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Summary

Influence of the lip horn on the acoustic pressure distribution of the sibilant /s/ was experimentally studied using
a vocal tract replica to which a rectangular baffle was added to represent a human face. The sound was generated
by a sweep sound source (Frequency: 2-15 kHz) positioned at the inlet of the pharynx or by air flowing through
the replica. The sound generated by the sweep source was measured along two semi-circles of radius 4 cm every
2° (near-field) and radius 48 cm every 15° (far-field), where as the sound generated by the flow was measured
along semi-circles of radius 10 cm every 2°. From the normalized pressure distributions, it was observed that the
lip horn enhances the pressure amplitude up to 15 dB at the center of the lips in both transverse and sagittal plane
in the frequency range above 5kHz. The pressure distribution patterns measured with the acoustic source were
similar to those measured with the flow supply. This indicates that the pressure pattern of sibilant /s/ is affected

by the vocal tract geometry rather than by the source characteristics.

PACS no. 43.70.-h

1. Introduction

The directivity pattern of sound propagation in human
speech has been investigated by several researchers [1,
2, 3]. Monson et al. [3] measured the directivity pattern
in the transverse plane using a circular microphone an-
tenna (with a radius of 60cm) equipped with 13 micro-
phones equally spaced by angle 15°. Octave band analy-
sis showed the larger differences in the directivity pattern
at the frequencies above 4kHz compare to those below
4kHz. Among fricative consonants, sibilant /s/ exhibited
the maximum difference in the pressure amplitude (over
10 dB above 8 kHz) between the center and 90° transverse
positions of the speaker.

The sibilant /s/ is a broadband noise whose energy is
mostly found in the frequency range above 4kHz [4]. It
is described as being produced by turbulent jet flow im-
pinging on the upper and lower teeth [5], whereby the lips
are also thought to play a role [6]. High-frequency sound
propagation is governed not only by a plane-wave acous-
tic mode, but also by additional three-dimensional higher
order modes, which contribute to both the acoustic field
inside the vocal tract and the pressure pattern outside the
vocal tract [7, 8]. Therefore, the acoustic field outside the
vocal tract depends not only on the area function of the
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vocal tract, but also on the details of its three-dimensional
geometry.

Moreover, the influence of the geometry of the vocal
tract exit, i.e. the lip horn, on the acoustic behavior of the
vowel vocal tract replicas was investigated using finite el-
ement simulations and experiments [9]. By comparing the
replica with and without lips, it was found that the lip
horn affected the frequency and quality of acoustic reso-
nances and anti-resonances of the vocal tract. It was also
suggested that the lip horn affects the pressure distribu-
tion downstream from the vocal tract. Since it was found
that sibilant fricative /s/ exhibited the largest difference in
the directivity pattern compared with those of vowels and
other fricatives for human speakers [3], it is of interest to
investigate the influence of the lip horn on the pressure
distribution of sibilant /s/.

Therefore, in the current study, we experimentally study
the potential effect of the lip horn on the pressure distribu-
tion outside the vocal tract of sibilant fricative /s/ using a
vocal tract replica, whose lips can be removed from the
upper and lower jaws without changing the position of the
jaws. Since some previous studies on vocal tract models
have used the replica without lips (e.g., for vowels [9], for
fricatives [7]), we compare results of the replica with and
without lips. In addition, using a replica instead of a human
speaker allows measurement of the spatial pressure pattern
in the near field with a higher spatial accuracy than the an-
gle 15° [3]. Indeed a higher spatial accuracy is motivated
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since higher order modes associated with higher frequen-
cies [7, 8] potentially result in a significant variation of the
pressure pattern over a small spatial interval [10].

In this paper, the measurements with a single micro-
phone mounted on a 3D positioning system with spatial
accuracy of angle 2° in the near-field of the replica were
compared to measurements with a spatial accuracy of an-
gle 15° in the far-field. Moreover, the sound generated by
an acoustic source positioned at the inlet of the replica was
compared with the sound generated by supplying flow to
the replica. With this comparison, we can study the influ-
ence of the sound source characteristics on the measured
acoustic pressure distributions outside the vocal tract.

The measurement methodology is outlined in Section 2.
Measured pressure patterns are presented in Section 3 and
further discussed in Section 4. A conclusion is formulated
in Section 5.

2. Methodology

2.1. Construction of the replica

Details of the method used to construct the vocal tract
replica pronouncing sibilant /s/ are described by Nozaki
et al. [11]. The vocal tract geometry was reconstructed
from computed tomography (CT) images of a 32-year-
old Japanese male subject with normal dentition (Angle
Class I) without any speech disorder (self-report). Dur-
ing CT imaging, 512 sagittal slices of 512 pixel x 512
pixel (isotropic 0.1 x 0.1 x 0.1 mm? voxels) were obtained
while the subject sustained the sibilant /s/ for 9.6s in a
seated position. There is no vowel context for the sustained
/sl.

The replica consisted of a pharynx, upper and lower
jaws, a tongue, and lips. The upper and lower jaws were
produced using rapid prototyping (Zprinter, 3D systems;
accuracy: +0.1 mm). The pharynx, tongue, and lips were
made of silicone resin (Wave Silicone, Wave Corp.). The
lips were firmly attached to the upper and lower jaws so
that there was no gap between jaws and lips. The inlet
of the pharynx in the replica was positioned just above
the base of the subject’s epiglottis. The dimensions of the
maximum constriction in the coronal plane is 8 mm by
1.25 mm. The distance between the constriction and tip
of the upper teeth is 8 mm. It has been confirmed that
this replica reproduced the subject’s sibilant /s/ in the fre-
quency range from 3 to 15kHz [11].

A rectangular baffle was placed on the jaws or lips,
as shown in Figure 1 to mimic the face. For the replica
with lips, the baffle was positioned at the point where the
lower and upper lips joined. For the replica without lips,
the baffle was positioned at the same position as when
the lips were present. The space between the baffle and
canine teeth or lips was filled with modeling clay. The
size of the baffle was changed depending on the measure-
ment distance. The maximum aperture along the sagittal
z-direction between the upper and lower lips was 5 mm.
The largest aperture along the transverse y-dimension of
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Figure 1. (Colour online) Replica with a rectangular baffle with-
out lips (a) and with lips (b).

the lip opening was 27 mm. For the case without lips, the
largest aperture of the front teeth along the y-dimension
was also 27 mm. The vocal tract length along the tongue
surface (109 mm) was increased by 13 mm with the lower
lip and by 12.5 mm with the upper lip.

2.2. Measurement with acoustic source

The sound generated from a compression driver (SP-
DYN-PRO?2, Sphynx) positioned at the inlet of the phar-
ynx was measured along two semi-circles of radius 4 cm
(near-field) and radius 48 cm (far-field) from the lips. A
compression driver is used instead of a loudspeaker in or-
der to ensure sufficient acoustic energy in the frequency
range of interest. The compression driver was connected
to the inlet of the replica using a communication hole of
2-mm diameter as shown in Figure 2a. The replica was
mounted near the inlet of a quasi-anechoic chamber (inter-
nal volume 7.45m?)[12] as schematized in Figure 3a for
the near-field measurement and Figure 3b for the far-field
measurement. The size of the baffle was changed from 36
x 36 cm for the near field measurement to 160 x 130 cm
(y x z) for the far-field measurement.

In the near-field, a single microphone probe with a
probe length 25 mm (flat frequency response up to 14 kHz;
type 4182, B&K) was mounted on a spatial 3D position-
ing system (PS35, OWIS; accuracy: £100 ym). The tip of
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Figure 2. (Colour online) (a) Inlet geometry for the case with
acoustic source. (b) Inlet geometry for the case with flow.

the probe was positioned along the transverse plane and
sagittal plane at positions from 0° to 180° in steps of 2°
as shown in Figure 3d and 3e. In the far-field, a single 1/2-
inch microphone with flat frequency response up to 20 kHz
(type 4192 and pre-conditioner type 5935L, B&K) was
positioned at the same height as the replica with a rect-
angular bar (length: 1 m). The position of the microphone
was shifted along the transverse plane (x-y plane) from 0°
to 180° in steps of 15°. When the sound along the sagittal
plane (x-z plane) of the replica was measured, the replica
was tipped on its side so that the semi-circular transit of
the microphone was in the replica’s sagittal plane. Consid-
ering the wavelength of the generated sound, the minimum
frequency of the far-field measurement at 48 cm is approx-
imately 720 Hz.

At each microphone position, a linear sweep signal was
amplified (A-807, Onkyo) and emitted by the compression
driver in the frequency range of 2—15 kHz for 20s. At each
position, the microphone signal was recorded with a sam-
pling frequency of 44.1 kHz using a data acquisition sys-
tem with multiple input and output channels (NI PXIOMIO
16 XE, National Instruments). With the recorded signals,
the power spectrum densities (PSDs) were calculated with

Anechoic chamber (V = 7.45 m3)

(@
1M bafile 36x36 om) 3D Positioning systems
. Microphone probe
Compression Trarlgverse 21m
chamber —1» “sagittal
n
19m
Anechoic chamber (V = 7.45 m®)
(b)
1m  baffle (160x130 cm)
Microphone
Compression 21m
chamber —
19m
Anechoic chamber (V = 7.45 m%)
(c)
" im
Settling baffle (36x36 cm)
chamber _sagittal . N
-~ microphone
-—) replica transversi/ P
— - 10 G, |
— =
a 21m
———

0.9m
Ey 3D Positioning
t’x systems

microphone

) 4
7 /
% : T_,x
microphone

Figure 3. (Colour online) Illustration of the experimental setup
used for pressure distribution measurements with acoustic source
in near-field (a), in far-field (b) and with flow (c). The measure-
ment positions in the sagittal and transverse planes are depicted
in (d) and (e), respectively.

863 time segments of Fourier transforms of 1024 sam-
ple points (total time 20 s). The temperature in the quasi-
anechoic room during the measurements ranged from 20.4
to 21.2 °C yielding a sound speed of 344.0 = 0.3 m/s dur-
ing the measurements.

Measured acoustic pressures are then characterized by
considering the PSD amplitude extracted for each fre-
quency. Since the amplitude of the sound emitted by the
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loudspeaker depends on the frequency, measured values
need to be normalized for each frequency. For the contour
map (Figure 4 and 5 shown below), the extracted ampli-
tudes were normalized by their spatial mean of the pres-
sure pattern at each frequency. For the angular plot (Fig-
ure 6, 7, and 8 shown below), the extracted amplitudes
were normalized by their maximum value of the pressure
pattern at each frequency. This normalization removes the
spurious influence of the sound source which can hinder
interpretation of the results.

2.3. Measurement with flow

Air was supplied using a flow facility consisting of a com-
pressor (GA7, Atlas Copco), a pressure regulator (type
11-818-987, Norgren), a manual valve, a mass-flow me-
ter (model 4045, TSI), and a settling chamber (40 x
40 x 50cm?). The settling chamber was tapered with
acoustic foam (SE50-AL-ML, Elastomeres Solutions) and
equipped with flow straighteners in order to avoid acoustic
resonances (due to the flow facility setup or settling cham-
ber) and to homogenize the flow. Air issuing from the set-
tling chamber was introduced to the replica through a sil-
icone tube with a diameter of 1 cm and a length of 59 cm.
The inlet geometry of the replica is depicted in Figure 2b.
The turbulence level at the inlet of the replica was less
than 3% [13]. Experiments were conducted at a flow rate
of 40 L-min~!, which corresponds to the subject’s medium
flow rate of /s/ in three effort levels, soft, medium and loud
[14]. The flow rate was varied from 35 to 45 L-min~! while
the subject sustained /s/ at the medium level. The corre-
sponding Reynolds number is 5636 based on the charac-
teristic dimension of the sibilant groove (the height of the
maximum constriction 1.25 mm) and flow velocity at the
groove. The size of the baffle is 36 x 36 cm.

A single 1/2-inch microphone (type 4192, B&K) was
positioned along a semi-circle of radius 10 cm using the
3D positioning system (PS35, OWIS), as schematized in
Figure 3c. The radius was increased compared to the near-
field measurement with the acoustic sound source in or-
der to prevent the impingement of the flow on the micro-
phone. The spatial positioning system was placed on the
floor of the acoustic chamber and covered with acoustic
foam to minimize disturbances of the acoustic field. The
microphone was attached to the positioning system with
a bar (length: 1 m) and positioned along the transverse
plane (x-y plane) and sagittal plane (x-z plane) from 0°
to 180° in steps of 2° as shown in Figure 3d and 3e. Con-
sidering the wavelength, the minimum frequency of the
far-field measurement at 10 cm is approximately 3440 Hz.
At each position, the microphone signal was recorded for
2 s with a sampling frequency of 44.1 kHz using the data
acquisition system. With the recorded signals, PSDs were
calculated by time-averaging the Fourier transforms of 60
Hanning-windowed time segments of 1024 sample points
with 30% overlap. To allow comparison between pressure
patterns measured with and without flow, measured val-
ues were again normalized by the spatial mean or maxi-
mum amplitude for each frequency. The temperature in the
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quasi-anechoic room ranged from 18.7 to 20.9 °C yield-
ing a sound speed of 343.5 + 0.7 m/s during the measure-
ments.

3. Results

Normalized acoustic pressure amplitudes of the sounds
generated by the replica with and without lips along the
transverse plane are mapped in Figure 4 for the case with
acoustic source in near-field (a), (b), in far-field (c), (d),
and for the case with flow (e), (f). The pressure distribu-
tions observed with and without lips were mainly changed
above 5kHz for all measurement conditions. The ampli-
tudes at the angle around 90° were increased and the am-
plitudes near 0° and 180° decreased when the lips were
present. The position of the maximum pressure amplitude
was shifted from angle 0° to 140° above 12kHz for the
case with acoustic source.

Normalized acoustic pressure amplitudes of the sounds
generated by the replica with and without lips along the
sagittal plane are mapped in Figure 5 for the case with
acoustic source in near-field (a), (b), in far-field (c), (d),
and for the case with flow (e), (f). For the case without
lips, the large trough at angles between 100° and 140° in
the frequency range from 9 up to 10 kHz was observed for
all measurement conditions. The amplitudes at the angle
around 90° were increased and the amplitudes at the angle
around 0° and 180° decreased above 5 kHz when the lips
were present.

The acoustic pressure amplitudes measured with and
without the lips at 6.1 kHz and 9.5 kHz are plotted in Fig-
ure 6 as a function of angle for the near-field measurement
with acoustic source. The amplitudes in each measurement
were normalized by the maximum value at each frequency.
In the transverse plane, the amplitudes at the angle around
30° and 160° at 6.1 kHz decreased by 15dB and 10dB,
respectively, when the lips were present. The amplitudes
at the angle around 0° and 170° at 9.5 kHz decreased by
8 dB and 5 dB, respectively, when the lips were present. In
the sagittal plane, the amplitudes at the angle around 0°
and 150° at 6.1 kHz decreased by 7dB and 10 dB, respec-
tively, when the lips were present. The amplitudes at the
angle around 20° and 110° at 9.5 kHz decreased by 10 dB
and 15 dB, respectively, when the lips were present.

The acoustic pressure amplitudes measured with lips at
6.1kHz and 9.5 kHz are plotted in Figure 7 as a function
of angle for the near-field and far-field measurements with
acoustic source. As before, the amplitudes in each mea-
surement were normalized by the maximum value at each
frequency. In the transverse plane, the amplitudes in far-
field at the angle around 0° and 180° at 6.1 kHz were 10 dB
larger than those in the near-field. The amplitudes at the
angle around 0° and 180° at 9.5kHz were 15dB smaller
than the amplitudes at the angle around 90° for both far-
field and near-field. In the sagittal plane, the trough in am-
plitudes at the angle 150° was observed at 6.1 kHz for both
far-field and near-field. The troughs in amplitudes at an-
gles around 20° and 175° were observed at 9.5 kHz for
both far-field and near-field.
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Figure 4. (Colour online) Normalized acoustic pressure ampli-
tudes measured along the transverse plane for the case with
acoustic source in near-field (radius 4 cm, every 2°) without lips
(a), with lips (b), in far-field (radius 48 cm, every 15°) without
lips (c), with lips (d), and for the case with flow (radius 10 cm,
every 2°) without lips (e), with lips (f).

The acoustic pressure amplitudes measured with lips at
6.1 kHz and 9.5 kHz are plotted in Figure 8 as a function
of angle for the case with acoustic source and flow. As

Figure 5. (Colour online) Normalized acoustic pressure ampli-
tudes measured along the sagittal plane for the case with acoustic
source in near-field (radius 4 cm, every 2°) without lips (a), with
lips (b), in far-field (radius 48 cm, every 15°) without lips (c),
with lips (d), and for the case with flow (radius 10 cm, every 2°)
without lips (e), with lips (f).

before, the amplitudes in each measurement were normal-
ized by the maximum value at each frequency. In the trans-
verse plane, the amplitudes measured with flow at the an-
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Figure 6. (Colour online) Normalized acoustic pressure ampli-
tudes as a function of angle for the near-field (radius 4 cm) mea-
surement with acoustic source. Measurements along the trans-
verse plane are plotted in (a) at 6.1 kHz, and (b) at 9.5 kHz. Mea-
surements along the sagittal plane are plotted in (c) at 6.1 kHz,
and (d) at 9.5 kHz.

gle 30° and 160° at 6.1 kHz were 5dB and 10dB larger,
respectively, than those measured with acoustic source.
The amplitudes at angles around 0° and 180° at 9.5 kHz
were 15 dB smaller than that at angles around 0° for both
the flow case and the acoustic source case. In the sagittal
plane, the amplitudes measured with flow at the angle 15°
and 150° at 6.1 kHz were 7 dB larger than those measured
with acoustic source. The troughs in amplitude at the an-
gle around 20° and 175° were observed at 9.5 kHz for both
cases, i.e. with acoustic source and with air flow.

150

Figure 7. (Colour online) Normalized acoustic pressure ampli-
tudes as a function of angle for the far-field (radius 48 cm) and
near-field (radius 4 cm) measurements with acoustic source and
lips. Measurements along the transverse plane are plotted at (a)
6.1 kHz, and (b) 9.5 kHz. Measurements along the sagittal plane
are plotted at (c) 6.1 kHz, and (d) 9.5 kHz.

4. Discussion

The pressure distribution measurements in the transverse
and sagittal planes showed that the pressure amplitudes
at angles associated with the center of the lips (i.e., the
angles around 90° in both planes) increased up to 15dB
when the lips were present in the frequency range above
5kHz. This increase was observed for all measurement
conditions (i.e., near-field and far-field with the acoustic
source or with flow supply). Far-field pressure fields of a
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Figure 8. (Colour online) Normalized acoustic pressure ampli-
tudes as a function of angle for the measurements with acous-
tic source (radius 4 cm) and flow (radius 10 cm). Both plots are
for the case with lips. The measurement along the transverse
plane are plotted at (a) 6.1 kHz, and (b) 9.5 kHz. The measure-
ment along the sagittal plane are plotted at (c) 6.1kHz, and (d)
9.5kHz.

concentric rigid two-tube simplification of vowel /a/ vo-
cal tract with an infinite baffle (no lips) [10], showed that
the amplitude at 90° was larger than those at 0° and 180°
above 6.5 kHz, and the maximum difference of amplitudes
between the center (90°) and side regions (0° and 180°)
was approximately 10dB in the frequency range from 2
to 10 kHz. The maximum difference in the amplitude for
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the replica of /s/ was 15 dB for this frequency range (2 to
10kHz), and these results indicate that the lip horn plays
a role to enhance the directivity at the center compared to
the model of /a/. This enhanced directivity in front of the
mouth was also observed in the previous measurements of
sibilant /s/ on human speakers [3] and might therefore be
partly due to the lip horn. It is of interest to further in-
vestigate the effect of the lips on other sounds in order to
investigate the role of the lip horn for the sound radiation.
Another potential parameter for the future study is the ge-
ometry of the lip horn (e.g. parameters for the curvature
and protrusion of the radiating surface).

Directivity measurements conducted with an eccentric
two tube simplification of /a/ without lips showed that
complex directivity patterns, with changes in directivity
within short frequency and angle intervals, occur in the
frequency range above 6.5 kHz [10]. The influence of the
lips on the transfer function of the /a/ vocal tract was
mainly observed above 5.5kHz [9]. In this study, com-
plex pressure patterns were observed with and without lips
for frequencies above 4 kHz (normalized pressure ampli-
tude differences up to 10 dB), which is significantly lower
than that found in the vocal tract of /a/. This suggests that
the higher order modes of sibilant /s/ affect the pressure
pattern at lower frequencies than that observed for vow-
els. This is in agreement with the argument that the higher
order modes affect the pressure pattern below the first cut-
on frequency, and plane-wave theory holds for frequencies
below 4 kHz for the vocal tract geometries of sibilant frica-
tives [7]. Further acoustic modeling of wave propagation
through the replica’s geometry is needed in order to fur-
ther examine the effect of higher order modes in sibilant
fricatives.

A similar tendency was observed between the near-field
and far-field measurements, although the resolution in the
far-field (15°) was lower than that in the near-field (2°).
This indicates that more precise measurement of the direc-
tivity pattern compared to the far-field measurement was
achieved by using the 3D positioning system in the near
field of the vocal tract. This result encourages a future de-
velopment of a setup enabling a precise measurement of
the directivity pattern in the far-field in order to confirm
the current findings using other replicas and eventually on
human speakers to investigate the perceptual relevance of
the current findings.

The comparison between the case with acoustic source
and flow revealed a similar tendency in both the trans-
verse and sagittal plane. In particular, similar pressure dis-
tributions were observed in the frequency range from 7
to 10kHz, which coincides with the frequency range of
the highest acoustic energy observed on replica’s sibilant
/s/ [11]. When the flow was supplied to the replica, the
noise source was probably generated downstream from the
sibilant groove, i.e. around the incisors and lips. Neverthe-
less, similar pressure distribution patterns were observed
for the different sound source positions, i.e. at the inlet of
the pharynx or downstream from the sibilant groove. This
indicates that the pressure pattern outside the vocal tract
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of sibilant /s/ is less affected by the position of the sound
source than by the vocal tract geometry. It is of interest to
confirm this finding for other fricatives since usage of an
acoustic source allows a detailed spatial measurement of
the acoustic pattern inside and outside of the vocal tract
geometry which is difficult to achieve in the presence of
flow.

5. Conclusion

In the current study, acoustic pressure distribution patterns
were measured on a vocal tract replica of sibilant /s/ with
and without lips. It was found that complex pressure pat-
terns with differences in amplitude of approximately 10 dB
occur with and without lips for frequencies above 4 kHz.
The lip horn enhances the pressure amplitude up to 15dB
at the center of the lips in both transverse and sagittal
plane in the frequency range above 5 kHz. These tenden-
cies were observed in the near-field and far-field measure-
ments with the acoustic source, and in the measurements
with flow supply. The comparison between the near-field
and far-field measurements showed that more precise di-
rectivity pattern can be achieved by the near-field measure-
ment compared to the far-field measurement. The compar-
ison between the acoustic source and flow source showed
that the pressure distribution pattern is affected by the vo-
cal tract geometry rather than by the source characteristics.

The presented experimental results motivate further
studies involving spatially detailed directivity pattern mea-
surements for different phonemes using the vocal tract
replicas in combination with an acoustic source in order to
further study the effect of the lip horn as well as to study
the acoustic pressure patterns for different phoneme ge-
ometries. Furthermore, the perceptual relevance of these
findings needs to be further investigated.
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