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Abstract: To assess high-level low frequency noisein the working environment, adver se extra-aural
effects caused by the noise should betaken into account. The human body vibration induced by low
frequency noise, ‘noise-induced vibration’, was measured on the body surface and the equal-
acceleration level contours of the vibration weretentatively estimated. With these contours, we can
predict the magnitude of noise-induced vibration at every measuring position on the body surface.
Thisishelpful in relating the total dosage of low frequency noise with the physical symptoms caused
by the noise. But someimportant pointsin the contoursremain to be investigated and improved.
When these points are dealt with, the equal-acceleration level contourswill be useful for assessing
high-level low frequency noise in the working environment from the standpoint of predicting the

adver se extra-aur al effects.
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Low frequency noise, the frequency of which ranges below
100 Hz, is generated by many machines commonly used in
theworking environment, such asfans, blowers, compressors,
and so on, and the sound pressure level often exceeds 100
dB(SPL)Y. Low frequency noise hardly impairs the human
auditory organs because the human equal-loudness levels
are quite high in the frequency range below 100 Hz. Hence,
in spite of its prevalent generation and high sound pressure
level, low frequency noise has not attracted much attention
in the working environment where noise-induced hearing
loss is the matter of greatest concern?.

Apart from adverse effects on the auditory organs, it is
known that high-level low frequency noise induces human
body vibration, ‘ noise-induced vibration’. It is speculated
that the level of thisvibration is not very high, but long-
term exposure to it may cause some adverse health effects
inaworker. Inrecent years, Castelo Branco et al.*>” have
reported the extra-aural symptoms found in workers who
have been exposed to high-level low frequency noise for
more than 10 years and they have called it ‘ vibroacoustic

*To whom correspondence should be addressed.

disease’. Although the causal relationship and the dose-
response rel ationship have not been clarified in detail, the
reporters have pointed out that noise-induced vibration is
one of the causes of vibroacoustic disease.

To assess high-level low frequency noise in the working
environment appropriately, the adverse extra-aural effects
should betakeninto account, but the A-weighting curve, which
isastandardized weighting curve? for measuring and ng
noise, and some weighting curves focusing on low frequency
noise, such asthe LF-weighting curve® and the G-weighting
curve?, are not related to the extra-aural effect, because they
are designed on the basis of the human psychological and
perceptual responsesto noise. Thusit is doubtful whether
the frequency-weighting characteristics in these existing
weighting curves are suitable for assessing the extra-aural
effect. Itisdesirableto establish a new assessing method on
the basis of someindex whichis closely related to the extra-
aural effect. Noise-induced vibration may be useful as an
index for this. It directly represents the effect of noise on a
part of the body where some physical symptom has occurred,
and it is expected not to vary in magnitude in long-term
exposureto the noise, contrary to any psychologica responses
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which may be reduced in magnitude as habituating. These
characterigtics of noise-induced vibration are hel pful in relating
the total dosage of the noise in long-term exposure to the
physical symptoms caused by the noise.

We measured noise-induced vibration on the body surface
and tentatively estimated the equal-accel erationlevel contours
at every measuring position. With these contours we can
predict the magnitude of noise-induced vibration on the body
surface. Although some important points in the contours
remain to be investigated and improved, it is expected that
the contours are useful for assessing the adverse physical
effects of high-level low frequency noise. In thisarticle,
measurement of noise-induced vibration and estimation of
the equal-acceleration level contours are reported.

Nine healthy male subjects whose ages ranged from 24
to 57 (mean=37.0, SD=12.5) participated in the study. We
selected five measuring positions on the body surface of a
standing subject: on the right anterior chest (2 cm abovethe
right nipple), on the left anterior chest (2 cm above the | eft
nipple), on the right anterior abdomen (5 cm under the pit
of the stomach, and 5 cm to the right of the midline), on the
left anterior abdomen (5 cm under the pit of the stomach,
and 5 cm to the |eft of the midline), and on the forehead (2
cm above the level of the eyebrow, and on the midline).

The measuring method was approved by the ethics
committee of the Nationa Institute of Industrial Health, and
before the measurements informed consent was obtained
from each subject.

The measurements were carried out in a sound-proof test
chamber the capacity of whichwas3.16 m x 2.85m x 2.8
m'9. The temperature in the test chamber was initially set
at 25 °C at the subject’s position and, if he complained,
adjusted to within the 23-27 °C range in order to prevent
him from sweating. The humidity in the test chamber was
maintained at about 40% with a humidifier. To prevent
changing thelocal vibrating system at the measuring position,
we used a small (3.56 mm x 6.86 mm x 3.56 mm) and
lightweight (0.5 g) accelerometer (EGA-125-10D, Entran,
USA), with which we detected the vibration perpendicular
to the body surface™. After being low-pass filtered and
amplified with a strain amplifier (6M92, NEC San-ei
Instruments, Japan), the output signal of the accelerometer
was recorded on DAT by a multi-channel data recorder
(PC216Ax, Sony Precision Technology, Japan).

Fifteen kinds of low frequency noise stimuli (5 frequencies
x 3 sound pressure level s) were reproduced by 12 loudspeakers
(TL-1801, Pioneer, Japan) installed in the wall in front of the
subject. All the noise stimuli were pure tones the frequencies
of which were 20, 25, 31.5, 40 and 50 Hz, and the sound
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pressure levels of which were 100, 105 and 110 dB (SPL).
No noise stimulus in the frequency range higher than 50 Hz
was used because the spatia uniformity of the sound pressure
levelsin the test chamber would deteriorate!®. Noise stimuli
lower than 20 Hz were not used because the noise-induced
vibration was not distinguishable from the vibration inherent
in the body surface™.

The subject wore no clothes on the upper half of the body
in order to allow the accelerometers to be attached. For the
first measurement, inherent body surface vibration was
recorded for 1 min with no noise stimulus. Fifteen kinds of
noise stimuli were then used in random order for every
subject. The duration of each exposure was 1 min, when
the noise-induced vibration was recorded. Between any two
recording periods, arest period (1 min) with neither noise
stimulus nor recording was assigned.

Andysiswithan FFT andyzer (HP3566A, Hewlett Packard,
USA) yielded the power spectrum of the vibration measured
for every measuring position and every noise stimulus. A
spectral component at the frequency of the noise stimulus
was transformed to an acceleration level, AL, defined as'?

AL = 2010010 (8meas/ &er)-

Here anes i the measured acceleration (m/s?(r.m.s.)) and
a« 1S the reference acceleration equal to 10° m/s

At all the measuring positions, the acceleration level of
noise-induced vibration was found to increase with the
frequency of the noise stimulus. On the other hand, the
acceleration level of the inherent vibration was found to
decrease as the frequency increased. It was supposed from
this that the noise-induced vibration measured in the lower
frequency range was more contaminated by the inherent
vibration. Accordingly, the acceleration levels measured at
20 Hz were neglected in estimating the equal-accel eration
level contours. Theincrease step inthe measured acceleration
levels was found to be about 5 dB, which was in good
agreement with the increase step (5 dB(SPL)) in the sound
pressurelevelsof the noise stimuli. Thisproper characteristic
of noise-induced vibration was utilized in the following
estimation.

In estimating the equal-acceleration level contours, we
assumed that noise-induced vibration was a minute one-
dimensional oscillation perpendicular to the body surface.
Because the measured acceleration, a..s, isatime-averaged
one, it isgenerally expressed as

Aneas = WA(W)A [(0” - 0P) + (2 wo0)7].

Here w, wy, ¢, and A(w) denote an angular frequency, anatural
angular frequency, a damping ratio, and a frequency-
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dependent amplitude, respectively. The angular frequency
isequal to the frequency multiplied by 2t If the denominator
in the above formulais equal to 1, the vibration has no
resonance. According to the definition mentioned before,
the measured acceleration level (AL) is expressed as

AL = 40l0g;o (w) + 20 logso (A(w))
— 10l0gs0f (wo? — WP)? + (27 6uw)?]
+ (Constant term).

In this expression, wy, A(w), and ¢ remain unknown.

It has been reported that the acoustic transfer function in
the chest is at its maximum in the frequency range higher
than 100 Hz*®, which suggests that the noise-induced
vibration measured on the chest has no resonance in the
25-50 Hz range. And it is known that the resonance
freguencies of the internal organs, such as the stomach, are
lower than 10 Hz*. Accordingly, for noise-induced vibration
measured on the chest and abdomen, we assumed that the
effect of resonance was negligible in the 25-50 Hz range.
We also assumed that the effect of A(w) was negligiblein
thisnarrow frequency range. Consequently, with afrequency
(f) instead of an angular frequency (w) we adopted an
approximate curve,

AL = C]_log]_o (f) + SPL + Cg,

for the acceleration level (AL) measured on the chest and
abdomen. Here C, and C, were regression coefficients. The
C,s were not necessarily equal to 40 to compensate for
neglecting the A(w) and the resonance term. To introduce
the proper characteristic of noise-induced vibration, we
incorporated the sound pressure level (SPL) of the noise
stimulus in the above formula.

With respect to the acceleration level measured on the
forehead, the rate of increase with frequency was found to
suddenly increase in the 40-50 Hz range. Thisfeature was
consistent with the resonance-like behavior found in the
vibration transmissibility in the human head'®. Assuming
that the noise-induced vibration measured on the forehead
had a resonance at 50 Hz and that this resonance dominated
the behavior of the vibration in the 25-50 Hz range, we
adopted an approximate curve,

AL = 40logy, (f) - 10logy [(50% —2)2 + (Csf)3] + SPL
+ C4!

for the acceleration level, AL, measured on the forehead.
Here C; and C, were regression coefficients. The sound
pressure level (SPL) of the noise stimulus was also
incorporated in this formula.

To reduce the effect of the inherent vibration, we utilized
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the proper characteristic of noise-induced vibration. The
regression coefficients, C;s, C,s C; and C,, were determined
with the acceleration levels measured for the 110 dB(SPL)
stimulus, and we appropriated the same coefficients for 105
and 100 dB(SPL) stimuli.

InFig. 1, asan example, the approximate curves obtained
on the left chest and on the forehead are shown with the
mean measured acceleration levels. InTables 1 and 2, the
Cis C;s Cs, C, and the coefficients of determination (r?)
obtained in the above approximation are listed. Almost all
of the r?s were larger than 0.8, which showed that these
approximations were valid in spite of the rough procedure.
It was speculated that the smaller r?s for the lower sound
pressure levels were due to contamination by the vibration
inherent in the human body.

Finally, the equal-acceleration level contours estimated
at the 5 measuring positions were expressed as

SPL =—5010010 (f) + (AL thesr) + 109),
SPL =—50l0gs (f) + (AL chesq) + 110),
SPL =—23l0gso (f) + (AL abdomenm) + 71),
SPL = = 3410gso (f) + (AL xament + 87)

and

SPL = —40l0g;, (f) + 10l0gy [(50% — f 2)% + (11f )7]
+ (ALforehead + 44)1

respectively. Inthese formulae, ‘R’ denotes the right half
of the body and ‘L’ denotes the left. These contours are
depicted in Fig. 2. In spite of the right-left differences
between the regression coefficients (Table 1), two contours
estimated on both sides of the body corresponded well in
the 25-50 Hz range.

The gradients with frequency in the estimated equal-
acceleration level contours are regarded as frequency-
weighting gradients when their signs are reversed. The
frequency-weighting gradients are about 15 dB/oct. on the
chest, about 10 dB/oct. on the abdomen, and about 20 dB/
oct. on the forehead, respectively. These gradients, except
for one obtained on the abdomen, are equal to or steeper
than the gradient in the existing weighting curves: about 15
dB/oct. (25-50 Hz) in the A-weighting curve, about 13.5
dB/oct. (20-50 Hz) in the L F-weighting curve®, and about
12 dB/oct. (1-20 Hz) in the G-weighting curve?. Thissimple
comparison seemsto show that noise in the lower frequency
rangeismore severely assessed with the L F-weighting curve
and the G-weighting curve than with the equal -accel eration
level contours.

Nevertheless, the equal-acceleration level contours have
one important advantage: with the contours we can predict
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Fig. 1 Themean measured acceleration levels and the approximate curves. (a) On theleft chest, and (b) on the forehead.

Table1l. Theregression coefficients (C; and C,) and the coefficients of determination (r?) for the
approximate curves obtained on the chest and abdomen.

Measuring positions Sound pressure levels (dB(SPL)) C, (dB) C, (dB) r2
/1 0.956
Rigt | 10 | 50 -109 0.983
Chest 100 0.952
1 0.980
Left 105 50 -110 0.982
777710707777 0.945
1o ] 0.888
Right 105 23 0.868
Abdomen - 10 0.849
110 0.853
Left 777710757777 34 0.808
777710707777 0.772

Table2. Theregression coefficients (C; and C,) and the coefficients of determination (r?) for the
approximate curves obtained on the forehead.

Measuring positions | Sound pressure levels (dB(SPL)) C; (dB) C, (dB) r2
1o 0.985
Forehead 105 11 —44 0.984
100 0.985
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the magnitude of noise-induced vibration at every measuring
position on the body surface. In general, the physical effects
caused by vibration are position-dependent, because
robustness and susceptibility to vibration depend on the
characteristics specific to each position. With respect to
vibroacoustic disease, for example, many symptoms have
been found in the chest>", which suggests that the chest
has a higher risk of vibroacoustic disease than other parts
of thehuman body. Thisiscons stent with our results showing
that the noise-induced vibration measured on the chest is
higher than the vibration measured on other parts of the
human body. The position-dependent predictability with
the equal-acceleration level contoursis expected to contribute
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Fig. 2 The estimated equal-acceleration level contours.
(a) On the right and left chest, (b) on the right and left
abdomen and (c) on the forehead. On the chest and abdo-
men, solid lines represent the contours obtained for the
right half of the body and dotted lines for the left.

to assessing high-level low frequency noise from the
standpoint of predicting the position-dependent risk of
adverse extra-aural effects.

Some important points in the estimated contours remain
to beinvestigated and improved. First of all it is necessary
to estimate the contours in the wider range of both frequency
and the sound pressure level. With respect to frequency, it
isdesired for practical use that the contours are applicable
in the frequency range up to 100 Hz. With respect to the
applicable sound pressure level range, the lower boundary
level does not need to be very low, because the extra-aural
effect caused by low frequency noise is less important at
lower sound pressurelevels. But it isdesirable for practical
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use that the contours be available in a range higher than
about 80 dB (SPL). Secondly, it is desired to clarify the
precise relationship between the vibrations induced on the
body surface and in the inner body. Thisis essentially
important for assessing adverse health effects such as
vibroacoustic disease. When thisrelationship is clarified,
we can predict the noise-induced vibration in the inner body
with the equal-acceleration level contours. Finaly, itis
desired to establish the precise dose-response rel ationship
between the noise-induced vibration and the degree of the
extra-aural symptoms caused by low frequency noise. If
this relationship is established, we can directly predict the
risk of the adverse extra-aural effects such as vibroacoustic
disease with the equal-acceleration level contours.

When these matters are clarified, the equal-acceleration
level contours will be useful in assessing high-level low
frequency noise in the working environment from the
standpoint of predicting the adverse extra-aural effects.
Together with the existing evaluating curves, low frequency
noise will be measured and assessed from more different
points of view.
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