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ABSTRACT 

 
Chiba and Kajiyama measured three-dimensional 
configurations of the human vocal tract during the 
production of five Japanese vowels and published the 
resultant data in “The Vowel: Its Nature and 
Structure.” The data were estimated by palatograms 
as well as X-ray images and were naturally bent. They 
also derived cross-sectional area functions for the 
areas perpendicular to the midline along the length of 
the vocal tract. The overall area functions were 
simplified by interpolating them in a piecewise-linear 
fashion. 

In this study, we first compared replicated 
physical models of the original bent configurations 
with approximated straight models based on the same 
area functions. We then created bent models with 
further simplifications and exhibited them at a 
museum. These models have pedagogical usefulness 
because they are simply shaped but also bent, which 
makes it easy to imagine where they are located in the 
head. 
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1. INTRODUCTION 

Chiba and Kajiyama’s 1941–42 book “The Vowel: Its 
Nature and Structure” [1] introduced several 
fundamental topics on vowel production and 
perception that paved the way to modern speech 
science [2–6]. One key issue pointed out in the book 
is how vocal-tract configurations determine vowel 
qualities, and to examine it, the authors measured 3D 
configurations of the vocal tract during the production 
of five Japanese vowels. These measurements were 
performed using the state-of-the-art X-ray apparatus 
at that time (Shimazu Co.), palatography (in which a 
set of shapes is molded out of plaster), and 
laryngoscopy (for observing the pharyngeal cavity). 
By combining these three techniques, they were able 
to obtain detailed 3D configurations of the vocal tract. 

Chiba and Kajiyama derived cross-sectional area 
functions based on the 3D measurements by 1) 
drawing the midline of each vocal-tract configuration 
of each vowel and 2) estimating the cross-sectional  

 
Figure 1: Midsagittal view of five Japanese vowels based 

on measurements in [1]. 
 
areas of points on the midline where the cross-
sections are perpendicular to it. They further 
simplified the area functions and created physical 
models in round-bottle shapes. After feeding in a 
sound source, they found that the physical models 
based on the area functions were close enough to their 
naturally produced counterparts. Arai [7] replicated 
their physical models not only for historical but also 
pedagogical purposes. 

One of the options they might have selected was 
to model vocal tracts by keeping the bent shapes. 
Therefore, in this study, we compared bent vs. 
straight models with the same area functions. We also 
further simplified the configurations for bent models 
and displayed them at a museum exhibition. 

2. PHYSICAL MODELS 

Figure 1 shows the midsagittal view of the vocal-tract 
configurations of five Japanese vowels based on the 
measurements in [1]. The vertical lines in each plot 
show the sections (numbered with the prime symbol) 
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Figure 2: Cross-sectional area functions of five Japanese 

vowels adapted from [1]. 
 
 

 
 

Figure 3: Replicated physical models of five Japanese 
vowels (from left: /i/, /e/, /a/, /o/, and /u/) [7]. 

 
that were originally measured by palatograms. At the 
same point of the midline in each plot, additional lines 
show the sections (numbered with no prime symbol) 
that are perpendicular to the midline. In Fig. 2, the 
area above the horizontal axis in each plot shows the 
cross-sectional area function based on the 
perpendicular lines in Fig. 1, where the numbers in 
both figures correspond to each other. These area 
functions were drawn by piecewise linear 
approximation. The area below the horizontal axis in 
each plot in Fig. 2 shows the radius function when the 
cross-sections were modeled as circles. 

Using the radius function as a basis, Chiba and 
Kajiyama created physical models in the “Artificial 
Vowels” section in [1], and after feeding in a sound 
source, they showed that artificially produced vowels 
were close enough to the naturally produced 
counterparts. However, the original models no longer 
exist (presumably due to wartime disruption), so the 
replication of the physical models created by Arai [7] 
is shown in Fig. 3. Arai [8] tried to model vocal tracts 
of vowels /i/ and /a/ by keeping the bent 
configurations based on Chiba and Kajiyama’s 
original measurements. In [8], there were two major 
design constraints for the bent models: 1) the 
midsagittal cross-section must be the same as the one 
in Fig. 1, and 2) the cross-sectional area function must 
be the same as the one in Fig. 2. Although Chiba and 
Kajiyama drew outlines of the uvula, epiglottis, and 
piriform fossa (as shown in Fig. 1), they were 
simplified in Fig. 2, so the designs in [8] omitted them. 
The designs for vowels /i/ and /a/ were successful, but 
there were no descriptions for the rest of the vowels 
(i.e., /e/, /o/, and /u/), and no acoustic analysis was 
ever reported. 

This is why, in this study, we expand the design of 
these bent models so that all five vowels can be 
implemented. We followed the same design 
constraints as above and then 3D-printed the bent 
models, as shown in Fig. 4. 
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