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EFFECTS OF VIBRATION ON HUMANS

Michael J. Griffin

Human Factors Research Unit, Institute of Sound and Vibraticon Research,
The University, Southampton, England, S09 G5NH.

SUMMARY

The various International Standards concerned with vibration and the
preservation of human comfort, performance and health are compared.
Examples of the complexity of vibration encountered by man on land, at
sea, in the air, in buildings and on vibrating tools are presented and
considered in relation to the current Standards.

INTRODUCTION

vibration of the body may occur at work, on the way to work, at home,
and in leisure and pleasure actlvities. Vibration can be exhilarating,
pleasant, or otherwise beneficial. It can however, cause anncyance,
discomfort, interference with activities, injury or disease.

In many environments the surface supporting the body is vibrating and
there is 'whole-body' vibration. ‘Local' vibration occurs when pri-
marily only a part of the body (most often the hand) is in contact
with the source of vibration.

Knowledge of the effects of vibration on humans must consist of infor-
mation on the cause-effect relationship. This requires quantitative
knowledge of:

{a) The cause: vibration-related wvariables (frequency, direction,
duration, posture etc)

(b) The effect: effect-related variables (comfort, performance,
health, prevalence etcg)

(¢} The relation betwean the cause and the effect.

vibration-related variables

Human reaction to vibration is highly dependent on the vibration fre-
quency and direction in addition te the vibration magnitude. For
example, while 0.5 ms~2 rms at ©.25 Hz produces motion sickness, the’
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same level at 4 Hz will cause 'no' motion sickness. With 0.5 ms=2 rms
vertical vibration at 4 Hz there may be difficulty in drinking without
spilling the drink. This moticon at Q.25 Hz will cause little direct
interference with drinking - although the desire for food and drink
may be lacking:

Few environments consist of a single freguency, single direction,
motion of ¢onstant magnitude. The normal situation involves complex
multi-£frequency or random vibration which occurs in several axes
(Figure 1} and may change rapidly from moment to moment. Useful
measurements of such motions must he determined by either an average,
or a sum, of the motion occurring

in a given tiwe peried.

Although 1t has net-always been
accepted (e.g. Il]) it is now
widely considered appropriate for
the effect of complex single axis
vibration to be assessed by the
use of frequency-weighting net-
works {e.g. |2], |3|, |4]). The
metheds of summing motion occurr-
ing in different axes differ
between standards. 'Time-weight-
ings' are partially defined in
various decuments but noe single
time-dependency is yet accepted
for all effects of vibration on
the body. 1In general, the method
of summing exposures over a day
are either ambiguous cr in-
sufficiently tested. Methods of
summing exposures over years of
employment have not been tried - although 'a measure of the time hefore
adverse symptoms appear {l.e. latency) is sometimes used as a measure
of the severity of the 'aeffect' rather than the 'cause'.

Fig.l. Coordinate system for
sitting perscns as defined
in 150 2631 [1].

Effect-related variables
Three principal effects of vibration on the body are identified:
interference with (a) health {b) performanc¢e and (c) comfort.

The heglth criterion relates to bodily injury - usually due to
repeated long-term exposures to vibration, Both whole-body and local
vibratien may cause health problems. Severe whole-body vibration
exposures most often occur Iin off-road vehicles (tractors, forest
machines, stc). The most common sources of local vibration injury
are hand-held vibrating tools and workpleces.

Vibration may disturh performamce by direct mechanical interference -
such as shaking of the hand or eye. It may alsoc be responsible for
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various indirect effects due to physiclogical changes induced by
vibration, changes in motivation or arcusal. The majority of experi-
mental evidence is concerned with direct effects on vision and hand
activities,

Discomfort is clearly relevant to judging the relative 'ride’ of two
vehicles or the relative discomfort of vibration fransmitted through
two alternative seats. {The 'ride-quality’ of a vehicle will not be
sufficiently assessed by considering comfort if performance is also
affected (e.g. llleglble writing on a train)). The subjective feeling
of comfort may be disturbed by the perception of low levels of vibra-
tion in a building or the symptoms of moticn sickness in a ship.

Selecting the relevant criterjia {il.e. health, performance or comfort)
is not a sufficlent definition of the effect of vibration. It is also
necessary to state {i) what type of person is being affected (young,
old, male, female, fit or alling); (ii) what percentage of this group
is affected; (1ii) to what degree the vibration-exposed persons are
affected. .

Relating vibration to its effects

In the following sections, the guldance defined in variocus published
ptandards and draft standards is summarised. A division has been made
between guidance concerned with health, that concerned with human
activities and that concerned with cemfort and well-being. Information
from some standards appears in more than one section. In some cases,
the information is compared with an example of relevant laboratory
findings. In all cases the vibration is that entering the body and

not that at a point below resilient seating. Individual standards
should be consulted directly for precise interpretaticns., Additional
unpublished propesals for new standards and draft revisions of existing
standards are not presented.

HEALTH EFFECTS

International Standard ISO 263l (1974, 1978) |1| presents 'exposure
limits' for 1 to BO Hz whole-body vibration exposures in each of the
three principal translational axes. These define "maxjimum safe
axposure” for durations from 1 minute te 24 hours. The expeosure limit
was sald to be set at "approximately half the thresheld of pain {or
1imit of voluntary tolerance) for healthy human subjects restrained to
a vibrating seat". As with other guidance defined im IS0 2631, the
z~axis limits show maximum sensitivity to acceleratien in the range

4 to B Hz while the x- and y-axis limits are lowest in the range 1 to
2 Hz. Amendment 1 to IS0 2631 |2| notes that "in some applications
tentatively constant sensitivity to acceleratien has been assumed for
the frequency range 0,63 to 1 Hz". In Figures 2a and 2b the ISQ 2631
contours are shown without this extrapolation for durations of (a} 1
minute, (b) 1 hour, {c} 4 hours, (d) 8 hours and (e) 24 hours. The
values shown apply to continucus single-freguency vibration.
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hmendment 1 indiéates that if a single number is required to specify
broad-band vibration then the inverse of the contours shown in Figures
2a and 2b may be used to define weighting networks.
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Fig.2a and 2b. Acceleration limits for preserving health (see text).

Draft International Standard 7096 |5| defines a frequency-weighted z-
axis vibration limit of 1.25 ms~2 mms for earth-moving machinery.

This is shown by the arrow (£) in Figure 2b. Various adverse effects
of whole-bpdy vibration have been reported |6| but no specific injury
or disease {5 defined in these two standards. An experimentally
determined one-minute subijective tolerance contour for z-axis vibra-
tien |7| is shown as curve (A) for comparison con Figure 2b.

There are many different standards and limits concerned with local
vibration exposures |8|. Some are restricted to the circulatory dis-
order sometimes known as Vibration-induced White Finger {VWF), others,
such as Draft International Standard DIS 5349 |4| refer wore widely to
"diseases affecting the blood vessels, nerves, benes, joints, muscles
or connective tissues of the hand and forearm". However, there is
little originality in the different standards and the ranges of vibra-
tion magnitudes and frequencies are similar. The most important
differences occur in the time-dependencies.

Figures 2a and 2b show the two contours in DIS 5349 which define the
'maximum acceptable levels': (g} for daily vibration exposure up to

30 mins, and (h) for daily exposures of 4 to 8 hours. (Three further
‘eéntours are defined for periods of 30 to &0 mins, 1 te 2 hours and

2 to 4 hours). These "provisional limits are not to be exceeded"
within any third-octave band in any axis. The curves are only defined
betwein 8 and 1000 Hz. They show greatest sensitivity to acceleraticn
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in the frequency range 8 to 16 Hz.

The unusual compariseon of whole-body and hand~arm health-zrelated vibra-
tion limits shown in Figures 2a and 2b reveal some surprising diffe-
rences. For example, in some cases vibration which is above the short-
time (up to 30 min) limit for hand-arm vibration isapparently'safe’ for
whole-body wibration for up to & hours! While there are considerakle-
blodynamic and physiological differences between the twoe cases such
large differences must be questlonable.

The vibration magnitude is generally expressed in terms of the root
mean square acceleration as a function of freguency as shown in Figures
2a gnd 2., However, assuming single frequency sinusecidal vibration
the. two sets of contours may be represented in terms aof vibration
displacement (metres, peak to peak) as shown in Figures 2¢ and 2d. It~
may be seen that while the low freguency short-time whole-body z-axis
limit approaches 1 m pk-pk, the displacement at high frequencies is
very small. Around 10 Hz and at higher frequencies, movements of about
1 mm are in excess of several of the limits. Visual appearance ¢f the
vibration clearly does not allow any conclusions about the safety of
either hand-arm or whola-body vibration exposures.
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Fig.2c and 2d, Displacement limits for preserving health (see texc,.

INTERFERENCE WITH ACTIVITIES

Internatjonal Standard 2631 defines fatigue - decreased proficiency
limits "beyond which exposure to vibration can be regarded as carrying
a significant risk of impaired working efficiency in many kinds of
tasks, particularly those in which time-dependent effects ("fatigue")
are known to worsen performance as, for example, in vehicle driving”.
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The limits for (a) 1 min, (b} 1 hour, (¢} 4 hours, (d) B hours and

(e} 24 hours are shown in Figure 3a for x- and y-axis vibration and in
Figure 3b for z-axis vibration. These curves are cne-half the
corresponding exposure limits shown in. Figure 2a and 2Zb.
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Fig.3a and 3b. Acceleration limits for preserving performance (see
text}.

Draft International Standard DIS 6897 | 9| presents quidance on
evaluating the response of occupants of fixed structures (especially
buildings and off-shore structures) to low frequency horizontal
motion. This includes, for the fregquency range 0.063 to 1.0 Hz, two
levels relevant to the effects of motion on activities. For storms
oceurring once in 5 years the limit (i) in Pigure 3a applies toc the
worst consecutive 10 min perieds when "work of a somewhat demanding
nature has to be performed", When the motion occurs frequently with

, a duration in excess of 10 mins a lower limit (j) applies to buildings
"where routine precision work is carried out",

A time dependency for the direct effects of vibration on performance
of many common tasks is irrelevant. It is not eredible that if 2.8
ms™¢ rme is required to spill coffee at the start of & 24 hour train
journey then only 0.14 ms—2 rms is required to produce the same effect
at the end of the journey. Indeed, practice and desperation are more
likely to improve performance as time proceeds!

While fatigue may be affected by long periods of vibration, most
existing experimental data are c¢oncerned with direct mechanical
effects., Interference with hand activities is highly dependent on the
nature of the activity (the aircraft control dynamics, contrel sensi-
tivity, cup size etc!). Interference with visual performance depends
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on the nature of the visuval task and other factors. Two contours show-
ing the effect of z-axis vertical vibration on reading performance
appear on Figure 3b. Curve (B) is for vertical vibration of the body
only |10| (see Moseley et al, 1982} while curve (C) is fer simultaneous
vibration of the body and the display |ll|.
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Fig.3¢c and 3d. Displacement limits for preserving performance (see
text).

The presentation of the above standards as displacement limits in
Figures 3c and 3d shows that whereas up to 10 metres of movement are
concerned at 0,063 Hz, less. than 1/10th of a millimetre may be relevant
to performance evaluation at BO Hz.

COMFORT AND WELL-BEING

International Standard 2631 alsc defined reduced comfort houndaries.
These are set at approximately one-third of the corresponding fatigue-
decreased proficiency boundaries. The standard states that the
comfort boundaries are related teo "difficulties of carrying out such
operations as eating, reading and writing". This 1is not entirely
conslstent with the Standard’'s declaration that reduced comfort
boundaries should be used for the design of passenger accommodation,
Neither is it fully consistent with the definition of comfort in ISO
5805 |12| ("comfort: subjective state of well-being in relation to an
induced environment including mechanical vibration (or shock}™). The
reduced comfort boundaries are shown for: (a) 1 minute, {b) 1 hour,

(c) 4 hours, {d} 8 hours and (e} 24 hours in figures d4a and 4b. Curves
D and E in Figure 4b are two experimentally determined median equiva-
lent comfort contours for vertical vibration which are eguivalent to
reference vibrations at 10 Hz and 2 Hz respectively |13], ]14].
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Fig, 4a and 4b. Acceleration limits for preserving comfort (see text).

Draft Addendum 1 to International Standard 2631 is concerned with
acceptable magnitudes of 1 to BO Hz building vibration |15]. It
defines limits for continuous and intermittent vibration and impulsive
shock. The Standard is based upon the curves in I50 2631 but with a
baseline curve applicable to critical areas set close to the threshold
of perception (curve k in Figure 4). Curves set at 2, 4 and 8§ times
this base curve are intended for residential, office and workshop
areas respectively. (Other levels apply to impulsive motions etc).
The values are sald to "represent good environmental standards".
"Mederate complaints" will occcur at double the stated levels and
"major complaints” will occur at four times the levels unless prior
warning is glven. 1In Figures 4a and 4b 1t‘may be seen, for exarmple,
that the cturve for workshops {l.e. 8 x base curve) and the curve for
major complaints in residences (i.e. 4 x 2 x base curve) are both
approximately egual to the 24 hour reduced comfort boundary.

oraft International Standard 6897 19 [ defines “"satisfactory magnitudas”
for 0.063 to 1 Hz horizontal motion during the worst 10 consacutive
ainutes of a storm with a return period of five ysars (curve l)). It
also defines a lower threshold of perception for horizontal motion in
this frequency range (curve m)). It may be seen in Figure 4a that at

1 Hz these two low frequency curves encompass the 8-fold range for good
environmental standards specified in ISO DAD 1 (1980) for continuous
vibration,

Motion sickness does not naturally relate to other subjective reactions
- but it has been defined as "severe discomfort” in Addendum 2 to ISO
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2631, | 3|. This Standard defines the magnitudes of vertical 0.l to
0.63 Hz vibration which cause symptoms of sickness in about 10% of
unadapted seated or standing men. Sensitivity to acceleration is
maximum in the range 0.1 to ©.315 Hz. In Figure 4b the curves (n),
(c), and (p) epply to 1/2 hour, 2 hour and B hour exposure pariods.

It may be seen that if the 2631 reduced comfort contours were
extendad down to 0.63 Hz by horizontal extrapolation (ae mentioned in
ISO 2631 AM 1) the 2 hour sickness level at ©.63 Hz would approximately
correspond to the 1 minute. reduced comfort boundary. In general, at
0.63 Hz only motions apprectably in excess of the extended reduced
confort boundary should induce significant sickness symptoms. (Indeed,
motion sickness ls most often assoclated with much lower frequencies).

Expressed in terms of the peak-to-peak displacement {as in Figures qc
and 4d) it may be seen, for example, that at 0,315 Hz less than 0.5m
peak-to-peak is required to produce 1O% sickness within 2 hours., In
contrast, when considering. building vibration, at all frequencies the
limits for good environmental standards are too small to see with the
unaided eye.
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Fig.4c and 4d. Displacement limits for preserving comfort (see text}.

REAL VIBRATION

The vibration encountered by man is often complex and time-varying.
The standards attempt to define simple methods of averaging {or
sumning) the wvibration to obtain an estimate of its relative severity
or absolute effect. Useful averaging of vibration to indicate the
gsaverity of the motion must involve consideration of the detailed
form of the range of posaible motions. Few publications give precise
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data on real vibratjon conditlons and some standards have been defined
with little knowledge of the nature of real motions to which they can
be applied. Examples of real moticns are presented in this section.

Road vehicles

Figure S5a shows an 8 second acceleration time history of vertical
vibration recorded on the seat of a car. The power spectral density
of a longer record in the same wehicle is shown in Figure 5b. This
motion can only usefully be assessed in terms of ISQ 2631 by referring
to Rmendment ! in which the crest factor limit was raised to 6 and the
frequency weighting method of summing complex motions was advocated,
Even with these changes, excluding seat back, feet and rotaticnal
seat vibration may limit the accuracy of the conclusions.
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Fig.5a and 5b. Acceleration time history and power spectrum for
vertical vibraticn on a car seat.

Alrcraft

A sixteen second acceleration time history and corresponding power
spectrum from z-axis vibration in a low flying aircraft are shown in
Figures éa and €b. The motion contains much low frequency energy and
ie of a random nature., The standards currently give little guidance -
*on the effect of vibration at frequencies below 1 Hz on human per-
formance and there have been few systematic experiments with randem
vibration. :
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ships

An BO second z-axls acceleration time-history from a ship and the
corresponding power spectral density (from a very much longer period)
are shown in Figures 7a and 7b. The motion in this axis is dominated
by one frequency ccmponent within the range covered by 150 2631 ADD 2
but the magnitude of the oscillations varies from cycle to cycle.
Ships also roll and pitch so the magnitude of vertical motion changes
in different parts of a ship. Furthermora, the effect of the motion
varies considerably frotm person to person. v

Buildings

Buildings may vibrate due to internal movements (e.g. foot-fall, doors
banging) or external excitation {e.g. industrial machinery, blasting,
road and rail traffic}. Figures Ba and Bb show the acceleration time
history and corresponding power spectral dencity of. vibration in a
building due to the passage of a train. The evaluation of this motion
with respect to ISO 2631 DAD 1 requires that an equivalent root mean
square acceleration valua is determined. However there is no widely
agreed procediure for the determination of an rms value equivalent to
the changing motion shown in Figure Ba.




Michael J. Griffin

-
H
[o]

MR RALLL IR A AL

LRAALLLT

Acceleration {ms™2}

ML |

Time {seconds)

10-4 I NPT | ek
0.01- Frequency (Hz}

Acceleration Power Spectral Density

Fig.7a and Tb. Acceleration time history and power spectrum for
vertical ship motion.

ty-

g
1
(5]

Q
&

Acceleration (ms-2)
o

"
5
@

100 F‘requancy (Hz)l -

o
L]

‘Time (seconds)

Acceleration Power Speectral Densi

Fig.Ba and 8b. Acceleration time history and power spectrum of
vertical building vibration during the passing
of a nearby train.




HUMAN VIBRATION -

Hand-tool vibration
An example of vibration from a percussive metal-working tocl is shown

in Figures 9a and 9h, While the repetition rate appears in the vibra-
tion spectrum, the deminant frequency for unweighted energy appears at
_about 100 Hz. After frequency-weighting according to IS0 DIS 534%
{(1979) the lower frequencies are found to be the more important with
this tool, The reliable measurement of vibration on some percussive
tools presents significant difficulties which are not yet fully re-
solved. The use of rms averaging of this type of vibration 1s widely
assumed, without procf, to be an indicator of its Eotential for harm-

ing the body.
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Fig 9a and 9b, Acceleration time history and power spectrum of
vibration on a percussive metal-working tool.

CONCLUSIONS

Current standards provide useful guidance on the uwniform collection,
Presentation and interpretation of human vibration exposure data.
However there are certain ancmalies, ipadequacies and unproven
assumptions which could result in false conclusions. Probably the
greatest single problem concerns the correct evaluation of time-

varying stimuli.
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