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Abstract
Human speech is created in the larynx and the vocal tract. For vowels, the basic sound is generated by the
oscillating vocal folds and ﬁltered by the vocal tract to produce the typical formants. In the present study, we
investigate the inﬂuence of the vocal tract on phonation. Based on Magnet Resonance Imaging (MRI) data, the
acoustic behavior of the vocal tract can be characterized using numerical and experimental models. However,
previous studies only analyzed single vocal tracts that were directly obtained from individuals. To investigate
the basic inﬂuence of the vocal tract on phonation, a vocal tract model is necessary that shows preferably
little individual but the typical acoustic characteristics of the speciﬁc vowel. Hence, we computed an average
vocal tract geometry based on six simpliﬁed individual vocal tracts that were extracted from MRI images of
professional tenors. The resulting vocal tract model was evaluated in an experimental setup including artiﬁcial
vocal folds. The comparison with the tenors’ vocal recordings shows that the model reproduces the acoustic
properties well. Hence, the average vocal tract model presented here is suitable for future investigations of the
inﬂuence of the vocal tract on phonation.
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1

INTRODUCTION

The human voice is generated by the ﬂow induced oscillation of the vocal folds. This acoustic primary signal,
which is composed of the fundamental frequency of the vocal fold oscillation, the higher harmonics and the
broadband sound, is ﬁltered through the vocal tract and thus formed into the different sounds of a language [1].
The human vocal tract can in an idealized way be considered as resonator. The resonance frequencies, which
form in the vocal tract and depend on its geometry, are called formants. The ﬁrst two formants are used to
distinguish the different vowels. Higher formants, on the other hand, determine the timbre of a voice [2].
Since the acoustic properties of the vocal tract are determined by its geometry, geometric data based on MRI
images are used for the characterization of the vocal tract [3, 4, 5]. For simpliﬁcation, the vocal tract is often
expressed by an area function that describes the cross-sections along the centerline of the vocal tract [3]. This
simpliﬁcation is valid from an acoustic point of view, since the sound propagation up to a frequency 5 kHz can
be regarded as one-dimensional [6].
As the geometry is obtained by imaging methods, previous studies are based on the data of individual subjects.
In order to investigate the inﬂuence of the vocal tract on the ﬂuid-structure-acoustic interaction of phonation and
the radiation of sound, however, a more general model, which does not show strong individual inﬂuences, is
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necessary. Hence, the aim of the study is to create a simpliﬁed model of the vocal tract that shows preferably
little individual but the typical acoustic characteristics of the speciﬁc vowel. This is achieved by averaging over
six simpliﬁed individual vocal tract geometries based on MRI images of professional tenors.
In order to consider the inﬂuence of the ﬂow that is present in human phonation, the vocal tract models are
investigated in an experimental setup with artiﬁcial vocal folds.

2

METHODS

2.1 Vocal tract models
The vocal tract geometries used are based on MRI images of professional tenors taken at the Institute Musicians’
Medicine of the University Hospital Freiburg by Echternach et al. [4, 7]. Based on these data, a vocal tract
model with realistic geometry and one with simpliﬁed form was created for each of the six tenors. The realistic
geometries are generated by a manual segmentation of the MRT data in the open source software 3D Slicer.
The simpliﬁed models are based on the area functions of the tenors by Echternach et al. [7] and are represented
by straight models with circular cross-sections.
In order to investigate the inﬂuence of the vocal tract on phonation and the underlying physical processes, a
more general, simpliﬁed model of the vocal tract was created in addition to the individual vocal tract models.
This averaged vocal tract geometry was calculated by averaging the area functions of the six tenor vocal tracts.
As shown in ﬁgure 1, the vocal tracts were normalized to mean length and the cross-sectional areas were
averaged.
The vocal tract models were produced using additive manufacturing methods.

Figure 1. Method for averaging the vocal tract geometry

2.2 Experimental Setup
The investigation of the acoustic properties of the vocal tract is done in an experimental setup based on the
setup by Kniesburges et al. [8, 9] and Lodermeyer et al. [10, 11], as depicted in ﬁgure 2.
It consists of a unit for providing and conditioning the airﬂow, an artiﬁcial larynx, a subglottal channel, and the
vocal tract replica. The artiﬁcial larynx consists of an artiﬁcial pair of silicone vocal folds that are based on
the M5 model by Scherer et al. [12] and Thomson et al. [13], from the silicone Ecoﬂex 30 (Smooth-On, USA)
and have a Young’s modulus of E = 4,4 kPa.
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2.3 Measurement setup and evaluation methods
The sound pressure measurements were done in an anechoic chamber with a 1/2” free ﬁeld microphone Type
4189 (Brüel & Kjaer, Denmark) placed at a distance of 90 cm and an angle of 45◦ from the exit of the vocal
tract. The recorded signal was ampliﬁed with the Nexus Conditioning Ampliﬁer (Brüel & Kjaer, Denmark) and
sampled by the multifunctional module PXIe-6356 (National Instruments, USA) with a sample rate of 44.1 kHz.
The evaluation of the measurement data and the calculation of the sound pressure level of the acoustic pressure
is done in Matlab. (Mathworks, USA). Based on the resulting spectra, the formant frequencies of the individual
vocal tracts were detected using inverse ﬁltering.

Figure 2. Experimental setup with subglottal channel, artiﬁcial vocal folds, and MRI-based vocal tract

3

Results and Discussion

3.1 Analysis of formant frequencies
Figure 3 shows the obtained spectra of the sound pressure level for the MRI-based and simpliﬁed models of
the six subjects. Each spectrum shows the fundamental frequency, the harmonics and the broadband noise. The
comparison between the spectra of the MRT-based and simpliﬁed models shows, however, that the broadband
sound differs between the MRI-based and the simpliﬁed geometry. These differences indicate that the ﬂow ﬁeld
and the resulting ﬂow sound in the vocal tract are changed by the simpliﬁcation.
In addition, the formant frequencies, as detected by inverse ﬁltering are marked with dashed lines in ﬁgure
3. For comparison the physiological formants that where determined from audio recordings of the subjects by
Echternach et al. [7] are marked as well. The formant frequencies are depicted in ﬁgure 4, which shows the
determined formant frequencies of the MRI-based and the simpliﬁed vocal tract model for each subject and of
the mean vocal tract model compared to the physiological formants determined by Echternach et al. [7]. For
all models four formant frequencies can be determined in the range between 50 Hz and 5 kHz. The mean
deviations of the formant frequencies from the reference values for the MRI-based models are less than 18 %
and less than 16 % for the simpliﬁed models.
However, as a vowel is not characterized by a discrete formant frequency, but varies for each individual [14],
the vowel-speciﬁc ﬁlter properties of the vocal tract are reproduced with sufﬁcient accuracy.
3.2 Analysis of the averaged vocal tract
To analyze the vocal intelligibility of the mean vocal tract, the ﬁrst two formant frequencies of the averaged
vocal tract are plotted in a formant chart, as presented by Peterson and Barney [14], together with the physiological values by Echternach et al. [7], see ﬁgure 5. The comparison shows that the formants of the averaged
vocal tract differ by 10 % from the mean value of the ﬁrst formants and by 3 % from the mean value of
the second formants. Despite the deviation of 10 % for the ﬁrst formant frequency it can be seen, that the
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Figure 3. Sound pressure level of the MRI-based (blue) and simpliﬁed (red) models for all subjects. The
formant frequencies, as detected by inverse ﬁltering are marked with vertical lines
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Figure 4. MRI-based and the simpliﬁed vocal tract model for each subject and of the mean vocal tract model
formants produced by the mean vocal tract are in the same frequency range as the subjects’ formants. Due to
the fact that a vowel is characterized by a frequency band, this shows that the vowel characteristics can be preserved. Hence, the averaging over area functions of the vocal tracts is a suitable procedure to reduce individual
inﬂuences while preserving the essential acoustic properties of the vocal tract.



 
 
 



  

   










Figure 5. The formant chart, according to Peterson and Barney [14] shows the formant frequencies of the mean
vocal tract compared to the physiological formants of the tenors.

4

CONCLUSIONS

In this study, the acoustic properties of the vocal tract were investigated in an experimental setup with an
artiﬁcial larynx and MRI-based and simpliﬁed vocal tract models, respectively. In addition a simpliﬁed mean
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vocal tract was generated to reduce the individual inﬂuences. The comparison with the tenors’ vocal recordings
show that the vowel characteristics can be reproduced with all vocal tract models. However, contrary to the
current literature, a change in the broadband sound level due to the simpliﬁcation of the geometry is detected
if the oscillation of the vocal folds and the resulting ﬂow are taken into account. This indicates that the
simpliﬁcation of the geometry leads to a change of the ﬂow ﬁeld in the vocal tract and the resulting ﬂowinduced sound.
The validation of the mean vocal tract model based on the physiological reference values shows that the acoustic
properties and the given vowel sound are reproduced. Hence, the average vocal tract model presented here is
suitable for future investigations of the inﬂuence of the vocal tract on phonation.
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