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Abstract:

We investigated a new communication-aid system focused on bone-conduction through

a tooth, for listening to and recording voices. In this paper, we developed a tooth-conduction
microphone (TCM) and evaluate the articulation of tooth-conducted voice (TCV). Because the TCM
has the shape of one’s dental mold, it is wearable like a mouthpiece. Moreover, it can extract tooth
vibration during phonation as TCV. To evaluate articulation of TCV, we adopted monosyllable
articulation for subjective assessment and linear predictive coding cepstral distance for objective
assessment. The results of articulation show that TCV is not sufficiently clear compared to air-
conducted. However, it is confirmed that TCV is robust to environmental noise because the accuracy
rate is not decreased when the TCV is recorded under high ambient noise.
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Piezoelectric device

PACS number: 43.48.Kb, 43.38.Si

1. INTRODUCTION

Today, there are many applications using voice such
as telephone, voice and video chat, and voice recognition.
In these applications, it is necessary to acquire the talker’s
voice clearly, and therefore, researchers and engineers have
focused on improving the clarity of voice.

In general, the use of a microphone is the most popular
method used to acquire voice. Microphones acquire air-
conducted voice (ACV), which refers to voice propagating
through air. However, voices recorded using microphones
are easily affected by environmental noise. To reduce the
effect of environmental noise, several methods have been
investigated, such as the use of close-talking microphones
[1,2].

In contrast, methods for acquiring voice that does not
interfere with the sound fields, such as using high-speed
camera [3], avoids the influence of environmental noise.
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However, because the method needs machinery on a large
scale and complex image processing, it can not be said an
easy method.

On the other hand, there is an another simple method
focusing on bone conduction. Bone-conducted voice
(BCV) can be clearly extracted from voice vibration by
only using a bone-conduction microphone (BCM) even if
the environment is noisy, because BCV is voice which
propagates through the skull during phonation. To record
voice with bone conduction, several researches has been
investigated. Some researches were focusing on an ear-
insert type microphone and found that it can record voice
in a noisy environment [4,5]. Tran et al. investigate the
effective location of a BCM and reported that the
forehead seems to be the best location for the recording
of BCV [6]. However, since the BCV’s intelligibility and
quality depends on the difference among individuals, such
as the shape of skull and thickness of skin, the method
needs solutions which do not needs to think about the
difference.

At the same time, because tooth can be regarded as bare
bone, it was considered that bone conduction through tooth
provides a better opportunity for efficient listening and
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Second Molar

Central Incisor

Fig.1 Experimental TCM. Piezoelectric devices were
put on Central Incisor, Canine, and Second Molar.

voice recording than bone conduction, which is influenced
by the skin.

From above consideration, communication device
using bone conduction through tooth has been developed
and investigated. Microphones which use the method has
been developed in several ways, one using MEMS
accelerometer and the other one use magnet and coil
[7,8]. These microphones pick-up the BCV through tooth
and are not affected by environmental noise.

In contrast, we propose the device of tooth-conducted
voice (TCV) for communication-aid which use piezo-
electric device. Muramatsu et al. proposed the mouthpiece-
form actuator that can be tightly worn in the mouth for
listening and recording TCV [9,10]. In addition, we
investigate the difference in the listening and recording
of voices between types of teeth [11-14]. Thus, a tooth-
conducted communication system has the possibility to
become a widely used technology.

The purpose of this study was to incorporate tooth
conduction into a communication-aid system. In the
present study, we propose a tooth-conduction microphone
(TCM) and evaluated its articulation of TCV. We con-
firmed that TCV is robust to environmental noise because
the accuracy rate does not decrease even if it is recorded
under high ambient noise.

2. STRUCTURE OF THE TOOTH-
CONDUCTION MICROPHONE

In this study, we developed a tooth-conduction micro-
phone (TCM). We term the voice extracted using the TCM
as TCV.

The TCM consists of a piezoelectric device and dental
material. In this study, we use the piezoelectric device
(K2512U1) manufactured by THRIVE. The dental material
is made from ethylene vinyl acetate. The piezoelectric
device is laminated using dental material and formed to be a
dental mold. Because the TCM is designed with an indi-
vidual’s dental mold, it can be tightly worn in the mouth.

The piezoelectric device located on the mouthpiece
generates electricity corresponding to the vibration prop-
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Fig.2 Experimental Image of settings.

agating through tooth during phonation. The electricity is
recorded as signal as TCV through an audio interface.

An experimental TCM was developed for the experi-
ment below and is shown in Fig. 1. Three locations were
selected for TCV pickup; central incisor, canine, and
second molar on the upper jaw. The pickup we used in
the TCM is piezoelectric device, which is 12.5-mm long,
5-mm wide, and 0.1-mm thick.

3. EVALUATION OF
TOOTH-CONDUCTED VOICE

3.1. Experiment 1: Recording Voice through Tooth

In this experiment, we extracted TCV, ACV, and BCV
simultaneously under quiet condition.

The voices extracted in this study were Japanese
vowels (/a/, /i/, /u/, /e/, /o/). The talker’s voice was
simultaneously recorded with the experimental TCM, a
commercial bone-conduction microphone (BCM) and a
sound-level meter, which is an air conduction microphone
(ACM), for reference.

The recordings were made in a recording studio at the
Waseda Univ. The noise floor level of the studio was
25.6 dBA. The recording equipments include the TCM, the
BCM G-450 manufactured by NHC, the sound-level meter
NL-32 manufactured by RION, and sound recording
system consisting of a laptop computer manufactured by
Apple, Onyx Blackbird audio interface manufactured by
Mackie, and the DAW. A driving method of the BCM is a
piezoelectric device. A schematic of the experimental
settings is shown in Fig. 2.

The sound-level meter was placed in front of the talker.
The distance between the talker and the sound-level meter
was almost 30 cm. The talker wore the TCM and the BCM
during phonation. The talker was instructed to utter all
monosyllables at approximately 80 dB sound pressure level
(SPL). The talker monitored the SPL of his/her voice on
the display of the sound-level meter.

The waveforms of voice recorded with the TCM, BCM,
and ACM are shown in Fig. 3. The spectrograms of the
voice are shown in Fig. 4. From Fig. 3, we can confirm that
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TCV can be extracted from all of the locations where
piezoelectric devices were placed, as can be seen from each
monosyllable’s waveform. It can also be seen from Fig. 4
that each TCV contains frequency characteristics similar
to that of ACV. In addition, we can confirm that BCV’s
contents decrease in the high-frequency band above
2,000 Hz.

3.2. Experiment 2: Under Noisy Environment

In this experiment, we extracted TCV by using the
experimental TCM under noisy conditions to confirm the
usability of the TCM under high ambient noise.

The voices extracted in this study formed the word
“waseda.” The voices produced by the talker were
simultaneously recorded through the experimental TCM,
the BCM, and sound-level meter.

The recording was held in the same studio as Experi-
ment 1. White noise was played from a speaker (MSP-5
Studio, manufactured by YAMAHA) at a level of approx-
imately 90dB SPL, as measured by the sound-level meter
in front of the subject. A schematic of the experimental
setting shown in Fig. 5.

The waveforms of voice (a word, “waseda”) recorded
with the TCM, the BCM, and sound level meter are shown
in Fig. 6. The spectrograms of the voice is shown in Fig. 7.
From Fig. 6, becuase the voice is masked by white noise,
the waveform of /waseda/ is hardly seen in ACV.
However, the extracted TCV is clearer than ACV. In
Fig. 7, it is also indicated that the frequency band of ACV
containing the word /waseda,/ cannot be identified because
it is masked by white noise. And the TCV extracted from
canine is less affected by white noise at frequencies above
3,000 Hz than those extracted from other locations.

4. ARTICULATION OF
TOOTH-CONDUCTED VOICE

In the previous section, we simultaneously recorded the
ACV, BCV, and TCV and numerically analyzed the TCV
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Fig.7 Spectrogram of voice recorded in Experiment 2. Audiological Society.
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Fig.8 Accuracy rate of Monosyllable articulation, 5
vowels and consonant (under quiet condition).

In the articulation test, the recorded ACV and TCV
were played from the computer while listeners responding
to the voice by using only a pencil. The listeners were
presented with a set of words from the Japanese monosyl-
lables word list 67-S recorded in this experiment; the word
list consisted of 17 consonant-vowel (CV) syllables and 3
vowel syllables, and each set consisted of 4 presentations
(ACV + 3 locations of TCV) and 2 situations (TCV
recorded under quiet condition and under noisy condition).

Eleven listeners with normal hearing in the age range of
20 to 23 years participated in this experiment. A participant
wearing a headphone was seated in front of the computer
that played test sounds. The participant was instructed to
write the words as it heard from the test sounds.

The result of the articulation test are shown in Figs. 8
and 9. In the figures of this paper, “CL,” “CT,” and “SM”
are abbreviations for “central incisor,” “canine tooth,” and
“second molor.” The figures contains three result; “Mono-
syllable Articulation” focusing on the accuracy rate of all
monosyllable, “5 vowels Accuracy rate” focusing on the
accuracy rate of the monosyllables which contain 5 vowels,
and “Consonant Accuracy rate” focusing on the accuracy
rate of the monosyllables which contains consonants.

From Fig. 8, the accuracy rate of the monosyllable
articulation with the TCV recorded under quiet conditions
is nearly 70% (mean value calculated between 2 talkers and
3 locations on teeth), which it is a little inferior compared
to that of ACV. However, from Fig. 9, the accuracy rate of
the articulation with the ACV and TCV recorded under
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Fig.9 Accuracy rate of Monosyllable articulation, 5
vowels and consonant (under noisy condition).

noisy conditions indicated that the accuracy rate of ACV
decreases almost 30%, while the accuracy rate of TCV
maintains the value obtained under quiet conditions.

4.2. LPC Cepstral Distance

In addition to the previous subjective assessment, we
evaluated the LPC cepstral distance of the TCV for
objective assessment.

LCD values indicate the vector distance between an
original voice signal (ACV in this paper) and a comparison
voice signal (BCV and TCV) and is defined as

LCD = 10 2M 1 (D)2 1
= log10 ;[cx(n—c,((x)] (1)

where c¢,(i) is the LPC cepstral coefficient of the original
voice signal, ¢/ (i) is the LPC cepstral coefficient of the
comparison voice signal, and M is the order of the
coefficient. A smaller LCD indicates that the comparison
signal is more similar to the original voice signal.

In this experiment, we record the ACV, BCV, and TCV
simultaneously. The same equipments as in Experiment 1
were used. The contents of voice were Japanese vowels
(/a/, /i/, /u/, /e/, /o/). To value the LCD, it was
calculated for 0.5s when phonation was stable and the
order of LPC cepstral coefficient was 16.

The result of LCD is shown in Fig. 10. To understand
the result of the LCD more simple, we calculated time
mean value of the LCD. From Fig. 10, we placed sets of
the LCD which contains BCV, CI, CT, and SM, for each 5



Y. TORIKAI et al.: EVALUATION OF TOOTH-CONDUCTION MICROPHONE

7 . . . .
mmm Bone-conducted voice

o 6 — Central Incisor
2 — Canine Tooth
g 5 [ | Second Molor
[a)]
g4
%3
8
O 2
-
=1

0

/a/ /il / /el o/

Fig. 10 Average values of LPC cepstral distance, sets of
the LCD for each vowels contains BCV, CI, CT, and
SM (from left to right).

vowels in X-axis. Y-axis shows the time mean values of the
LCD.

From Fig. 10, the LCD of TCV is smaller than the LCD
of BCV at /a/, /i/, and /e/, indicating that TCV is similar
to ACV for these three vowels. In contrast, the LCD of
BCV is much smaller than that of TCV at /o/.

S. DISCUSSION

We investigated the data presented in this study to
reveal the articulation of TCV and effective location to
extract TCV.

5.1. Recording Voice with Tooth-conduction Micro-
phone

Through the Experiment 1 and 2, we evaluated the
TCV through numerical analysis.

In Experiment 1, the ACV, BCV, and TCV which
recorded simultaneously under quiet condition were eval-
uated. The result of this experiment shows the TCV from
each tooth contains similar frequency characteristic to that
of the ACV. At the same time, the frequency characteristic
of the BCV was decreased above 2,000 Hz. This result
shows the characteristic of BCV, the result of interference
of skin.

In Experiment 2, we confirmed the usability of TCV
under noisy conditions. From the result of each numerical
analysis, the ACV was masked by the white noise and
couldn’t find out in details. In contrast, the TCV from each
locations could find in detail.

From above result, it was found that the TCV have
some similarities with the ACV and is robust to environ-
mental noise. However, it couldn’t be found a clear
difference between the TCV from each locations.

5.2. Articulation of Tooth-conducted Voice
To reveal the characteristic of TCV in detail, we carried
out the articulation tests.

In the evaluation of monosyllable articulation, it is
assumed that the TCV is robust to noise. To focus on the
recorded voices of talker A from Figs. 8 and 9, both of the
TCV, recorded under quiet and noisy condition, have a
characteristic that the inner tooth scored high accuracy rate
than in front of that. It is also confirmed that the accuracy
rate of monosyllable articulation rated 20% at most,
comparing the ACV and TCV at second molor of talker A
from Fig. 9. In contrast, the result of talker B showed
completely different. This may caused by the difference of
individuals, such as the shape of the tooth and the way of
speaking. Therefore, we need to develop the device which
is not influenced by such difference of individuals.

From the evaluation, we also confirmed that the
accuracy rate of 5 vowels of TCV under each condition
scored high. The result above indicated that TCV can
record the formant of 5 vowels, which is similar to ACV
and it is also indicated that the TCV is almost equal to
ACV. In contrast, to focus on the accuracy rate of
consonant, it scored low articulation. It is assumed that
the low accuracy rate of monosyllable caused by the low
accuracy rate of consonant. And the reason why accuracy
rate of consonant is low came from the difficulty of
speaking with TCM, because the wire which send the voice
signal is appeared from mouth.

In the evaluation of LPC cepstral distance, we
confirmed that the vowel, /a/, /i/, and /e/ of the TCV
have advantages to BCV, and other have not. The reason
why the LCD of BCV is small is thought to be the formant
that phonation /o/ contains the low frequency band; BCM
could record the formant similar to ACV.

From all of the result, we confirmed that the TCV is
robust to the environment noise. However, we could not
make the difference between tooth clear because the result
might be depended on the difference of individuals.
Therefore, we will perform the experiment with a number
of subjects.

5.3. Future Work

To develop a mutual communication system that use
tooth-conduction, as shown in the Fig. 11, wireless devices
are required. Until now, wireless tooth-conduction hearing-
aid using telecoil has been developed in our laboratory
[10]. However, this device needs to stay inside of a
magnetic loop to listen to a voice. Accordingly, we
developed the TCM using the Bluetooth, one of the
wireless technology standard for exchanging data over
short distances. The Bluetooth enable to exchange the data
between the device which has the Bluetooth module,
therefore, it is suitable for the device which can listening
and speaking.

Figure 12 shows the wireless TCM using the Bluetooth
module. The Bluetooth module that used for the wireless
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Fig. 12 Mouthpiece-form wireless TCM, for practical
use as communication-aid device.

TCM is ver.4.0. The wireless TCM enables not only
acquire the TCV in wireless but also removable of the wire
which is appeared from mouth.

6. CONCLUSION

In this study, we investigated the articulation of the
tooth-conducted voice and effective tooth locations for
tooth conduction microphone. In the experiment of
extracting TCV, tooth vibration during phonation could
be converted into a sound signal by using the TCM. It was
confirmed through numerical analysis that TCM could
record voices even if under high ambient noise. In addition,
the articulation test of TCV shows that TCV can record the
formant similar to ACV and is robust to environmental
noise. Moreover, it is indicated that TCV is disadvanta-
geous to extract consonants clearly.

For a more effective extraction of voice, it is necessary
to improve the accuracy rate of consonants and to remove
of the influence of difference of individuals. As this
disadvantage is thought to be caused by the structure of the
TCM, we will redesign the structure to remove the
difficulties in phonation when wearing the TCM.

In addition, we introduced a wireless TCM, however,
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it can only record TCV. To put the tooth-conduction
communication-aid system into practical use, it is neces-
sary to enable simultaneous listening of TCV when using
the TCM.

Through these improvements, we aim to achieve the
practical use of this system with development of the
mouthpiece-form TCM’s structure in the future.
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