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Downstream of the vocal folds, it is often assumed that all the kinetic energy of the glottal jet is dissipated by
turbulence. Although this assumption is reasonable for normal voicing, there are many configurations for which
a constriction or even an occlusion of the vocal tract occurs and leads to a significant pressure recovery. Such a
phenomenon occurs during the production of vowel-bilabial plosive sequences. In this paper, we will first present
results from measurements on a human speaker during production of vowel-bilabial plosive-vowel sequences.
These measurements concern intra-oral pressure, acoustical pressure, EGG and lips video recording of a female
subject. The relative timings between the motion of the lips, the glottal signals and the intra-oral pressure are
analyzed and related with Voice Onset/Offset Times. A theoretical model for air flow in the lips is validated by
experiments on a mechanical replica of the vocal tract including a self-oscillating glottis and a controlled moving
constriction to mimic the closure of the lips. This theoretical model is used to achieve numerical simulations of an
/apa/ utterance. The differences between the intra-oral pressure observed in vivo and the simulated one lead to an
investigation on the influence of the cheeks expansion during bilabial plosive production.

1 Introduction

The context of this work is physical modeling of speech
production. This approach allows to study the mechanical
and aeroacoustic mechanisms governing speech production.
The goal is to understand the physical phenomena but also
to achieve modeling in order to predict the consequences.
For speech, numerical simulations based on these theoretical
models are used to synthesize sound signals. The develop-
ment of such a tool has applications in many fields (medical,
communication, teaching ...).
Speech sounds are produced by various disturbances of the
flow of air through the vocal tract. The present study focuses
on the bilabial plosives, especially on the air flow in the upper
part of vocal tract, downstream to the vocal folds. Many stud-
ies on the fluid mechanical interactions in the vocals folds
have been published. They propose theoretical air flow mod-
els which are useful to model voiced sound. In this paper,
we investigate on the air flow in the constriction shaped by
lips, during the production of a bilabial plosive. The physical
modeling of the flow in the whole vocal tract provides pre-
diction of the evolution of the intra-oral pressure, which is,
in bilabial plosive utterance, responsible for the creation of
an audible acoustic disturbance.
Otherwise, we study the effect of the expansion of oral cavity
volume under the intra-oral pressure effect, during bilabial
plosive production. The physical origin of this phenomenon
is related to the elasticity of the cheeks. This deformation of
the cheeks causes a variation in the volume of the oral cavity
and therefore in the intra-oral pressure and in oral flow.
In the first part, we present in vivo measurements during /apa/
utterances. Then three different theoretical air flow models
are exposed and compared to results from in vitro measure-
ments. Experimental data allows to evaluate the relevance
of this models for the air flow in the lips during the pro-
duction of vowel-plosive-vowel. Numerical simulations of
an /apa/ sequence using the air flow model validated before,
are achieved and compared to in vivo measurements. Finaly,
the influence of the cheeks expansion during bilabial plosive
production is identified and quantified through in vivo and in
vitro measurements.

2 In vivo measurements

2.1 Experimental setup

In vivo measurements for /apa/ sequences presented in
this paper are part of a data base initially achieved by [3].
These measurements were performed using EVATMsystem

and a video camera. The EVA device [2] allows to perform
aeroacoustic measurements during speech production. These
measurements concern 4 synchronized signals :

• acoustic pressure, recorded by a microphone placed in
front of the mouth of the subject,

• electroglottographic signals, measured by two electrodes
placed on the larynx,

• Intra-Oral Pressure (IOP) measured by means of a tube
of 5 mm diameter, inserted through the corner of the
lips,

• lip parameters derived from the video recording of the
subject face.

The pressure sensor of EVA have been calibrated in static
and dynamic configurations.

2.2 Data analysis

The figure 1 shows a typical measurement observed dur-
ing vowel-bilabial plosive-vowel production. IOP rises sig-
nificantly, when the lips close, until a maximum value of
1000 Pa. At the lips opening, IOP drops quickly to atmo-
spheric pressure. At this moment, a burst, which is audible as
a bilabial plosive, appears in the acoustic pressure signal. As
IOP falls, electroglottographic and acoustic pressure signals
shows that the vocal folds start to oscillate again to produce
the second vowel.

3 Theoretical models and experimen-
tal validation

3.1 Theoretical models

The objective of this section is to validate a theoretical
model for the air flow in the upper part of the vocal tract,
during a plosive production. The constriction shaped by the
lips is modeled a rectangular duct of length L (in the flow
direction), of aperture hl and of width W.
We make the assumption of a one-dimensional flow, �u =
u(x, y, t)�ex, where �u is the air velocity field and �ex is the unit
vector parallel to the vocal tract axis. Thus, pressure are sup-
posed to be uniform in a cross section normal to the flow di-
rection. p(x) represents pressure relative to the atmospheric
pressure. According to the Reynolds number, based on the
aperture hl ,the air flow is expected to be laminar. Moreover,
we make the assumption of a quasi-steady flow (low Strouhal
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Figure 1: In vivo measurements for /apa/ sequence, acoustic
pressure Pa, electroglottographic signal (EGG), intra-oral

pressure (IOP) and labial aperture hl

number approximation ).
The pressure p(x > 0) inside the lip constriction is predicted
from the pressure P1 = p(x = 0) in the vocal tract, upstream
of the lips.

Three different theoretical models are under investigation
for the flow in the lips :

• the steady Bernoulli equation, (Bernoulli),

• boundary layer model for steady flow, using linear ve-
locity profile (Van Zon),

• the steady Bernoulli equation corrected for viscous pres-
sure losses, given by the lubrification theory of Reynolds
(Reynolds).

Details of these models, can be founded in [1].

Inviscid Bernoulli equation

The steady and inviscid Bernoulli equation links the pres-
sure difference P1 across the lips to the volume velocity Φl

or velocity u = Φl/(LW), inside the lips.

p(x) = P1 −
ρ

2

(
Φl

Whl

)2
(1)

The vocal tract area is considered to be large compared with
the labial area, thus, we assume that the volume velocity in
the vocal tract (for x = 0) is negligible. Since the lips con-
striction is represented by a uniform duct, the volume veloc-
ity conservation implies that p(x = L) = p(x) = 0. In this
case, the steady inviscid Bernoulli equation will always pre-
dict a intra-labial pressure equal to zero.

Boundary layer equations

The boundary layer theory assumes the existence of a
frictionless core , far enough from the wall, with a uniform
velocity ue(x). Van Zon proposes to uses a linear velocity
profile u(x, y) = ue(x)y/δ(x), where δ(x) is the thickness of
the boundary layers. The corresponding volume velocity be-
comes :

Φl = Wue(x)(hl − δ(x)), (2)

δ(x) satisfies the non-linear equation :

4δ(x)
hl
+ 9 ln

(
1 −
δ(x)
hl

)
+

5δ(x)
hl − δ(x)

=
6νxW
hlΦl

, (3)

where ν denotes the kinematic viscosity. Equations (2)
and (3) are applied at the exit of the lip constriction (x = L).
Then the frictionless core velocity is determined by applying
Bernoulli equation (1) across the lips, ue(x = L) =

√
2P1/ρ.

The set of two equations (2, 3) can be solve to determinate
δ(x = L) and Φl. The value of volume velocity Φl allows to
calculated the viscous boundary layer δ(x) at any position x
using equation 3. Finally ue(x) is obtained by using (2) and
the pressure is calculated by using Bernoulli equation.

p(x) = P1 −
ρ

2
u2

e(x) (4)

Steady Bernoulli equation corrected for friction

The principle of this model is to add to inviscid Bernoulli
equation, a term ΔPν(x) accounting off viscous losses. The
Bernoulli equation becomes :

p(x) =
1
2
ρ

(
Φl

Wh

)2

− P1 + ΔPν(x) (5)

For a uniform duct the lubrification theory of Reynolds
yields :

ΔPν(x) =
12ρνΦl

Wh3
l

x (6)

Combination of equations (5) and (6) gives a quadratic
equation for Φl which is solved for x = L. The pressure
profile p(x) inside the lips is obtained by using equation (5).

3.2 Experimental Setup

Validation measurements were performed on a 1:3 scale
replica of the human phonatory system. Figure 2 schematises
the experimental setup.

The replica is composed of various elements:

• a pressure tank, cuboid about 0.6 m3 volume, supplied
by a compressor,

• a replica of the vocal folds made of latex tube filled
with water, able to self-oscillate,

• a replica of lips in metal, whose motion of the upper
part is controlled either by a motor or manually,

• a metal uniform tube of length 12 cm with an internal
diameter of 2.5 cm for modeling the trachea,
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Figure 2: Replica of human phonatory system. (a) :
pressure tank. (b) : replica of vocal folds. (c): plexiglas

tube. (d): motor and mechanical lips displacement sensor.
(e) : metal replica of lips.

• a uniform tube of length 24.5 cm in metal, including a
plexiglas tube of 17 cm length, with the same diameter
as the trachea, to represent the vocal tract.

The dimension of the straight channel is L = 2 cm and
W = 3 cm. Three differential pressure sensors are used to
measure P0, P1 = p(x = 0) and P2 = p(x = L/2) which
correspond respectively, to subglottal, intra-oral and intra-
labial pressure. Without oscillations, the initial aperture of
the glottis hg is 0.7 mm. The aperture hl varies from 0 to
1.2 mm. The motion imposed by a motor is sinusoidal for a
frequency of 0.5 Hz.

Theoretical models are evaluated in two different experi-
mental conditions : in case of steady flow and in case of an
unsteady flow (with vocal folds oscillations).

3.3 Results

Steady flow experiments

In figure 3 is presented an example of the comparison
between experimental data and the prediction obtained using
the theoretical models described in section 3.1.

Pressure P2 measured inside the replica of lips (for x =
L/2) stay finite even when the channel is closed. This result
shows that a complete closure can not be achieved because
of the roughness of the mechanical lips surface.
Although boundary layer model seems to be more accurate,
this theory fails to explain the experimental pressure P2 for
hl < 0.3 mm. This result is due to the fact that, below
this value of aperture, the predicted boundary layer becomes
larger than the aperture.
Corrected Bernoulli equation using Reynolds theory repro-
duces an acceptable behavior of pressure in mechanical lips.
However this theory overestimates the value of P2. The rel-
ative difference with experimental data, estimated for hl = 0
is of order of 20 %. When hl(t) = 0, the corrected Bernoulli
equation predicts P1/P2 = 1/2.
The inviscid steady Bernoulli equation is not able to repro-
duce the behavior since this prediction is always P2 = 0.

Unsteady flow experiments

In this part, the pressure of water within the latex tubes
which represent the vocal folds, is increased to allow self-
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Figure 3: Experimental and theoretical results for steady
flow. (a) : aperture hl of the mechanical lips. (b) :

Experimental pressure P2 and theoretical pressure P2

computed from experimental pressure P1 using three
theoretical models : Bernoulli inviscid equation (Bernoulli),

Bernoulli equation corrected for friction (Reynold),
boundary layer equations (Van Zon)

sustained oscillations of vocal folds replica. An example of
results obtained for unsteady flow is shown in figure 4.
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Figure 4: Experimental and theoretical results for unsteady
flow, during vocal folds replica oscillation. (a) : aperture hl

of the mechanical lips. (b) : Experimental pressure P2 and
theoretical pressure P2 computed from experimental
pressure P1 using three theoretical models : Bernoulli

inviscid equation (Bernoulli), Bernoulli equation corrected
for friction (Reynold), boundary layer equations (Van Zon)

For small values of apertures (hl < 0.3 mm), predictions
by Van Zon theory is less accurate than for steady flow ex-
periments, especially during the closure of mechanical lips
(0.4 < t < 0.7). The prediction from corrected Bernoulli
equation, as in the steady flow case, shows good agreement
with measured pressure P2 but overestimates the value. The
relative difference with experimental data is of order of 20 %
again.
We conclude from this result that the corrected Bernoulli
equation for friction, using Reynolds theory seems to be a
reasonable approximation for predict air flow in the lips dur-
ing bilabial plosive production. This theory will be used in



numerical simulations for vowel-plosive-vowel utterance.

4 Numerical simulations

In this part, we achieve numerical simulation of an /apa/
utterance. We use the physical modeling synthesizer devel-
oped by [4]. Mechanical behavior the vocal folds is modeled
by a two-mass model. The aerodynamic part of the simu-
lation is based on a two-dimensional description of the flow
taking into account for the formation of a jet at the glottis
and the dissipation by turbulence. The flow at the lips is
modeled by the corrected Bernoulli equation, using Reynolds
theory of viscous flows. The input parameters of the simu-
lation are subglottal pressure and labial parameters (aperture
and width). Subglottic pressure is chosen as a constant equal
to the maximum value of IOP measured in vivo (1000 Pa).

Labial parameters, hl and W are directly taken from in
vivo measurements. Since the video rate was 50Hz only, a
polynomial interpolation was performed between each data
point. Simulation results are presented in figure 5.
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Figure 5: Numerical simulation of an /apa/ utterance. (a): hl

polynomial interpolation of lips aperture measured in vivo,
represented by the crosses. (b): dΦg/dt time derivative of
glottis volume velocity Φg simulated. (c): Comparison

between simulated IOP and IOP measured in vivo.

The behavior of simulated IOP is qualitatively similar to
the experimental one. However, differences can be observed.

• Simulated onset and offset times of IOP are different
for these measured on the subject but these differences
might not be relevant since they are within the accu-
racy given by the video acquisition system (20 ms).

• During the closure of the lips, the simulated increase
in IOP is significantly higher than the measured one. A
possible explanation for this departure could lie in the
inflation and deflation of the subject’s cheeks during
the vowel-plosive-vowel production. This hypothesis
will be test in the next section.

5 Influence of the cheeks expansion

The objective of this section is to highlight the influence
of the cheeks expansion on the intra-oral pressure during the
production of bilabial plosives. The assumption made here is
that the increase of oral cavity volume causes an additional
depression which concurrence the increase of intra-oral pres-
sure. Firstly this phenomenon will be illustrated by in vivo
measurements and reproduced in the laboratory.

5.1 In vivo measurements

These measurements consist in recording simultaneously
acoustic pressure and intra-oral pressure during /apa/ utter-
ances using EVA station. A subject is asked to repeat 10
times the /apa/ sequences in two different ways :

• in a natural way: N,

• by placing hands on the face to prevent the cheeks from
inflating : H.
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Figure 6: Influence of cheeks expansion for in vivo
measurements during /apa/ utterances : evolution of IOP
evolution at the closure of the lips for a natural condition
(N) and with hands on the face to prevent the cheeks from
inflating (H). The increase in IOP is modeled, between the

square markers, as a straight line.

We want to quantify the differences in IOP time evolution
under both conditions. The increase in IOP that appears at
the lips closure, is measured using a straight line whose slope
is determined by a linear regression. Figure 6 illustrates the
determination of the increase rate coefficient aiop, presented
in table 1. A student test made on the 10 repetitions allows to
discriminate, at 1% level, the IOP increase between the two
conditions.

Conditions ΔIOP [Pa] aiop [Pa.s−1]
N 520 11100
H 740 19600

Table 1: IOP differences ΔIOP and increase rate coefficients
aiop of IOP for /apa/ utterance during in vivo measurement

for both conditions of production.

According to table 1, the increase rate in IOP is stronger
for the condition H. The expansion of the cheeks has thus a
measurable influence in the case of bilabial plosives. In the
next part, this experience is reproduced in the laboratory.



5.2 In vitro measurements

These measurements are made with the replica of human
phonatory system presented in section 3.2. We focus on the
evolution of P1 at the lips closure. The vocal tract is rep-
resented either by a rigid plexiglas tube of 16 cm of length
or deformable tube made of latex of 10 cm of length and of
thickness 0.2 mm. We compare the increase of P1 with the
rigid or the deformable tubes, for a similar lips movement,
hl(t)

The increase rate coefficient aP1 is estimated from P1, by
a linear regression. An example of results is shown in figure 7
and the corresponding increase rate coefficients are presented
in table 2.
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Figure 7: Influence of the expansion of latex tube during in
vitro vowel-plosive-vowel utterances for the rigid tube and
the deformable tube made of latex, (a): lips aperture hl, (b):

evolution of pressure P1

Tubes ΔP1 [Pa] aP1 [Pa.s−1]
Latex 590 3900
Rigid 850 5700

Table 2: Pressure differences ΔP1 and increase rate
coefficients aP1 of P1, for the rigid tube and the deformable

tube made of latex

In vivo and in vitro increase rate coefficients are not di-
rectly comparable because of the difference in duration of the
lips closure. This duration is 200 ms for in-vitro measure-
ment (figure 7) and 50 ms in human (figure 6). Variation of
IOP slope due to the stiffness of the oral cavity is 51% for in
vitro measurements and 77% for in vivo measurements. This
difference can be explained by the fact that latex is stiffer
than human cheeks.

6 Conclusion

Acoustical pressure, electroglottographic signals and intra-
oral pressure have been measured on a female speaker dur-
ing /apa/ utterances. Experiments on a replica of phonatory
system allow to validate the Bernoulli equation corrected for
friction, using the Reynolds lubrification theory, for the air
flow in the lips. Numerical simulations of aerodynamical
phenomenons governing speech production are achieved for
a vowel-bilabial plosive-vowel utterance, by using this theo-
retical model. The comparison between simulated IOP and
IOP measured on human highlights the importance of the ex-
pansion of supra-glottal cavity volume during the production
of a bilabial plosive. The role of the cheeks expansion has
been identified and quantified through in vivo and in vitro
measurements. This expansion of the walls of oral cavity
causes a reduction of increase of the intra-oral pressure at
lips closure.
The obtained results are stimulating and lead to the conclu-
sion for the need of the physical modeling of the cheeks ex-
pansion. For this purpose, the estimation of elasticity param-
eters of the latex tube which represents the cheeks is a nec-
essary step to validate a elasticity model of oral cavity walls.
In addition, the use of a high sampling rate camera for lip pa-
rameters extraction could allow to determinate if the timing
difference between the simulated IOP and the measured one
is due to a limited time precision of the measure or a lack in
physical model used for simulation.
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July 2011.
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