
VFs were abducted by deflation, thus simulating the breathing position @fthén this(d) condition
the glottal widthwas preseto ca.1 mm

The following parameters were measuredniBan airflow Q; 2) phonation threshold flowPTFE 3)
meansubglottic airpressurePsus 4) phonation threshold pressure, PTP (i.e. the lowegsto start and
sustain phonationp) peakto-peak variation iPsugt); 6) frequeny of the lowestsubglottic resonance
7) meanoral air pressurePoral; 8) peakto-peak variation irPora; 9) frequeny Fi of the lowest oral
resonancdgformant) 10) 3 dB bandwidthB; of the lowestoral resonance, 11fundamental frequency
Fo of phonation(measured fronRoral Variation) 12) water bubbling frequencyh (measured fronPoral

variation) and13) variation of glottal areaGA(t). The timederivative ofglottal area variationlGA/dt

(representing the speed of glottal opening and closing) was calculated by the method of central

differenceg(Mathews,& Fink, 2004) Parametersill3 were measuretiecause the VF vibratiorasd
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thus glottal area variatioare dependent on aerodynamic variables below and above the.gltktis

time variation in the pressures, in turn, is related to swmé subglottic resonances.

A schemaof the measuremersietup is shownn Figurel. The VFs were excited by airflow coming

from a regulated central pressure supflge mean airflow ratevas measured by float flowmeter
(EMKO type DF309KS5), and byanorifice flow meter witha pressure sensdtR1000 DRUCK model
LPX1812C19 usingan analogue outpuf.he meansubglotic and aal pressuresvere measured by
integrated pressure semiconductor sensors (NXP FreddPad¥5010GC64 mountedn the walls of

the tracheaand oralcavity modetk. The meansubglottic pressure at the entrance to the VFs was
registered by a digital manometer (Greisinger Electronic, GDHO7AN) connected by a short compliant
tube to the subglottic space of the glottal cavity. A second digital manometer, a Greisinger Electronic
GMH3151, measred the mean pressure of the water inside the VFs, which was adjusted with-a water
filled syringe.

The fluctuations of theubglotticand oral pressuresvere measured by miniature microphoneBruel

& Kjaer 4138 range 6.9Hzi 140 kHz) and by a speciaticrophone probe (B&K 4182%ange 1 Hr
20kHz), respectivelyThe spectra of thpressuresignals were calculated anin-house developed
program in Matlapand theformantfrequencies were estimated from the peaks oatteeagedpectral
data(Ho r §dt &.K017n

All the measured signals were simultaneously samateafrequency of 16.4 kHz and registered dy

B&K PULSE tyme 3560 Cmeasurement systewmith type 7537A and 310®put/Output Controller
Modulescontrolled by a personal computer (P@djuigpedwith SWPULSELabShop Version 10.

A high-speed CCD NanoSense MK cameramaximum resolution 1288 1024 pixels) with a Nikon

AF micro Nikkor 60mmzoom lenswvas included in the measuremasstup for theanalysisof theVFs6
vibration. The camera was positioned 8@@degreebendof the trachea model where a glass window
was installed this enabledthe viewing of the VFso vibration from the subglottal sideA personal

computer (PC Il) was used for recording WHesbvibration. During image recordingt a frequency of



3000 framesecond, three intensive LED lights X213 W+1x 35 W) were focused on the vibrating
VFs. The images recorded by the camera werelsgmized with the time records of the pressure
signals.

Figurel. Somewhere here.
Computational analysis of the measured relations betwedPyans(t) and GA(t)
The relationship ofPyans(t) vs. GA(t) measuredduring regular periodic seffustainedvF oscillations
can be visualized aa closed clockwiseoriented cyclic curvegloop). Similar gaphs showinghe
relationship between treubglotticpressure and the glottapening timevariationwere introduced by
Mi g Gm ancar a(201&.Théwnieaskred these relationships on artificial VFs for various self
oscillating regimes without any VTn the presenstudy we use similar graphs to compgplonation
on a vowel with phonation through the resonance tube with the distal end in air amaten By
computing the average area inside the Jomp get an estimate @ partof the averagemechanical
work done by thairflow per one cycle othe VFsovibration (i.e.part of theflow energy needed to
excite the sefsustained VF oscillations).his can be used as a measure of vetfaiency. We note
that the acoustic energy is not included in our considerations, because it was not possible to measure
the airflow volume velocity wavefori@Q(t) synchronously with the pressure signals.
The normalized are®A inside the graplfloop) wascomputed by aimm-house develogkprogram in
Matlab that uses thellowing mathematical formula for the countetegralalong the boundarpA of
theareaDA:

dGQ, (1)

) gt e (9N

DA :[ﬁF dGO,,

Sk

where F,, (t) P_..() T is a roughly estimatetbrce loading the VF surface approximated by the area

T |; T @0mmandi=20 mm are the V& thickness and length, respective§9, (t) = GA(1)/ | is an

equivalentglottal width; GA(t) and Pyrang(t) are the measured glottal area armhsdottic pressure,



respectively; andh is the number of considered oscillation peridgs1/Fo. In the present study, n=9

The higher is thearea DA, measured in jouleshe higher ighe average work done by the airflow per
one oscillation cycle The transglottic pressurevas substituted by aguasi transgloit pressure
Perans(t)=Psut(t)-Poral(t+to), where the measured oral pressure signal was shifted by théotindg/co
comesponding to the time delay of sound propagation bettheenmocalfolds and the pressure sensor
positioned i n Lt=HB2mMmMmthetdistanceabetwedy yocalgiolds and the pressure
sensor in the mouth ammg=346m/s isthe speed of sound.

Computational modeling of the acoustic resonances

The VT of thephysical model used in this study was made of hard plexiglass. The human VT, instead,
has softer, yielding walldn the present study, computer modeling was used to calculate what the
acousticresonance frequencies of the physical model would be ivdlcal tract wall were softer,
resembling that of the human vocal trélde effects of the yielding walls in the human VT have been
estimated by computer modeling fitve tube in air (see Story et al., 2000; Radolf et al., 2@H@)for
thetube in watergeeHor 8| ek et al ., 2017a).

In the computer modelingincluded in the present studyhe following input parameters were
considered for air: densitss=1.2 kgm?; speed of soundy=353m/s (corresponds to 36°C) for a human

VT andco=346 m/s (corresponds &8#°C) for the VT modeWith hard wallsused in the experiments; a
dynamic viscosityr= 1.8 10° Pas; andr,=998kgm® andc,=1500m/sf or wat er at t he t

The following parameters for the mechanical systepresenting the yielding wallsere calculated
from the data published hyiljencrants (985, Table 4.1): the eigenfrequenay, =2 p 66 rad/s, the
damping ratio of the yielding wallz,= 0.99, and the massn, =1400S =0.z gram, which
corresponds to the mass of the yielding wHile area&5,=3.80 cmd wasconsideredor the first acoustic
element at the glottis.

RESULTS

Effect of tube phonation onformant frequencies
10



Figure 2 illustrates the formants for all three cases stwdigdthe physical modellt is possible to see
that ghonation into a tube decreased the first formant frequEn¢gompared to vowelpoth when the
outer end of the tube was in air and when it was in water (Fiduaad, respectively. The effect was
much stronger when the tube was in water. For phonation on vowel [u:] the first formant frequency was
F.1e 315 Hz. For phonation through the tube in air it decrease#:®105 Hz, which was near the
fundamental frequency of the mod&h=90 Hz). For phonation through the tube with the distal end
submerged 10 cm in wattre firstformantfrequency wa$:e 28 Hz which in turnwasnear thevater
bubbling frequencyFue 22 Hz).

Table 1 shows the formant frequencies obtained with the physicdélmio comparison to those
obtained in computational modeling ftne hardwalled and sofivalled vocal tract ando earlier
results obtained for human3he measuredormant frequenciesare in good agreement with the
computational results for the hawdhlled vocal tract. The first comput@doustic resonandeequency
wasFie 97 for the VT prolonged by the tube in air, afg 28 Hz for the VT prolonged by the tube
with the distal end submged 10 cm in water. Considering the yielding VT walls, the computation
resulted inF1e 181 Hz for the VT prolonged by the tube in air, and the aceustithanical resonance
Fam appeared at 27 Hz. For the VT prolonged by the tube with the distal endein Mavas 143 Hz
and Fam was 9 Hz.The resonance frequencies computed with yielding VT walls are close to those
previously measured in humarihe 3B frequencybandwidthsB; measured fothe first formant of

the voweldecreased from 220 Hz to 99 Hz fbetube in air and to c&5 Hz for the tube in watewe
remark thatfor the phonations through the tuliee differences between the excitatfoeguencyfo or

Fv and the first formant frequenci€s are much smaller than the formant bandwidths Figere 2 and
Table 1

Figure 2d showshat he measuredirst subglottalresonancdrequeny Fsun€ 720 Hzof the subglottic

cavities vas muchhigher than thdirst formant frequencie&: in the supraglottal cavitiegFig. 2 ac),

11



and thereforeFsub1 did not interfee with the phenomena studidtere The Fsuniwas practically the
same for all thesampletypes studied.

Figure 2.Somewhere here.

Table 1 Somewhere here.
Effect of tube phonation on aerodynamic variables
The phonation threshold flow (PTF) substantially decreased for phonation through the tulag into
and into water compared to phonation on the vowel [uTherefore the flow rate intervals were
different for phonation ofu:] (Q=0.08 0.25 I/s),and on [u:]with the VT prolonged by the resonance
tube with the distal end in air and in wat&=0.02 0.10 I/s; see Figire 3). Similarly as for PTF, the
subglottic pressure needed for phonation through the tube in air (phonation threshold pré&Sdeye
was substantially lower than for phonation on [uHor the tube in water the PTRe 1.4 kPawas
naturally higher than forthe tube in air being approximatelythe same as for phonation fun], see
Figure 3
The measured mean subglottic pressaieesPsu=0.4i 2.4 kPa verewithin a physiologically relevant
rangefor human voice productiorB@ken & Orlikoff, 2000).Psus for blowing into water was lower
t han for phonation through the tube iIinto water
The mean and peato-peak values of the subglottic pressure increased in an approximately linear
manner with the flow r&Q. The peakto-peak amplitudes of the glottic pressur®sup_ptp remained
in approximately the same ranfyer all considered cases. The relative amplitudeBsaf pt.p related to
the mean subglottic pressulReus_pt-p/Psubincreased in the all stied caseswith the flow rate from
about 6 16% at the PTF to ca. #65% for the maximum flow rate used in the experiment. The values
of Psub_pt-p for blowing into water were much lower than for phonation into water.
Similar trends were visible fohé measured mean oral pressBsgl and peakto-peak values of the
oral pressurdoral ptp related toQ. The mean oral pressure for the tube with the distakabderged

10 cm in water was much higher than for phonation into air due to the hydrqetedsure.The
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magnitudes of &a_ptp for phonationthrough the tube into air and into water were hegtd almost the
same. This high magnitude of the pdeaipeak oscillation of oral pressure results from the factRhat
decrease close toFo for the tube in air and close tthe water bubbling frequenck for the tube in
water (see Table 1)The fluctuations of the oral pressure in the case of blowing were much smaller
because they were excited only by water bubbling and not supported by the aesostancet the
frequencyF; that increasedbove 180 Hz, corresponding to the open VT end at the abducted VFs.
Therefore the massage effe@r the VFs caused blglowing into waterwould bemuch smaller than
for phonationinto water

Figure 3.Somewhere here.
Effect of tube phonation on glottal area variation
Figure 4 shows the results for the maximum glottal gmeaxGA(t)) and the maximum glottal area
derivative (max(dGA/dt)) evaluated in the closing phase tbe glottis. The latter quantitywhich
corresponds to the maximum glottalosing velocity, is sometimescalled the maximum area
declination rate(MADR; see Titze(2006a) The values of ma@A(t) and maxdGA/dt) increased
nearly linearly with the flow rat&). Considering the same flowate e.g, 0.04 I/s, the values of
maxGA(t) and max(-dGA/dt) for phonation through the tube into water were higher than for phonation
into air. The magnitudes ahaxGA(t) for the tubes were higher than for the vowel, whilgx(-dGA/dt)
, i.e. MADR, wasroughly in the same range ftiretubes andhe vowel.

Figure 4.Somewhere here.
Effects of flow rate on fundamentaland water bubbling frequencies
Figure 5 shows the measured fundamental frequency of phoiatardthe bubblingfrequencyFy, as
functions of flow rateQ. In the considered range €, the fundamental frequency decreased from
aboutFoe 110/ 113 Hz for phonation ofu:] to Foe 90i 94 Hz for phonation through the tube into air
andfurtherto Foe 75 86 Hz for phonation through the tube into water. In the case of no phonation, the

bubbling frequency increased quickly withfrom zero to the approximate constde 20 Hz The

13



bubbling frequency for phonation through the tube into waterfn@49i 23 Hz for all Q values This
indicates that the productiai bulblesis notsignificantlyinfluenced by phonation.

Figure5. Somewhere here.
Measuredrelationships Prans(t) vs. GA(t)
The relationshipsPrang(t) vs. GA(t) constructed from the measurementstloa physical model clearly
distinguish the vowel phonation from both therapy methods and uncover the physical background of
the methodssee Figires6i 9). Such relationshipare difficult to obtain from measurements in humans.
Figure 6 showshe results for phonation on the vowel [u:] for one periodseffsustainedVF
vibration. The cyclic grapts (Prang(t) vs. GA(t) and Prang(t) vs. dSA(t)/dt) createcertainloops, which
areoriented in the clockwise directipas marked byhe arrows forincreasing timeThey startin an
openglottis position (at thetime instantmarked 1). Then, the glottal ar€A increases up tohe
maximum (atthe time instantmarked5). Thereafter during the glottal closing phase, the glottal area
decreaseto thetime instant7, where isthe minimumtranglottic pressureandthenthrough thetime
instant 13, which corresponds to the MAD&RwnN to zero (at théme instants15 and 16). After the
VFsoOcollision, the pressurByrangt) increases up to the maximuyuost beforethe opening phase of the
glottis. TheareasA=0.031 mJ inside the looPrangt) vs. GA(t) computedaccording to equation (1) is a
measuref the partof theairflow energy consumed by tkelfsustained VF oscillations

Figure6. Somewhere here.
Similarly, Figure 7 showsan example othe relationshifs Pyrang(t) vs. GA(t) and Pyang(t) vs. dSA(t)/dt
measuredor phonation into the resonance tube wiitedistal end in air. Théoops startin the opening
phase of the glottigat thetime instantmarked ) and continue throughthe time instant 3 to the
minimum of Pyang(t) at the time instant 5and thento the maximunyglottal opening(marked asll).
However the closing phase earlydifferent from the previous cader phonation on the vowel [u:],
because the pauf the loop Prang(t) vs. GA(t) betweenthe time instantsli 18 is oriented ina

counterclockwise directionThisme ans a negati ve ¢ Amtthisiplasetoftben t o
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oscillation period After time instant18, the closing phase continues the clockwiseoriented part of
this loop through thetime instantl9 up to the complete glottal closure (marked 21) and then to the end
of the period(at thetime instantmarked 33) The maximumtranglottic pressure is substantially
delayed after the moment of glaktclosureand the minimum oPyangt) is negative unlike in the
phonation on [u:].

The computedotal manitude of the areas®=-0.064 mJ inside theeomplete loops negative because
the VFs0 vibration for phonation through a tube into a& supportedby the first acousticresonance
thanks toa near coincidencef the formantfrequencyFie 105 Hz(see Figure and Tablel) with the
fundamental frequencifoe 94 Hz (seeFigure 5). This effect whenthe frequencyFo is close toFy,
results in less flow energyeing needed for theselfsustained VF oscillationsT his demonstrateshe
principle of vocalexercising andherapy with the resonance tubeair, becausehis effectmakes the
phonationeasier.Because ofthis, lower sulglottic pressure and lower flow rate areneededfor the
seltsustained VF oscillation€ComparingFigure 7 with Figure 6, it can be concluded thahe mean
tranglottic pressureéPyanse 0.89 kPa and the mean flow rat®=0.08 I/s are much lowdor phonation
into the tubethan for phonation on the vowel [u\vhere themean transglottic pressuffer self
sustained VF oscillationsas aboutl.95 kPa andlow rateequaled).2 I/s.

The loop for the derivative of the glottatea(reflecting glottal closing speed shown in the lowe
panelof Figure 7.The minimum derivative of the glottal are@MADR), aboutdGA/dte -7500 mnd/s,
occursat the time instant18 before the contact of the VFs #ie time instant21, wheredGA/dt=0.
Values ofMADR areconsidered to be roughproportional to the impact stress loading the VFs during
the collision However following the graph for the derivative of the glottal area betwaee instants
18 and 21lin Figure 7 it can be clearly seethat in realitythe glottal closingspeedis noticeably
reducedjust before the VFs5 contact Thus, MADR is not a1 adequatemeasure of impact stress
whereas the glottal area derivative just prior to glottal closing is.

Figure7. Somewhere here.
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Figure 8 presentsan exampleof the relationshi Prans(t) vs. GA(t) and Pyang(t) vs. dSA(t)/dt for
phonationthroughthe resonance tube withe distal end 10 cm in watdor the same mean flow rate
Q=0.08 I/s as inthe previous case fgphonationthroughthe tube ito air. The measured log@arevery
similar asin the previous caselhis suggestshat the effe¢ of the near coincidence of thiermant
frequencyFie 26 Hzand the bubbling frequendyse 23 Hzis similarly strongasin the case othe near
coincidence ofo and F: for phonationthroughthe tube ito air, where the differenc&si Fo was 11
Hz. The nean flow rate isagainmuch lower than the flow rat®=0.25l/s for the phonation on the
vowel [u:]; furthermore as in the previous casihe meantransglotticpressurdPyanse 0.78 kPais lower
than themeanPyansg 1.95 kPafor phonation orthevowel [u:].

Figure 8.Somewhere here.
Figure 9 demonstrates that phonation into water is more complicated due to the bubbling process,
which creates waves on thea t eurfédce When the variation of the glottal area, the derivative of the
glottal area,trangylottic pressure, and the constied loops are observed for a longer time, the
irregularities in amplitudes of all quantities causedh®waterbubbling are evident. The areas inside
the loops varyrregularly from one oscillation cycle to theext Therefore, when studying phonation
through a tube into water, the energy transfer between the flow and thee®és tde investigated for
a longer time, taking into account more cycles in ordebtainan average value f t h é. This e a &
procedure resulted igAe -0.041L mJ which is quantitatively comparablealue with that obtained for
phonation through the tube into air, where the behavior of the system is periodic with only small
disturbancesThe principle of supporting theelfsustained VF oscillationby the effect ofthe near
coincidence of theormant frequency: with the fundamental frequency &r bubbling frequency Hs
valid in both cases of phonation into the tube.

Figure 9.Somewhere here.
This principle canbe documented by tHew power qi-P= da Fo [W] thatwas computedrom all the

loops measured witim the airflow rate intervalQ=0.02 0.25 I/s considered in this studyigure 10
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showsthe measure@ o w eFP asepfunction of the input steadyerodynamic flow power defined as
the mean subgldic pressurePsup multiplied by mean flow rateQ (Schutte, 1980)T he p dRer o
measured for the vowel phonation approximates the part of the flow power consumed by-the self
oscill at i ng FRfar ph@ratior with tthestubes mefativey iimplicates thathe part of the
flow power consumed by the sal&cillating vocal folds is smaller.
The flow power qFP, evaluated from the area inside the loopshe highest for phonation on the
vowel [u:], for whichgFPe 0.8 7 mW, while in the case of phonation through the tug@® is lower
and mostly negativevith a minimumag¥Pe -8 mW for the tubghonationinto air, where thelifference
F1-Fo=14-15 Hz between thdormantfrequencyF1=105Hz and the frequenclo=91 Hz was minimal
(seeFigures 2b and 5, and Table Theflow powerqgdP for the tube phonation into watesr negative
having the minimumgFPe -6 mW atthe highest input flow power used in the experiments for tube
phonation into water where tltifferencebetween the formant frequen€y=28 Hz and the bubbling
frequencyF, was ca. 48 Hz(see Figures 2c and 5, and Table 1)
The experiments on vowel phonation and on tube phonations were performed in only slightly
overlapping intervals of steady input flow power, because of substantial lowering of the PTF caused by
the tube. Thu#n only one case showin Figure 10, itwas appraimately possible to comparbrectly
t he p BPioe phongtion on vowel with that for phonation into water. The steady input flow power
for the vowel was 159 mW and for the tube in water it was 150 mW, which are close values. The
p o w eFP deqgreased frm 0.8 mW for vowel ta4.2 mW for tube in water. This shows that 5 mW of
fowpower needed f-sustainedvib@tion wasdawkd 6 sel f

Figure 10.Somewhere here.
DISCUSSION
An important finding in the present study is that for phonation thrabhghresonance tube in amot
only F1 decreasedbut the fundamental phonation frequereyalso decreased slightly beld (see

Table 1). Similarly, for phonation through the tubtoiwater, F1 decreased furtheslightly abovethe
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water bubbling fregencyF,. WhenF1 is close toFo or Fu, it assistehe VFsbvibration, which enables

easier phonation utilizing the resonance effect of the acoustic syst@nmactice, it is possibl® tune

the system in order to gain maximum support for phonatiben phonating through the tube either

into air or into water. In the former case it can be accomplished by chargindpile in the latter case

by changingo.

The relationshipsPrans(t) vs. GA(t) constructed for vowel [u:] resulted in clockwisdented cyclic

graphs (loops), similar to those measuredvlly g u n e t foraattificial V2 Qvithdau) a VT while

the loops obtained for both therapy methods are more complicated. They show that less airflow energy
is needed for phonation because fing acoustic resonance at the frequehgyis closdy abovethe
excitation frequencyoorFb,Thi s effect reduces the airflow en
the excitation of acoustic waves.

In principle the same situation happeii the fundamental frequendy of ordinary vowel phonation

gets close to the firstormant frequencyF: of the vocal tractand increags the inertance of the
supraglottic spacgditze, 2001).

Comparison of results from physical modeling, computemodeling, and measurements in

humans

The experimental results presedin this paper for phonation through tubes into air and into water can

be compared to measurements on humans publishetloby §dt a.k2017a) for a male subject and

by Radolfet al.(2014) for a female subject. The main difference between the results is caused by the
existence of the low frequency acoustiechanical resonance in the human VT, whereas in the
physical modelWith hardVT walls, sich a resonance does not exist.

The pressure and frequency data measured here on the physical model are compared with
measurements on humans in Tablevhere the datbtom the modehrecarefully choseraccording to

the same magnitudes of the mean subglottic predureas was measured in humamsom the

measurement using the model, the values of the mean oral pressuyrpeakto-peak oral pressure
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Poral_p-t-p, the water bubbling frequenéy, and the fundamental frequencies were interpolated from the
data given bythe graphs shown in Figures 3 and 5, consideringsaéineesubglottic pressur®su» as
measured in humans. The acoustic resonance frequencies computed for the mathematical models with
yielding and hard wallls are also included in Table 1 for comparisortigtmeasured data.

Good agreement was found between the measurements on human subjects and the experiments with the
physicalmodel for the mean oral pressuPea. However, the peato-peak fluctuations of the oral
pressurePora_p-tp Measured in the metlare far higher than in humarihe reason for this is that the
yielding walls of the human Vay cause anigher damping of the pressure fluctuagoandthat the
differencebetween the first resonanftequencyand the pressuriictuation frequeng, wassmaller in

the model

Really, br phonation through the tube with the distal end in air, the differelaRc€se 90 Hz for the

male and~1-Foe 34 Hz for the female are evidently higher than the differeRgd-oe 141 15 Hz for the
measurement with the Vinodel (see Table 1). Therefore, the acotsfiactural couplingvasstronger

in the VT model, because the excitation frequeReywas nearer to thdormant frequencyF:, and
consequently the amplitudes of oral pressure fluctuati@me higher in themodel than in humans. The
acoustiemechanical resonance at the computed frequé&agg 27 Hz is not so important in vocal
exercises using the resonance tube with the distal end in air, because the frégugacpnsiderably

below the lower limit ofFo for the ordinary human voice (at least when vocal fry is not considered).
However, at least in theory, the mechanical resonance associated with the yielding walls may raise the
computed value of; for the hard VT from 97 Hz to 181 Hz, which comes closeR&190 Hz
measured in hunms (see Table 1). This in tuwould bebeneficial, especially for the femadpeaking

voice, since~ocouldbe easilysetclose toF:.

In phonation into water thE..m becomes importanEor the model, th&F vibrations are supported by

water bubbling, because the differerfeeF, e 4i 8 Hz between the firsiormant frequency and the

bubbling frequency is very small (see Table 1), while the fundamental phonation freggen®y 82
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Hz is far from the acoustic resonarate=1e 28 Hz. We remark that theibration amplitudeof the VF

in the vertical direction should be essentitithe bubbling frequencyt should be proved in a next

study e.g.using laser vibrometry.

In humans, the bubbling frequenEye 11.5 14 Hz was considerably lower than in the model, where

Fve 20i 24 Hz (see Table 1). The computed frequency of the acaustbanical resonanéa.me 9 Hz

is very close to the bubbling frequen&y measured in humans. This means that in humans, the

acoustiemechanical resonance can be excited by the water bubbling because the differenceid only 2

Hz can be theoretically estimated betwé&em andFy (see Table 1). Moreover, in the case of a female

subject, also the first acoustic resonance at the frequergcys50 Hz was excited by the very close

fundamental frequendyoe 149 Hz, which is also close to theoustiaesonance frequendyie 143 Hz

computed for the VT with the yielding walls (see TableThis means that for the female subject, the

effect of the water voice therapy can be doubled, bedausan be close t&.m, and at the same time

Fo is close toFi:. It is worth noting thataccording tothe measurements on a human subject the

amplitudes of the bubbling induced vibrations of the laryvere higher than those caused by the

fundamental frequency of phonation (Laukkanen et al., 2018).

From a comparison of the results obtained from the madblhard VT walls and the measurements

made in humans, it can be concluded thateffects of tube phonation humans and in the model are

the same, but the situation is more complicatelumansdue to the existence of the low frequency

acoustiemechaical resonance. The results show that optimized conditions for a maximal utilization of

the resonances for supporting phonation into the tubes could be found. It would be necessary to tune

the systemTuning can be accomplishég changing several parames:

1 the inner diameter and length of the tdbllowing the theoretical results Hor 81 ek et al
since thetubelength and diameter affetite first resonange

1 the fundamental frequency of phonation, within physiological limits, for malecamales;

1 the airflow rate which changes the bubbling frequency, as shown in Figure 5.
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The most problematic seems to be to change the bubbling freqb&enoya wider frequency range
covering the acoustimechanical resonancef the VT (ca 9 Hz), becausean exact theoretical
modeling of water bubbling is excluded and only special experiments for chosen tubes can be carried
out, as recently presented in Wistbacka et al. (2017), where for-avh#ied VT, theF,increased from

ca. 6Hz atQe 0.001 /s to ca. 21 Hz &e 0.04 I/s. It is known that the bubbling frequency increases
with the flow rate very quickly from zero for low flow rates to a limit value over which is not possible
to cross (see Figure 5 and Davidson & Amick, 1956).

General discussion

Our modeling resultare in line with the computations of Story et al. (2000) for humans when it comes
to the lowering of F1 with an artificial prolongation of the VT by a tube in air. Grurvalues were
lower when a hardvalled VT wasconsideredHowever, when the values were calculated considering
a yieldingwalled VT, as Story et al. (2000) didur results(F1=181 Hz)for tube in air are roughly
similar tothe resultdy Story et alfor a 30cm tube with a ca. 1 cm inner diametEx &bout 210Hz).

Their resultsfor the bilabial plosive [b]K1 about 170 Hp in turn,resemble our results for the tube in
water F1=143 Hz; see Table 1)'he differences can be caused by the different VT and slightly
different tube length and inner diametés far as we know, the present studgd the study by

Ho r 8dt @ K2017a) are the first to calcul&efor a water resistance exercsieowing the effect of

the low frequency acoustimechanical resonancetime VT.

The Psup and airflow rates considered in the physical modeling were within the range reported for
humans (Baken & Orlikoff, 2000), and they remained in the same regtbe ase thahas been found

in humans during tubexerciseTyrmi et al., 2017;Radolf et al, 2014). The bubbling frequency
Fv=19 24 Hz in phonation through a tube into water waseto the 21 Hzreported by Wistbacka et

al. (2017) for a hardvalled VT. Grangvist et al. (2015) measuréd in humans in the range 10.5
12.7Hz and Tyrmi et al.(2017) in the range 15.86.5 The results agrewith our finding that the
yielding walls in the human VT lower the bubbling frequency (see Table 1).
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The analysis of the measured relationshipst) vs. GA(t) showed the principle of supporting the
selfsustained VF oscillationdy a near coincidence of the first resonance frequency with the
fundamental or bubbling frequency in both cases of phonation into the Tiige.measured
relationshipsshowed that wheir1 was closer td~o in the tube phonatignless airflow energy was
needed for the VEsvibration. Thus, the results are in line with the computer modeling results
presented by Titze (2006) afdze & Laukkanen (2007)suggesting improved vocalfficiency with

the tubes.

The results of our study are also in line with the computer modeling resudenb®& Lin (1987)and

Titze (1988)as well as the results of Rothenberg (1986) for a female sinigph showed that the
condition whereFo andFrar e c¢c | os e i mupibrationeAsfurthethstudy \SFnvaréanted to
guantify, how much the flow energy reduction and thus improvement of VF vibration depends on the
difference between the fundamental phonation frequency and the first resonance frequency for
phonation through thaibe into air, and on the difference between the bubbling frequency and the first
acoustic (or the acoustimechanical) resonance frequency of the vocal tract for phonation through the
tube into water.

Hypothetically, it is possible to obtain an efficienoyaximum in tube therapy by varying (a) the
fundamental phonation frequency, (b) the lowest acoustic resonance frequencies using tlifferent
lengths and inner diameters, and (c) the bubbling frequency (through changing the airflo# rate).
guestion ofinterest is whether the enhancement of VF vibration may increase the mechanical loading
imposed on the VFs. According to the results of the present, dtudghonation through the tube into

air or into waterPTP, PFT andPrans decreasedihile MADR did not increase, whichuggestshat the
mechanical loading of the VFs did not increaBleese results are in line with the previous modelling
study that showed that the impact stress &) smalleduring water resistance therapy compared to

vowel phonatio (Horacek et al. 2018).
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On the other handzuzman et al. (2017) have found in a hgpeed study with humans that in some
cases of phonation through a tube into water (especially when the immersion depth 19d&epm),

there is an increased amplitutteVVF length ratio (substitute of maximum glottal amplitude), closing
guotient (substitute of MADR), and glottal spectral flatness; all of these changes suggesting increased
impact stress in phonation. Similarlthe highspeed results reported by Laukkanen et al. (2007)
showed a trend that in phonation with a longer tube compared to a shorter dhe, Waes higher and

glottal open time shorter (i.e. closed time longer). These observations seem to imply increased
phonatoy effort as a compensation for increased supraglottic resistance. In the present study, the
method used was modeling. Itgsssible that in some cases humans increase laryngeal addudion

Psun, SO thatthe impactstress may rise somewhat; on the other hand, the humassgegd imaging

data did not include data fétsu» and airflow. The results of the present study suggest that maximum
glottal area and the area derivative need a referend& tcand airflow for dawing conclusions
regarding impact stress. Furthermore, as our results show, maximum area declination rate is not a
correct parameter for estimating the impact stress; instead, the area declination rate just prior to vocal
fold collisionshould be studiegh future.

In any case, during tube voice therapy, the subject/herself should avoid phonation that may
potentially beharmful due to exaggerateshhancement of VF vibration near the first resonance or in
water resistance therapy when there is a doafiect near the first two resonances §nd Fa.m). Such

a situation is likely to be felt as unpleasantly strong vibrations in the vocal tract and larynx. This can be
expected especially for loud phonation with high subglotésgure

CONCLUSIONS

The main findings from the modeling of the voice therapy based on phonation through a tube into air
and into water can be summarized as follows.

1) Glottal area variation measured simultaneously with the variation of the transgiasisure

showed that theidlow energy needed for VF vibration and the excitation of acowsdices can be
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noticeably reduced by phonation through a resonance tube into air and intocoauesred to
phonation on the vowel [u:]. In both voice therapy methods, part of the airfienge required for
phonation is substituted utilizing the first acoustic or acoustic mechanical resonance.

2) The basic principle in vocal exercises with a resonance tube with the distal end in aiwaber in
(water resistance therapy) is the same. Hwngtion into air, the fundamental phonation frequency
excites the acoustic resonance at the first formant frequency, and for phonation into water, the bubbling
frequency excites a low frequency acoustic mechanical resonance in the human VT with yialding w

3) The maximum glottal area time derivative during the glottal closureded maximum area
declination rate; MADR) is considered a measure of the maximum impact stress between the colliding
VFs. However, it was found in the present study thatglottal closing speed was noticeably reduced
just before the VFsd6 collision. Therefore, MADF
stress estimation. The glottal closing speed should be investigated in detail in a future study.
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FIGURES

Figure 1. Schema of the measurementgptforthe experimental study on theodel
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Figure 2. Sound pressure speatn levelsof the measured oral pressure $tmulated phonationst) on
the vowel [u:](Fo=111 Hz, F1e 315 Hz, Q=0.20 I/s), b) throughthe tube ito air (Fo=90 Hz, F1e 105
Hz, Q=0.04 I/9, and c) throughthe tube ito water with a detail in the lowest frequency range
(Fb=22Hz, F1e 28 Hz,Fo=79 Hz, Q=0.04 I/9. Figure 2d) showsthe example othe spectrumof the
subglottic pressurémeasuredor the samehonation through the tubetcnwater, Fsupie 720 Hz) The

formantfrequencies-1 were estimated from the peaks of dweragedpectra marked by thick lines.
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Figure 3. Measuredralues of a) neansubglottic pressuréPsuy), b) peakto-peakmagnitudes of
subglottic pressur@Psub_pt-p), C) mean oral pressu(Boral), and d) peako-peak magnitudes of oral
pressurdPoral_pt-p) depending on the flow rat@ for: 1) phonation on the vowel [u:P) phonation

through the tube into aiB) phonation througithetube into water, and) blowing through the tube into

water without phonation.
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Figure 4. Measured maximum glottal area n@t) and maximum glottal area derivative nax
dGA(t)/dt) evaluated during the closing phase of the glgil&DR) as a function othe flow rateQ
for: 1) phonation on the vowel [u:B) phonation through the tube into air, &)dpohonation through the

tube into water.
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Figure 5. Measured fundamental frequenyand thewaterbubbling frequency, depending on the
flow rate Q for: 1) phonation on the vowel [u:R) phonation through the tubetanair, 3) phonation

through the tube into water, adjiblowing through the tube to water without phonation.

140

— 120 -
N -
T " L E—
— 100 -

80 - 5000000

+ tubein air

60 - O tubein water 10 em
— i —— vowel_U
I 40 - --#-- bubbling Fb - no phonation
e 20 I —e— bubbling Fb - phonation

0.00 0.05 0.10 0.15 0.20 0.25
Q[l/s]

o

34



Figure 6. Example othe construction of theelationshiprans(t) vs. GA(t) andPyans (t) vs. dGA(t)/dt

for phonation on vowel [ u: Josdllaionslowig: gpteararea d o f
GA(t) (upper paneland glottal area derivativeGo(t)/dt (2" panel) transdottic pressuréPyans(t) (3™

panel) andtheresulting relationshgp(lower panel) Q=0.20 /s, Fo=111Hz, A<8.081 mJ qFP= &
Fo=3.42 mW). ). The numbers along the wavefofa#A(t) indicate the important time instants marked

also on theelationshipsand on the higispeed VF imageshown at the bottom.
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Figure 7. Example ofthe construction of theelationshipPrang(t) vs. GA(t) andPyans(t) vs. dCA(t)/dt

for phonation through the resonance t-osdll&ioni nt o
showing: glottal areaGA(t) (upper panel)glottal area derivative @A(t)/dt (2" panel) transglottic
pressurePrangt) (3 panel) andthe resuiing relationships(lower panel), with the images of the
vibrating vocal folds also shown at the numbered time inst&@#6.08 I/s,Fo=94 Hz aA=-0.054 mJ,

oFP= A Fo=-5.07 mW). The numbers along the wavefof&#(t) indicate the important time instants

markedalsoon therelationshipsandonthe highspeedVF imagesshownat the bottom.

36



