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ABSTRACT

  We  have perfbnmed basic experiments  for the purpose of

applying  onomaiopoeia  to engineering  problerns. in these
expeiments,  test subjects  were  made  to perform lifimg actions
while  listening to onornatopoeic  utterances. We  thereby
demonstrated that there is a  relationship  between the
onornatopoeic  utterances and  the lifting forces exerted by the test
subjects.  We  examined  how the lifung forees are related to the
magnitude  of  the onomatopeeic  utterances  and  the envelope  of

these sounds.  Furthermore, by cornparing  this phenomenon  with
the effects  of  sirnple  tones  and  white  noise,  we  investigated how
the lifting force is afiected depending on whether  or  not  emotion

is expressed  when uttering the onomatopoeia.

IP(TRODUCTION

  Humans  terid to associate  human  actions  with onomatopoeia,
and  are  able  to imagine the actions  that the onomatopoeia

correspond  to. ln (his study,  by focusing on  the fbot 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  hnmaii senses  and  body
thythms, allewing  senses  and  feelings to be eonveyed  in a

spontaneous  manner  [ll. in other  words.  onornatopoeia  is word
that concisely  express  human  serises,  feelings or  aetions  through
the filter ofhunian  sensitivity.

  We  mmed  our  attention to these characteristics  of

onomatopoeia,  and  we  investigated the issues involved in
engineering  applications  of  onomatopoei4  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 perfbrrn an  action, it improves their control
and  memorization  of  this action. lf young chi1drerr  are  given the
task of  meving  a  stick  while  saying the word  gyu-, then their
memory  of  this action  is irnproved [2], As  trainers gain more

experience  in the rehabilitation  ofhandicapped  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 serises,  and  that actions
presented together  with such  words  are  easier  to rumemher.

  in this study, as  described below, we  made  people perfbrm
lifting actions while listening to onomatopoeic  utterances.  As  the
onomaiopoeia  simulus,  we  used  the Japanese word  gu". This
word  was  chosen  based on  data from the abovementioned  study

by Tohya [2-3].
volur!tarily  most

trainee'sactions.

where  it was  found to be the word  used

often  by tramers m  order  to corrtrol  their

LIFTING  ACTION  EXPERIMENTS

  Ihe onomatopoeia  gu was  spoken  and  the voice  was  captured

on a personal computer.  This signal was  arnplified with an
amplifier  and  output  from a speaker.
  To measure  the forces exerted  by people wheri perforrning
lifung 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  acijusted so that the test subjects'  arms  were

bent at abont  90e when  holding the handle.

  The test subjects  were  asked  to lift up  the handle while

listening to the onomatopoeia  gtt. The  sound  and  the lifung force
measured  by the load gauge were  recorded  simultaneously.  Ihe
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 moverrient).  Note that the
noise  rnagnitude  meritioned  here means  the peak value  of  the
neise  level displayed while the sound  giMt 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 7b in the figure) between the subject  hearing
the g-u sound  and  the start  of  the lifting action.  The lifung force
then becomes gradually 1arger, and  the lifting action  ends  shortly

after the giLt sound  fmishes.
  When  exarnining  the relationship  between the sound  and  the
lifting force, the fo11owing items are  worthy  of study/

.

.

.

.

Note that
intuitively
stressedexpressed

 as  noise  levels (dB(A)) as  mentioned

The relaiionship  between the duratioll of  the emitted
sound  and  the dnration of  the lifung action (7le and  7>r)
The relationship  between the magriitude  of  the sound

and  the magnitude  ofthe  lifting force (As andAF)
IIhe relationship  between the sound  pressure waveforrn

(envelope) and  the lifting force (Es artd  F)
The variation oflifting  force with other  sounds  instead of

gu-･
   although  the magnitude  of  the sound  is shown

  in the figure as  the value  of  As  (Pa), it should  be

 that the sound  magriitudes  described below are

                               above,
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Fig, 2 Sound  and  lifting force

IIIFTING  FORCE  CHARACTERISTICS

  We  investigated some  ofthe  interesting study  iterns meniioned

al)ove. The test subjects  consisted of two students in their 20s.

Due to space  1imitations, the experimental  results discussed
below are  for one  of  the studerits.  but simi1ar  trends were  also
exhibited  in the results  obtained  with the other  student,  The test
subjects  were  given no  prior instructions other  than asking  them
to perfbrm lifting actions  together with the sounds.

Relationshi between sound  eneration  time alld liftin
action  time

  Waveforms  w ℃re prepared in which the duration of  the gu
sound  was  varied  between O,S, 1, 1.5, 2 and  3 seconds.  These
waveforms  were  prepared by applying  fade-eut processing to a
long pre-recorded g-u waveform  in order  to adjust  the sound

generahonUme.
  in the tests, the test sulijects  were  made  to listen ten times te
each  of  the five different sound  samples  in random  order.  in other
words,  the test subjects  were  exposed  to 50 random  sounds  of

different length. A  one-minute  interval was  left between the
completion  of  one  lifting action  and  the cornmencement  of  the
next  lifting action.  Also, taking the tiredness of  the test subjects
into consideration.  a  ten minute  break was  provided in the middle

of  each  sequence. Even though the sound  dmations were  varied,

their rnagnitude  (noise level) was  kept constant  at  60 dB(A)
throughout  these tests.

  The experimental  results  are  shown  in Fig. 3, Ihe horizonial
axis  shows  the sound  generation time Tls, and  the venical  axis

shows  the lifting action  time T)7. The lifting time results  are

represented  by showing  the average  values  (shown as  black

diamond symbols)  and  standard  deviations (shown as  venical

bars).

  As  this figure shows,  the duration of  the lifting action was

longer than the duration of  the souna  regardless  of  the sound

length. This behavior means  that there is a  differerice between

the time  interval from the start  of  the sound  to the start of  the
hurnan action  and  the ime  interval from the end  of  the sound  to

the end  of  the hiurian action.  This time diffl rence  is thought te
originate  from inertia in the hurnan auditory-motor  system.

  On  the other  hand, with regard  to the variation  of  the lifting

action duration, these results  show  that the dnration of  the lifting
actions  corresponds  very  closely  to the length of  the sound,  even

though the test sulijects  were  subjected  to sounds  with randomly
varied  Iengths,

Relationshi between  sound  ma  nitude  and  liftin force

!!!ag!!i!t!!s!!d
  With the duration of  the gtt sound  fixed at  2.5seconds. we

perfbrmed tests while varying  the magnitude  of  this sound.  For
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, Ihe horizonta1 axis shows

the noise  level, and  the venical  axis shows  the lifting force AF.
As mis figure shows,  the lifung force becomes 1arger as the
magnitude  of  the sound  increases. However, the variation  of  the

lifting force is relatively large.
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  Based on  the finding that the lifting force increases
correspondmg  to increases in the magnitude  of  the sound,  one

might expect  the magnitude  of  the liding force to follow the
ternporal variation  ef  sound  pressure within the sound  in cases
where  the sound  pressure is not  constant,  We  therefore prepared
seund  waveforrns  with different envelopes,  i.e.. sounds  with
sound  pressures that varied  as a  funetion of  time. Specifically. we

prepared three different versions  of  the sound  gff with diffeterit
envelopes,  Ihe waveforms  of these three sounds  are  shown  in Fig.
5 (left eolumn).  The first waveforrn  has an  envelope  in which  the
sound  pressure rises sharply  to begin with and  tapers off

gradnally thereafter, the second  has an  envelope  in wiiich the
sound  pressure gradually rises and  falls to forrn a  peak in the
middle, and  the third has arr envelope  in which the sound

pressure increases gradually with time. Eaeh of these sounds  has
a  dnration of2.5  seconds.  and  a  sound  pressure of  60 dB(A),
  We  perforrned  tests during which  the test siibjects  wure  made
to listen to these three sounds  10 tirnes in Tandom  order, The
results  are  shown  in Fig. 5. Tlie left colurnn  in this figure shows
the ternporal variation  of  the sound  pressure as  discussed above.
The column  on  the right shows  the waveform  of  the lifting force.
The central colurnn  shows  the envelope  of  the sound  waveform
obtained

 
by

 
fu11-wave

 ,rectification of  the original  signal, Ihese
envelopes  were  obtamed  in order  to facilitate cornparison

between the seund  waveforms  and  lifting force waveforms.
  As  the figure shows,  the envelope  of the rectified  sound

waveforrn  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 foree
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 deterrnined the envelope  Els(t) of the rectified  waveform

(see the top row  of  Table 1). The contribution rate  was  then
determined from the wavefomi  ES(t) and  the force waveform  F(t)
by using  the fo11owing formula:

where

2r=S2  ryss

 
=w

(1)

g-

s. -

%-

li,.:Iin\Kes(4)-EK4))jut,+7}})-F(t,+7))X

E;i. \. @(4)-E.(oY
7t:\e(g+%)-F-(4+4)Y

in this formula. 7b is the delay time  of the force with respect  to

the sound,  as  shown  in Fig. 2. Nso. Es.., and  FL:ax are  the peak
values  ofEs(t)  and  F(t) respectively.

  The magriitudes  of the contribution rates  are  shown  in Table 1.
Estt) repeesents  the envelope  waveform  of  the rectified  sound,

and  Ii<t) represents  the force waveform.  Ihe numbers  in this
table indicate the contribution  rates. Note that in this experiment,
the lifting force was  measured  1O times  for each  sound  waveform.

so  the table shows  the average  contribution  rates and  their
standard  deviations, Ihe values  of  the diagonal terrns in this
table indicate the contribution  rates  of  the sounds  heard by the
test subjects  and  the forces measured  at these times. Ihe other

values  indicate the contribution  rates  of each  sound  with the
forces exerted  when  the test subjects  were  made  to listed to a

difietent sound.

  The diagonal terms in this table all have 1arge values,
Conversely, the non-diagonal  terrns have smal1  values,  1this
means  that the envelope  of  the sound  waveform  played to the test
subjects  elosely  resernbles  the waveforrn  of  the force measured  at

this time, in other  words,  our  expetmental  results  show  that it is

possible to control  the time-varying magriitude of the lifting force
by adjusting  the time-varying magnitude  of  the sound.

Table 1 R-squared betweeri envelope  of  sound  and  force

Es(t)
F(t) l.fev4.......t.

"t-..v''L....t ..rv.,v't't't't..

ju+zazak,t" O,81
± o.es

O.44
± o.r6

O.03
± e.e3

tt,K O,57
± O.11

O.81
± O,07

O.02
± O.02

"･/,t-O.10 ± o,os

O.13
± e.os

O.90
± O.07
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INVESTIGATION  OF  THE  SIGNIFICANCE  OF  USI)IG
ONOMATOPOEIA  AS  A  CONTROL  SOUND

  Onomatopoeia can  be uttered  with emotion  or  withont  ernotion,

it can  thus be coajectured  that the ernotions  conveyed  to humans
when  they 1isten te these utterances  differ according  to whether
or  not  ernotion  is expressed.  1[his characteristic  of  onornatopoeia

cannot  be obtained  with other types of sound  such  as simple

tenes or  whlte nolse
  We  therefore decided to investigate how  the lifting force is

affected  by the preserice or  absence  of  ernotion  in the expression
of  onomatopoeia.  Here, utterances  that express  ernotion  are

referred  to as  
"ernotive"

 and  utterances  that do not  express

ernotion are  referred  to as  
`ftlliernotive"

Ihe  relationshi between emotion  in onemate  oeic utterances

>E,g>no

o  400033oooM
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 6ooOfi

 
soooh
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au!tL!!:g.!itti!!g-!ptgu!!aggi!udgthiftfo  td

  For the onomatopoeia  gu- we  psepared ernotive  and  unemotive

sounds,  We  also prqpared 880 HZ  simple  tone and  white  noise

samples  with the same  envelopes  and  durations as  these samples.
Tlie 1erigth of these seunds  was  fixed at 2.5 seconds,  and  the
waveform  envelopes  were  al1 rectangular.

  With the magriitude  (noise level) of  the sounds  fixed at  60
dB(A), we  performed tests in which  the four sounds  were  played
10 tmes  each,  making  a  total of  40 sounds  which were  played to
the test subjects  in random  order wiiile performing lifting actions.

Ihe test results  are shown  in Fig. 6. From left to right, this figure
shows  the results  for emotive  onomatopoeia,  unemotive

onomatopoeia,  880 }iz simple  tones. and  white  noise.  ln the
results  for the onomatopoeia  guL, we  found a  1arge diffeterice m

lifting force betweeri the emotive  and  unernotive  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 winte noise. the lifting force was  slightly

1arger than with the 880 Hz  sirnple  tone  or  unemotive

onomatopoeia,  but still small  compared  with the emotive

onematopoela,

 Tliese 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

onomatopoelcutterances.
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7 Time-frequency characteristies ef sound

characteristics  of  onomato  oeic  utterances  and

ma  nitudeotliftin  forces

  We  determined the temporal transitions m  the frequency
characteristics  of  the onomatopoeic  utterance  g-tt. The results  are

shown  m  Fig. 7, where the horizorrtal and  vertical axes  represent

time  and  frequency respectively  Darlcer shading  represents  a

1arger sound

  As the figure sihows, both the ernotive  and  unemotive  versions

of  the onomatopoeia  g-u are dominated by have the basic
frequency and  formant frequencies of  the vowel  i. However.
there are clear diffdrences in the temperal transitions of  the base
frequerrcies and  forTnant frequencies of  the emotive  and

unemotrve  utterances  in the emotsve  onomatopoeia,  the
fiequericy ccrmponenis  can  be seen  to forrn a  clear  and  continuous

striated  pattern which  shows  that the basic frequency and  first
fomiant frequency of  the vowel  i mcrease  centmuously  with
time, Closer exarnination  reveals  that the higher frequency
cornponents  appear  more  clearly  as  ime  passes in other  werds,

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
utteTance  there are  a  clear  basic frequency component  and  first
forrnant frequency component  but these frequencies do not

change  with time, indrcatmg a  monotonic  sound.

  Sinee these temporal  frequericy transitions seern  to have a

large effect  on  the 1ifting force, we  perforrned the fo11owing test
First of  al1 we  basically used  the sarne  two  versions  (ernotive and
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unemotive)  of  the onomatopoeia  g-u as before. in addition  to
these sounds.  we  also  prepared  sounds  by subjechng  the emotive
sound  to lowLpass filtering with cut-off  frequencies of  500 H2. 1

kHz and  2 kH2. Ihese five sounds  were  presented to the test
subjects  10 times  each  in random  order  (total 50 times) as  they

perfbrmed 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 ernotive onomatopoeia,  2 kHz
lew-pass filtered sound, 1 1(Hz low-pass filtered sound,  500 H2

low-pass filtered sound, and  unernotive  onornatopeeia.  The
magnitude  of  the lifting force deereases from left to right across
the figure, Ihis means  that the lifting forces were  largest with the
ernotive  onomatopoeieg  artd  gradua11y decreased with the 2 kHz,
1 kHz and  500 HZ  low-pass filtered sounds,  fo11owed 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,  Ihe frequency
characteristics  of  the 2 kl{z low-pass fi1tered onomatopoeia  are

very  similar to those of  the unfiltered sound. On  the other hand.
in the frequency characteristics  of  the 500 H2 fi1tered sound,  the
only  promineni component  is the first formant frequency of  the
vowel  E. As  the low-pass filtering cut-off  frequericy decreases
from 2 kHz  to l kHZ and  500 Hz. the expression  of  emotion  in
the sound  becomes perceptually smal1er,  in other  words,  it can  be
said  that the magnitude  of  the lifung force depends not  only  on

the emotiveness  of  the onomaiopoeic  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  afier  this test it was  found that the
emotive  onomatopoeic  sound  was  perceived as  being ttstrongeri'.
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  We  have already established  that there are high-frequency
cornponents  in the emotive  onornatopoeic  sound.  in the fo11owing
test, we  investigated whether or  not  the increase in lifting force
originated  frorn this fact,

  Ihe basic frequency component  of  the onomatopoeia  is about
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CONCIJUSION

  By  exposing  hurnan subjects  to onomatopoeia,  we  have
experimentally  investigated the reladonship  between the sound  of

the onomatopoeia  anct  the lifting aetions  perfbrmed by the test
subjects. Our filldings are as fo11ows:

(1)

(2)

(3)

(4)

Ihe 1erigth of the sound  and  the lifting action duration are

more  or  less proponional to each  other.

IIhe lifiing force increases as  the magriitude  of  the sound
mcreases.

Ihe erivelopes  of  the sound  waveform  and  lifung foree have
smi1ar  shapes,

One  factor that controls  the magnitude  of  the lifung force is
whether  or  not  ernotion  is present in the onomatopoeic
utterance.
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