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ABSTRACT 

 

We proposed an effective method for education in acoustics that integrates three educational 

tools: textbooks, computer simulation and physical models. Our focus was the mechanism of 

vowel production in the speech and hearing sciences. We implemented a computer model by 

approximating a vowel as a plane wave propagating inside an acoustic tube, the diameters of 

which vary successively. In addition to the simulation, we made several physical models of the 

human vocal tract, composed of transparent acrylic materials, to give students an intuitive 

understanding of vowel production. As a result, we confirmed that the integration of computer 

simulations, textbook explanations and physical models was extremely powerful, especially for 

students with less technical backgrounds. 

 

 

 

 

 



INTRODUCTION 
 
Fields related to speech communication intersect in crucial ways with acoustics. Fig. 1 shows a 
simplified projection of this relationship. In this figure, imagine a speaker on the left and a listener 
on the right. The center of the figure pictures acoustics as the bridge between speech production 
and perception. Below that, the field of Speech and Hearing Sciences spans speech production 
and perception, and may be seen as an application of those areas of research. Speech Pathology, 
also spanning these sections, is based crucially on those fields, with acoustics being an important 
contributor. Parallel to these and above them, are the Linguistic fields of Phonetics and Phonology. 
Phonetics comprises three important subfields: Articulatory Phonetics, Acoustic Phonetics and 
Auditory Phonetics, the latter being related to Psycho-acoustics, which is the term used in the 
figure. Speech technology, including automatic speech recognition, speech synthesis and speech 
coding, is overlaid as an application of the fields of Phonetics and Phonology.  
 
That acoustics is related to so many fields explains the variety of backgrounds found in acoustics 
student populations. At Sophia University, the author is teaching acoustics not only to technical 
students but also to students majoring in fields such as Linguistics, Psychology, and Speech 
Pathology. We believe that an education in acoustics is important not only for college-level 
students, but also for high-school or potentially even elementary-school students. Therefore, we 
are motivated to develop intuitive and effective methods for educating students of different ages 
and from varied backgrounds. 
 
In this paper, we propose an integration of certain educational tools which enables students to 
grasp concepts in acoustics more intuitively. Our model incorporates the use of textbooks, 
computer simulation, and physical models. 
 
 

 
Fig. 1.- Speech and Acoustics 



TEXTBOOKS 

 
Textbooks are an excellent tool for presenting a subject systematically. But in speech science, 
they generally contain a large dose of mathematical and technical information which, though 
necessary for detail, might pose a barrier for beginners or those lacking a technical background. 
 
For these students, more intuitive textbooks are needed. An ideal textbook for such multivariate 
readers would: 

- rely heavily on figures and descriptions, not only equations and formulas, 
- use more examples and colloquia for describing phenomena, and 
- repeat explanations of a single topic from different angles. 

Although such textbooks exist, more specialized ones are needed to cover Acoustics and related 
fields. 
 
 
 

COMPUTER SIMULATION 

 
With the widespread use of computers, computer-based educational tools are increasingly 
available. One of the advantages of this is our ability to show a complex phenomenon virtually, by 
simulation. Additionally, in multimedia environments, we can record, playback, and analyze 
sounds. Another strength of computer-based learning is that it can address different styles of 
learning, as students are able to access the system interactively and at their own pace. 
 
We are seeing more papers and demonstrations on the topic of education in acoustics, and 
several attempts have been made to address those aspects of acoustics education (e.g., 
Eurospeech [1]). One such attempt is an electronic tool for education [2]. This tool contains topics 
relating to speech production and perception, as well as basic speech science, including: 

 
Fig. 2.- Vocal-tract simulator  



- how spectrograms are constructed, 
- how the source and filter act in a linear speech-production model, and 
- how vowels sound differently on the F1-F2 formant plane. 

Another useful electronic tool is the simulation portrayed in Fig. 2, where users can hear vowel 
sounds and see the spectra and the location on the F1-F2 plane simultaneously by changing the 
configuration of a vocal tract in real time. In this simulation, vowels are produced which 
correspond to the area functions of the vocal tract. Users can experiment with visual input (the 
shape of the vocal tract) and acoustic output (vowel sounds). Thus, computer simulations have 
huge potential, and further development is anticipated. 
 
However, it should be pointed out that these same attributes which provide the most clear 
advantages for learners are also a source of difficulty. Depending on the nature of the computer 
model, physical constraints existing in the real world may be obscured in a computer simulation, 
where the boundary between virtual and real is not clear. To address this problem, we have 
designed physical models, respectful of real-world physical constraints, as described in the 
following section. 
 
 
 
PHYSICAL MODELS AS AN EDUCATION TOOL 
 
Acoustics is a naturally intuitive science. We can both produce and perceive sounds. We have 
found that education in acoustics is more effective when students have access to tools that 
produce the sounds they are studying. Nevertheless, although tools for basic acoustic 
phenomena such as vibrating tuning forks and resonance are widely used, there are fewer 
physical tools for speech related areas. Because of this, we believe such tools should be made 
more widely available in the field of Speech Science.  
 
Mechanical models of human speech organs have been reported in the past for various purposes. 
In the 18th century, Krazenstein and Von Kempelen proposed mechanical models for vowel and 
consonant production [3]. In the 20th century, Chiba and Kajiyama (1941) confirmed that vowel 
quality is determined by the configuration of the vocal tract, and they used mechanical models to 
support their findings [4]. Later, several more models were reported. For example, Umeda and 
Teranishi (1966) designed mechanical models to investigate vowel and voice quality [5]. Recently, 
Dang and Honda (1995) used a physical model to illustrate the effects of the pyriform fossa, a side 
branch at the larynx on vowel spectra [6]. Mochida et al. (1999) made a mechanical model to test 
their method for measuring the configuration of the human vocal tract using acoustic signals [7]. 
 
There exists relatively sparse literature on models developed specifically for education, and only 
some models reported on have been on exhibition [8],[9]. To address this scarcity, we designed 
mechanical models of the human vocal tract to be used in speech science classrooms [10],[11]. 
The models give students an intuitive understanding of vowel production, particularly its linearity, 
and are intended to compliment (not replace) the technical explanations found in those excellent 
textbooks available for speech education. 
 
Our models are based on Chiba and Kajiyama’s mechanical models [4]. In their section “Artificial 
Vowels” [4], they confirm that the mechanically produced sounds do have many of the same 
characteristics as naturally produced vowels. 



 
Fig. 3.- Two types of mechanical models of the human vocal-tract (from Arai, 2001 [10]) 

 
 
Fig. 3 shows two types of mechanical models of the human vocal tract: the plate model (on the 
left) and the cylinder model (on the right). The two models are made of acrylic resin because it is 
both transparent and easy to sculpt. For the plate model, each plate has a hole in the center so 
that when placed side-by-side the holes form an acoustic tube, the cross-sectional area of which 
changes in a step-wise fashion. For the cylinder model, the cavity forms a round bottle-shape, 
based on the measurements by Chiba and Kajiyama [4]. When the sound source is connected to 
one end of either of the models, a vowel-like sound is emitted from the other end. 
 

We confirmed that our models, when used in a classroom environment, are particularly effective 
for increasing student understanding of the theories of speech production. First, because of the 
tube’s transparency, the location of the constriction is visible to the naked eye, as is the overall 
shape of the cavity. This design helped observers associate the quality of a vowel with the 
location of constriction on the model. Second, the relationship between frequency and pitch was 
illustrated by channeling sound sources with different frequencies through the tube. Students 
were able to observe that the pitch of the out coming sound is determined by the fundamental 
frequency of the input signal. Third, by changing the order of the plates to simulate constrictions at 
nodes and antinodes, students were able to hear the effects of formants shifting position. 
Additionally, we provided spectral analyses of the output sounds, so students were able to see 
how the frequencies of the formants changed, as well. Being able to hear and see the effects of 
formant shift helped learners understand how vowels change depending on the location of 
constriction(s) in the vocal tract. Fourth, measurements taken from the models are reproducible, 
so students can go back to an arbitrary measurement and get the same result, which helps them 
to test their hypotheses as they learn these concepts. Fifth, using the models along with computer 
simulation software makes it possible to compare a measured spectrum with one derived from 
theoretical computation, something useful for advanced students.  
 
 
 
 
 
 
 
 



SUMMARY 
 
An effective method for education in acoustics was proposed which integrates the use of 
textbooks, computer simulation and physical models. Our proposal has potential beyond the 
fields of acoustics and speech science, in that it is applicable to any field relating to education. We 
should, of course, continue to expend effort developing each of these three educational tools in 
their own right, but at the same time, it is our feeling that more resources should be devoted to the 
organic melding together of these three, for a future of increasingly sophisticated and effective 
educational methodologies. 
 
 
 
ACKNOWLEDGMENTS 
 
I would like to thank all of the people who have provided opportunities for me to consider this topic 
in education, and from whose comments and discussions I have benefited, especially Prof. 
Tsutomu Sugawara, Prof. Kyoko Iitaka, Prof. Mitsuko Shindo, Michiko Yoshida, Nobuyuki Usuki, 
Setsuko Imatomi, Hirokazu Sato, Naoki Ishii, and Terri Lander.  
 
 
 

BIBLIOGRAPHICAL REFERENCES 

 
[1] http://eurospeech2001.org/ese/Education_Areana/ programme.html 
[2] Sensimetrics: Speech Production and Perception I (http://www.sens.com/SPP1.htm). 
[3] B. Gold and N. Morgan, Speech and Audio Signal Processing, John Wiley & Sons, 2000. 
[4] T. Chiba and M. Kajiyama, The Vowel: Its Nature and Structure, Tokyo-Kaiseikan Pub. Co., 

Ltd., Tokyo, 1941. 
[5] N. Umeda and R. Teranishi, “Phonemic feature and vocal feature: Synthesis of speech sounds, 

using an acoustical model of vocal tract,” J. Acoust. Soc. Jpn. , Vol. 22, No. 4, pp. 195-203, 
1966. 

[6] J. Dang and K. Honda, “Acoustic effects of the pyriform fossa on vowel spectra,” Technical 
Report of IEICE, Vol. SP95-10, pp. 1-6, 1995 (in Japanese). 

[7] T. Mochida et al., “Acoustical measurement of vocal tract area function using replicas of oral 
cavity,” Meeting of the Acoust. Soc. Jpn., Vol. 1, pp. 307-308, Sep.-Oct. 1999 (in Japanese). 

[8] http://www.exploratorium.edu/exhibit_services/exhibits/ 
[9] http://www.kagakukan.city.hamamatsu.shizuoka.jp/tenji/ 
[10] T. Arai, “The replication of Chiba and Kajiyama’s mechanical models of the human vocal 

cavity,” J. Phonetic Soc., Vol. 5, No. 2, pp. 31-38, 2001. 
[11] T. Arai et al., “Prototype of a vocal-tract model for vowel production designed for education in 

speech science,” Proc. of Eurospeech, Vol. 4, pp. 2791-2794, 2001. 


