Tongue-tip trills and vocal-tract wall compliance
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The effect of vocal-tract wall compliance on tongue-tip trills is to create a favorable pressure-
flow relation at the tongue tip for sustained vibration. The governing equations are derived for
a model based on this mechanism, and data on unvoiced trills are used to help set parameters

for a numerical simulation of the model.

PACS numbers: 43.70.Aj, 43.70.Bk

INTRODUCTION

The majority of /r/ sounds with an alveolar-dental
place of articulation are specified as interrupted: trills, taps,
or flaps (Maddieson, 1984). There has been relatively little
to explicate the mechanics of tongue-tip trills, and this paper
is intended to provide a credible model of how vocal-tract
wall compliance can help sustain these trills. Tongue-tip
trills can be produced with the sides of the body of the tongue
braced against the teeth and with the tongue tip free to move
to and from the hard palate. Because the trill is the result of
interaction between air and the solid tongue tip, the control
of the tongue tip, glottal aperture, and the lungs are all im-
portant for initiating and sustaining the trill. It is not surpris-
ing, therefore, that tongue-tip trills, as well as sibilants, are
the final speech gestures to be mastered by native Spanish
speakers (Jimenez, 1987). There is also evidence in English,
a language without trills, that tongue-tip control for sibilants
uas not matured by the 7th year (McGowan and Nittrouer,
1988). Here, we concentrate on the trill as a case of solid—air
interaction that results in vibration in the vocal tract.

In the simplest terms, tongue-tip trills might be de-
scribed in the following way. The tongue tip is viewed as a
sprung trap door, with the oral cavity providing a container,
or plenum, where air can have a greater pressure than atmo-
spheric. The pressure difference between the plenum and the
atmosphere causes the trap door to open as the torque pro-
vided by that pressure difference is sufficient to overcome
the torsional tension of the trap door spring. The air rushes
out, and the air pressure in the plenum drops so that the
torsion spring closes the trap door over the mouth of the
plenum. The plenum is refilled by air flowing from the lungs
through the glottal resistance, and the cyclic process contin-
ues.

Energy is exchanged from the air to the tongue tip when
the tip is moving away from the region of higher air pressure
in the oral cavity and toward the region of lower air pressure
outside the mouth, that is, during the outward movement of
the tongue. The opposite exchange of energy occurs during
the inward movement of the tongue tip, if the tongue tip can
be supposed to be moving toward a region of higher pressure
inits return toward the hard palate. These statements follow
from the definition of mechanical work done on a particle of
mass as the integral of the force in the direction of motion
against increments of path length. The air pressure provides
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force distributed over a collection of masses comprising the
tongue tip: The total work done on the tongue, or energy
input to the tongue, is the sum of the work done by the air on
each incremental mass of the tongue.

The simple description of the physics of tongue-tip trills
is not specific enough to rule out the possibility that the work
done by the air on the tongue in opening is equal to work
done by the tongue on the air during the closing phase. The
air in the lungs provides a subglottal pressure higher than
atmospheric pressure, and the glottis provides a resistance to
flow due to the formation of rotational air motion and vis-
cous boundary layers. The constriction at the tongue tip also
provides a resistance that is time varying. Assuming that the
flow is always egressive, and the subglottal pressure is con-
stant, the intraoral pressure depends only on the areas of the
glottal opening and the tongue-tip constriction, and not the
direction of the tongue-tip movement. With the glottis at a
constant area or varying at such a fast rate, as in voicing, that
it has a constant area considered in relation to the time scale
of the tongue trill, the net pressure on the tongue tip depends
only on its position, because this determines the tongue-tip
constriction area, so no net work is done on the tongue in a
complete cycle. Under these conditions as much energy is
removed from the air in any path increment of the trap door
opening as is given back to the air during the inward move-
ment over the same path increment. This symmetry is analo-
gous to the state of affairs with the one-mass model of the
vocal folds when vocal-tract loading is not considered.

There are several ways to add details to the simple de-
scription so that the symmetry in the outward and inward
movements is broken. The description can be modified to
provide for more than one degree of freedom for the tongue
tip. If the tongue tip can follow two different paths in the
inward and outward motion, then the symmetry in energy
exchange no longer has to be the case. One way for this to
happen is for surface wave motion of the epithelium to occur,
which, in turn, may be modeled by a two-mass system much
like vocal fold vibration. There is no experimental evidence
one way or another on whether the tongue tip moves with
more than one degree of freedom. The vocal folds, during
certain modes of phonation, possess a noticeable wave mo-
tion on their epithelia, and, until there is a decisive experi-
ment, this motion cannot be ruled out for the tongue tip.

Possibilities for single-degree-of freedom motion for the
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tongue tip can also be considered. Here, again, vocal fold
models provide some guide (Flanagan and Landgraf, 1968).
When the epithelia of the vocal folds are put under sufficient
tension, as in falsetto mode, surface wave motion ceases and
each fold moves with a single degree of freedom. The neces-
sary asymmetry in the opening and closing of the vocal folds
during single-degree-of-freedom motion is attributed to
acoustic loads provided by the vocal tract on the glottal flow
system (Titze, 1988). In particular, when the reactive part
of the impedance looking into the vocal tract from the glottis
isinductive, there is more pressure on the folds during lateral
movement than during medial movement. This results be-
cause the inductive load provides a phase shift of the glottal
area and glottal volume velocity with respect to the pressure
in the glottis.

A capacitive load might be responsible for a phase shift
in the tongue-tip constriction area and volume velocity with
respect to oral pressure in the case of tongue-tip trills. A
capacitive load in the vocal tract would not provide the cor-
rect phase shift in glottal area with respect to glottal pressure
in the case of single-degree-of-freedom phonation. However,
a capacitive load behind the vibrating object in the case of
tongue-tip trills should provide the correct phase shift to
sustain this vibration. There may be sufficient capacitance at
low frequencies to create a substantial phase shift if the com-
pliance of the vocal-tract walls is taken into account. [ Using
the tense cheek data (Ishizaka et al., 1975; Westbury, 1983)
for vocal-tract walls behind the tongue tip, the resonance
frequency of the walls relevant to tongue-tip trills is around
60 Hz. The tongue-tip trills observed by the author were
between 25 and 35 Hz.] Vocal-tract loading as applied to
tongue-tip trills is explored in the model presented in the
next section.

The model of the effect of vocal-tract compliance pre-
sented here is in the spirit of some earlier vocal fold vibration
models, such as the one-mass and two-mass models (Flana-
gan and Landgraf, 1968; Ishizaka and Matsudaira, 1972).
These models have been invaluable tools for understanding
the solid—flow interaction and resulting aerodynamic forces
on the folds in the production of voice, and they can be incor-
porated into an articulatory synthesizer. Not only would
such a model be helpful in understanding tongue-tip trills,
but also the solid—flow interactions and aerodynamic forces
on the tongue tip during alveolar stop closure and release,
and during sibilant production. Modeling of aerodynamic
forces on supraglottal structures during consonant produc-
tion, including taps and trills, has received very little atten-
tion (see, however, Stevens, 1991). Understanding the bal-
ance between articulator movements and forces, including
the larynx, and aerodynamics is essential for articulatory
modeling and synthesis.

I. DESCRIPTION OF THE MODEL

Some of the previous lumped element models of stop
consonant aerodynamics, which incorporate the mechanical
properties of the vocal-tract walls (Rothenberg, 1968;
Miiller and Brown, 1980; Westbury, 1983) can be used to
model the dynamics of tongue trills, because the frequencies
of interest are well below 100 Hz, thus making phase differ-
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ences along the length of the vocal tract negligible. A model . -

for the effect of the compliance of the vocal tract on tongue
trills is illustrated in Figs. 1 and 2. The subglottal system is
assumed to be a constant pressure source, at pressure Py,
that couples to the upper vocal tract through the glottal area
A with resistance Rg, and glottal inductance L. The
tongue tip forms a tight constriction of variable area A4,
flow resistance R, and inductance L. The supraglottal vo-
cal tract walls behind the tongue-tip constriction are mod-
eled as a lumped, second-order, mass-spring system, with
inductance L, resistance R, and capacitance C,,. The
compliance of the air between the tongue tip constriction
and the glottis is taken into account with a capacitance C,.
The tongue tip is assumed to move as a trap door, with mo-
ment of inertia 7, hinged at the connection with the tongue
body, and sprung with both linear and nonlinear, cubic
springs with constants x and 7«, respectively, opposing the
torque 7, provided by the intraoral pressure P.. Resistance
in the tongue tip is provided by the resistive constant ». The
use of a damped vibrator with a cubic nonlinearity is remi-
niscent of the sprung masses in the two-mass model (Ishi-
zaka and Flanagan, 1972).

Calculations were performed from Kirchoff’s current
and voltage laws applied to this lumped element circuit, cou-
pled with the dynamical equation for the trap door tongue
tip. With volume velocities Ug, through the glottis, U, of
the vocal tract walls, U, through the tongue constriction,
and U, due to air compliance, the governing equations are

jU dt,
C

w

P. =R U, +LC

dU
=L, w

+R,U,

Aa\c

I

Ac wc

2

1/Cw ° Rw
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////////

FIG. 1. Model vocal tract for tongue-tip trills. P; = subglottal pressure, P
= cavity or intraoral pressure, U; = volume velocity at the glottis, U
= volume velocity at the tongue-tip constriction, U, = volume velocity of
the vocal tract walls, U, = volume velocity due to the compliance of the air,
Ag = glottal channel area, 4. = constriction channel area, /; = glottal
channel length, /- = thickness of the tongue tip, 6 = angle of rotation of the
tongue tip, Cy,. = wall compliance, and R,, = wall resistance. Not shown
in the figure are the tongue tip length 4, and the dimension of the tongue tip
into the paper, the breadth b,.. The mass of the wall is not explicitly indicat-
ed.
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FIG. 2. Circuit diagram corresponding to Fig. 1. C, = capacitance of the
air contained in the oral cavity, L; = glottal inductance, R; = glottal flow
resistance, L = time-varying constriction inductance, R = time-varying
constriction resistance, and L,, = wall inductance.
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where 6 = 0 is the rest angle. The tongue tip is presumed to
be a rectangular slab with height A, thickness /., and
breadth (dimension into the paper) = b,. The slab has a
sharp upper edge so that it articulates with the hard palate
along a line. The torque 7 and moment of inertia I are then

1 Pa UC)Z]
=—b h3:|P. — K= |— , 5
T > T r[ fol > (Ac (3)

I=prlcbr(h3/3), (6)

where p - is the density of the tongue tip and p,, = density of
air. Here, K is a parameter that quantifies the reduction in
pressure resulting from flow along the tongue-tip surface
due to the Bernoulli effect. The relationship between the an-
gle of rotation @ and the constriction area A is given by

Ao =brh (1 —cos(O)], @)

where the maximum 4. = b;h,. It can be noted that the
mechanics of the air and the tongue tip are coupled through
Egs. (1) and (4), because the elements R and L. depend
on the constriction area 4 -, and the torque 7 depends on P
[Eq. (5)].

For the frequencies of interest, which are less than 100
Hz, the inductance of the air in the glottal and tongue con-
striction can be neglected (Rothenberg, 1968, p. 18). How-
ever, the inductances of the constrictions were included for
completeness’ sake, and they may be excluded for less inten-
sive calculations. A simplifying assumption that is harder to
justify is that of constant subglottal pressure. With a high
impedance in the upper vocal tract and relatively open glot-
tis, there should be important perturbations to the volume
velocity at the glottis, and hence to the pressure below the
glottis (Rothenberg, 1968). However, the fundamentals of
this model of trills can be illustrated without the mechanical
properties of the subglottal system, which, if taken into ac-
count, would have added a considerable amount of compu-
tational burden to the numerical simulation.
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Il. METHOD: PARAMETER ESTIMATES

To simulate the effect of the loading of the vocal tract on
tongue trills it was necessary to set numerical values for the
parameters involved. Experimental results were used as
much as possible, but it was not possible to derive all the
numerical values with reference to experimental results. The
mechanical parameters for the tongue tip were especially
problematical, but reasonable order-of-magnitude estimates
could be made for some of these.

In one experimental procedure intraoral pressure and
oral flow were recorded simultaneously in two subjects pro-
ducing a series of voiced and voiceless trills. Each trill was
held for approximately 2 s. The intraoral pressure was mea-
sured using a Millar MT-10 catheter pressure transducer,
and the oral-nasal flow was measured using a Glottal enter-
prises vented pneumotacograph (‘“Rothenberg mask™)
without inverse filtering. The pressure transducer was
passed through a hole in the center of the mask, which was
subsequently sealed with clay, and through the nares to the
oral cavity. The intraoral pressure, oral-nasal flow, and
acoustic signal were simultaneously recorded on an FM tape
recorder.

Because the variations in pressure and flow due to glot-
tal vibrations were present in the voiced samples, the voice-
less samples were used to extract pressure and flow. Repre-
sentative maximum, sustained intraoral pressures during a
voiceless trill were used for an estimate of subglottal pres-
sure. One subject, AL, had maximum, sustained intraoral
pressures of approximately 10-cm H;O for voiceless trills.
The other subject, RM, had approximately 16-cm H,O for
maximum, sustained intraoral pressures during his voiceless
trills. Maximum tongue-tip constriction area can be estimat-
ed from the nonlinear relation between pressure and flow
(Stevens, 1971), using the maximum volume flow, taken
near minimum intraoral pressure, and the intraoral pressure
for that volume flow. The measured volume velocity was
assumed to be from the tongue-tip constriction alone, and
the turbulent loss coefficient at the tongue-tip constriction
was taken to be 0.9, which corresponds to a gradual entrance
to and an abrupt exit from the constriction region. The maxi-
mum constriction opening for subject AL was found to be
6.7x107° m? and 2.7 X 10~ ° m? for subject RM, based on
representative maximum volume velocities of 1.6 1073
m>/s and 9.2X 10~ * m’/s with corresponding intraoral
pressures of 540 and 1043 Pa, respectively. These figures
were based on representative measurements, and, although
the measurements were of typical tokens, they were not aver-
ages of many tokens. A constriction channel length of 0.002
m was used to compute the constriction inductance.

For simulation purposes, the glottis was presumed to be
rectangular with a gradual entrance and an abrupt exit. The
area of the abducted glottis during voiceless trills was as-
sumed tobe 5X 10 % m? or 4 X 10 ~° m?, and for an adduct-
ed glottis appropriate during voicing the average open area
was taken to be between 8 X 10~ m? and 5 X 10 ~ *m? (close
to the figures given by Miiller and Brown, 1980). A glottal
length of 0.004 m was used to compute glottal inductance.

There has been data collected on vocal tract wall imped-
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ance at the neck and at the cheeks in different states of ten-
sion (Ishizaka et al., 1975). These data did not completely
specify the lumped capacitance, resistance, and inductance
for the vocal-tract walls in the model proposed here, but they
were taken to provide approximate estimates for these pa-
rameters. Because the tongue is braced against the teeth, the
walls behind the tongue constriction consist of tongue, hard
and soft palates, velum, pharynx, and the superior regions of
the larynx. In the simulations for the tongue trill, the values
used were those of the lumped parameters derived by West-
bury (1983) from the data of Ishizaka et al. (1975) for the
tense cheek condition and a vocal-tract wall area of
1.25%x 10~ 2 m? In MKS units, the wall capacitance Cy,, was
2.5% 1077, the wall inductance L, was 2.0X 10%, and the
wall resistance R ,,, was 1.9 X 10°. The capacitance of the air
between the glottis and the tongue tip C, was estimated to be
8.1 10~ '° in MKS units.

The mechanical parameters of the trap door tongue tip,
7/1, k/I, r/I, and 5 were the most difficult parameters to
estimate. Using Eqgs. (5) and (6), and the fact that torque is
equal to force times distance to the pivot:

T pa (UcY
I_ﬂ[PC 5 (Ac)]’ ®
with 8= (3/2)/(prhrlc). The parameters used to calcu-
late 8 were a tongue tip thickness /. of 0.005 m, the distance
from the “hinge” to the constriction 4, of 0.01 m, and the
density p, of 10° kg/m’. (Note, that with maximum 4. and
h; set, that b, is determined.) With these estimates 8 = 30
in MKS units. However, because 8 was only given with or-
der-of-magnitude estimates of the dimensions of the tongue
tip, this parameter was varied in conjunction with the other
tongue-tip parameters, so that sustained oscillations with a
frequency of about 30 Hz were obtained. The coefficient that
quantifies the Bernoulli effect on the back of the tongue tip K
in Eq. (8) was estimated to be 0.25, because, on the average,
the particle velocity in this region should be about 1/2 of that
through the tongue-tip constriction.

While keeping £ within a factor of two of the order-of-
magnitude estimate given above, the remaining tongue-tip
parameters were varied to obtain sustained oscillation with a
frequency between 25 and 35 Hz. That the oscillations were
sustained for a given set of parameters was checked by simu-
lating a 2-s trill. It was found that with the nonlinearity pa-
rameter 77 = 400, and with damping ratios ( =r/ 2kl
somewhere between 0.5 and 0.6 sustained trilling would re-
sult with «/I between 30 and 240, a range of 3 in tongue-tip
natural frequency.

The numerical simulations were done using a fourth-
order Runge—Kutta extrapolation with the time step set to
10~ ¢ s. The small time step was necessary because the sys-
tem of equations behaved as a stiff system and was unstable
at larger time steps. This could be attributed to the inclusion
of the inductive elements at the glottis and the constriction.

Hi. RESULTS AND DISCUSSION

Four simulations were run to test the model. Two of
these were based on the parameters derived from data taken
on AL, and two were based on parameters derived from data
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taken on RM, one each for an abducted glottis and one each
for a relatively constricted glottis. The wall impedances,
constriction rest areas, and subglottal pressures were all de-
termined as described in the previous section. The latter two
parameters were subject dependent, and the wall impedance
was not. The abducted glottis condition was with A4
= 5.0 10~ m?for simulation based on AL’s data, and 4,
=4.0X 10~° m? for simulations based on RM’s data. The
relatively more adducted glottis condition was run with 4
= 8.0x 10~ ¢ m? for simulations based on AL’s data, and
with A; = 5.0 10~ ® m? for simulations based on RM’s
data. The larger glottal area for AL for the relatively closed
glottis was used because tongue-tip parameters could not be
adjusted to obtain an approximate 30-Hz oscillation at
smaller glottal openings. The subglottal pressure for AL was
not sufficient to sustain oscillations at higher glottal resis-
tances. Because this subglottal pressure was inferred from
measurements taken during voiceless trills, it was possible
that AL elevated his subglottal pressure to sustain voiced
trills, when the average glottal opening could have been
somewhat smaller than 8.0X 10~ ¢ m?

To obtain oscillations between 25 and 35 Hz in the open
glottis condition for simulations based on AL’s data, 5 was
set equal to 24.0 and «/I was set to 30.0 with a damping ratio
of 0.58, and for simulations based on RM’s data 3 was set
equal to 25.0 and «/I was set to 35.0 with a damping ratio of
0.55. (All parameter values are reported in MKS units.) In
the relatively adducted glottis condition for AL, # was set
equal to 14.0 and «/I was set to 240.0, with a damping ratio
of 0.58, and for RM S was set equal to 16.0 and «/I was set
to 240.0, with a damping ratio of 0.55.

Figures 3 and 4 show the simulation results for the open
glottis condition for AL and RM, respectively. These figures
show the traces of the area of the constriction, intraoral pres-
sure, and constriction, glottal, and wall volume velocities in
the final 200 ms of a 210-ms simulation. A sample of mea-
sured intraoral pressure and oral volume velocity traces
( = constriction volume velocity, U.) during one of AL’s
unvoiced trills is shown in Fig. 5. The simulated intraoral
pressure traces shown in Fig. 3 have minima less than the
measured intraoral pressure traces, indicating that the resis-
tance to flow has been underestimated for maximum con-
striction area. Further, the minimum measured constriction
volume velocity is nonzero, indicating that the tongue-tip
constriction may not close completely. In general, a major
difference between the measured and simulated intraoral
pressures and constriction volume velocity Ug is the
smoothness of the simulation traces as compared to the more
abrupt changes at the releases and closures of the tongue tip
in the measured traces. This could be caused by a couple of
factors. In the simulation of AL’s voiceless trills, the area of
the constriction 4. did not reach the estimated maximum,
so that there was not the saturation of 4. and U, that was
seen in the simulation of RM’s voiceless trills shown in Fig.
4, which resulted in the “squaring off”” of some of the pulses.
The other factor is that the detailed features of the waves
depend on the aerodynamics in the region of the tongue tip,
which has only been modeled crudely here.

The relative phases of the various simulated quantities
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FIG. 3. Time traces of simulation results based on parameters for subject
AL in the abducted glottis condition. Vertical lines indicate the relative
phases between traces. The left line corresponds to the maximum constric-
tion area and the right line to the minimum constriction area.

are of interest because they show the effects of the compliant
vocal tract behind the constriction. In Figs. 3 and 4, two
vertical lines have been drawn so that relative phases be-

tween the traces can be observed. The vertical line on the left
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FIG. 4. Time traces of simulation results based on parameters for subject
RM in the abducted glottis condition. Vertical lines indicate the relative
phases between traces. The left line corresponds to the maximum constric-
tion area and the right line to the minimum constriction area.

corresponds to maximum constriction area and the vertical
line on the right corresponds to minimum constriction area.
The tongue-tip constriction volume velocity (U, ) maxima
i8 either simultaneous with, or leads the tongue-tip constric-
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FIG. 5. Time trace of recorded intraoral pressure and constriction volume
velocity for subject AL.

tion area (A4 ) maxima by up to 20°, and the maxima of 4,
in turn, lead the intraoral pressure (P.) minima by about
30°. Also, the glottal volume velocity (U;) maxima follow
the tongue-tip constriction volume velocity (U.) maxima
by about 30° to 35°. While maximum negative ( = mini-
mum) wall volume velocity (U, ) is attained 20° to 30° be-
fore the maximum constriction volume velocity (U, ), the
maximum positive wall volume velocity is attained at about
60° before the minimum constriction volume velocity, and
the wall volume velocity reaches zero near the minimum of
the constriction volume velocity. (Positive wall volume ve-
locity corresponds to outward movement). The reason that
the wall volume velocity extrema are not all in the same
phase relation with the constriction volume velocity extrema
appears to be the highly nonsinusoidal character of the wall
volume velocity. However, the relation between U, and U
means that the walls have a maximum inward velocity as the
tongue-tip constriction volume velocity goes from the mini-
mum to the maximum, that the maximum outward wall vol-
ume velocity occurs as the tongue tip is closing, and that the
walls are maximally inflated near the minimum constriction
volume velocity (i.e., during closure). Thus it is seen that the
tongue-tip constriction volume velocity maxima lead the
maxima of the glottal volume velocity because the deflating
vocal-tract walls add to the volume velocity through the
tongue-tip constriction. The relative phases of the maxima of
the various physical quantities from Fig. 3 are summarized
in a vector diagram of Fig. 6. While the time derivative of 4,
A, is assumed to be 90° out of phase with A, the nonsinu-
soidal character of the traces limits the applicabilty of the
vector diagram.

In general, the pressure must be greater during the open-
ing phase than it is during the closing phase in order for
energy to be exchanged from the air to the tongue over a
complete cycle. The compliance of the vocal-tract walls can
cause asymmetry between the opening and closing of the
tongue tip. During the closing phase of the tongue-tip con-
striction, the walls are expanding because of their com-
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4

zY

FIG. 6. Vector diagram for the results shown in Fig. 3.

pliance, thus storing some of the potential energy that would
otherwise be stored in the compression of the air alone. Dur-
ing the opening phase, with the constriction volume velocity
growing, the vocal-tract walls begin to discharge air through
the constriction. Because there is a time constant associated
with the charging and discharging of the compliant vocal-
tract walls, there is a lag in intraoral pressure buildup during
closure and a lag in intraoral pressure loss during opening,
with the net result being higher intraoral pressure during
opening than during closing for a given constriction area, or
tongue-tip position. It can be noted that the capacitance of
the enclosed air serves some of the same function, but the
necessary phase shift should be greatly enhanced by the
walls because of their larger capacitance, which is in parallel
to that of the air.

The motional impedance illustrates the exchange of en-
ergy, as well as the reactive part of the impedance due to the
air acting on the tongue tip. The ratio of — P, to the time
derivative of 8, is proportional to the motional impedance of
each element of the trap door tongue tip. Because 6 and 4.
are monotonically related for @ between 0 and 180° [see Eq.
(7)1, the ratio of — P to AC will have the same sign as the
motional impedance. It can be seen from Fig. 6 that the ratio
of these two quantities falls within the third quadrant, and,
therefore, both the real and imaginary parts of the motional
impedance are negative. The negative motional resistance
indicates that energy is being fed into the tongue tip, while
the negative reactive part indicates a capacitive load. This
latter fact is the result of the low natural frequency of the
tongue tip compared with other natural frequencies. The
range of natural frequencies for the trap door is from 0.8 to
2.5 Hz, while the natural frequency for the walls is about 60
Hz, and higher for other systems (e.g., the glottal inductance
coupled with the wall capacitance, with 4; = 5X 10> m?,
has a natural frequency of about 320 Hz).
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Figures 7 and 8 show time traces of the constriction
area, the intraoral pressure, and the wall, the constriction,
and the glottal volume velocities for simulations based on the
two subjects in a relatively adducted glottis condition. Be-
cause of the higher glottal resistance, the glottal volume ve-

0.00008
0.00007 -
0.00006
E 0.00005
§0.00004
£ 0.00003
0.00002

N AN/ N VAN ANAND AN

Py time (ms} 200

1600
1400
1200

o time (ms) 200

0.002
0.0015+
0.001
0.0005

NANVANNVAWANWAWANYA

-0.0005
]

Uc (cu. m/s)

time {ms) 200

0.002

0.0015+
0.001

0.0005

0 g B B

Ug (cu. m/s)

-0.0005
) time {ms) 200

0.002

0.0015

0.0014

0.0005

Uw (cu. m/s)

-0.0005

o time (ms) 200

FIG. 7. Time traces of simulation results based on parameters for subject
AL in the adducted glottis condition. Vertical lines indicate the relative
phases between traces. The left line corresponds to the maximum constric-
tion area and the right line to the minimum constriction area.
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locity was less variable and the wall volume velocity tracks
the tongue-tip constriction volume velocity more closely
than in the open glottis condition. As a result, the vocal-tract
wall volume velocity maxima occurred closer to the minima
of the tongue-tip constriction volume velocity, than for the
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FIG. 8. Time traces of simulation results based on parameters for subject
RM in the adducted glottis condition. Vertical lines indicate the relative
phases between traces. The left line corresponds to the maximum constric-
tion area and the right line to the minimum constriction area.
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abducted glottis condition. Also, the deflation of the vocal-
tract walls was a proportionately greater contributor to the
tongue-tip constriction volume velocity than the glottal vol-
ume velocity in the adducted glottis condition. This is in
contrast to the case of the open glottis, where the variation in
glottal volume velocity was the major contributor to tongue-
tip constriction volume velocity, with the wall vibration pro-
viding a perturbation. While the glottal volume velocity re-
mains egressive to fill the vocal-tract walls, even as the
tongue-tip constriction is closed, the maximum outward
wall volume velocities were reduced more than the maxi-
mum inward wall volume velocities in going from an abduct-
ed to an adducted glottis condition. Thus glottal flow is less
effective in filling the walls at closure in the adducted glottis
condition.

IV. CONCLUSION

The simulations have shown that the vocal tract wall
compliance provides a viable mechanism for sustained oscil-
lation during tongue-tip trills. Use was made of parameters
derived from previous experiments, and of pressure and flow
measurements taken by the author for two subjects produc-
ing sustained voiceless trills. Unknown parameters were ad-
justed to produce trills with frequencies between 25 and 35
Hz, as were observed for the two subjects. These unknown
parameters involved the linear dimensions of the tongue tip
and the ratio of torsion spring constant to the moment of
inertia of the tongue tip, as well as the amount of nonlinear-
ity and the damping ratio. The simulations were run in both
an open glottis condition and a relatively constricted glottis
condition with parameters derived from both subjects. The
former condition was intended to simulate voiceless trilling,
and the later condition the average open area of the glottis
for voiced trills.

Much of the detailed mechanics has not been included in
this model, such as the nonlinearities involving collisions of
the tongue and the hard palate. The details of the flow near
the tongue tip can also be important. The model here is limit-
ed to the compliance of the vocal tract as a mechanism for
the phase shift between intraoral pressure and tongue-tip
position necessary for sustained oscillation. This situation is
analogous to the one-mass model of vocal fold oscillation,
where the inductive loading of the supraglottal tract is in-
voked to explain sustained oscillation. The two-mass model
provides another mechanism for converting flow energy into
vibratory energy with a more detailed picture of the fluid
mechanics in the glottis involving flow separation, while an
inductive load in the supraglottal tract can still provide fa-
vorable phase shifts for sustained oscillation. It is possible
that flow separation also plays a role in tongue-tip trills,
along with the compliance of the vocal tract. It is known that
flow separation is not a quasisteady phenomenon, even at
low frequencies (e.g., Sobey, 1983; Pedley and Stephanoff,
1985). Thus it is entirely possible that favorable energy ex-
change from the air to the tongue tip can be obtained with
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separation depending not only on tongue-tip position, but
also on tongue-tip velocity, without involving more than one
degree of freedom for the tongue tip. Separation phenomena
that depend on velocity have been known to cause objects to
vibrate, as with the galloping vibrations of transmission lines
in wind (den Hartog, 1985). [Also, den Hartog (1985) de-
scribes mechanical valves where the compliance of the air
can have an effect on stability.] Research into these un-
steady separation mechanisms for trills and other vibrations
in the vocal tract needs to be pursued.

This paper illustrates the importance of simultaneously
including articulatory and aerodynamic components in
speech production modeling. Some work in modeling and
articulatory synthesis that couples aerodynamics and articu-
lation has been done (e.g., Scully, 1990). Further progress
requires that this coupling be pursued.
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