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Objectives The aim of this study was to examine the relationship between calculated vibration dose and the
measured absorption of vibration power in the human hand, as well as the measured grip and feed forces applied by
the subjects.

Methods The study was carried out with 10 healthy subjects. A special handle was used during the measurements.
The influence of 4 different vibration levels with different durations during a test period of 5 minutes was
investigated. The number of exposure intervals varied between 1 and 5. The same overall equivalent acceleration
was used in all the experiments.

Results There is a significant difference between the calculated vibration dose and the amount of measured
absorption of power. A higher acceleration level leads to significantly higher absorption. Furthermore, the outcome
shows that rest periods contribute to a lower absorption of power in the hand and also lower feed forces.
Gonclusions This study supports the hypothesis that vibration-free rest periods give the human organism an

opportunity to recover.
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The detrimental effects of vibrating handheld tools on
humans have been known for a long time, and systemat-
ic studies started at the beginning of the 20th century.
Today it is known that the vibration syndrome is an im-
portant occupational disease, which includes effects on
the peripheral circulation, the peripheral nerves, or the
musculoskeletal system (1). However, the vibration ex-
posure required to cause the disorder is not known, ei-
ther with respect to vibration intensity or with respect to
daily exposure time and the total exposure period (1).
In most countries, risk prediction for hand-transmit-
ted vibration is based on the model in annex A of inter-
national standard ISO 5349 (2). According to the stand-
ard, vibration measurements should be expressed in terms
of the frequency-weighted acceleration, measured on the
vibrating surface in contact with the hand, and the expo-
sure time. An exposure-response relationship is present-
ed in the annex to the standard. The assessment of vibra-
tion exposure is based primarily on daily exposure. In
order to facilitate comparison between different durations
of exposure, the daily exposure must be expressed in
terms of the energy-equivalent frequency-weighted

acceleration for a period of 4 hours, & eqy.a» according
to the following formula:
1 =T

Bhvceqra = |/ 77 ) olan ) dt (formula 1).

In the formula, ¢ is the total duration of exposure in
hours for the instantaneous frequency-weighted acceler-
ation of a,,,(f). The energy-equivalent acceleration for 4
hours can be obtained from measurements made during
the whole workday or, more commonly, calculated from
measurements made during appropriate representative
shorter sample periods for the various conditions and
times and their intermittence. The calculated energy-
equivalent acceleration (ie, a second-power relationship)
represents the amplitude of continuous acceleration dur-
ing a corresponding exposure period. This calculation is
convenient for instrumentation development, although
there is a lack of scientific evidence for it (3).

The international literature contains discussions as to
the relationship between exposure duration and the harm-
ful effects of vibration on the user of vibrating handheld
tools. According to several authors (see reference 3 for
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additional references) it would be better to divide the
exposure into short exposures rather than to use one con-
tinuous exposure. The explanation is that shorter expo-
sure duration offers the human organism the opportunity
to recover during rests (1). This argumentation implies
that one §-hour exposure during a workday is more harm-
ful than eight 1-hour exposures at the same acceleration
spread over § different days. This statement of the use-
fulness of vibration-free periods has also been incorpo-
rated into several standards, including ISO 5349. How-
ever, no evidence for it has been presented in the scien-
tific literature.

A possible method of measuring vibration dose could
be to determine the quantity of the power transmitted to
and absorbed by the user (4, 5). The quantity of power
per unit of time (P) to which the hand and arm system
are exposed can be expressed in terms of the transmitted
force (F) and the velocity (v), namely, as P = F x v (Nm/
s). Moreover, the total quantity of the power can be di-
vided into 2 components — one real and one imaginary
(6). The real component reflects the power-absorbing part
of the system, due to the transformation into heat of fric-
tion within the tissues. The imaginary component reflects
the power-storing part of the system, which does not con-
sume any vibration power. The phase angle between the
force and velocity signals therefore plays an important
part in the power flow, and, if the angle is close to zero,
most of the power transferred to the hand is absorbed by
the system. On the other hand, if the angle is close to
n/2, most of the power is stored in the form of kinetic
and potential energy. The average transferred power
could also be expressed in the frequency domain within
the cross-spectrum (6). Since the cross-spectrum is com-
plex, the coincident spectrum describes the power-ab-
sorbing part.

One of the theories concerning the mechanism by
which vibration may cause injury or reduce comfort is
the quantity of absorbed power (5). The quantity of ab-
sorbed power is not only influenced by vibration inten-
sity, but also by several other factors, such as frequency,
transmission direction, grip and feed forces, hand-arm
postures, and individual factors (7, 8).

The purpose of the present investigation was to study
the relationship between vibration dose, calculated ac-
cording to ISO 5349, and the measured absorption of vi-
bration power in the human hand. Moreover, the aim was
also to study the relationship between calculated dose and
the measured grip and feed forces applied by the sub-
jects.

Subjects and methods

Subjects and studied variables

Ten healthy subjects [age 24—61 (mean 42.2) years,
height 159—186 (mean 172.9) cm, weight 49—90 (mean
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69.5) kgl, 5 men and 5 women, with no previous work
exposure to vibration, participated in the study. All the
subjects gave their informed consent to participation in
the study, and the project was approved by the Ethical
Committee of Umed University.

The subjects were exposed to vibration in 16 experi-
ments (figure 1). Four different frequency-weighted ac-
celeration levels of 3, 4.25, 6, and 9 m/s?, in accordance
with ISO 5349, were used. The amplitude and duration
of the exposures were chosen so that the energy-equiva-
lent acceleration was 3 m/s?, for the whole exposure time
of 5 minutes, calculated in accordance with formula 1.
The number of exposures varied between 1 and 5, and
the duration ranged between 6.5 and 300 seconds. The
accuracy of the amplitude values was +3%, and the cor-
responding accuracy for the length of the exposure dura-
tion was =15 milliseconds. The order of exposure for and
between subjects was determined through “counterbal-
ancing” (9).

Apparatus

The technique used to determine the quantity of absorbed
power in the hand-arm system was based on measure-
ments of vibration force as close as possible to the sur-
face of the hand, vibration velocity, and the phase be-
tween these parameters. The measurements were ob-
tained by using a specially designed handle (8) mounted
on an electrodynamic shaker, equipped with 2 force trans-
ducers and 1 accelerometer for force and velocity meas-
urements, respectively. The handle was also equipped
with strain gauges for measurements of both the grip and
the feed force applied by the subject to the handle.

Acceleration, m/s*

/] 1 2 3 4
Time (min)
Figure 1. Distribution of exposure and its duration for each experi-
ment. The lines represent the exposure duration during each experi-
ment.
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Power absorption and vibration dose

The vibration that affected the subjects through the
handle was recorded beforehand on a DAT (digital au-
dio tape) recorder. The recorded signals consisted of ran-
dom vibration from a signal generator, within the fre-
quency range of 4—2000 Hz. These signals were fed
through a spectrum shaper and were adjusted so that the
vibration at the handle had a constant velocity spectrum
(1/3-octave band) independently of frequency and dy-
namic load. The spectrum represented an acceleration
spectrum, which increases with frequency (6 dB/octave)
and, after frequency weighting according to 1SO 5349,
gives a constant spectrum within the frequency range of
16—1250 Hz.

The outputs from the transducers and the strain gaug-
es were amplified and fed to a DAT recorder for later
analysis. A dual-channel real-time analyzer was used in
the analysis for the calculation of the cross-spectrum be-
tween the force and velocity signal. The analyzed cross-
spectrums were transferred to a computer for the calcu-
lation of absorbed power for each of the 1/3 octave bands
with center-frequencies from 6.3 to 2000 Hz, in accord-
ance with IEC 225 (10). The total quantity of absorbed
power within the actual frequency range was then calcu-
lated. These calculations also included subtraction of the
additional dynamic force produced by the handle itself
(6). The recorded signals for the grip and feed forces were
also transferred to a computer for further analysis. A 12-
bit analogue-digital card with a sampling frequency of 5
samples per second was used for the analyses. The grip
force was defined as the measured voltage on the lower
strain gauge bridge of the handle, and the feed force was
the measured difference in voltage between the upper
and lower strain gauge bridges of the handle. (For

Tahle 1. Power absorption for different experimental conditions.

more-detailed information about the apparatus see refer-
ences 6 and 7.)

Experimental procedure

All the subjects were asked to wear ordinary office
clothes and to remove rings, watches, and the like to min-
imize any possible effects on the results. The subjects
were also asked to wear earmuffs. Thereafter, the sub-
jects were placed in a sitting posture and instructed to
grip the handle with their right hand and with an out-
stretched arm (abduction 0 degrees, flexion 180 degrees,
for a definition see reference 6). In accordance with ISO
5349, this position refers to an excitation of the hand in
the X, direction. The subjects were requested to keep the
grip and feed forces at a “normal” level during exposure.
The instruction was, “Grip the handle with a force that
corresponds to a normal grip on a bicycle handlebar”. The
subjects were unaware that the grip and feed forces were
continuously measured during the experiment, and they
were informed only that the absorption of vibration pow-
er in the hand was being studied. Each experiment took
about 10 minutes to conduct, during which the duration
of exposure was 5 minutes. Every subject participated in
only 2 experiments each day to avoid the effects of fa-
tigue.

Statistics

Analyses of variance for repeated measurements were
used (11) to investigate the influence of the studied vari-
ables on the absorbed vibration power and grip and feed
forces.

Two different analyses of the data were performed.
In the 1st analysis, the summarized power absorption

Acceleration

Power absorption (Nm/s?)

1 exposure 2 exposures 3 exposures 4 exposures 5 exposures
Mean SD Mean SD Mean SD Mean SD Mean SD
3 m/s? 0.0195 0.0048 . . . . . . . .
4.25 m/s? 0.0202 0.0049 0.0182 0.0038 0.0178 0.0031 0.0177 0.0039 0.0176 0.0047
6 m/s? 0.0226 0.0060 0.0188 0.0042 0.0182 0.0030 0.0179 0.0030 0.0177 0.0041
9 m/s? 0.0229 0.0062 0.0205 0.0030 0.0212 0.0050 0.0213 0.0046 0.0193 0.0044
Table 2. Grip and feed forces for different experimental conditions. [exp = exposure(s)]
Acceleration Grip force (N) Feed force (N)
1 exp 2 exp 3exp 4 exp 5exp 1 exp 2 exp 3exp 4 exp 5exp
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
3 m/s? 146 33 . . . . . 194 44 . . . .
4.25 m/s? 13.7 32 121 25 120 21 114 25 125 22 19.0 46 169 35 162 29 163 35 159 29
6 m/s? 162 4.0 126 28 115 34 128 2.0 130 2.8 205 55 170 3.8 165 28 171 27 164 338
9 m/s? 147 52 139 21 141 34 143 31 124 29 212 52 185 27 197 44 193 42 177 44
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within the frequency range of 6.3—2000 Hz was used.
The number of observations was 160 (10 subjects, 16
experimental conditions). In the 2nd analysis, the
influence on the grip and feed forces was investigated.
The number of observations for each force was 160 (10
subjects, 16 experimental conditions). The probability
level accepted for statistical significance was 0=0.05.

Resulis

The mean value and standard deviation of the total quan-
tity of absorbed power within 1/3 octave bands, with
center frequencies from 6.3 to 2000 Hz, are shown in ta-
ble 1. In the table, the absorption of power for different
amplitudes and numbers of exposure periods has been
calculated for the whole experimental period of 5 min-
utes.

Acceleration has a significant influence on the ab-
sorption of vibration power in the hand (F,,3 =10.01,
P=0.001) and the number of exposures also has a signif-
icant influence on the absorption (F, ;5 =6.56, P=0.0007).
Furthermore, the analysis showed that there is an inter-
action between the number of exposures and the ampli-
tude of the vibration stimuli (Fy ;, =3.86, P=0.001).

Table 2 shows the means and standard deviations for
the grip and feed forces over the whole test period and
for the different experimental conditions.

The statistical analysis showed that the acceleration
amplitude had no significant influence on the grip forces
(F,15=3.16, P=0.079) but, on the contrary, the amplitude
affected the feed forces (F, ,=6.27, P=0.031). The anal-
ysis of the number of exposures showed the same pat-
tern, significant influence on the feed forces and no in-
fluence on the grip forces (F,,=3.91, P=0.031;
F,3=1.41, P=0.250). Moreover, no interaction on the
forces was found between the number of exposures and
the vibration amplitude.

Discussion

The outcome of the present study revealed a difference
between the calculated vibration dose according to ISO
5349 and the measured quantity of absorbed power. The
absorption increased by about 20% at higher amplitudes,
although the calculated energy-equivalent acceleration
was the same. With regard to the unsubstantiated premise
that a higher quantity of absorbed power represents an
increased risk of vibration injuries, we conclude that ap-
plication of the risk prediction model in annex A of ISO
5349 would lead to an increasing underestimation of the
true risk for increasing frequency-weighted acceleration.
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The results also showed that hand forces are affected
when the amplitude of the acceleration is changed. These
results are also in accordance with those of earlier
studies (6, 12, 13). One possible explanation could be
the so-called tonic vibration reflex (TVR). It is known
that TVR leads to an increased contraction of the mus-
cles when the hand-arm system is exposed to vibration
(14—16). It has also been found that this reflex is relat-
ed to the acceleration level (16, 17).

There are physiological reasons for the recommen-
dation of the number and the length of vibration-free in-
terruptions during the vibration exposure in order to give
the organism an opportunity to recover. In ISO 5349,
very little attention is given to rest periods, their length
or number. Results from this study showed, however, that
absorption decreases if rest periods are included. Expo-
sure containing only 1 rest period gives a reduction of
10% to 20% in the quantity of absorbed power. If the
hypothesis is that lower absorption corresponds to lower
risk, it can be concluded that rest periods have a positive
influence on risk assessment. One explanation could be
that the feed forces decrease due to the rest period.
Changes in the feed forces have been shown in earlier
investigations to contribute significantly to the absorp-
tion of power, mostly due to changes in the transmission
of vibration (18). Since the hand forces decreased with
the number of rest periods in this investigation, one can
speculate that the observed differences were attributable
to changes in feed forces.

One of the main difficulties in estimating the daily
vibration dose is that there are no epidemiologic data
available that can clarify the effect of daily exposure
time, intermittent tool use, and rest periods. The results
of this study must be interpreted with caution, therefore,
since there is very little knowledge about the relevance
of acute effects in the development of chronic and per-
manent injuries. However, the present results support the
hypothesis that vibration-free periods have a positive in-
fluence on the human organism.
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