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Abstract. In the measurement of skin vibration on a face when a speaker utters or sings
as speech, it is general to use a laser Doppler meter as a measurement method for one-
dimensional displacement. However, considering the facial shape of a human body and
the complexity of sound propagation on the body, it is desirable to use a measurement
method with multidimensional and high-frequency resolution. Therefore, we propose to
examine vibrations which are the propagation of the facial skin and conduction of the
human body during utterance and singing, and then clarify the relationship with utterance
by using three-dimensional displacement measurement with two axes as x and y. In this
study, we confirmed frequency characteristics and signal intensities from skin propagation
speech which is focused on the upper lip during an utterance, and clarified the relationship
between utterance and skin vibration on the face and body. In addition, we also studied to
extract the fundamental frequency from skin vibration during vocalization and investigate
the relationship between speech and skin propagation speech focusing on the fundamental
frequency.
Keywords: Speech, Skin propagation speech, Three dimensional displacement, Formant
frequency, Fundamental frequency

1. Introduction. Speech is one of the important methods for our daily conversation, and
this sound is conducted from the speaker’s mouth to the listener’s ear via airborne. At the
same time, the sound is also conducted by the speaker’s body, such as by skin and bone,
via a solid propagation, which is often called the body or Bone-Conducted Sound (BCS).
Many researchers made investigations to propose BCS as a speech interface because it
has noise-robust characteristics compared to airborne noise. On the other hand, there are
few studies on the related outcomes of skin conduction sound because it is difficult to find
out and show the benefit of clarifying its conduction mechanism.

By elucidating skin propagation on a human face, it is expected that singing training
will find a mechanism for producing higher pitches and longer vocalizations. In addi-
tion, a relationship between vocalization manner and singing/spoken formants can be
systematically clarified by speech, BCS, and skin vibration. Shortly, it will appear that
an implantable interface for BCS is realized by a microchip implanted in the human body
with electricity self-generation, and it is foreseeable that a technology for restoring sound
from vibrations on there. Therefore, the authors predict the era of monitoring biological
signals and performing voice communication that transcends various environments such
as underwater without air, outer space, and high noise.
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However, few researchers investigated measurement of skin vibration sound using a
laser vibrometer as one of the measurement methods from non-contact signal measure-
ment. Tabatabai et al. experimented to measure signals that are muscle tension, tremor,
heart sound, and voice with a single point of a vibrometer [1]. Measurement using a laser
vibrometer or accelerometer was investigated to clarify the skin and body propagation
of a human body and skin during speech vocalization and singing. Kitamura measured
with a vibrometer when three Japanese singers vocalized Japanese vowel /a/ with a fixed
fundamental frequency [2]. Avargel and Cohen proposed speech enhancement using vi-
brometer information and frequency characteristics improvement with the spectral gain
modification and information [3]. Lee et al. proposed electronic skin for quantitative vo-
cal recognition [4]. In this study, we proposed the idea of measuring the skin propagation
during vocalization by sound vibration measurement target using a three-dimensional dis-
placement measurement that can capture three-dimensional displacements on a human’s
face because the measurement can measure surface vibration using a multidimensional
recording with high sampling frequency. It is expected to help elucidate signal propa-
gation because human speech, body-conduction speech, and skin vibration sound are
measured simultaneously. The interrelationship of the experimental outcomes for these
conduction channels is discussed.
This manuscript consists of the following sections. Section 2 describes the difference in

the skin vibration sound when measured by a laser Doppler meter as a conventional solu-
tion and in three-dimensional displacement measurement as the solution proposed here.
Section 3 shows a comparison of frequency characterizations between signals, and Section
4 shows the dependence of vibration strength on axis directions. Section 5 shows mea-
surement and improvement for the fundamental frequency with the estimation method.
Finally, Section 6 makes conclusions and indicates future work.

2. Measurement of Skin Vibration as Skin Propagation Speech. To measure skin
vibration sound on a human’s face, a scanning measurement with a laser Doppler meter is
generally used as a conventional solution. Because this measurement uses the reflection of
a laser on the skin, it is a one-dimensional displacement measurement in the vertical direc-
tion concerning this device. However, considering the complexity of human skin changes,
a multidimensional measurement is required. Therefore, using a three-dimensional dis-
placement measurement, we examine the way to measure the skin surface vibration and
propagation. In three-dimensional displacement measurement, it is possible to image the
surface using the high-speed capability of the imaging camera installed at different angles
and to obtain three-dimensional displacement measurement at an arbitrary point within
the imaging range. Three-dimensional displacement measurement has been used in mea-
surements for testing and examination of advanced materials and parts because there is
high speech scanning with precision at the time domain and spatial resolution [5]; howev-
er, a vibration measurement for human skin has not been attempted. Thus, the method
is expected to enable three-dimensional displacement measurement for humans.

3. Experiment 1: Comparisons of Frequency Characteristics. In general, during
vocalization, in addition to airborne sound radiated from the lips and nostrils, there is
also a body-conducted sound propagating through solids, such as skin, via the conduction
mechanism. In this study, an experiment is conducted to find the differences in frequency
characteristics of the speech, body-conducted speech, and skin vibration sound using
three-dimensional displacement measurements.

3.1. Experimental setup. Speech measurements were performed with a microphone,
and the body-conducted speech was measured with an accelerometer and skin propaga-
tion with three-dimensional displacement measurement. Figure 1 shows a scene of sound
recording. This experiment was performed indoors, in a part of the office dedicated to the
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Figure 1. Sound recording

Table 1. Experimental setup

Equipment Model name
Software Istra4D, Dantec Dynamics

Measurement Q-400, Dantec Dynamics
Camera VEO410L, Phantom
Lens NIKKOR 105mm, Nikon

Lighting Halogen & LED lighting
Microphone MI-1431, Ono Sokki

Accelerometer NP-2110, Ono Sokki
Amplifier SR-2200, Ono Sokki

use of environment and equipment for three-dimensional displacement measurement. A
participant who is a healthy male vocalizes a speech while sitting on the chairs, and seven
conditions are selected from the vocabulary, including five Japanese vowels, one syllabic
nasal /N/, and a quiet silence. Under the experimental conditions shown in Table 1, the
microphone is installed at a distance of about 30 cm from the mouth, and the accelerom-
eter is placed on top, where it is employed as the measurement location [6]. The cameras
for three-dimensional displacement measurement were focused on the opposite side of the
upper lip for the accelerometer. It is necessary to measure the 4th or 5th formant, such
as from about 4 to 5 kHz or more; however, the ability to sample frequency has a re-
lationship to trade-off between the frequency and the conditions of measurement, such
as luminance and memory for capturing images. Considering this relationship, 10 kHz
sampling was used in this experiment with 0.2 s recording as a maximum performance of
this experiment.

3.2. Result and discussion. Figures 2 and 3 show speech and body-conducted speech.
In the speech, the fundamental frequency and the 1st to 4th formants were observed on the
spectrum and its envelope, and the frequency characteristic of body-conducted speech was
measured with up to approximately 1 kHz frequency. Spectrum and its envelopes illustrate
with Power Spectral Density Function (PSD), Liner Predictive Coefficient (LPC), and
Cestrum analysis. PSD is conventional spectral analysis, and LPC and Cepstrum analysis
are methods for describing the Spectrum envelope. The differences become a factor that
reduces sound quality and leads to the dismissal of the 3rd and higher formants. In general,
vocabulary can be recognized from the 1st and 2nd formats, so there is no problem with
hearing vocabulary in spoken words and sentences of speech. Figure 4 shows the x and y
axes of skin-propagated speech measured on the upper lip. A vowel is a vocalized sound
with a vocal cord, for which a repetition of the fundamental wave is seen in the waveforms
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Figure 2. Speech

Figure 3. BCS

of both axes on the spectrum. Attenuation of approximately 10 dB occurs up to nearly
500 Hz rapidly after the fundamental frequency, and the attenuation of the gain can be
confirmed in the order of speech, body-conducted speech, and propagation through the
skin. In addition, as the magnitude varies depending on the axis, it can be seen that there
is a bias in the direction of vibration, respectively. Based on these results, the following two
outcomes are considered from this experiment. This bias means the expected dependence
of the axis on human skin, so this is one of the important outcomes indicating a necessity
for three-dimensional displacement measurement. In addition, it is believed that a transfer
function can be obtained that converts acceleration and displacement dimensions at the
same measurement location, such as the upper lip because there were only differences in
size between the displacement and the accelerometer during a signal measurement.

4. Experiment 2: Vibration Strength Depending on Axis Direction. A human
face is composed of different materials with different characteristics, such as bones and
muscles, and it has a complex structure. Therefore, it is assumed that there is a bias in
the direction and intensity of the transmitted sound. Here, it is confirmed that there is a
vibration bias along the x and y axes.
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(a) x axis

(b) y axis

Figure 4. Skin propagated speech

4.1. Experiment setup. Five Japanese vowels recorded using three-dimensional dis-
placement measurements were also used in this experiment. In general, speech sounds
have separate characteristics, namely the vocal code characteristics and articulation in-
formation. Vocal code characteristics are a source of sound similar to a pulsed sound, and
articulation information is a frequency characteristic composed of oral and nasal cavities.
The experimental goal is to measure the vibration strength depending on axis directions,
so the spectrum of each axis is calculated from the spectral envelope, such as articulation
information. To express the characteristics of vocal and nasal cavities, Linear Predictive
Coefficient (LPC) [6] describes spectral envelope, which uses eight dimension coefficients
and is analyzed.

4.2. Result and discussion. Figure 5 shows the spectral envelope of the vowel /a/ of
skin vibration sound calculated using LPC analysis. This sound is a displacement which
contains an offset in the form of DC, so the displacement changes to the sound velocity in
a differential calculation. Then, the spectral magnitude is calculated as a result of the x
axis meaning the vertical direction of a face, and the y axis means its horizontal direction.
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Figure 5. Spectrum envelope of the vowel /a/

Figure 6. Magnitude bias dependent on axis

Figure 6 shows the dependence of vibration strength on axis directions. The differences
of y and x magnitudes were calculated. There is little difference in Figure 5, but in Figure
6 it is easy to see the difference. In Figure 6, a positive value indicates the strength
of y axis, and a negative value indicates the strength of x axis. Thus, the vowel /a/ is
confirmed by a bias towards y axis. The other four vowels are also calculated in a similar
way. As a result, it was confirmed that the vibrations were biased in the vertical axis
direction for /a/ and /e/ and in the horizontal axis direction for /i/ and /u/, respectively.
For /o/, there is almost no dependence of the direction on the axis in the low-frequency
band, and it can be mentioned that the vibration is slightly biased in the vertical axis
direction at around 3 kHz and 4.5 kHz. In /i/ and /u/, the dependence of the direction
in the horizontal direction was large at approximately 1.5 kHz, 2.8 kHz, and 4 kHz. In
/a/, the vibration bias in the vertical axis direction was large at nearly 2.2 kHz, 3.3 kHz,
and 4.5 kHz. Regarding /e/, the dependence of the direction along the vertical axis was
large at approximately 1.3 kHz and 3.7 kHz. It is believed that the cause of this difference
is related to the position of the tongue and the shape of the lips during the utterance.
Among these results, /i/, /e/ and the other three are classified as three patterns of skin
vibration.

5. Experiment 3: Measurement for Fundamental Frequency. We investigated to
estimate the fundamental frequency components that could be measured fundamental
frequency from recorded skin propagation speech. Figure 7 shows the frequency charac-
teristics of x axis skin vibration for vowels /i/ and syllabic nasal /N/. The average power
spectrum was obtained with a frame length of 51.2 ms and an overlap of 25.6 ms. A
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Figure 7. Spectrum of /i/ and /N/ on x axis

high-pass filter with a passband of 100 Hz or higher was having for the three-dimensional
displacement measurement, considering the natural quivers of the human body. The peaks
of the fundamental frequency components of both axes were confirmed at the same fun-
damental frequency, and in particular, the second harmonic component of /N/ was also
clearly identified; however, the problem with /i/ is its low SNR. This difference can be at-
tributed to the fact that /N/ is a closed-mouth vocalization, whereas /i/ is an open-mouth
vocalization. Thus, the sound energy is converted to skin vibration energy. However, in
all cases, the noise component is large relative to the fundamental frequency, making it
difficult to extract the fundamental frequency. Therefore, it is necessary to apply noise
reduction methods such as spectral subtraction and Wiener filtering to skin propagation
speech.

5.1. Experimental setup. Based on the results of frequency analysis, we assumed that
skin vibration is a signal in which noise is suspended in speech, and we expected to extract
the fundamental frequency if noise reduction is applied to skin propagated speech. Skin
propagated sound s(t) is expressed by the following Equation (1).

s(t) = x(t) + n(t) (1)

Here, x(t) is skin propagated speech during vocalization and n(t) is the skin propagated
speech during silence in this research. In this experiment, we estimate the speech signal
from the skin propagated speech using Spectral Subtraction method (SS method) and
Wiener filter method for x axis skin vibration signals of /N/ and /i/, and extract the
fundamental frequency from the estimated speech using Harvest method, an effective
extraction method for low SNR signals, in WORLD [8].
Spectral subtraction method [9]

SS method estimates a speech by subtracting the average power spectrum of noise from
power spectrum of noisy speech, which is expressed by the following Equation (2).

Ps(f) = Px(f)− µPn(f) (2)

Ps(f), Px(f), and Pn(f) are the estimated speech, noisy speech, and noise spectrum,
respectively, and µ is scaling coefficient. We attempt to reduce this noise by updating
these and repeating the process.
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Wiener filtering method [10]
The Wiener filter method estimates retrieval speech as a transfer characteristic H(f),

which can be obtained by the following Equations (3) and (4).

H(f) =
Px(f)

Px(f) + µPn(f)
(3)

Ps(f) = H(f)Px(f) (4)

Ps(f), Px(f), and Pn(f) are retrieval speech, noisy speech with noise, and noise spectrum,
respectively, and µ is scaling coefficient. Noise reduction is attempted by repeating these
steps at several times while updating the transfer functions.

5.2. Result and discussion. Figure 8 shows the results of fundamental frequency to
extract for /N/ and /i/. Both methods reduced in error of estimations between speech
and these methods, and in particular, the Wiener filter method extracted the fundamental
frequencies precisely. However, fundamental frequency of /i/ could not be extracted by
both of the methods. This is due to the lower SNR of /i/ compared to /N/, and further
study is needed.

Figure 8. Fundamental frequency trajectories of /N/

6. Conclusion and Future Work. In order to confirm the possibility of skin mea-
surement using a three-dimensional displacement measurement, speech, body-conducted
speech, and skin propagation on the upper lip were measured. Attenuation of approxi-
mately 10 dB was observed up to nearly 500 Hz on the skin surface via body-conducted
speech. In particular, there are three findings: the direction and attenuation depend on
each axis, a transfer function can be obtained that converts between the dimensions of
acceleration and displacement at the same measurement location on the lip, and the vi-
bration bias can be classified into three groups. In estimation of fundamental frequency,
Wiener filter was used to estimate a fundamental frequency close to a trajectory of speech.
In future, we will discuss ways to estimate the transfer functions that convert the dis-

placement and acceleration; further, the measurement using three-dimensional displace-
ments with the added z axis will be performed as a truly three-dimensional measurement.
In addition, the vibration using three dimensions for more precise analysis will be at-
tempted to visualize detailed skin propagation and vibration.
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