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Comparison of Some Mechanical
Models of Larynx in the Synthesis of
Voiced Sounds

The process of voiced sounds production can be described as follows. air coming from the
lungs is forced through the narrow space between the two vocal folds, which are set in
motion in a frequency governed by the tension of their tissues. The vocal folds change the
continuous flow that comes from the lungs into a series of pulses. Then, as the flow passes
through the oral and nasal cavitiesit is amplified and changed until it is finally radiated
from the mouth. This complex process can be modeled by a system of integral-differential
equations. In spite of such complexity, this paper shows that it is possible to obtain
synthetic voice sounds of satisfactory realism using simple mathematical models. The
perception of a synthetic sound as natural isincreased by choosing suitable waveforms for
the time-varying subglottal pressure, rather than by augmenting the number of degrees of
freedom of the mechanical model. This paper also shows possible ways to adapt the
models to voices of men, women and children.
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Introduction

The beginning of the voice production process acawmith a
contraction-expansion of the lungs. The air pressdifference
created between the lungs and the mouth exit caaigésv. The
airflow passes through the larynx, where it is sfarmed into a
series of pulses (glottal signal) of air that rezcthe mouth and the
nasal cavity. The pulses of air are modulated leyttmgue, teeth,
lips, and other articulators that shape the vodtt(portion that
goes from the larynx up to the mouth), and resnltthie final
pressure wave that we perceive as voice. The flsitmal has
important properties which are complex to reprodwecel are
intimately related to the anatomic and physiologid@aracteristics
of the larynx. Its generation mechanism has begtamed by the
so-called myoelastic-aerodynamic theory, proposedan den Berg
(1958) and Titze (1980).

Looking at this system of voice production from ianger
perspective, we may consider four distinct groupg first one,
called respiration group, is related to the production of airflow,
starts at the lungs and ends in the trachea. lfathiex, we find the
organs of the second group, responsible for thelymtion of the
glottal signal, which we call theocalization group (the vocal folds
belong to this group). The glottal signal is a sigof low intensity
which needs to be amplified and emphasized at meted
harmonic components, so that the phonemes may draathrized.
This process occurs when the airflow passes thrthuglvocal tract,
which we call theresonant group. Finally, the pressure waves are
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radiated, when they reach the mouth, byréwéation group. Here,
we will consider only the production of voiced sdsn

The present paper is a follow up from previous wdi®ataldo
et al., 2004, 2006), in which we assessed and compared the
capability of some models to simulate vocal produns, and
introduced variations of the subglottal pressureirtorease the
perception of the synthesized sounds as naturaldsoliHere, we
will review our main results and consider adaptetiof the models
to the vocal physiology of children, women, and menreproduce
their voices.

Nomenclature

Ay = glottal area, m

Ag = neutral glottal area, m

B = Constant of the damper, used in the one- mass- model, Nm

B; = Damping Matrix , used in the two-masses model,N¥m

B, = Damping Matrix,, used in the two-masses model,NS/m

C; = Capacitances used in the acoustic model, m°/N

fsj = Force requested to produce the displacement x; in the two-
mass-model, N

fy; = restauration force during the collision processin the two-
mass-mode,NI

F;, = Forcing function in the one- mass- model,N

F, = Forcing function in the one- mass- model,N

F = Forcing function in the one- mass- model,N

K = Constant of the spring used in the one-mass-model,N/m

k. = Constant of the linear spring used in the two-mass-
model,N/m

M = Massin the one-mass-model kg

P, = Subglottal pressure,N/m?
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P, = Subglottal pressure used in the expression of the Ps
variable,N/n?

P, = Inlet pressure used in the two-masses model N/

P, = Outlet pressure used in the two-masses model,N/n

Ps =Bernoulli pressure,N/n?

Lg = Inertance owing to the massin the acoustic circuit,Ns/m

Ry = Resistance used in the acoustic circuit,Ns/n

R, = Flow independent resistance used in the acoustic circuit in
the one-mass model Ns/n?°

Uy = Flow volume vel ocity,m?/s

S, = spring force used in the two-masses model, non-linear,N/m

S, = spring force used in the two-masses model, non-linear,N/m

T = duration of the vowel, s

x = displacement of the mass M, in the one-mass-model,m

x; = displacement of the mass M, in the two-mass-model,m

X, = displacement of the mass M, in the two-mass-model,m

Greek Symbols

AT = sampling period,s
N = coefficient that describes the nonlinearity koé spring in

the one-mass model
N = coefficient that describes the nonlinearitytaf springs in

the two-masses model
Subscripts

1 relative to the first mass in the two-masses model
2 relative to the second mass in the two-masses model

Modeling

In the last decades, the dynamics of vocal folds heen
extensively studied and new models have been desedut older
models are still used as a basis to the developofardw ones. We
will base our considerations on the one-mass mpdgbosed by
Flanagan and Landgraf (1968), the two-masses npdpbsed by
Ishizaka and Flanagan (1972), and also some i@arsaof these
two models including some ideas used by Gardnek @001) when
modeling the sound production in a songbird’s vacghn.

The two base models assume perfectly symmetriczivfolds,
and motion in the direction perpendicular to awwfl only. The
airflow is assumed quasi-steady, and described byndllli's
energy equation. Other assumptions may be foutttkineferences.

The vocal tract is represented as a series of temaizd
uniform acoustic tubes with stepwise varying cresstional area.

Flanagan and Landgraf’'s Model (1968)

The acoustic circuit representation for voiced stsuproduction
is shown in the Fig 1.

RV\,_ZI% Lg% L Ly Ln Ly
Ba o sl
| ]
glottis vocal tract i

Figure 1. Acoustic circuit representation for produ ction of voiced sounds.

The subglottal pressure is approximated by a veltsaurce (Ps)
because the lungs appear as a low-impedance ctpstssure
source and the pressure drop across the largekameechi and
trachea is relatively small. Using the experimengallts of van den
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Berg (1957), the time varying glottal impedanceegresented by a
flow-independent resistance JR a kinetic flow-dependent
resistance (B; and an inertance owing to the masg) (4iven in
terms of the kinematic viscosity of air, the vobalt thickness, the
fold length, the area of the glottal orifice, thie density and the
airflow through the glottal orifice. Representativalues of these
parameters can be found in Flanagan and Landg®&Bj1

Each vocal fold is represented as a mass-springgeiasystem.
The system is excited by a force F, given by thmdpet of the air
pressure in the glottis with the area of the irlbtigl surface. The
force acts on the medial surface of the vocal foddsshown in the
Fig. 2.

K B
T—t—x:ﬂ
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Lungs ¥ Ps tP1 Pyt Ug \t/:)ai:‘:l
e

-
Vocal cords

Figure 2. Mechanical model for the vocal folds.

The dynamics of the vocal folds is given by

MX + Bx + Kx = F(x,t) Q)

where x(t) is the displacement of the madd and the force

F(x,t) drives the system.

In the present study, the forcing function is cotegufrom the
mean value of the inlet and outlet pressures;aating on the vocal
fold surface.

F(x,t):%(Pl+P2)(/6d) @)

Experimental measurements show that these pressarede
approximated as

R=R-137R ®3)
and
P, =-0,50r, “4)
where
P, = % lu,| A7 (5)
is the Bernoulli pressure and
A=A, +IX (6)

Ishizaka and Flanagan’s Model (1972)

Although the one-mass model may produce acceptaiited-
sound synthesis and simulate many of the propeofidhe glottal
flow, it is inadequate to produce other physiolagidetails related
to the vocal folds behaviour.
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For example, the prediction of acoustic interactitisplayed

between source and tract is larger than observédiiman speech. Ry Ry o, B Rl Y9 e L LR R L Lo R,
To incorporate such physiological properties, rpletimass WMM—J%;% " o inp quw ﬁL . én
representations of the folds have been considémetshizaka and "« T % *TL”D W ) T ' T '
Flanagan’s two-mass model, vocal folds are reptedeby two . : TR TS

angs glottis mouth

coupled mass-damper-spring oscillators, as showmeiifrig.3.

Figure 4. The acoustic circuit representation prop osed by Ishizaka and
Flanagan (1972).

Variations of the Subglottal Pressure

Gardner et al (2001) presented a model of sounduptmn in a
songbird’s vocal organ and found that much of thrglexity of the
and lungs B . ) - L
| o O p g canary'’s singing can be produced introducing siniphe-variations
Ps il 12{tFn e — R in forcing functions. The starts, stops, and pabséseen syllables,
|

Vocal
tract

Traquea

as well as variation in pitch and timbre are inheie the mechanics
and can often be expressed through smooth andesiapiations in
the frequency and relative phase of two drivingapaaters. We used
the same idea applied to the base models discatsse.

According to previous experimental results (Liebann1991)
the subglottal pressure follows smooth variatianthe start and end
of an utterance. For simplicity, we consider thariation of the
subglottal pressure according to the Eq. (10):Viara of subglottal

Figure3. Mechanical model for vocal folds proposed by Ishizaka and pressure
Flanagan. (1972).

P. =PR,sin 2m (20)
Springs S; and S, are non-linear and represent the tension in st o T
the vocal folds. The nonlinear relation between dieflexion from
the position of equilibrium and the force requestegroduce this where T is the duration of the vowel ang, is a value of the

deflexion is given by subglottal pressure.

f, =K x,(L+nx? 7 ) .
s % @) ™ Simulations

When the opposite masses collide, during glottakwle, a Simulations of voiced sounds were obtained by nigaker
reaction force acts on the masses, which causesndtion of the resolution of the above equations, using Euler'skivard method

vocal folds. The reaction forcef,. during collision may be and Matlab software. Using standard values of taepeters, as
. o . ... described by Flanagan and Landgraf (1968) and bizdka and

represented by an equivalent spring with a norafireharacteristic Flanagan(1972), we simulated, or synthetized, thends that are
of the form available at http://www.professores.uff.br/ecatéiesultados.htm.
The Fig. 5 shows results from Flanagan and Lantgrabdel

2
1968), for constant (a, b) and varying (c) suliglopressure. The
fh :h(xl_'_pzhioljl_'_”hl[xl_'_%olj , ( ) ( ) ry g() gqb

Fig. 6 shows the same signals, when computed fainizdka and
Flanagan’'s model (1972).
Ago; From these plots we may observe an amplitude mtidnla
X; +— <o, j=12 (8) caused by the varying pressure, and a higher mawiftaw. The
2y perception of synthesized sounds as natural igerbfgdr varying
pressure than for constant. This result seems tplyinthat
where h; is a linear stiffness coefficient andhj is a positive introducing simple variations of the subglottal gse@re is a more
. . ) L efficient technique to improve the perception cdcund as natural
coefficient representlng the non-lln_earlty |ntroddd)y th_e contact. an increasing the complexity of the mechanicptesentation of
The resultant force acting ol ; during the closure is given by the the yocal folds by adding additional masses.

J
9

sum fg + fy; . The dynamics of the system is given by
Diphtongs Generation and a Plosive Consonant Generation

My% +S(x) + By(X) +k.(x,=x) = F, ) We may also use Flanagan and Landgraf's modelenergte

M,X, + S,(X,) + B(X,) + k. (X, X) =F, diphthongs and the plosive /p/. Diphthongs wemautited by

varying linearly the vocal tract areas between ¢bafigurations

where F, and F,are the forces acting onM; and M., corres_ponding to the_ two vowels _of the diphthonguth closure

was simulated reducing by 1000 times the last @eaf the vocal

tract (it is not possible to reduce it to zerot ke occurrence of

divisions by zero during the numerical solutiontbé equations).

The example in the Fig. 7 shows a simulation fa& Bortuguese
word /papai/ (“daddy”).

respectively, and they are computed in terms ofarmgressures
acting on the vocal fold surface.

The acoustic circuit representation used in thezéa and
Flanagan model (1972) is repeated in the Fig. 4.
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Figure 6. Two-masses model. (a) Displacement of the
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Figure 7. Mouth acoustic pressure in the simulation
word /papail.

of the Portuguese

Simulations of Man, Woman and Child Voices

As in previous works (Lucero and Koenig, 2003, 20Gbke
standard parameters of the above models are adapteeference
for a male configuration. Woman and child configimas are then
achieved by adjusting the dimensions of the modslstheir
laryngeal anatomy.

A single scaling factorg is used for all dimensions. This is a

simplification of the actual size variations of tla@ynx and vocal
tract. According to Titze (1989), two main scalifagtors for the
size relation between male and female larynges In@aidentified,
depending on the specific dimension. The relatarggths between
the pharynx and oral cavity also differs to men,mea and

children. Here, the single factg® was adopted as a convenient anc

simple way to control the overall size of the modéius, an adult
female configuration would correspond to an appmatée factor of

B =0.72(according to data by Titze, 1989), and a 5-yedr-ol

configuration to 8 = 0.64(according to data by Goldstein, 1980).
All linear dimensions are then scaled multiplying B. Masses

are accordingly computed multiplying b383. For the tissue
stiffness we assume a constant elasticity modwuslf sizes. This
assumption is again a simplification since Titz®83) reported
slighter stiffer tissue for females than for maj@sbably as a result
of differences in tissue composition. Similar diffieces between
child and adult tissues have also been reportedtgidirano and

Nakashima, 1983). For a constant elasticity moduline
stiffness coefficient is directly proportional thet cross-sectional
area of the tissues, and inversely proportion#hédr length. Hence,
the scaling of all dimensions by a fact@r implies that stiffness is
also scaled by this same factor. For the tissugdswe assume a
constant damping ratio for all sizes.

Using Flanagan and Landgraf's model, with a vocadttset in
a configuration for vowel /a/, we synthesized veifar adult male,
female, and a 5-year-old child. We also producetlkitions of the
Portuguese word /papai/ (“daddy”) for the threeesasvarying
appropriately the vocal tract geometry.

The Fig. 8 shows the plots of the radiate pressirethe
Flanagan and Landgraf's model, for an adult maje & adult
female (b), and a child voice (c). The three casgsespond to the
configuration for the vowel /a/.

The simulations show an increase in the fundamdrggquency
as the laryngeal size is reduced. In the casertghsgis of vowel /a/,
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the fundamental frequencies are 126 Hz in the nal8 Hz in the
female, and 192 Hz for the child case.
This increase is approximately proportional/ﬁ’él, which is

consistent with reported experimental data (e.gitze, 1989,1994;
Lucero and Koenig, 2003,2005).
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Conclusions

Although the system of voice production is complex have
shown that it may be modelled with good approxioratising low-
dimensional systems for adult and child configunagi of the vocal
organs. This result is in agreement with past ssidin vocal fold
vibrations, which have relied on simple models twaracterize
details of the dynamics (e.g. Flanagan et al. 194&nagan and
Landgraf, 1968; Ishizaka and Flanagan, 1972; Lyck969; Lucero
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and Koenig, 2003,2005). We have also shown thaatiam of the
subglottal pressure is a relevant factor that, wheaperly chosen,
improves the perception of the synthesized soundasisral. This
result might be expected, since the actual suladlptessure never
jumps from zero to a non-zero constant value, @menustained
vowels. Due to the physiology of the respiratiorogass, the
subglottal pressure must always follow a smoothiatian
(Lieberman, 1991). For simplicity, we have assuntledt such
variation has a sinus shape, following Gardnet.¢2801).

On the other hand, an increase of the number ofedegof
freedom (masses) of the model did not lead to aotjcenble
improvement on the generated sound. These resiggest that the
perception of a synthesized sound as natural depemote on
dynamic variations of the model's parameters tham tbe
complexity of the model itself. Further studies thiis issue are
deemed necessary to confirm or reject this conmhysivhich might
have important implications for voice and speechmpater
synthesis.
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