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POINT OF SUBJECTIVE EQUALITY BETWEEN CONTINUOUS VIBRATION
AND REPEATED VIBRATION WITH SHORT DURATION

Yoshiharu Yonekawa and Kazuo Kanada

National Institute of Industrial Health
21-1, 6 chome, Nagao, Tama—-ku,
Kawasaki, 214 Japan

Abstract

Points of subjective equality between continuous- vibration and
repeated vibration were examined in hand-transmitted vibration
to find a tendency of human response to repeated vibration with
short duration. On time and off time of the repeated vibrations
wererchanged from 10 msec to 5 sec. Each adjustment involved
a 10 second exposure to the repeated vibration and subsequent
10 second exposure to the continuous vibration. Frequencies of
the vibrations were 31.5 Hz and 100 Hz. Subjective magnitude of
the repeated vibrations decreased with increase of off-time -and
~with decrease of on-time of the repeated vibrations. Results of this
experiment were compared with calculated r.m.s. values and r.m.q.
values. R.m.s. values underestimated the repeated vibration and
- r.m.qg. values overestimated the vibration compared with: human
" responses. : , ‘ RIS

1. Introduction

There have been various types of vibration in the working places. These vibrations
are divided into periodic, random, non-periodic and repeated shock type vibrations
in ISO standard (ISO 5349)", although there are no clear classification. With
respect to measurement of vibration, measurement methods have been developed
to determine vibration amplitude values for the steady-state vibrations such as
periodic or random vibrations as introduced in ISO standard and Japanese
Industrial Standard (JIS). These standards define the r.m.s. acceleration as a
measurement for stationary sinusoidal vibrations.

Paper presented at the Japan Informal Meeting on Human Response to Vibration
held at National Institute of Industrial Health, 21-1, 6 chome, Nagao, Tama-ku,
Kawasaki, 214 Japan, 1 st to 3 rd July 1994, )



For the non steady-state vibrations like shock type vibration or repeated vibration,
the ISO 5349 allows also - provisional application of the method based on this
r.m.s. value for the repeated shock type vibrations. The evaluation of single
shocks, however, is problematic Schenk? pointed out because r.m.s. value can
only be defined sensible for stationary signals. The outlines of the JIS B 4900°
provides the equivalent continuous acceleration like Leq value in acoustics for not
only stationary but also non-stationary vibration as a measurement of the hand-
transmitted vibration. This Leq also is based on r.m.s. value. In addition to the Leq,
peak acceleration is adopted as a measurement value of the shocks in the JIS.
Therefor, some shocks are measured by Leq method, other shocks are measured
by peak acceleration method depending on length of the on-time and off-time of

the shocks or repeated vibration. Maeda® pointed out discrepancy between the

both methods. At the present time, there has not been a precise measurement
method for the shock type vibrations or repeated vibrations.

We tried to find a correct measurement quantity which suits to human response to

repeated vibration with short duration by a method of point of subjective equality.
Results of this experiment were compared with calculated r.m.s. value, r.m.q. for

shocks or vibrations with short duration proposed by Griffin® and other quantity.

2. Apparatus

Vibration was produced by an electrodynamic vibrator(Model AST-11V, AKASHI
Co. Japan). Each subject sat on a seat beside the vibrator in a relaxed posture

and his left palm pressed lightly on the vibration table with three sheetsﬁof paper to

keep the hand warm. The subject held the control dial of a potentiometer box in his
right hand to control the amplitude of the matching vibration (sinusoidal continuous
vibration of 31.5 Hz and 100 Hz). The acceleration of the vibration table was '_'fj
measured with a vibration meter (Model VM-80,RION Co. Japan). This vibration .
meter measures rms acceleration and this value is expressed in terms of both an
rms, in m/s2 and a vibration acceleration level, in decibels relative to 10° m/s?

rms.(Figure 1)

% [ s R
Function ) DT
. -0, Vib. table
generator ] amp. )
Control . -~ | Oscillo=|
Oscillator box scope Vib. meteri—
AWM+~

Block Schemé of the Apparatus
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3. Vibration Stimuli

In the experiment , vibration was in the vertical Z axis. Repeated vibrations with
short duration were used as stimuli in the experiment. Frequencies of the vibration
were 31.5 Hz and 100 Hz: Acceleration magnitudes of the repeated vibrations of
on time were 3.15 m/s? rms or 110 dB for 31.5 Hz and 10 m/s? rms or 120 dB for
100 Hz. ' _
On-time and off-time of the repeated vibrations were shown in the Table 1.

These on and off-time were changed from 1 wave to 200 or 500 waves depending
on the frequencies.

Table 1. On-time and off-time of the repeated vibration

(31.5Hz; 3.15 m/s® or 110 dB)
On-time 31.5ms 63 95 160 315 630 1.0sec 1.6
Off-time 31.5ms 63 160 315 630 1.0sec 1.6 6.3

(100 Hz'; 3.15 m/s? or 110 dB) ,
On-time  10ms 20 50 100 200 500 1.0sec 2 5
Off-tme  10ms 20 50 100 200 500 1.0sec 2 5

4. Subject and procedvure

o
Eight male students, aged 18 to 22 years, served as subjects in the present study.
They received pay for participation in the experiments.
Each subject was required to match his perception of the intensity of each the
short repeated vibration stimuli by adjusting the matching continuous sinusoidal
vibration with the same frequency until he considered that its intensity matched the
intensity of the repeated short vibration he had experienced (Point of Subjective
Equality ; PSE). Each match involved a ten second exposure to the repeated
vibration and subsequent ten second exposure to the matching vibration and this
was repeated until matching was completed. This lasted two or three minutes
depending on the individual. ' |
Each session had eight or nine matches which lasted twenty or thirty minutes and
each subject had ten sessions a day including trial judgments.

5. Results and discussion
Observed values of the subjective judgment were compared with calculated values

of rm.s., rrm.q. and r.m.c. of the repeated vibrations. These formula are as follows,
r.m.s. ; root meansquare;, r.m.q.; root mean quad, r.m.c.;root mean cube,

-102=



rm.s. = [1/T f (t)ydtj1/2 | rm.qg. = [1/T f (t)dt]4

or =[1/NZXa? ()]1/2 or =[1/NZa* ()]
rmc. = (1T J |a®t|dt 13, where: T=ty-t1 =10 sec,

or  =[1/NZ|a%|1™” a(t) = an acceleration value in m/s.
, N = Total number of sampling,
a(i) = an acceleration value in
sampling number i.

Figure 2-a,b show observed subjective values of thé matched vibration (31.5 Hz

and 100 Hz) against off-time of the repeated vibration as a parameter of on-time.

Calculated values of r.m.s. ,r.m.q. and r.m.c. of the repeated values are also
shown as ranges of lines. ;
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Subjective magnitude of the matched vibrations decreased with increase of off—
time and with decrease of on-time of the repeated vibration as shown in Figure 2—
a,b.

In the case where a ratio between on-time and off-time (on-time /off-time) is less
than about 1/2, calculated r.m:s. values underestimated the short repeated
vibration compared with the observed values. This tendency was clearly observed
in the longer off-time and in the shorter on-time of the repeated vibration. The
repeated vibration with long off-time and short on-time becomes shock type
vibrations. Namely, from this results, it is predicted that there are large differences
between calculated r.m.s. values and human responses in shock type vibrations.

This r.m.s. value corresponds to the equivalent continuous acceleration in
sinusoidal signal (like Leq value in the acoustics) based on the energy rule. The
equivalent continuous acceleration level is used as a measurement value of hand-
arm vibration in Japan as described in Japanese Industrial Standard.

Therefor, the measurement method of the equivalent contmuous accelera’uon level
in JIS is not suitable for the shock type vibration.

In the case where the ratio (on-time/off-time) is more than 1/2, the calculated
r.m.s. values overestimated the repeated vibration in all cases. However, values of
the overestimation is not larger than values of the underestimation in the case
where the rdtio is less than 1/2. It is clear that peak value of the repeated vibration
with short duration in JIS is also not suitable.

The r.m.q. and the vibration dose value (V.D.V.) have been proposed by Griffin®
for measurement of the shock type vibration. Definition of the r.m.q. is described
above and the V.D.V. is the r.m.q. value multiplied by the fourth root of the
duration. The ratio between the repeated vibration signals and the continuous
vibration signals {(r.m.q.(repeated;10sec))/r.m.g.(continuous;10sec)} is used for
an indicator in comparison with human subjective value in the present study. This
ratio of the r.m.q. is the same value as the ratio of the V.D.V. Therefor, the r.m.q.
is only used in this text.

Calculated r.m.q. values overestimated the repeated vibration compared with
observed subjective values in all cases in the experiment. This overestimation of
the repeated vibration with short on-time is larger than that of the vibration with
long on-time. However, from the results that difference between the r.m.q. value
and subjective value is smaller than that of the r.m.s. , the r.m.q. is more suitable
for measurement of the repeated vibration or shock type vibration.

We tried to calculate the root mean cube (r.m.c.) of the repeated vibration with
short duration because there are the observed subjective values between r.m.s.
and r.m.qg. values, especially in the case of the repeated vibration with shorter on-
time duration as shown in Figure 2-a,b, although the physical meaning of the
r.m.c. is not clarified. The calculated r.m.c. values are suited to the subjective
values as predicted. Therefor, we propose that the r.m.c. is most suitable for a
measurement quantity of the repeated vibration with short duration or shock type
vibration from the results of the present experiment.
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6. Conclusion

In consideration of the results of the subjective judgment of the repeated vibration
with short duration in this experiment, root mean cubic (r.m.c.) is the most suitable
measurement quantity of that vibration, although physical meaning of the r.m.c. is
not clarified. And r.m.s. is not a suitable measurement quantity for short repeated
vibration. , '
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MEASUREMENT AND ANALYSIS OF SHOCK-TYPE VIBRATION
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Abstract

Measurements and analysis of vibrations generated from hand-held tools were
made to investigate their frequency characteristic in the laboratory. Some of the
percussive tools, especially, the tools without anti-vibration protector have shock-
type vibration or high frequency vibrations over 1 kHz and their crest factors are
over 15 in VAL(un-weighted acceleration) and over 10 in VL(weighted acceleration).
VAL values with a wide band filter(4Hz-3.2kHz) showed larger levels by about 10
dB than that with a narrow band filter(8Hz-1.25 kHz). Shocks or high frequency
vibrations are to be reconsidered to affect one of the vibration factors on human
body such as neurological disturbance, although it is not difficult to reduce the high
frequency vibration levels with simple protector. Weighting curves are also to be
reconsider to have a relevant dose-response relationship between the vibration
diseases and vibrations with high frequency.

Key words ; High frequency vibration, shock, percussive tools, crest factor,
vibration measurement, vibration analysis, weighting curve.

1. Introduction

It is to be considered that percussive tools, such as impact wrenches, scalers, and
jack hammers have impulsive and high frequency vibration(above 1 kHz). These
percussive tools may have detrimental effect on man comparing with non-
percussive ones. Using these percussive tools cause relatively high preferences of
vascular and neurological disturbances. Gemne') pointed out that a current
weighting curve is based on the perception responses of human body, and that,
physiologically, the subjective reaction dose not reflect the functional disturbance in
vibration-induced white finger. However, application of the present ISO 53492 and
JIS C 15119 of frequency range is from 8 Hz to 1kHz(center frequency) and the
weighting curve shows that high frequency vibrations relatively contributes less
effective to evaluate the vibrations comparing to low frequency ones.

Paper presented at the Japan Informal Meeting on Human Response to Vibration
held Kurume University School of Medicine, 67 Asahi-machi, kurume, 830, Japan,
15th to 16th July 1995.
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We tried to show the frequency components of the hand-held tools using in Japan,
especially, percussive tools and difference of acceleration levels between frequency
band width such as bands of 1/3 octave, a band of SO 5349 and more wide range.

2. Hand-held tools

Hand-held power tools used in the present study were impact wrenches, rock drills
of leg type, concrete breakers which were selected as typical tools generating more
shock-type vibrations and a grinder generating more steady-state vibrations. Both
impact wrenches A and B have no protection handle, the wrench A is for 6 mm
bolts and the wrench B is for 9 mm bolts, drills with and without protector and
breakers with and without protectors and a grinder shown in Table.1.

impact wrench A Table 1
impact wrench B
leg drill (without protector) | Hand—-held tools
leg drill (with protector)
breaker (without protector)
breaker (with protector)
grinder

3. Measurement and analysis

1) Measurement

Measurement instruments of vibration acceleration were a vibration transducer(PV-
93, 21 * 27 * 16mm3,28gr) which can measure in three directions simultaneously,
and a vibration meter (VM-19A,RION Co. Japan). This vibration meter measures
r.m.s. acceleration and this value is expressed in terms of a vibration acceleration
level(VAL; without frequency weighting ) and vibration level(VL; with frequency
weighting®) in decibels relative to 10™° m/s® r.m.s. A data recorder DAT type(RD-
101T,TEAC Co.Japan) also is used to store vibration signals of vibration
acceleration shown in Figurel-a. The transducer was mounted firmly with hose
clamps on a handle of the hand-held tool. Time of operation of the tools varies 1
min. to 1 min. and 20 seconds depending on types of tools and work condition.
Measurements of vibrations at the handle of impact wrenches and a grinder were
followed by 1SO-8662%). For breakers, measurements were made on the normal
work condition using a concrete block( 3 * 2 * 1m3 ) and for the leg drill using a
granite stone( 1m3).

i CH1 . YAL CHT
Pickup CH? Vib. Heter VAL CH2 | Data Recorder
PY-93 CH3 YH-19A VAL CH3 RD-101T
L

Figure. 1-a
Schematic Diagram for Measurement
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2) Analysis

The vibration acceleration signals were analyzed with the data recorder, vibration
meter and an analyzer. The vibration meter used as a DC amplifier and as a filter
with frequency weighting (VL) and the analyzer (HP3566A,HEWLETT PACKARD) in
Figure1-b. Time of analysis of the signals with the analyzer was 60 seconds over
the operation time of the tools.

A power spectrum analysis was performed from 4 Hz to 3.2 kHz as a frequency
analysis. In order to compare overall values of vibration spectrum components of
the tools, we tried to use three frequency ranges, an 1/3 octave band ( JIS C 1511:
center frequencies; 8 —1.25 kHz), 8 -1.4kHz (JIS C 1511)and 4 -3.2 kHz (maximum
range of the analyzer). Crest factors of signals of all tools were calculated.

VAL CH1 CHI
Data Recorder VAL CH2 o2
RD-101T YAL CH3 CH3
Analyzer
HP3566A
VL CH1
Vib. Heter VL CH? ggé
L | VYM-19A YL CH3 CHE
I - |

~Figure 1-b

Schematic Diagram for Analysis
4. Results

1) Wave form

Acceleration time histories are shown as examples of the vibration tools in Figure 2-
a,b. Inthe figures, the top wave form shows X direction and the middle, the bottom
ones show Y and Z direction, respectively. In the impact wrench A(without protector)
and breaker (without protector), shock-type waves are seen in three directions,
while the grinder has less shock waves, mainly steady-state waves. In case of the
breaker (with protector), it has shock-type waves in X and Z axes and has more
steady vibration in Y direction.

2) Frequency component
Figure 3-a,b shows power spectrum of vibration of the hand-held tools in this study.
In the figures, the top spectrum shows X direction and the middle, the bottom ones
show Y and Z direction, respectively. The dominant frequency range of the vibration
are between 1 kHz and 2.5 kHz in the impact wrench A, although the dominant
frequency are different between axes. In case of the grinder, the fundamental and
dominant frequency is 100 Hz and it has less components over 1 kHz in Figure 3-a.
The fundamental frequency of the breaker(without protector) is about 17 Hz in three
directions and this frequency is also the dominant in Z axis. The dominant
frequency range is 500 Hz to 2 kHz in X and Y axes. However, as shown in the
Figure 3-b, it includes components over 3 kHz in X direction. In the breaker (with
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protector), components of higher frequency reduced and also the fundamental and
the dominant frequency is about 17 Hz in three directions.

3) Frequency characteristic of the vibration meter
Frequency characteristic of the VAL(without weighting ) of the vibration meter in the
study shows almost a flat line and the characteristic of the VL(with weighting)
satisfied tolerance range of the response in Figure 4.

——— Freq Response Ch2:1 Avg=30 ——— freq Response Ch2:1 Avg=50
———— Buller A Chan | Buller A Ch2:1 Avg=50
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Figure 4 Frequency characteristic of the vibration meter

4) Vibration acceleration level (VAL;unweighted value) and

vibration level(VL;frequency weighted value) »
Observed VALs and VLs of the vibration tools in the study are shown in Figure 5.
VAL values of the two impact wrenches are about 137 dB in Y and Z directions,
while VAL value is about 147 dB in X direction. Ten dB difference comes from that
the direction of X is the same as the direction of the force vector of the wrench. It is
clear that hand-held tools without protector generate larger VAL than that of tools
with protector. The protector reduced about 20 dB in VAL value in the leg
drill ,while VL values are not so much different between with protector and without
protector. From the results of the leg drills, they have high components of frequency.
The VAL value of the leg drill has maximum value around 150 dB among the tools in
this study. In case of the breaker, there are not quite difference VAL and VL values
between with protector and without protector. In detail, however, the VL value in X
and Y directions reduced more than 10 dB, while the value of Z direction is no
difference. The fact implies the protector of the breaker is not effective. Both VAL
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values of the grinder are larger than that of the breaker even if without protector.

Figure 5 VAL and VL values of the tools
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5) Effect of frequency band on the VAL and VL values

In this study, we used three frequency bands to analyze frequency components, a
1/3 octave band(8-1.25kHz), 8-1.4kHz and 4-3.2kHz. VL values of all tools used
here are not affected by the frequency band. However, VAL values of the wide
band(4-3.2kHz) show more large values from 2 to 9 dB -depending on vibration
direction than that of the narrow band in the impact wrenches and the breaker
without protector. It implies that these tools have components of higher frequency in
Table 2. We tried to analyzed VAL values with the level recorder(RION, Japan) and
the band pass filter(8-1.4kHz and 4-3.2kHz). Signals of vibration acceleration are
given into the level recorder through the band pass filter. Figure 6 shows the results
of the VAL values of the impact wrench, Y direction. Results of wide bands(without
BPF and 4-3.2kHz) are nearly same each other, while in the narrow band (8-
1.4kHz ), the value shows about 9 dB reduction as shown in Table 2.

6) Crest factor

Crest factors of the vibrations were calculated. Table 3 shows crest factors of both
weighted and unweighted signals of vibration acceleration of the hand-held tools. In
case of VAL of the tools, crest factors of all tools except the leg drill(with protector)
and the grinder have over 9 value which means border value of the signals between
steady-state vibration and shock-type vibration in whole-body vibration. The crest
factor shows over 9 value, even if the VL value in the impact wrench and the
breaker(without protector).
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Table 2 VAL and VL values in different band width

V=Y a0y V=2 (a8

AL=X (dB) [AL=Y (dB) JAL=7(dB) [V[-X (dB)

impact wrench A 1/30ct 146. 9 138.3 137.9 111.9 108. 2 110
8-1. 4kHz 147.0 138. 3 137.9 111.9 108. 2 110

4-3. 2kHz 148.0 1447 139. 9 112.2 109.0 110

impact wrench B 1/30ct 146. 5 135.3 137.8 111.3 109.1 114
8-1. 4kHz 146.6 135.2 137.17 111.3 109. 1 114,

4-3. 2kHz 148. 3 1441 142. 8 111.9 109. 7 114,

leg drill 1/30ct 150. 1 146.5 148. 1 119.9 114.6 126
(without protector) |8-1. 4kHz 150. 3 146.7 148. 2 119.9 114.6 125
4-3. 2kHz 150: 9 146.9 148.6 120.0 114.7 125

leg drill 1/3o0ct 131.8 132. 4 130. 6 121.0 114.3 120,
(with protector) 8-1. 4kHz 131.8 132.5 130.6 120.9 114.3 120
4-3. 2kHz 131. 8 132.5 130.6 120.9 114. 4 120

breaker 1/3oct 121.6 123.6 128.2 102.7 105.2 121,
(without protector) [8-1. 4kHz 121.7 123.7 128.3 103. 2 105.5 121.
4-3. 2kHz 124,77 127.6 129.0 104.0 106. 2 121

breaker 1/30ct 121.5 125.1 125.9 104. 3 116.7 119
(with protector) 8-1. dkHz 121.6 125.2 125.9 104. 6 116.6 119,
4-3. 2kHz 122.0 125.2 126.0 104. 9 116.6 119

grinder 1/3oct 135.3] -135.4 130. 7 109. 1 103.6 111.
8-1. 4kHz 135.5 135.5 130.7 109. 1 103.7 111

"~ |4-3. 2kHz 135.17 135.8 130. 9 109. 1 103.8 111,

Figure 6 Values of level recorder in different band width
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protector| AL-X | AL-Y | AL=Z | VL-X | VL-Y | VL-Z
impact wrench A|without 17.1 22.9 13. 4 13. 4 10.9 8.5
impact wrench B|without 13.9 12.8 13.1 10. 4 6.9 6.4
leg drill without 14.0 9.9 9.7 8.5 8.3 4.8
leg drill with 6.1 6.9 5.4 3.9 5.7 4.5
breaker without 19.6 31.8 23. 6 16.3 8.6 4.9
breaker with 20. 2 11.7 27.2 5.8 5.2 3.0
grinder without 5.4 6.1 4.5 3.4 4.5 2.1
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5. Discussion

Vibration acceleration of seven hand-held tools were measured and analyzed here.
The tools were selected to be thought to contain shock-type vibration or high
frequency vibration. Only a grinder was selected as an example of the tools which
does not contain the high-frequency vibration. Measurement of shock has problems
as Griffin® pointed out that d.c. shifts are excited and use of a mechanical filter to
isolate the transducer from high magnitude high frequency may be essential.
Although the measurement of the vibrations was made without the mechanical filter
here, the d.c. shifts and any distortion of the time histories of the vibration were not
found during the measurements in this study.

From the results of the measurement and analysis of the study, it was found the
fact that there are tools containing high-frequency vibrations as predicted.

Gemne introduced in his literature review! that neurological deficiency was
observed in the hand of a group of dentists and symptoms indicated injury to nerve
fibers. The vibration from drills used by dentists and dental technicians contain
ultra—high frequencies(up to 40 kHz). Gemne also introduced Louda's paper that
separate frequency-weighting curves must be developed for various types of
vibration exposure with particular consideration of impulse vibration and high
frequency.

As these papers pointed out that high frequency vibration is an important factor in
consideration of hand-arm vibration disease and from the present results which
there are hand-held tools with high frequency components, we need to reconsider
these high frequency vibration from view points of measurement, effects on human
‘body and evaluation of vibrations. Also revision of weighting curve of present 1SO
should be one of the purposes to develop a relevant dose-response relation ships
based on not vibration perception but on the functional disturbance in vibration
induced white finger as pointed out by Gemne.

Although from vibration control it is not difficult to reduce vibration acceleration level
in high frequency over 1 kHz, it is important to know that there are tools with high
frequency vibration and impulse vibration. In addition to this, the effects of the

impulsive vibration on man should be investigated to establish the relevant
evaluation method.

6. Conclusion

1) There are hand-held tools which have high frequency vibrations above 1 kHz,
especially percussive tools such as impact wrenches and breakers without anti-
vibration protectors.

2) Some percussive tools have crest factors over 15 in VAL (unweighted
acceleration) and over 10 in VL(weighted acceleration).

3) VAL values with a wide band filter(4Hz-3.2kHz) showed larger levels by about
10 dB than that with a narrow band filter(8Hz-1.25 kHz).

4) It must be reconsidered shocks and vibrations with high frequency to find the
functional disturbance caused by these vibrations and to establish the relevant
weighting-curves and a evaluation method of these vibrations.
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HUMAN RESPONSE TO SHOCK-TYPE
VIBRATION ON HAND

Y. Yonekawa, K. Kanada, Y. Takahashi

National Institute of Industrial Health, Kawasaki, Japan

 SUMMARY

Pomts of sub;actlve equaht/ between contmuous vibration and shock- type v1bratlon (repeated vrbratlon) were exammed in hand trans-
mitted vibration to find a tendency: of human response to shock-type vibration (repeated vibration with short duration). On‘time and off
time of the repeated vibrations were changed from 10 ms fo &s, Each adjustment involved a 10 second exposure to the repeated vibration
and subsequent 10 second exposure to the continuous vibration. Frequencies of the vibrations were 8, 16, 31.5 and 100 Hz. Subjective

- magnitude of the shock- -type vibrations (repeated vibrations) decreased with increase of off-time and with decrease of on-time of the
repeated vibrations. Results of this experiment were compared with calculated r.m.s. values, r.m.q.values and ather quantity. R.m.s. values
underestxmated the repeated vubratxon and r.m.q. values overestlmated the v1bra’uon compared with human responses.

Key words: shock type vibration, hand vibration

Address for correspondence: Y. Yonekawa, National Institute of Industrial Health, 21-1, 6 chome, Nagao, Tama-ku, 214 Kawasaki, Japan

INTRODUCTION

There have been various types of vibration at the working
places. These vibrations are divided into periodic, random,
non-periodic and repeated shock type vibrations in ISO
standard (ISO 5349) (1), although there are no clear classi-
fications. With respect to measurement of vibration, meas-
urement methods have been developed to determine
vibration amplitude values for the steady-state vibrations
such as periodic or random vibrations as introduced in ISO
standard and Japanese Industrial Standard (JIS). These
standards define the r. m. s. acceleration as a measurement
for stationary sinusoidal vibrations.

For the non steady-state vibrations like shock-type vibra-
tion or repeated vibration, the ISO 5349 allows also provi-
sional application of the method based on this r. m. s. value
for the repeated shock type vibrations. The evaluation of
single shock, however, is problematic as Schenk (2) pointed
~ut because r.m.s. value can only be defined sensible for

‘tionary signals. The outlines of the JIS B 4900 (3) provi-

_s the equivalent continuous acceleration like Leq value in
acoustics for not only stationary but also non-stationary
vibration as a measurement of the hand-transmitted vibra-
tion. This Leq also is based on r. m. s. value. In addition to
the Leq, peak acceleration is adopted as a measurement value
of'the shock in the JIS. Therefore, some shocks are measured
by Leq method, other shocks are measured by peak accele-
ration method depending on length of the on-time and off-ti-
me of the shocks or repeated vibration. At the present time,
there has not been a precise measurement method for the
shock type vibrations or repeated vibrations.

We tried to find a correct measurement quantity which
suits to human response to repeated vibration with short
duration by a method of point of subjective equality. Results
of this experiment were compared with calculated r. m. s.
value, r.m.q. for shocks or vibrations with short duration
proposed by Griffin (4) and other quantity.

APPARATUS

Vibration was produced by an electrodynamic vibrator
(Model AST-11V, AKASHI Co. Japan). Each subject sat on

Function Power
o _o— +— Vib. table
generator, amp.
) Control Oscillo-
Oscillator — scope [—]Vib. meter—

Fig. 1. Block scheme of the apparatus of present experiment.

a seat beside the vibrator in a relaxed posture and his left
palm pressed lightly on the vibration table with three sheets
of paper to keep the hand warm. The subject held the control
dial of a potentiometer box in his right hand to control the
amplitude of the matching vibration (sinusoidal continuous
vibration of 8, 16, 31.5 and 100 Hz). The acceleration of the
vibration table was measured with a vibration meter (Model
VM-80, RION Co. Japan). This vibration meter measures
r. m. s. acceleration and this value is expressed in terms of
both an r.m.s, in m/s* and a vibration acceleration level, in
decibels relative to 10 m/s® r.m.s.

t« on off

le 10s + 10s a‘e 10s ﬁ’

Fig. 2. Signal patterns and their sequence of the repeated vibrations.
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Figure 1 shows block schema of the apparatus and an
example of the vibration signal and its sequence of the signal
are shown in Fig. 2.

VIBRATION STIMULI
In the experiment, vibration was in the vertical Z axis.

Repeated vibrations with short duration were used as stimuli
in the experiment. Frequencies of the vibration were 8, 16,

Table 1. On-time and off-time of the repeated vibration

(8 Hz; 1.6 m/s? or 104 dB)

On-time 125 ms 250 625 1.25 5 2.5 6.25
Off-time 125 ms 250 625 1.25 5 2.5 6.25
(16 Hz; 1.6 m/s? or 104 dB)
On-time 62.5 ms 125 313 625 1.25 5 3.13 6.25
Off-time 62.5 ms 125313 625 1.25 5 3.13 6.25
(31.5 Hz; 3.15 m/s? or 110 dB)
On-time 31.5ms 63 95160 315630 1.0'5 1.6
Off-time 31.5ms 63 160 315630 1.0 5 1.6 6.3
On-time (100 Hz; 10 m/s? or 120 dB)
Off-time 10 ms 20 50 100 200500 1.0 2 5

10 ms 2050 100200 5001.0s25

31.5 and 100 Hz. Acceleration magnitudes of the repeated
vibrations of on time were 1.6 m/s” r.m.s. or 104 dB for 8 and
16 Hz 3.15 m/s” r.m.s. or 110 dB for 31.5 Hz and 10 m/s’
r.m.s. or 120 dB for 100 Hz.

On-time and off-time of the repated vibrations were shown
in Table 1.

These on- and off-times were changed from 1 wave to 500
waves depending on the frequencies.

SUBJECT AND PROCEDURE

Eight male students, aged 18 to 22 years, served as subjects
in the present study. They received pay for participation in
the experiments.

dB
31.5 Hz

- 110
[
3 8:----3_2_ @
S 8 on-time @ g g 25) @——~-~
T 4 es81sms e a4 @ R P
5 2} 4 63 . 8 X
8100 ® 95 ® A 8 3
& sl o160 s 4 o
Bl 2 .
= | @
_(.‘; 4 ® 1s
Z 25 A 1.6

90 TS e | PR N TETETS B |
rof. 10 ms 50 100 200 5001s 2 5 10
5 )
=10"m/§ Off-time of the repeated vibration

Fig. 3a Results of point of subjective equalities of the present study
- frequency of vibration 31.5 Hz.

Each subject was required to match his perception of the
intensity of each the short repeated vibration stimuli by
adjusting the matching continuous sinusoidal vibration with
the same frequency until he considered that its intensity
matched the intensity of the repeated short vibration he had
experienced (Point of Subjective Equality; PSE). Each
match involved a ten second exposure to the repeated vibra-

tion and subsequent ten second exposure to the matching
vibration and this was repeated until matching was comple-
ted. This lasted two or three minutes depending on the
individual.

Each session had eight or nine matches which lasted
twenty or thirty minutes and each subject had ten sessions a
day including trial judgements.

RESULTS AND DISCUSSION

Figures 3a, b show typical observed subjective values of
the matched vibration (31.5 Hz and 100 Hz) against off-time
of the repeated vibration as a parameter of on-time. Each
point of the figures shows mean value of eight subjects.

Subjective magnitude of the matched vibrations decreased
with increase of off-time and with decrease of on-time of the
repeated vibration.

Observed values of four frequencies are shown in Fig. 4.
It is not observed that results of this experiments are depen-
dent on frequency.

dB
100 Hz

120
3 8 r_ % %_
T & = R -
Ky On-time é o]
B ;‘v e 10 ms 6 = 9 4 é
E A 20 8 b o)
3110~ m 50 B )
% (2] "
S 8 o100 1)
@ 6 4200 & I
S 4 0O 500 -
T o2tk O 1s °
= | A 2
>100 o s

ref. Ol 1 llslonj]‘(;o 260. .(I)....L [ SN NN T
105 mE 10 ms 500 1s 2 5 10

Off-time of the repeated vibration

Fig. 3b Results of point of subjective equalities of the present study
- frequency of vibration 100 Hz.

Observed values of the subjective judgement were com-
pared with calculated values of r.m.s., r.m.q. and r.m.c. of
the repeated vibrations as shown in Fig. Sa-b. Calculated
values of r.m.s., r.m.q. and r.m.c. of the repeated values are
also shown as range of lines.

These formula are as follows: r.m.s; root mean square,
r.m.q.; root mean quad, r.m.c.; root mean cube,

dB
0 [T T On-time
s T20____._. i i ”{ I (waves)
O Rt Hl § R AR AR (| e
) 4 r 1{1 .]: i il l1+=s50
(i Pl b e
c 8 Hz 1 1 ] "
Rl I E
o il i
8 “10F—.— 315 ! i
§ "2 —-—100 —1
<X -4t
2 o
s -8
T -20 k
s N : 2 L )
1 2 5 10 20 50 100
Off-time (waves)

Fig. 4. All results of the experiment: 8, 16, 31.5 and 100 H:z.
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31.5 Hz
110 T .
8 :___-'gf_:
Y S
S 4 + On-time e
i 8l
= @ 32 ms %
2 100 - a 63 ]
§ 8[ mos 9
g)j 6 0160 «—— rm.s. *
< 41 a320 ,_. rma
S 2[ D630 ., rmc.
@ 90 o1s
= A 1.6
il Coa a1l TR | )
10 ms 50 100 200 500 1s 2 5 10
-5
ref.z10m/s Off-time of the repeated vibration

Fig. 5a. Observed values of point of subjective equalities and calcu-
lated values of the r.m.s., r.m.q and r.m.c. of repeated vibrations -
Jrequency of vibration 31.5 Hz.

rm.s. = [1/T! azg )dq”2

or- =[I/NZTa"(D)]

rm.q. = [1/T [a%t S)dq”“

or =[I/NZa'(i)]

rm.c. = [I/T/]a° (t)qul”

or  =[UNZla’(D)]

where: T =t2 - t; = 10 s, a(t) = an acceleration value in
m/sz, N = totalnumber of sampling, a(i) = an acceleration

value in sampling number i.
In the case where a ratio between on-time and off-time
(on-time/off-time) is less than about 1/2, calculated r.m.s.

values underestimated the short repeated vibration compared

dB

100 Hz
120
TR T TT ol 111 1
- 87 L i I Wl ) .
CRI] T - --| |-- S NUNEISE A
K 6  On-time } ‘ ' o ] : ' ’ | |
c 4 e 10ms |50l R
S s 1k 1T
= 2T A ¥ | I I 0]
110 @ 50 l | % 5
S 8 0100 «— r.m.s. l |.
@ st s200 . — |
§ 4 Os00
= 2k O 1s ~o—e—= r. m.C.
5 A2
4 L
SW0F 55
¢ 1 Lo laanl P | I |
ref. }
o 10 50 100 200 500 1s -2 5 10
=10"m/ me v

Off-time of the repeated vibration

Fig. 5b Observed values of point of subjective equalities and calcu-
lated values of the . m. s., r. m. q. and r. m. c. of repeated vibrations
- frequency of vibration 100 Hz.

with the observed values. This tendency was clearly obser-
ved in the longer off-time and in the shorter on-time of the
repeated vibration. The repeated vibration with long off-time
and short on-time becomes shock-type vibrations.

Namely, from this results, it is predicted that there are large
differences between calculated r.m.s. values and human
responses in shock-type vibrations.

This r. m. s. value corresponds to the equivalent continu-
ous acceleration in sinusoidal signal (like Leq value in the
acoustics) based on the energy rule. The equivalent continu-
ous acceleration level is used as a measurement value of
hand-arm vibration in Japan as described in Japanese Indus-
trial Standard. Therefore, the measurement method of the
equivalent continuous acceleration level in JIS is not suitable
for the shock type vibration.

In case where the ratio (on-time/off-time) is more than 1/2,
the calculated r.m.s. values overestimated the repeated vib-
ration in all cases. However, values of the overestimation are
not larger than values of the underestimation in the case
where the ratio is less than 1/2. It is clear that peak value of
the repeated vibration with short duration in JIS is also not
suitable.

The r. m. q. and the vibration dose value (V. D. V.) have
been proposed by Griffin (4) for measurement of the shock
type vibration. Definition of the r.m.q. is described above
and the V. D. V. is the r. m. q. value multiplied by the fourth
root of the duration. The ratio between the repeated vibration
signals and the continuous vibration signals {(r.m.q. (repea-
ted; 10s)/r. m. q. (continuous; 10s)} is used for and indicator
in comparison with human subjective value in the present
study. This ratio of the r.m.q. is the same value as the ratio
ofthe V. D. V. Therefore, the r.m.q. is only used in this text.

Calculated r.m.q. values overestimated the repeated vibra-
tion compared with observed subjective values in all cases
in the experiment. This overestimation of the repeated vib-
ration with short on-time is larger than that of the vibration
with long on-time. However, from the results that difference
between the r.m.q. value and subjective value is smaller than
that of the r.m.s., the r.m.q. is more suitable for measurement
of the repeated vibration or shock type vibration.

We tried to calculate the root mean cube (r.m.c.) of the
repeated vibration with short duration as shown in Fig. 5-a,
b, although the physical meaning of the r.m.c. is not clarified.
The calculated r.m.c. values are suited to the subjective
values as predicted. Therefore, we propose that the r.m.c. is
most suitable for a measurement quantity of the repeated
vibration with short duration or shock type vibration from
the results of the present experiment.

CONCLUSION

In consideration of the results of the subjective judgement
of the repeated vibration with short duration in this experi-
ment, . m. s. is not a suitable measurement quantity for short
repeated vibration. And root mean cubic (r. m. c.) is the most
suitable measurement quantity of that vibration, although
physical meaning of the r.m.c. is not clarified.
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Table 3. Number of years of exposure for the onset of vibration-induced white finger (VIWF) in various percentages of forestry workers
according to the vibration exposure levels of the Directive for physical agents proposed by the Commission of the European Union (EUC).
Daily exposure to hand-transmitted vibration is expressed in terms of 8 h frequency-weighted energy-equivalent acceleration [A(8)]. (Fig.
1. shows the estimated regression equation)

EUC level A(8) (m.s'zrl m.s)  Percentage of forestry workers affected with VWF

10 20 30 40 50
Threshold 1 22.5 42.9 >45.0 >45.0 >45.0
Action 2.5 9.2 17.5 25.5 33.3 411
Increased risk 3.5* 6.6 12.6 18.3 24.0 29.5
Exposure limit value 5 4.6 8.9 12.9 16.9 20.8

*dpproximated A(8) value for a short-term exposure (~15 min) to equivalent acceleration of 20 m.s 2
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Abstract: Temporary Threshold Shift (TTS) is often used as an indicator of the effect of hand-
transmitted vibration on the human body. An experiment for the prediction of TTS in exposure to
intermittent vibration was conducted in the present study to examine the exposure equivalent rule,
as well as the equations for growth and recovery TTS. It was found that the prediction of TTS
obtained here was in good agreement with measured TTS. This estimation procedure for predicting
TTS was compared with the notification of the Labor Ministry in Japan, in which control of the
operation time and the rest time for hand-vibrating tools was described. The results suggest that the
rest time of five minutes for a continuous exposure time of 30 minutes with low-level of vibration

tools should be extended to 10 minutes of rest time.

Key words: TTS, Hand-transmitted vibration, Intermittent vibration, Vibration perception

Introduction

A great deal of research involving the subjective response
to vibration of the hand and fingers has been conducted in
| the area of determination of thresholds. The applications
suggested for threshold measurement include the
measurement of temporary threshold shifts (TTS)" produced
by vibration as an indication of the relative response to
different vibration stimuli. " TTS is defined as a different
threshold value before and after disturbed vibration exposure,
is often used as an indicator of the effect of vibration on the
human body**. It would be a proper means of predicting
the effects of intermittent vibration exposure by measuring
the TTS values.

At the work place, workers using hand-held tools such as
impact wrenches and breakers are exposed daily to the
vibrations generated by these tools. Some research has been

*To whom correspondence should be addressed.

carried out on TTS of hand-transmitted vibration by the single
exposure of sinusoidal vibrations*®. However, workers do
not use these tools throughout the entire day, but are exposed
to vibration intemﬁttently during the day. Therefore, the results
of these single- exposure studies could not be applied
intermittent vibrations in the work place because if the rest
time between vibration exposures is short, recovery of the TTS
of the first exposure will not yet be completed (residual TTS),
and this residual effect increases the second TTS value. Itis
also predicted that many frequency components from the
vibrations of hand-held tools produce larger TTS values than
that of sinusoidal vibrations due to the critical band effect”*.

Interruptions in vibration exposure have a beneficial effect
on health (1).
concerning the prevention of vibration disorders issued by

In one of the clauses in the notification

the Labor Ministry of Japan®, control items for operating
time are specified as follows: 1) The work plan should be
established so as to limit the work to two hours per day. 2)
When work is being performed continuously, the work<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>