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ABSTRACT

We have performed basic experiments for the purpose of
applying onomatopoeia to engineering problems. In these
experiments, test subjects were made to perform lifting actions
while listening to onomatopoeic utterances. We thereby
demonstrated that there is a relationship between the
onomatopoeic utterances and the lifting forces exerted by the test
subjects. We examined how the lifting forces are related to the
magnitude of the onomatopoeic utterances and the envelope of
these sounds. Furthermore, by comparing this phenomenon with
the effects of simple tones and white noise, we investigated how
the lifting force is affected depending on whether or not emotion
is expressed when uttering the onomatopoeia.

INTRODUCTION

Humans tend to associate human actions with onomatopoeia,
and are able to imagine the actions that the onomatopoeia
correspond to. In this study, by focusing on the fact that
onomatopoeia is closely related to human senses and sensitivity,
we have attempted to use onomatopoeia in an engineering
context.

Onomatopoeia is used to express human senses and body
rhythms, allowing senses and feelings to be conveyed in a
spontaneous manner [1]. In other words, onomatopoeia is word
that concisely express human senses, feelings or actions through
the filter of human sensitivity.

We turned our attention to these characteristics of
onomatopoeia, and we investigated the issues involved in
engineering applications of onomatopoeia, especially in relation
to the proficiency of operations by humans in HAM (human
adaptive mechatronics).

It was shown that when humans are presented with
onomatopoeia as they perform an action, it improves their control
and memorization of this action. If young children are given the
task of moving a stick while saying the word gyu, then their
memory of this action is improved [2]. As trainers gain more
experience in the rehabilitation of handicapped children, it can be
shown that they make more use of onomatopoeia [3]. Research
results such as these suggest that onomatopoeia is easily
understood intuitively and through the senses, and that actions
presented together with such words are easier to remember.

In this study, as described below, we made people perform
lifting actions while listening to onomatopoeic utterances. As the
onomatopoeia stimulus, we used the Japanese word gu. This
word was chosen based on data from the abovementioned study

by Tohya [2-3], where it was found to be the word used
voluntarily most often by trainers in order to control their
trainee’s actions.

LIFTING ACTION EXPERIMENTS

The onomatopoeia gu was spoken and the voice was captured
on a personal computer. This signal was amplified with an
amplifier and output from a speaker.

To measure the forces exerted by people when performing
lifting actions, we prepared the simple test apparatus as shown in
Fig. 1. A heavy immovable steel member was placed on the floor,
and a load gauge was attached to it. A steel wire was extended
from the load gauge and a handle for gripping with the hands was
attached to the end of this steel wire. The height of the handle
above the floor was adjusted so that the test subjects’ arms were
bent at about 90° when holding the handle.

The test subjects were asked to lift up the handle while
listening to the onomatopoeia gu. The sound and the lifting force
measured by the load gauge were recorded simultaneously. The
magnitude of the sound was also measured with a noise meter
situated near the test subject’s ear (at a distance of 50 cm from
the ear so as not to obstruct the lifting movement). Note that the
noise magnitude mentioned here means the peak value of the
noise level displayed while the sound gu is being emitted from
the speaker.

Figure 2 shows an example of the results of measuring the
sound and lifting force. It can be seen that there is a slight time
delay (denoted by Tp in the figure) between the subject hearing
the gu sound and the start of the lifting action. The lifting force
then becomes gradually larger, and the lifting action ends shortly
after the gu sound finishes.

When examining the relationship between the sound and the
lifting force, the following items are worthy of study:

»  The relationship between the duration of the emitted
sound and the duration of the lifting action (7s and Tr)

*  The relationship between the magnitude of the sound
and the magnitude of the lifting force (A4s and Ar)

*  The relationship between the sound pressure waveform
(envelope) and the lifting force (Es and F)

*  The variation of lifting force with other sounds instead of

gu.
Note that although the magnitude of the sound is shown
intuitively in the figure as the value of As (Pa), it should be
stressed that the sound magnitudes described below are
expressed as noise levels (dAB(A)) as mentioned above.
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Sound Level Meter

As this figure shows, the duration of the lifting action was
longer than the duration of the sound, regardless of the sound
length. This behavior means that there is a difference between
the time interval from the start of the sound to the start of the
human action and the time interval from the end of the sound to
the end of the human action. This time difference is thought to
originate from inertia in the human auditory-motor system.

On the other hand, with regard to the variation of the lifting
action duration, these results show that the duration of the lifting
actions corresponds very closely to the length of the sound, even
though the test subjects were subjected to sounds with randomly
varied lengths.

Fig. 1 Experiment
Relationship between sound magnitude and lifting force

magnitude
< Ts R With the duration of the gu sound fixed at 2.5seconds, we
E 7y performed tests while varying the magnitude of this sound. For
0.01Pa [ s | Ag this purpose we prepared five different sounds with magnitudes

of 40, 50, 60, 70 and 80 dB(A). As before, ten each of the 5
different sound magnitudes were presented randomly.

The test results are shown in Fig. 4. The horizontal axis shows
the noise level, and the vertical axis shows the lifting force Ar.
As this figure shows, the lifting force becomes larger as the
magnitude of the sound increases. However, the variation of the
lifting force is relatively large.

100N {
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Fig. 2 Sound and lifting force

4
LIFTING FORCE CHARACTERISTICS
3
We investigated some of the interesting study items mentioned “
above. The test subjects consisted of two students in their 20s. e 2
Due to space limitations, the experimental results discussed
below are for one of the students, but similar trends were also 1

exhibited in the results obtained with the other student. The test , : :
subjects were given no prior instructions other than asking them i i i
to perform lifting actions together with the sounds. 0 1 2 3 4

Relationship between sound generation time and lifting

action time Fig. 3 Lifting time
Waveforms were prepared in which the duration of the gu

sound was varied between 0.5, 1, 1.5, 2 and 3 seconds. These

waveforms were prepared by applying fade-out processing to a

long pre-recorded gu waveform in order to adjust the sound

generation time. 180 1 e
In the tests, the test subjects were made to listen ten timesto | R L S i
each of the five different sound samples in random order. In other 1601 : @ § § B
words, the test subjects were exposed to 50 random sounds of . 140 oot A SESPTL S n
different length. A one-minute interval was left between the e 120 B Feeeeeees e, e D
completion of one lifting action and the commencement of the < 00 b R ________ o - Lo |
next lifting action. Also, taking the tiredness of the test subjects ; - !
into consideration, a ten minute break was provided in the middle 80 } AN S S
of each sequence. Even though the sound durations were varied, 60 [T R s e 7
their magnitude (noise level) was kept constant at 60 dB(A) 40 | I i i i L
throughout these tests. 30 40 50 60 70 80 90
The experimental results are shown in Fig. 3. The horizontal Noise level dB(A)

axis shows the sound generation time Ts, and the vertical axis
shows the lifting action time 7 The lifting time results are
represented by showing the average values (shown as black
diamond symbols) and standard deviations (shown as vertical
bars).

Fig. 4 Lifting force
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Fig. 5 Sound and lifting force

Relationship between the sound waveform envelope and the
lifting force

Based on the finding that the lifting force increases
corresponding to increases in the magnitude of the sound, one
might expect the magnitude of the lifting force to follow the
temporal variation of sound pressure within the sound in cases
where the sound pressure is not constant. We therefore prepared
sound waveforms with different envelopes, i.e., sounds with
sound pressures that varied as a function of time. Specifically, we
prepared three different versions of the sound gu with different

envelopes. The waveforms of these three sounds are shown in Fig,

5 (left column). The first waveform has an envelope in which the
sound pressure rises sharply to begin with and tapers off
gradually thereafter, the second has an envelope in which the
sound pressure gradually rises and falls to form a peak in the
middle, and the third has an envelope in which the sound
pressure increases gradually with time. Each of these sounds has
a duration of 2.5 seconds, and a sound pressure of 60 dB(A).

We performed tests during which the test subjects were made
to listen to these three sounds 10 times in random order. The
results are shown in Fig. 5. The left column in this figure shows
the temporal variation of the sound pressure as discussed above.
The column on the right shows the waveform of the lifting force.
The central column shows the envelope of the sound waveform
obtained by full-wave rectification of the original signal. These
envelopes were obtained in order to facilitate comparison
between the sound waveforms and lifting force waveforms.

As the figure shows, the envelope of the rectified sound
waveform bears a close resemblance to the waveform of the
lifting force. In other words, when the sound pressure varies from
one moment to the next, it can be understood that the lifting force
increases and decreases according to the magnitude of the sound
pressure.

We numerically evaluated the similarity between the two sets
of waveforms by determining their contribution rates. To do this,
we first determined the envelope Ex(?) of the rectified waveform
(see the top row of Table 1). The contribution rate was then
determined from the waveform Eg(¢) and the force waveform F(f)
by using the following formula:

2 Sy 1)

where
S = ﬁ.z[(%m—m)(”’i +15)-FU+T))
S, = E%Z(Es(t,.)—ETti))z

1 —_
Sy = 26+ 1) -FG+T))

In this formula, Ty is the delay time of the force with respect to
the sound, as shown in Fig. 2. Also, Esmey and Fi. are the peak
values of Ex(f) and F{(t) respectively.

The magnitudes of the contribution rates are shown in Table 1.
Es(t) represents the envelope waveform of the rectified sound,
and F(t) represents the force waveform. The numbers in this
table indicate the contribution rates. Note that in this experiment,
the lifting force was measured 10 times for each sound waveform,
so the table shows the average contribution rates and their
standard deviations. The values of the diagonal terms in this
table indicate the contribution rates of the sounds heard by the
test subjects and the forces measured at these times. The other
values indicate the contribution rates of each sound with the
forces exerted when the test subjects were made to listed to a
different sound. ’

The diagonal terms in this table all have large values.
Conversely, the non-diagonal terms have small values. This
means that the envelope of the sound waveform played to the test
subjects closely resembles the waveform of the force measured at
this time. In other words, our experimental results show that it is
possible to control the time-varying magnitude of the lifting force
by adjusting the time-varying magnitude of the sound.

Table 1 R-squared between envelope of sound and force

E® i, B A
Pt 0.81 0. 44 0.03
F e, +0.05 +0.16 +0.03
P 0.57 0. 81 0.02
e o +0.11 +0.07 +0.02
s 0.10 0.13 0.90
e +0.05 +0.06 +0.07
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INVESTIGATION OF THE SIGNIFICANCE OF USING
ONOMATOPOEIA AS A CONTROL SOUND

Onomatopoeia can be uttered with emotion or without emotion.

It can thus be conjectured that the emotions conveyed to humans
when they listen to these utterances differ according to whether
or not emotion is expressed. This characteristic of onomatopoeia
cannot be obtained with other types of sound such as simple
tones or white noise.

We therefore decided to investigate how the lifting force is
affected by the presence or absence of emotion in the expression
of onomatopoeia. Here, utterances that express emotion are
referred to as “emotive” and utterances that do not express
emotion are referred to as “unemotive”.

The relationship between emotion in onomatopoeic utterances
and the lifting force magnitude

For the onomatopoeia gu we prepared emotive and unemotive
sounds. We also prepared 880 Hz simple tone and white noise
samples with the same envelopes and durations as these samples.
The length of these sounds was fixed at 2.5 seconds, and the
waveform envelopes were all rectangular.

With the magnitude (noise level) of the sounds fixed at 60
dB(A), we performed tests in which the four sounds were played
10 times each, making a total of 40 sounds which were played to
the test subjects in random order while performing lifting actions.
The test results are shown in Fig. 6. From left to right, this figure
shows the results for emotive onomatopoeia, unemotive
onomatopoeia, 880 Hz simple tones, and white noise. In the
results for the onomatopoeia gu, we found a large difference in
lifting force between the emotive and unemotive utterances. The
lifting force obtained with the unemotive onomatopoeia was
about the same as the lifting force obtained with the 880 Hz
simple tone. With white noise, the lifting force was slightly
larger than with the 880 Hz simple tone or unemotive
onomatopoeia, but still small compared with the emotive
onomatopoeia.

These results showed that the magnitude of the lifting force

depends on whether the onomatopoeic utterance is emotive or not.

Or to put it another way, our results suggest that the lifting forces
exerted by humans can be widely controlled by means of
onomatopoeic utterances.
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Fig. 6 Lifting force
(On: Onomatopoeia, Wn: White noise)
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Fig. 7 Time-frequency characteristics of sound

Frequency characteristics of onomatopoeic utterances and

magnitude of lifting forces
We determined the temporal transitions in the frequency

characteristics of the onomatopoeic utterance gu. The results are
shown in Fig. 7, where the horizontal and vertical axes represent
time and frequency respectively. Darker shading represents a
larger sound.

As the figure shows, both the emotive and unemotive versions
of the onomatopoeia gu are dominated by have the basic
frequency and formant frequencies of the vowel u. However,
there are clear differences in the temporal transitions of the base
frequencies and formant frequencies of the emotive and
unemotive utterances. In the emotive onomatopoeia, the
frequency components can be seen to form a clear and continuous
striated pattern which shows that the basic frequency and first
formant frequency of the vowel u increase continuously with
time. Closer examination reveals that the higher frequency
components appear more clearly as time passes. In other words,
as time passes, the frequency of the utterance increases and a
gradually increasing proportion of higher frequency components
is included in the utterance. On the other hand, in the unemotive
utterance there are a clear basic frequency component and first
formant frequency component but these frequencies do not
change with time, indicating a monotonic sound.

Since these temporal frequency transitions seem to have a
large effect on the lifting force, we performed the following test.
First of all we basically used the same two versions (emotive and
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unemotive) of the onomatopoeia gu as before. In addition to
these sounds, we also prepared sounds by subjecting the emotive
sound to low-pass filtering with cut-off frequencies of 500 Hz, 1
kHz and 2 kHz. These five sounds were presented to the test
subjects 10 times each in random order (total 50 times) as they
performed lifting actions. As before, the magnitude of each sound
was fixed at 60 dB(A).

The test results are shown in Fig. 8. From left to right, this
figure shows the results for emotive onomatopoeia, 2 kHz
low-pass filtered sound, 1 kHz low-pass filtered sound, 500 Hz
low-pass filtered sound, and unemotive onomatopoeia. The
magnitude of the lifting force decreases from left to right across
the figure. This means that the lifting forces were largest with the
emotive onomatopoeia, and gradually decreased with the 2 kHz,
1 kHz and 500 Hz low-pass filtered sounds, followed by the
unemotive sound where the lifting force was even smaller. The
effect of applying low-pass filtering to the emotive onomatopoeia
is to cut out the high frequency components. The frequency
characteristics of the 2 kHz low-pass filtered onomatopoeia are
very similar to those of the unfiltered sound. On the other hand,
in the frequency characteristics of the 500 Hz filtered sound, the
only prominent component is the first formant frequency of the
vowel u. As the low-pass filtering cut-off frequency decreases
from 2 kHz to 1 kHz and 500 Hz, the expression of emotion in
the sound becomes perceptually smaller. In other words, it can be
said that the magnitude of the lifting force depends not only on
the emotiveness of the onomatopoeic utterance, but also on the
temporal transitions of the frequency components in the
onomatopoeic sound. When the test subjects were asked to
express their opinions after this test, it was found that the
emotive onomatopoeic sound was perceived as being “stronger”.

The effect of simple tone frequencies on lifting force

We have already established that there are high-frequency
components in the emotive onomatopoeic sound. In the following
test, we investigated whether or not the increase in lifting force
originated from this fact.

The basic frequency component of the onomatopoeia is about
500 Hz. To obtain sounds bracketed around this frequency, we
prepared 6 simple tones with frequencies of 220, 440, 880, 1760,
3520, and 7040 Hz. These sounds were prepared with a length of
2.5 seconds and a magnitude (noise level) of 60 dB(A), and were
used in lifting action tests similar to those described above.

The test results are shown in Fig. 9, where the horizontal axis
represents the frequency of the simple tone. As this figure shows,
the magnitude of the lifting force remains more or less constant
despite the increasing frequency. This means that the magnitude
of the lifting force does not simply vary according to the
magnitude of the frequency.

CONCLUSION

By exposing human subjects to onomatopoeia, we have
experimentally investigated the relationship between the sound of
the onomatopoeia and the lifting actions performed by the test
subjects. Our findings are as follows:

(1) The length of the sound and the lifting action duration are
more or less proportional to each other.

(2) The lifting force increases as the magnitude of the sound
increases.

(3) The envelopes of the sound waveform and lifting force have
similar shapes.

(4) One factor that controls the magnitude of the lifting force is
whether or not emotion is present in the onomatopoeic
utterance.
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