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§ SUMMARY

Modern forms of transportation can impose high levels of vibration upon
occupants .~._These levels can cause discomfort to the passengers or loss of per-
formance by pilots or drivers. »To determine the effects of v1brat1on, 1t i
necessary to define the vibration levels exper1enced by such people, This
definition should preferably quantify not only the input levels, but also those
at the parts of the body most likely to be affected by the vibration.

o

This Report covers an investigation of the frequency response of the human
body to vertical vibration, using six subjects on a rigid seat. The input used
was a swept sine acceleration, where the frequency of the vibration varied
linearly with time between an upper and lower value, at a fixed amplitude. ‘The
use of such an input facilitated measurements of amplitude ratio and phase angle
plots of the ratio of head and shoulder acceleration to seat acceleration against
frequency, to be made for various postures and limb positions., Resting the back
against the seat and putting the legs forward, were both found to haveja major
effect on transmission. ¥

Attempts aré,made to model these response curves so that by simply monitor-
ing floor vibration in vehicles and assuming the seat response is known,one can
predict the range of vibrations present at the head and shoulders. Theoretical
analysis is used to demonstrate that the response of cushions is directly related
to the human frequency response.
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): INTRODUCT ION

Vibration is a phenomenon which accompanies man from the cradle to the
grave. From early childhood man is conditioned to vibration from the rocking of
a pram or in more primitive times from being carried on mother's back. The

ultimate experience of vibration has been quoted as that in the hearse!

Vibration is normally an undesirable part of the environment, and can lead
to discomfort and loss in performance. Performance can sometimes be degraded to
such a degree that the environment has to be modified to reduce the vibration -
by reducing speed perhaps - or the vehicle has to be re-designed. In aviation,
vibration can be induced from operation off rough ground, and as take-off speeds
increase, what would appear to be a smooth runway can produce high levels of
vibration in the aircraft. Low-altitude, high-speed flight can impose a high
vibration on the pilot, as can helicopter flight where vibrations due to
imbalance of the rotors can be felt in the cockpit, although normally at a higher

frequency than for fixed-wing aircraft.

Over the frequency range normally met with in vehicles, the human body
behaves in a dynamic manner ie it possesses mass (or inertia), elasticity and
damping, essential properties for a system to exhibit phenomena such as resonance
and transmission amplification (or reduction) at different frequencies. There-
fore to quantify the effects of vibration, specification of the input vibration
conditions, for example on the floor of the vehicle, is insufficient to specify
the levels at and relative displacements of the parts where the vibration is

frequently felt - the head and limbs.

This Report, which covers work done at the RAE as part requirement for a
Doctorate of Philosophy in Human Sciences at Loughborough University, sets out
to define the dynamic characteristics of the body (between the head and seat, and
between the shoulders and seat), in terms of frequency response of transmission
functions, or in terms of the mass, elasticity and damping factors which produce
such a frequency response. Variations in response curves due to changes in

posture, limb positions and input acceleration levels are explored.

In order to attempt to explain the variations in the curves found as well
as the basic curves themselves, modelling techniques are explored. The effect of
the human frequency response on the dynamics of seat cushions is also investi-

gated theoretically.

The experimental work is preceded by a critical survey of the literature.
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LITERATURE SURVEY

Introduction

The effect of vibration on human activity is basically four fold. First,
the vibration can affect the visual sense, resulting in a loss of visual acuity
and consequent degradation of performance. Second, the vibration can induce
involuntary limb motions which may then result in impaired operation of various
controls such as steering wheels, control columns and rudder pedals, and again,
degradation of performance. The third factor is that vibration may affect the
abject's psychological state in terms of lack (or possibly gain) in motivation
or arousal or affect some other motor or conscious response. Fourthly, it may

induce fatigue through conscious or subconscious efforts to maintain posture etc.

In order to define the effects of vibration on the human organism, it is
necessary to know what accelerations are present at specific parts of the body.
Measurements of factors such as total body impedance or mobility are inadequate
in attempting to define all the effects of vibration, as these merely give a
measure of the 'lumped' characteristics of the system 'loading' the source of
vibration, and cannot be refined to quantify the vibrations at specific parts of
the body (see Appendix A). Also, as will be seen later, if it is found that man
is not a simple series network, as described in Appendix A, but rather a
combination of parallel and series spring-mass systems, impedance analysis and
frequency response analysis will both be unrepresentative of the total system.
But, if one is interested in the accelerations transmitted to and present at a
particular part of the body, the fact that the parallel loop prevents any exact
simulation does not really matter, as the required absolute quantities have been

measured.

Clearly then, to understand the effects of vibration it is desirable to
know vibration levels at the head, shoulders, legs etc. Having decided on the
positions of measurements, it must still be remembered that changes in body
parameters for a subject may affect these measurements. Parameters such as hand
and arm position, leg position and posture should be included as major variables
in any investigation. As will be seen later mention of these parameters has
been conspicious by its absence in past reports. Potemkinsa sums this up in
saying "It should be noted that hitherto (1971) there have been no papers on the

investigation of the effects of vibration on the dynamic reactions of man

dependent upon the change in his working posture".
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Before the experimental programme commenced, the literature was examined

to ensure that there would be no unnecessary repetition of past work.

202 Literature sources

The following continually updated abstract sources were used -

(a) Human Response to Vibration, A Critical Survey of Published Work, 1970.
ISVR Memorandum No.373, published by the Human Factors Unit, Institute of Sound

and Vibration Research, University of Southampton.

(b) Aerospace Medicine and Biology - published monthly by the National Aero-
nautics and Space Administration (first published in July 1964), a selection of

appropriate reference announced in,
1) Scientific and Technical Aerospace Reports (STAR)
(ii) International Aerospace Abstracts (IAA)

In its subject coverage, 'Aerospace Medicine and Biology' (AMBB) concen-
trates on the biological, physiological, psychological and environmental effects

to which man may be subjected.

Initially both the STAR and IAA abstracts were examined for relevant papers,
but for papers published after 1964 it was found that the Aerospace Medicine and
Biology Bibliography (AMBB) was effectively covering any relevant papers from
STAR or IAA.

The sub-headings of AMBB which were used were, Biodynamics, Bioengineering,
Cushions, Dynamic models, Human factors engineering, Mechanical impedance,

Vibration effects, Vibration isolators and Vibration perception.

When many relevant papers had been collected, and their references
examined, it was found that most of these references had already been collected.
This situation served to show that the survey was complete and that few if any

vital papers had been overlooked.

2.3 Relevant reports

The literature was searched (as per section 2.2) to find the following type
of report or reports:- A report defining the transmission characteristics of the
human body covering (a) vertical and lateral excitation, (b) frequency range
approximately 1 Hz to 30 Hz, covering the main whole-body resonances and the
frequency range where the eyes are reported to be affected, (c) measured para-

meters to cover head/seat and/or shoulder/seat for manual and visual responses,




i (d) effect of various input levels ranging from positively aware to barely aware
of the vibration and (e) effect of variations in subjective posture, arm position
and leg position. It was not expected that one report would be found covering

§ all the above topics!

Before going into the details of the reports found some general comments
are in order. Almost all the reports found covered the vertical axis only, and
used nominallysinusoidal inputs, though few referred to the possibility of
harmonic distortion. Some of the vibrators used were electrodynamic which were
limited in displacement and could only give low vibration levels at the lower
frequencies (below 5 Hz). Presumably because of the difficulty in attaching
accelerometers to the subjects, many of the reported measurements were of the
input impedance characteristics of the body, whereas we were investigating the
vibration levels at the head and shoulders. Very few papers mentioned subject
posutre as a major variable and fewer still attempted to vary it, to determine
its effect. In many reports, the tests were conducted with the subjects sitting

on a base, with no back rest.

2.4 Survey
Clearly there are many more reports in existence dealing with the biodynamic
response of the human body than the ones to which reference will be made, but it

was felt that the papers listed are the most pertinent. They have been listed

in alphabetical order of the authors' names.

15,16,17,20,32,42

Some of the references provided an overview of the

24,49

field of biodynamics; two bibliographies of reports dealing with

biodynamics were also found, which together were of assistance.

Several report39’10’13‘28'45’47 on the

measurement of impedance of the
body have been considered, as it is felt that although they do not include the
required parameters the values of the resonant frequencies will be applicable and
trends regarding non-linearity, postures etc, should read across to the trans-

missibility results.

Compared with the measurement of other vibration effects such as comfort
or performance, the measurement of the biodynamic response to vibration has
produced better agreement among research results. Various attempts have been
made to model response, but a comprehensive model does not yet exist due
primarily to the wide range of important variables, such as frequency, level,

duration etc as well as anthropometric and postural variables such as body size,
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weight, posture, age and limb positions. Unfortunately even though most of the

reports found agreed moderately well as regards the frequency and amplitude of
whole-body resonances, little information was found regarding the other

variables. There is general agreement on the existence of a vertical whole-body
5,9,11,13,19,25,28,35,40,41 and 48
. As far as the

10,27,48

resonance around 5 Hz
horizontal axes are concerned there are fewer reports but these agree on
a major resonance at around 1.5 Hz. The transmissibility ratios to the shoulder

have been investigated by two authors7’48.

There is conflicting evidence about
the presence of resonant peaks at frequencies higher than 4 Hz to 5 Hz (eg Refs 7
and 10 as against Ref 9) perhaps due to unreported factors such as seating,

posture, individual variations etc.

Most of the papers mentioned so far reported the effects of nominally
sinusoidal inputs. Two authors used 'real-life' vibration, a helicopter environ-
1 . : s :
ment G and a simulated high-speed, low-level aircraft env1ronment25.

Three authors9’14’34

had attempted to investigate the effects of varying
posture. In one9, no back rest was used for the tests, and the slumped posture
was produced by bending the spine considerably with the head falling forward
onto the chest - completely unrepresentative of real life, except perhaps of

S dealt with the transmission of

sleeping on a bench! The other two authors
vibration to the head for three postures, none of which could be said to apply
to real-life, but at least an attempt had been made to find the effects of the
extremes of posture variations. Unfortunately the frequency range chosen was

very large (2-200 Hz) and the analysis was in 6 Hz bands, providing little :

|
information at low frequencies.
Paper (10) covers some results for standing and sitting subjects and shows 1
a vertical resonance at the head and shoulder of about 1.15 and 1.70 amplitude
ratios respectively, at around 5 Hz. The head results show slight evidence of a d

higher frequency resonance but only as a point of inflexion in the curve the
amplitude ratio being less than unity. No definitions of or variations in
posture are given and the input was 'sinusoidal'. Two graphs are included which
show the elliptic head motions induced by input linear sinusoids. This clearly
could be of considerable importance in any experiment which attempts to define
the ratio of linear vibration at the head to that at the seat.

5,6,12,31,40 and 44

Several papers were found dealing with the frequency

response characteristics of seats. Few of the authors appreciated that the peaks

around 4 Hz were probably a reflection of the body's response (see Appendix A)
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and that these peaks could be reduced by modifying the cushions. Also little
work had been done on the lateral characteristics of seats, especially with

respect to the seat structure itself.

Following the literature survey described here, it was concluded that the
required work had not previously been covered and there is still a need for
research into the frequency response of the seated human and of its variation
with posture and limb position. Ideally this information is required for all
three linear axes, but in this investigation it was only possible to cover the

dominant vertical mode. .

3 EQUIPMENT

e Vibration rig

The vibrator used was the RAE two-axis electrohydraulic facility which is
fully described in Ref 39. The rig, shown in Fig 1 consists basically of a flat
aluminium table (1.83 m x 1.22 m) which can vibrate in the vertical and/or
horizontal direction with a maximum amplitude of %250 mm, and a frequency range

of about 0.5 Hz to 40 Hz.
32 Seat

The seat used was a rigid wooden structure fitted with arm rests. A sketch .

of the seat (which is one of a pair fitted on the rig) showing various angles

and dimensions is given in Fig2. Arigidseat was chosen because the character-

istics of a cushion have been shown (Appendix A) to be very complicated and to

reflect the response of the man. Clearly at a later date it would be useful to

check the results found here against those obtained when cushions are used.

There will clearly be differences, especially with respect to back cushions, but

the research into the subject on a hard seat should come first and provide the

basis for future studies. F
30 Seat harness

To prevent modification of the man's inherent biodynamic characteristics
no seat harness was used, although the subjects wore a lap strap, so that it
did not normally exert any load on the body but acted as a safety precaution

against rig malfunction.

3.4  Accelerometers and associated amplification/recording equipment

The miniature accelerometers (6 mm X 8 mm x 14 mm) used were of the strain-

gauged, cantilever type, model number BLA2 made by the Ether Engineering Co Ltd.
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The strain gauges formed one half of a bridge network, the output of which was
fed into an SEL ac carrier amplifier, which contained the other half of the
bridge together with a balancing potentiometer which was used as a calibration
facility. The demodulated output from the amplifier was then fed into a filter
(with roll-off frequency of 100 Hz, thus cutting out the accelerometer resonance
at 180 Hz) and then into a Tannberg type 100, frequency-modulation, 4-channel,
magnetic tape recorder. This tape recorder has a voice track which was used to
provide a check of run number, level, subject etc, so that the three other
channels could be used to record accelerations simultaneously. For details

concerning the mounting and positioning of the accelerometers see section 4.2.

A swept sine generator was used for generating the input function. This
was made by Southampton University and provides sine wave of constant amplitude

with the frequency varying linearly with time (see sections 4.1 and 5).

3.5 Computing facility

For analysis purposes, the tape recorder output was connected to a Hewlett
Packard type 5451A Fourier Analyser, which performs a Fast Fourier Transform on
any time-varying input or output function or both. The transfer function (or
frequency response) between output and input can be defined as -

Fourier transform of the output
Fourier transform of the imput

Transfer function =

This function is calculated as a complex quantity, ie it has both modulus and
phase. As the computer has a two-channel simultaneous input phase information

is preserved.

The analysis theory is given in Appendix C.

3.6 Subjects

Six subjects were used, selected to represent the normal range of aircrew
population. It could be argued that six is a small sample from which to draw
conclusions, but it was strongly felt that it would be preferable to test a few
subjects thoroughly and establish the variation in their responses under several
body conditions rather than to test a lot of subjects under relatively few test

conditions.

Prior to any experimentation, all subjects were asked to fill in a 'Subject
File'. It was stressed that the information given would be kept strictly confi=

dential unless the subject permitted disclesure and any reference to a subject
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would be made by a subject number - never by his name. The proforma used
(Appendix B) was drawn up on the lines recommended by a British Standards
Institute Draft for Development3 covering the safety aspects of human vibration
experiments. The acceleration levels used in this experiment did not exceed the

recommended 'fatigue/decreased proficiency' levels set out by the International

: : 4 : .
Standards Organization and BSI , and hence followin_, the safety guide's

f recommendations for schedule 1 type vibration, so that no medical certification,

other than that contained in the proforma, was necessary.

4 EXPERIMENTAL TECHNIQUES

4.1 Input characteristics

4.1.1 Choice of input function

Of the reports found dealing with the transmission of vibration across the
body, almost all describe experiments using nominally sinusoidal forcing
functions as input5’9’11’21’41’48. It is well known that although one may start
with a pure sine wave output from an oscillator, by the time the signal reaches
the floor of the vibrator, a large amount of harmonic distortion may well be
present37’38. Clearly this distortion can introduce errors. In many of the

reported experiments, subjects were exposed to several minutes of sinusoidal

oscillation, whereas in real life one rarely finds records showing more than ten
or so repeated oscillations - the exception being helicopter vibration. Also
subjects are unable to maintain the same posture, muscle tone, arm, leg and head

positions for such a period, so conditions must have varied across the tests.

Dieckmann11 has shown that under vibration of a sinusoidal type, man
exhibits an elliptic motion at the head. It can be argued or surmised that this
rotation is a steady state phenomenon and thus needs time to build up, so that
the use of a non-sinusoidal input function would reduce rotation and ail its

implied errors.

1f one rejects the use of 'pure' sinusoids for the foregoing arguments,
one is left with the choice of using either a random signal, or a 'swept sine'

or other deterministic (quantifiable and repeatable) form, as an input. .

I1f a random signal is used the question of statistical reliability and
random error arises. It can be shown (Bendatz) that for reasonable random and
bias errors, record lengths of the order of 100 to 200 s must be considered.
Even then the functions generated can never by definition be completely deter-

ministic, and some frequencies in the nominal frequency range may not be included.

———— " -
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A swept sine signal however is completely deterministic (see Appendix C)
and sweep need last only 10 s or so. Thus using the swept sine, the same
posture and limb positions need to be preseived for only approximately 10 s,
after which they may be changed in a controlled manner and another test begun.
The swept sine technique, although favoured in the preceding paragraphs, has
several disadvantages. First, analysis is difficult, a digital computer complete
with Fourier transform software is desirable, if not essential, whereas for
sinusoidal work, only an rms meter and filter are necessary. Secondly there is
the problem of non-linear response. If the response of the body to vibration
inputs 1is grossly non-linear the only technique which can be used to give a
general solution is that of sinusoidal input. Even this technique is suspect as,
by definition of non-linearity, an input sinusoid of frequency f1 can generate
super (or sub) harmonics in the output of a non-linear system, of frequencies

2f1, 3f1, f1/2 etc, depending on the type of non-linearity.

Summing up, it is felt that many of the previous reports suffer from

(1) the relatively long duration of experimentation, imposing unnatural

constraints on the subjects in terms of maintaining posture etc, and

(i) a lack of distortion information - and a failure to acknowledge its

possible effects.

The use of a swept technique is therefore to be recommended, and it was

used for the experiments reported here.

4.1.2 Duration of transient input

Theoretically the duration of swept sine function should not affect the
calculation of the frequency response as both input and output will be equally
affected. In the extreme, of course, the input reduces to an impulse and the
output then becomes the impulse response. However the input has to be applied
via a high inertia system - the vibrator - and this needs an input signal of
finite length otherwise the signal level on the table is very small. Also
although it has been argued that swept sine waves rarely exist in the real world
(nor for that matter do sinusoidal or purely random signals), some reference
to what happens in reality must be preserved, and it is quite common for 'burst'
of vibration to be encountered lasting about 20 s, eg a car traversing a rough
patch of road, slowing down at the same time to give a variation in frequency,

an aircraft in turbulence, etc. Previous researchers who had used swept sine

techniques for testing moderately damped systems[’5 established an empirical lav




which stated that for a reasonable output response, signal sweep rates of
approximately 1 Hz/s (for the low frequency end of the spectrum) were to be

recommended.

4.1.3 Frequency ranges

After it was found in an unreported pilot experiment that the vibrator
could not give a flat response over the range 1-25 Hz in one sweep, two ranges
of frequency were used, (a) 1-10 Hz in 10 s and (b) 2-25 Hz in 25 s. The results
were then superimposed to give an overall frequency range of 1-25 Hz. This
range covers all the body's major resonances including those in the range

10-25 Hz which is least covered in the literature.

As will be seen the results in general indicated that the total response
curves could be drawn by firstly following the 1-10Hz curve and then smoothly
changing across to the higher frequency range, ie there were no sharp
discontinuities due to a difference in response caused by a change in the
duration of the input transient. Due to the characteristics of the hydraulic
vibrator used - even though the input electrical function had constant amplitude
- the amplitude of the acceleration waveform on the table at the low frequency
end of the 2-25 Hz range was not constant. Therefore the ranges analysed were
1-10 Hz and 8-25 Hz. Fig 22 shows a typical set of results - from which the final
curves were taken. It can be seen that the two frequency ranges merge in

together for amplitude and phase, around 6-8 Hz.

4.1.4 Acceleration levels

In order to check for non-linear effects, the tests were conducted at three
input acceleration levels, this level being held constant (for 25 s or 10 s)
amplitude of the frequency varying function. The peak levels chosen were those
usually associated with decrement in performance, rather than with comfort or
perception, and were approximately +4.0 m/s2, +2.8 m/s% and #2.0 m/sz. These

1s are typical of those measured in vehicles under rough conditions.

4.1.5 Repeatability

Two runs per subject per condition were conducted and analysed, a pilot
experiment having indicated that each subject was able to repeat a 'condition'

within narrow limits (see Fig 23).

4.1.6 Vibration axis

Ultimately the measurement of the human frequency response for all three

linear and rotational axes and for the standing and sitting man will be required.
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The scope of this paper is however limited to the seated man subjected to
vertical linear vibration (which is the main circumstance encountered in real

life).

4.2  Accelerometer positions

It is generally agreed that whole body vibration mainly effects visual and
manual (or foot) dexterity, the third possible effect is the psychological one
which is not considered for this experiment. Therefore it would seem important
to measure hand/arm vibration and eye vibration and thus be able to determine
frequency response curves between those points and the input - the seat/man
interface. However the measurement of both hand and eye vibration poses many
problems. It has been found to be virtually impossible to measure the accelera-
tion levels at the eye especially in the frequency region where the eyes are
thought to be most sensitive (around 20 Hz), due to the very small amplitudes
involved, even at moderate acceleration levels of *5.0 m/s2 at about 20 Hz, a
level which would excite adverse comment from a pilot or driver, is equivalent
to an amplitude of only #0.4 mm. Most previous researchers in the field have
compromised by measuring head vibration with an accelerometer attached to a
harness, and this method was followed for this experiment. It can be argued that
the vibration levels on the head are as important as at the eyes, as the skull
will effectively transmit the vibration to the brain and to the loose tissues on
the head. Thus measurement on the hard part of the head provides a suitable
first step, though it is recognised that the eye itself may have a superimposed

response.

The measurement of hand vibration is equally difficult because of the
possible rotational components involved in any hand/arm movement and also because
of the difficulty in attaching a harness and accelerometers to the hand. It was
eventually decided to construct a harness to hold an accelerometer(s) against
the acromion, ie the top of the shoulder, and to use this as a definition of the

input to the hand/arm systems.

4.,2.1 Head vibration

The accelerometer was attached to a specially designed head harness
(Fig 3). The main structure of the harness was a plastic insert from a standard
safety helmet which could be adjusted by each subject until it was tightly held
on his head. A strip of male Velcro 'adhesive' was sewn and glued around the

outside of the insert, providing a reasonably rigid attachment area. In order

to provide some latitude in accelerometer mounting position, a cruciform of




14

25mm wide dressmaker's elastic was constructed, at each end of which was sewn
and glued a small strip of female Velcro. A 25mm cube of aluminium, grooved to
accept the accelerometer, was then stuck to the centre of the cruciform, and by
spreading the cruciform across the top of the head and pressing the Velcro parts
together, a reasonably rigid harness was constructed. The position of the
accelerometer itself on the top of the head could be varied by adjusting the
point at which the Velcro on the insert met the Velcro on the harnmess. Within
the limits of comfort, the harness was tensioned as tight as possible. A short
series of runs were carried out where the output of the head harness accelero-
meter was compared with an accelerometer rigidily held (via a dental bite) in
the mouth. This was to check the response of the head harness accelerometer,

and is discussed in section 8.8.

4.2.2 Shoulder accelerometer

The harness used to measure shoulder acceleration was the same as that used
in a previous experiment38. Two loops of dressmaker's elastic were used to hold
the accelerometer, first a torso loop under the armpits and second a vertical
loop folded around the first loop and passing over the top of the shoulder. The
accelerometer was attached to the second loop and held down by it. The tension
of the elastic was adjusted to ensure that the accelerometer would not lift

under vibration conditions.

The elastic loops were worn over the clothing (shirt only), but the tension
was such that it was assumed that the measured response was independent of the

interposed clothing.

4.2.3 Seat/man interface accelerometer

The seat acceleration was measured with a RAE seat bar attached to the seat
pan by a strip of Velcro, similar bars have been used extensively by the RAE for

field measurements.

4.3 Body parameters
36,37

Previous work™ ’~ has indicated that, apart from the obvious anthropometric

and seating variables, the main body parameters which might affect the trans-

mission of vibration across the body are variations in posture and in limb

positions. Clearly there are other parameters which might affect the results

such as clothing, activity, time of day etc, but posture and limb positions were
selected as the major intra-subject variables, all the others being assumed to 068

be second order.
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4.3.1 Posture
There are three main descriptions of posture, 'slumped', 'normal' and
'erect'. The problem is how to quantify these variables, that is 'how slumped
is slumped?' and 'is subject 2's idea of slumped the same as subject 6's?'. Any

variation in posture must be associated with an increase or decrease in muscle
activity and, as a corollary, muscle activity dictates the posture. However
this report deals with the practical aspects of vibration measurements and it was

felt that any attempt to enter the field of electromyography would be unwise.

It was therefore decided to allow each subject to act as his own control,
in selecting his interpretation of posture. During the initial briefing of each
subject, he was invited to sit on the vibrator in a normal posture with his back
against the back rest, not slumped, not erect, just sitting normally.
Immediately following this, the subject was told to assume a slumped posture, to
allow himself to relax in the seat, without letting his head fall forward and
without letting his back come off the back rest. Then he was asked to sit at
attention. Thus the subject had adopted the three required postures, and he was
told he would be required to assume these postures in later experiments - postures
which he had himself interpreted as 'slumped', 'normal' and 'erect'. This
experiment was not aimed at defining the average man, in fact in the field of
human engineering there is no such thing, we are all for some dimensions,
anthropometric freaks. Thus as long as each subject maintains his concept of
these posture conditions, it does not matter if subject 2's idea of slumped

differs from subject 6's.

A chance remark by one of the subjects during preliminary experiments had
indicated the need for another posture variable to be included. This subject
reported that during the vibration sweeps, especially at the high frequency end
of the spectrum, he was able to reduce the vibration he felt in his head region
(described as a tingling of the scalp and neck) by leaning forward off the back
rest. He had thus eliminated one of the inputs to the body - the vibration
input at the back - thereby reducing the vibration felt on the head. In the
experiment it was stressed to all the subjects, that for one of the conditions
they should bring themselves slightly forward off the back rest - but without
altering their posture from what had been decided as normal. This may sound a
contradiction in terms in that it is impossible to lift off the back without
altering muscle tone and hence posture. The assumption was however made that the

muscle activity used to lift off the back is a small proportion of the muscle
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activity used to maintain a normal posture, and that the change between normal

and erect posture has the dominant effect.

Thus four postures were tested, 'mormal', 'erect', 'slumped' and 'back
off".

4.3.2 Arm position

The variations used for this experiment were 'arms folded', hand in lap
(left hand on left thigh etc) called 'normal', and arms straight out, the hands
resting lightly on the controls of an oscilloscope which was in front of the
seat and rigidly mounted on the vibrator and therefore vibrated with the seat
(called 'hands on scope'). Again it can be argued that these variables should be
rigidly controlled. Again the answer is one of impracticabilities in terms of
measuring muscle activity and also that each subject acts as his own control with
little final inter-subject averaging. Thus the selection of arm positions
covered situations of a pilot or driver, viewing dial controls etc, and of a

subject actually manipulating such controls in front of him.

4.3.3 Leg position

An earlier experiment38, had indicated that leg position could influence
the level of vibration reaching the shoulder to a significant degree. Thus leg
position was included here as a major variable, and the variations chosen were,
legs 'normal' (again decided upon by the subject), legs 'back' (so that the shin/
femur angle was approximately a right angle) and legs 'right forward' (the
subject's leg length dictating the exact position). All leg positions had the
feet flat on the floor.

4.3.4 Overall plan

Thus we have arrived at the final set of variables, namely four postures
x three arm positions X three leg positions and a possible test pattern
containing 36 runs. If all these possible combinations were tested then (a) the
analysis time and effort involved would be enormous, to cover the number of
subjects, acceleration levels, ratios measured etc, and (b) each subject would
have to spend a long time being vibrated and hence it is doubtful whether his
posture at the beginning of such a run would correspond to that at the end. It
was therefore decided to limit the runs to eight - one variation of each para-

meter when the other two are held 'normal'. The following table lists the eight

runs which made up one test.
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This programme took about 25 min for each subject (see section 5) compared

with the 2 h which would have been necessary for all the tests suggested.

Run number Posture Arms Legs
1 Normal Normal Normal
2 Erect Normal Normal
3 Slumped Normal Normal
4 Normal Folded Normal
5 Normal Normal Forward
6 Normal Normal Back
7 Normal 'Hands on scope' Normal
8 Back off | Normal Normal

Normal condition is defined as normal posture, hands in lap and legs in
middle. Thus runs 1, 2, 3 and 8 give variations in posture, runs 1, 4 and 7
give variations in arm position, and runs 1, 5 and 6 give variations in leg

positions.

4.4  Output parameters

The results required from this experiment are head/seat (h/st) and shoulder/
seat (sh/st) acceleration ratio/frequency response curves, giving modulus and

phase, for all the conditions tested.

5 METHOD OF TEST

5.1 Preliminaries

After a suitable warming up period for rig and electronics the accelero-
meters were calibrated by rotating them through 360° around their operating axis
to give *1 g. By comparing the voltages generated with standard values it was
possible to ensure that the complete measuring system was functioning satis-
factorily. The signal corresponding to *1 g was then recorded and served as a

calibration signal for the subsequent analysis.

A low-frequency, sinusoidal signal was then fed into both axes on the rig
to ensure full and free movement. Some time during the check the emergency
buttons, including the one mounted on the vibrator table itself, were checked

for correct operation.




542 Instructions to subject

The subject (who had previously completed the pro-forma in Appendix B) was
brought into the vibrator room and shown the overall system. The safety
precautions built into the rig were explained to him, and the actions of the
emergency buttons demonstrated. It was stressed that if an emergency did occur
then under no circumstances should he attempt to jump off the platform. It was
also made clear that the complete system had been 'man-rated' and contained

adequate safety circuits.

The subject then sat in the seat on the vibrator and fastened his seat lap
harness, loosely so that it constituted no physical restraint. It was explained
that the purpose of the harness was simply to prevent him from suddenly leaving
the vibrator should a fault occur and also to secure him if the table tilted as

a result of any such fault.

The experimenter then switched on the swept sine generator and demonstrated
the highest amplitude input to the subject, effectively saying 'This is all you
are going to feel!'". Then, following the procedure laid down in section 4.3.1,
the subject adopted the different postures, first under no vibration and then
under vibration. The arm and leg position variations were then explained to and
practised by the subject (sections 4.3.2 and 4.3.3). The accelerometer harnesses
were then attached to the subject, as described in sections 4.2.1 and 4.2.2. It
was explained that, during the vibration runs, the subject would be required to
keep his head and shoulders in the same vertical plane throughout the tests.
Since any deviation from the vertical would be sensed by the accelerometers as a
dc change in the signal and displayed on the output amplifiers, a check on this

was maintained by the experimenter.

Due to the presence of the head harness, the subject was unable to wear an
intercom headset. In order to provide communication between the subject and the
'driver', at the control console outside the vibration room, a second experi-
menter equipped with an intercom set, sat in the vibration room thus satisfying
a recommendation of the safety guide3, that a second observer be present during
human runs. This second experimenter also instructed the subject on the required

posture, arm and leg positions for the particular run.

Recorded tests then began, the subject being instructed on posture etc by the
observer through the sequence of eight runs (making one test), set out in section

4.3.4, at the highest vibration level. If the sweep duration was 25 s, a test

took about 4 min; if 10 s, about 2 min. Then followed a brief rest and the
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sequence was repeated at the same vibration level. The input level was then
reduced to the medium and then lowest level and the procedure repeated. 1In all,

for one subject the complete set of runs took about 25 min.

The subjects received the test conditions in exactly the same sequence,
ie no attempt was made to balance the design of the experiment to eliminate any
order effects (see 4.3.4). The basic objective of balanced experiments is after
all that, for a set of tests which may be time-dependent in nature, the time
factor and learning should be eliminated. For the experiments reported here,
where the only time effect involved can be fatigue, it is extremely unlikely
that the 3 min could cause enough fatigue to alter the subject's biodynamic

response.

6 THEORY AND METHOD ANALYSIS

i A detailed discussion of the theory and method of analysis is given in

Appendix C, but some general comments will be given here.

The swept sine input used for this experiment defined in the form,
y(t) = A sin {w(t)t}

i where w(t) 1is such that the frequency of the wave varies linearly from Wy to

‘ w in T s.
| 2

The required frequency response of the body [H(f)] is then calculated
from the ratio of the Fourier transform of the output [Sy(f)] divided by the

| Fourier transform of the input [Sx(f)] , thus

s_(£)

H(f) = girfj ¢

This then provides the amplitude ratio and phase of the response function.

The computer settings for the various analyses performed were as follows:

1-10 Hz in 10 s

| ' Anti-aliasing filters (see Appendix C) set at 10 Hz for both channels

Computer block size = 256
T = 10 s

F = 12.8 Hz
068 max
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Therefore At = 0.039 s

and

Af = 0.1 Hz

Even though the input data contained no information above 10 Hz (this
being the upper frequency set for the swept sine wave), the necessary period T
of 10 s meant that Fmax had to be 12.8 Hz in order to fill the selected block

size.

2-25 Hz in 25 s

Anti-aliasing filters set at 25 Hz for both channels

Computer block size = 1024
T = 20 s
= 25 Hz
max
At = 0.020 s
Af = 0.05 Hz

A small keyboard programme was written which took in the data, performed
the Fourier analysis, eliminated the dc components (corresponding to 0 Hz),
converted the frequency domain data into polar co-ordinates, and plotted the

results on an X-Y plotter.

7 RESULTS
7.1 Summary

The total number of graphs required to cover all the results (ignoring for
the moment the fact that all the runs were duplicated) is given by six subjects
x eight conditions x three levels x two ratios (head/seat and shoulder/seat)

each graph showing both amplitude and phase response, a total of 288 graphs.

1f the results are grouped into posture variables, arm position variables
and leg position variables (three instead of the maximum eight possible condi-
tions), and amplitude and phase can be presented on the same sheet, the figure
reduces to 108. Clearly it is not practicable to present all the results and
equally, as discussed earlier, it is undesirable only to calculate the average
response of subjects and present as a 'standard' value. Therefore a compromise

has to be reached.

Inspection of the results summarized in the table below, in general

indicates that the primary features of both the head and shoulder responses are
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Approximate transmission ratios at resonance

Head/seat Shoulder/seat

Normal Back-off Normal Back-off

Transmissibility
at first &S 1.4 2 2.2
(4 Hz) peak

Transmissibility
at second 1 0.8 Q.17 0.4
(13 Hz) peak

a peak (resonance) at about 4 Hz and a second peak around 13 Hz, with a dip at
about 8 Hz. For the head, the transmissibilities for the two peaks are about
1.3 and 1.7 respectively for the normal posture and for the back-off posture the
higher frequency peak was reduced to about 0.8 with a slight increase in the
amplitude for the first peak. The results for the shoulder are 2.2 and 0.7 for
the normal posture, whilst back-off gives a reduction at the higher frequency to
about 0.4 with again a slight increase in amplitude ratio for the lower peak.
The phase lag curves showed an increase from 0 to 7 as the frequency increase
for the highest input level, whilst for the lower levels, in general, the increase
was from O to 3m. Clearly these are only generalised comments, variation in
subject, condition, level etc producing slight variations. However the pattern
described above was consistent for all the subjects and all conditions, except

for condition 8 where the subject leaned slightly forward off the seat back.

On the assumption therefore that this pattern describes the important
results, Tables 2 to 5 were constructed giving for every subject, every condi-
tion and every input level the values of the maximum and minimum amplitude ratios
on the frequency response curves, together with the frequency and phase lag at

which these values occur.
7.2 Tables

Table 1 gives some basic anthropometric data. Tables 2 and 3 give the
values of the maximum and minimum amplitude ratios and the frequencies at which
they occur for all six subjects and for all conditions and levels, for the head/
seat tests. Tables 4 and 5 give similar results for the shoulder/seat responses.
The tables are presented in this way as it is felt that the important parameters

of the results, both in assessing the results and trying to provide a theoretical

explanation, are the maximum and minimum transmissibility ratios and the
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frequencies at which they occur. The average responses for every condition and
level are given in Table 6. Comparison of the values in Tables 2 to 5 and

Table 6 gives an indication of variability within subjects as far as the maximum
and minimum points are concerned. Table 7 gives an indication of the variability

between subjects averaged across the three input levels.

Table 8 gives the correlation coefficients between the subject's age, weight

and height and his vibration response characteristics.

7.3 Figures

Subject 2 was found to give the most nearly average head response, and his

results for all conditions are given in Figs 4 to 12.

Subject 1 was found to give the most nearly average shoulder response and

his results for all conditions are given in Figs 13 to 21.
The table gives a key to Figs 4 to 21.

These results are presented in detail, as most of the discussion regarding
the variation in response for different parameters will centre around these
curves. Comparisons will be made between the trends observed for these partic-
ular subjects and the trends for the other subjects, whose complete response

curves are not given.

Figure number
Vibration Head/seat Shoulder/seat
level (subject 2) (subject 1)

H(igh) 4 13
Posture M(edium) 7 16
L(ow) 10 19
14
Arms M 8 17
11 20
6 1
Legs M 9 18
12 21

Figs 22 and 23 illustrate the variability in the results obtained (for one
subject, same condition, same level) for the two input durations and for identical

runs respectively.
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In an attempt to quantify and explain any possible non-linear effects

Figs 24 to 33 present graphs of the variation in the amplitude of the resonant
peaks with the frequency at which they occur. Visual inspection of such informa-
tion can often provide a better grasp of non-linearity effects than mathematical

explorations.

Figs 34 and 35 give plots of the correlation between age and resonant

frequency, and weight and rescnant frequency.

Figs 36 to 40 are included in connection with the theoretical arguments and

explanations covered in Appendix A.

8 DISCUSSION OF RESULTS

8.1 Head/seat results

8.1.1 Posture variables (Figs 4,7 and 9)

The most striking feature of the curves is that the amplitude ratio for the
back-off condition is consistently much lower than for the other postures, for
frequencies greater than about 7 Hz. Below this frequency this condition gives
marginally higher amplitude ratios. As far as the other three posture variables
are concerned, the slumped posture, like the back-off gives lower values above

about 7 Hz and a higher line below about 7 Hz than normal or erect, especially

for the two lower input levels. However the difference between normal (1) and
slumped (3) postures is much less than the difference between normal and back-off (8).
Clearly the slumped condition could have meant that the subject leaned slightly
forward so that he approached the condition of back completely off. Inspection
of the results at the lower frequency first, peak also supports this theory, in
that the highest value is for 'back-off and the next highest is for 'slumped
posture'. The results for normal and erect postures are seen to be virtually

identical.

As far as amplitude ratios at resonance are concerned, Tables 2 and 3 give
the results, and Figs 24 to 26 give each subject's results for normal posture and
back-off. It can be seen that for subject 2, and for normal posture, the
amplitude ratio for the first peak varies slightly for the three input levels
from about 1.18 to 1.20, and the frequency at which this peak occurs increases
from 3.1 to 3.7. For back-off both the maximum amplitude 0.42 to 1.75 and the
frequency 3.7 to 4 Hz at which it occurs, increase and with increasing level.

The implications of these increases concerning non-linearity are discussed in

s section 8.5. The dips in the curves all occur around 8 Hz and have an amplitude

. | |




ratio of about 0.4. For the second peak at the high level, there is a slight

inconsistency in that the slumped results give a higher peak than the normal or
erect (2.24 compared with 2.0). However the results at the other levels show

the amplitude ratios for slumped posture to be below those for normal and erect
posture. The results for other subjects show either that the normal, erect and
slumped postures produce very similar results, or that the trend described here
of a lower response for slumped is maintained. It is obvious that some of the
subjects leaned slightly forward in the slumped position, whilst others were able
to slump without leaving the back. [It should be remembered that each subject
was allowed to select his own interpretation of slumped, and that each subject

showed, on his results, that he was consistent in his selection.]

The amplitude of the second peak for subject 2 with 'back-off'wasonly 0.82,
ie a third of the value for the other postures. At frequencies higher than 13 Hz,
'back-off' tends to give a value of 0.40 whilst the other postures gave ratios
which fall with the square of the frequency, ie about 12 dB/octave. At 20 Hz,
the 'normal' and 'erect' values are about 1.10 and the slumped, 0.75. These
figures are similar for the medium and low input levels. Thus, even at
frequencies as high as 20 Hz, we have a factor of 3 between the normal posture

and the 'back-off' condition.

Inspection of Tables 2 and 3, which gives the results at the peaks and dip
for all the subjects and all the conditions, and Table 6 which gives the
averaged data, shows that subject 2 corresponds very nearly to the averaged
results. The results for the normal conditions at the first peak and high level
show an average of 1.21 with a spread of 1.05 to 1.45 with a spread in frequency

of 2.70 to 4.30.

Fig 24 gives plots of all the subjects' results for condition 1 at the first
peak, and show clearly the variation in the results between the subjects is probably
due to anthropometric variations. The problem of trying to explain inte “subject
variability will be discussed in a later section 8.9. The important point to
note at this stage is that all the subjects exhibited the same trends so that
broad conclusions may be drawn from one subject's results or by the average

response.

The results for phase lag for all subjects show an interesting variation
with level. At the highest input level, the curves show a gradual increase in

phase lag 0 to around m, at about 25 Hz with a hump at about 8 Hz, just above the

frequency of the dip in the amplitude ratio plots. Inspection of the phase plots

b e
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for the lowest input level reveals that an original hump has become extended so
that the curves fall to m at 8 Hz and then proceed to fall a further 2m, making

a total lag of 3m at 25 Hz. (The plots themselves can only vary between #m but
clearly the curves should be extended continuously from +m phase lag.) The
results for the medium level are a mixture of both types of phase response.

Some subjects were much more consistent in that results for high levels went from
0 to m and all other levels gave a 0 to 3m response. The section on non-linearity
(section 8.4) explains this changeover as a possible result of the change in
damping ratio as the level decreases. The results for 'back-off' are again
different from the results for the other postures. The phase lag is always of
the 0 to m type even at the lowest level. Note that again the slumped posture

results lie between the normal and erect variants and the back off.

The results of the variation in posture have thus revealed a very important
factor. To minimize head vibration at low frequency (below 6 Hz), and any input
level, it is marginally better to sit erect with the back firmly pressed intc the
seat (to suppress the main body resonance) as opposed to leaning away from the
back rest. On the other hand to minimize high frequency vibration (above 10 Hz),
the subject should lean forward and allow the body to attenuate the vibration
naturally. In this case the reduction in the vibration at the head, as opposed
to sitting erect in the seat can be as much as two thirds. It is interesting to
note that both kinds of vibration environment occur in aircraft. Low frequency
vibration (< 6 Hz) is common in normal fixed wing aircraft, whilst higher

frequency (15-25 Hz) vibration is common in helicopters.

8.1.2 Arm position (Figs 5, 8 and 11)

Clearly the effect of various arm positions for subject 2 is very small.
At the high and medium input levels, conditions for arms folded and arms on
oscilloscope appear to give slightly lower values at the second peak (13 Hz),
whilst at the first peak, arms folded gives a slightly higher value (6%) at a
slightly higher frequency. These differences are much smaller than the inter-
subject differences for the same conditions. Again the slight trend discussed

is evident for the other subjects.

The phase angle plots, apart from the low level input, arms touching the
oscilloscope, when the phase reverts to the 0 to m type, are almost identical.
Results for other subjects again show a consistent effect in that most of the

results for high input give 0 to m response, and most of the results for the

medium and low inputs give a 0 to 3m response.




Thus variation in arm position has little effect on the amplitude of

vibration transmitted to the head.
8.1.3 Leg position (Figs 6, 9 and 12)

In general, the effect of varying leg position from the normal is to
increase marginally the maximum amplitude at the first resonance point especially
when the legs are outstretched, and to provide slightly more attenuation
(compared with the normal condition) at frequencies greater than about 15 Hz.
Comparing the curves for each level, there is little difference, so that the
remarks made in 8.1.1 regarding variation in normal posture results for the three
levels and the actual values involved, again apply. The results at the high
level show an increase in the first peak amplitude when the legs were in the
forward position compared with normal. The amplitude increases from 1.22 to 1.56
and the frequency rises from 3.0 Hz to 3.6 Hz. When the legs are brought right
back, the amplitude again rises, but only to 1.27 and the peak frequency falls
to 2.75 Hz. At the other levels the same trend is apparent except that condition

6 - legs right back ~has a higher maximum value.

At other frequencies the leg position curves are 107 lower than the normal
(high input), and coincide except at the actual second peak frequency (medium
level). Inspection of other subjects' results indicates that the increase in
amplitude at the first peak, when the legs are outstretched, is maintained but

the figure of 407 is too high to take as an average value for the low level input.

8.2 Shoulder/seat results

8.2.1 Posture variables (Figs 13, 16 and 19)

It is immediately apparent that the curve for condition 8 (back off) is
very different above 10 Hz from those for the other three conditions. Also there
is again a slight tendency for condition 3 (slumped) to be the nearest of the
remaining postures to condition 8, for subject 1. Inspection of the results for
the other subjects bears out this trend. For the particular subject shown, we
again have two peaks at about 4 Hz and 13 Hz, with normal transmissibility ratios
of 2.2 and 0.70; for frequencies higher than about 9 Hz that is the frequency at
which the dip occurs, the curve for back off is consistently lower than for the
other postures, the difference being greatest at the second peak (0.40 compared
with 0.70) and least at the highest frequency tested where the responses in all

postures converge. Inspection of the results for other subjects shows a similar

reduction of about 407 at the second peak and convergence to the same value at
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high frequency. The average results show a similar reduction. For frequencies
lower than 9 Hz, and the high input level, the slumped condition gives the
highest reading - 2.65 as opposed to 2.39 for the back off condition. For the
other levels, back off gives the maximum amplitude of about 2.30, as was the case
for the head/seat results. Conditions 1 and 2, normal and erect gave very
similar curves for all the levels throughout the frequency range. Inspection of
the results for the other subjects indicated that in general, back off condition
gave the maximum value at the first peak for all levels, followed by slumped.
Subject 1 therefore did not follow the overall trend for this particular point
but provided a good average response for other trends, and the table of averages

clearly shows this effect.

Fig 26 and Tables 2 to 6 indicate that as the input level decreases (high
to low level), there is a tendency for the amplitude at the first peak to increase
(7%) and the frequency at which it occurs to increase (8%). These differences
are well within the intersubject variability. Fig 24 shows the results for the
first peak for all subjects and levels for the normal posture, with the maximum
amplitude varying between about 1.75 and 2.10 (20%) and the frequency between
about 3.40 and 5.30 Hz (55%). The questions of intersubject variability and
non-linearity will be covered in later sections (8.6 and 8.4). The variation in
the phase angle plots for the shoulder resulting from the posture changes
presents a similar picture to that for the head/seat results. At all levels, for
the subject illustrated (S1), all the phase plots lie very closely together. At
the high level, the curves fall from 0 to 150° at about 8 Hz, then climb back up
to a lag of 70° at 9 Hz, then fall steeply to 160° at 15 Hz and are constant
from then on. The plot for condition 8 is slightly different having a similar

shape, but lags of 1650, 80° and 140°.

At the other levels for this particular subject, there 1s no such
difference between condition 8 and the other postures for the shoulder as there
is for the head. The shoulder results are almost identical for all the postures
and the two levels of input, medium and low. The lag increase to 180° at 9 Hz,
then to 320° at 15 Hz and, again, is flat for higher frequencies. Inspection of
other subjects' results show that some back-off results do not show such a large
phase lag, but have the 0 to 180° type response even at the lower input levels.
The fact that the head results show such a change whereas the shoulder results

do not is discussed 1n the section on non-linearity (section 8.5), and may be

explained by saying that the head response is mildly non-linear whereas the




shoulder response is much less so, thus having less change in damping, and

producing a different kind of phase lag.

8.2.2 Arm position

Summarizing, the arm positions used made very little difference to the
amount of vibration being transmitted to the shoulders. There was however an
indication that for high frequency vibration, arms in lap (normal) provides the
least transmissibility, whilst for lower frequencies it is preferable to fold

the arms or touch the oscilloscope.

Figs 14, 17 and 20 show the plots of the results for the three arm posi-
tions. Condition | (hands in lap) is again included as a standard so that cross
references may be made between the results for posture, arm and leg changes.

A\ll arm positions produce a similar plot with two peaks and a dip. Both 'arms

" (4) and 'hands on the oscilloscope' (7) have higher transmission ratios
than 'normal' at frequencies higher than 9 Hz, and the frequency at which the
second peuk occurs is the same for each condition. This is generally true for
11l the subjects, the tables of averages giving the best picture perhaps,
where it can be seen that at the second peak the frequencies are virtually
identical for all the conditions but arms folded gives a peak transmission 507%
higher than the normal (0.72-1.10) and arms touching the oscilloscope gives a
peak 657 higher (0.72-1.20). The difference in amplitude at the second peak
reduces as the frequency rises until at about 25 Hz the other arm position curves
converge on the normal line. Below the second peak frequency the trend is for
the curves for conditions 4 and 7 to have a higher value (approximately 507) at
the dip frequency compared with the normal condition. It is difficult to deduce
a trend from the results of the first peak, as one subject's results appear to
contradict another's. Thus in trying to establish a trend in the results for
variations which is little influenced by the variations due to different
subjects, we are saying that, at the first peak, the variability between condi-
tions is much less than the variability between subjects. Considering the
averaged results, these show that the normal position gives a peak transmission
value (for every level) higher than the other arm positions (1.89-1.65, 1.98-1.75
and 2.05-1.91 for the high, medium and low levels respectively. This trend
appears in some subjects' results but not in others. Tables 4 and 5 give inter-
subject variatdons for the transmission ratios at the first peak covering the
range 1.60 to 2.12. The frequencies at which the first peaks occur are similar
for the normal and arms-on-oscilloscope case, but for arms folded are 107% lower.

As far as the phase lag is concerned, for the medium and lower levels the results
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with different arm positions are nearly identical with the normal curve. For
the high level, the phase curves for conditions 4 and 7 showed a marked
difference around the first peak where they only fall to about 100° whereas the

o : L
normal curve falls to 150 . Apart from this the curves are very similar.

In order to establish any trends for varying arm position, we have been
forced, by using the average results, to ignore a basic premise of this Report.
It was found that this was the only way of establishing a trend, which ultimately
proved to give a variation in amplitude much less than the variation occurring

in the normal condition between subjects.

8.2.3 Leg position

Figs 15, 18 and 21 give the results for different leg positions (l normal,

5 outstretched, 6 right back) for the three input levels. Of all the variables -
except the effect of back off in the posture variables - change in leg position
gives the most significant effect. Except for frequencies around the first peak,
the curve for the three leg variables are very similar for the medium and high
levels. However when the legs are stretched out the amplitude at the first peak
frequency is 507 greater than for the normal condition (approximately 3.1 instead
of 2.05). When the legs are brought right back (condition 6) the peak is
fractionally higher (less than 107) than the normal. This trend is borne out by

the average figures in Table 6.

Subject 1's results indicate that there is a slight tendency for the peak
values to increase (5%) as the level decreases, for all the leg positions, this
trend is also apparent for the frequency of the first peak. All leg variables

give the same value of frequency for the first peak at all input levels.
The phase lag curves show little variation with leg position.

8.3 Order of systems involved in response curves

In this section we shall be discussing general conclusions from the
detailed analysis of spring mass systems given in Appendix A. One of the
simplest, but in some cases most inaccurate, way of deciding the kind of system
which gives a particular response curve, is to count the nimber of peaks in that
curve. A single spring-mass-damper system (see Appendix A) has one resonance,
unless it is very heavily damped, a two-mass system has at least two resonances,
etc. Clearly, however, there are limitations to this argument. One can imagine

a two-mass system where the two sub-systems have very similar individual responses

(although their components governing stiffness and damping may be markedly
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different), and if the coupling term is small, the resulting response curve when
the systems are combined will be single peaked. Or if the second system is very
heavily damped compared with the first system, and possibly has a higher natural

frequency, again only one peak may show.

Inspection of the phase response can also aid in defining the number of
orders in a multiple system. One can logically argue that if, in a multiple
system, the sub-systems are sufficiently separated as far as their natural
frequencies are concerned, and damping is applied high, each part contributes
90° (for & > 5 where a is the ratio of the frequency to the natural frequency
of the system). If however the natural frequencies are relatively close together
(their ratio being two or less) and the systems are lightly damped, then each

f sub-system contributes 1w .

For values of o greater than about two, the response curve falls off in
proportion to 1/f for a single orxder system. If measured results indicate that
the final fall is 30 dB/octave or (1/fs), then five systems are involved in the
overall picture. The figure of (1/f) is independent of damping, stiffness or
resonant frequency, when o becomes very large. At high frequencies the ampli-
tude, output/input acceleration, R 1is proportional to 1/a giving a slope of

-6 dB/octave on a logarithmic plot.

All the previous arguments have assumed a series connection of sub-systems
with little coupling, that is the secondary mass (or masses) is (or are) small
compared with the mass in the first system and thus have little effect on it.
But since the body is not a 'simple' series of spring systems, but rather a
combination of series and parallel paths the problems of trying to define the
order of the system are greatly increased. The governing equation for output/
input of a simple series path has been formulated and the values of the maximum
amplitudes and the frequencies at which they occur have been calculated. If we
now add an unknown system as a parallel loop - the ratio of output to input
across it not being measurable - then only by means of trial and error or
intuition can we begin to define the sub-systems involved. Any peaks calculated
or resonant frequencies found may be reflections of the superimposed parallel
system's response rather than the series (and measured) network. Either way,
the problems of trying to model the responses are great, and the possibility must
be faced that if inspection of the response curves indicates that, either the

system is not a simple series arrangement, or it is composed of multiple (>3)

sub-systems, one may have to accept the response curves as applying to that
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situation only and abandon attempts to model the system. The relevant section

(10) covering future work will recommend a mathematical exercise to model a
typical curve, whilst the designer or engineer would have his basic information

covering frequencies to avoid etc ready for use.

As far as the present tests are concerned, for the purposes of estimating
the order of the systems involved, let us assume a 'standard' response curve.
This curve has a peak at 4 Hz, of amplitude ratio 1.40, a trough at 8 Hz, of
amplitude ratio 0.40, and a second peak at 13 Hz, of amplitude ratio 1.3. This
is simply a theoretical curve covering head or shoulder response for all subjects
and all conditions except back off condition, where the subject leaned forward
off the back rest and very probably drastically altered the order of the systems

involved.

Theoretically, a response transmission curve which has a resonant frequency
at 4 Hz crosses the unity gain axis at a frequency of V2 x 4 Hz , or 5.6 Hz.
The gradient of the curve after this (/E'fmax) point is really determined by the
number of systems. Assume that our curves represent a chain of systems, the
first of which has a resonance at 4 Hz. The cross over point is therefore at
5.6 Hz and the curve falls off thereafter as (1/f) - at 6 dB/octave. Therefore,
the frequency of the second maximum (at about 13 Hz) is about twice the cross
over frequency (5.6 Hz » 13 Hz) so that the transmission ratio had fallen by a
factor of 2. 1If it is assumed that we have a simple series-connected, two-mass
system then the true value of the second peak should therefore be approximately
2 x 1.3 or 2.6. Thus we have postulated that our response curves represent a
double series system with resonant frequencies and maximum amplitude ratios of
4 Hz/1.40 and 13 Hz/2.6. The higher frequency system, when treated in isolation
will have an amplitude ratio of roughly 1.11 at 4 Hz, that is at the first peak.
On this reasoning our first peak, in isolation, has a true amplitude ratio of

1.27, which corresponds to a fairly high damping factor of 0.72.

Continuing this reasoning but relating to the dip in the response curves
which occurs at 8 Hz, then the first peak will only have fallen by about 307 and
the second system will have an amplitude of about 1.50 at the same frequency.
Therefore, again simply connecting in series, gives a figure greater than unity
at a frequency where experimentally there is a dip below unity. In fact this
series connection means that the amplitude ratio curves cannot fall below unit

between 1 Hz and about 15 Hz. Therefore this cannot be the model to explain the

results. The only way that a dip can be generated at around 8 Hz is for the
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first peak to be the result of more than one sub-system, with similar character-
istics. Then the fall off would be (6 dB/octave x the number of systems
involved), but the cross over point of 5.6 Hz would be the same. Thus one can
calculate that for a slope equivalent to a fall off as (l/12) the amplitude

ratio following the first peak is 0.55 at 8 Hz, and for (1/f2) the figure is
0.40. However, these extreme slopes mean that the second curve now has peak
amplitude ratios, when treated in isolation, of about 5.2 and 10.4 respectively,
ie very lightly damped systems which in turn implies, for the second syste.

again, amplitude ratios of around 1.55 at 8 Hz. When we now combine the circuics
in series we have at 8 Hz either 0.55 times 1.55 (0.85) or 0.40 times 1.55 (0.62).
It also implies that the first peak treated in isolation has a true value of

only about 1.20 (0.80 damping ratio).

These figures are certainly less than unity but are a long way from the
required figure of 0.40. Intuitively, this logical approach of several super-
imposed low frequency resonances followed by a lightly damped higher frequency
resonance has advantages and disadvantages. It is well known, and has often been
demonstrated by the author to visitors to his vibration facility, that the low
frequency resonance of man (around 4 Hz) is brought about by, amongst other
things, the resonance of major body organs contained within the rib cage and
abdomen. If vibration of a sufficiently high amplitude is used, by slowly
varying the frequency between about 3.5 Hz and 6 Hz, the subject can easily
identify the oscillations of organs within his own body - such as stomach, lungs,
etc. Thus it is extremely likely that the first peak is caused by several
similar sub-systems all resonating at about the same frequency and producing one
overall peak in the total response curve, and with a fall off greater than (1/£2).
All these sub-systems will have a different connecting point to the major
structure of the body, so simple series addition cannot be used. As far as the
amplitude ratio curves are involved, in order for the argument to hold across
the whole frequency range tested, we must follow the first peak with a very
lightly damped second system, h about 0.05, Rmax {(maximum amplitude) about
10, with a resonance at about 13 Hz. It is doubtful whether such a lightly
damped resonance exists anywhere in the body. Past literature has suggested that
this second peak is due to the spine, which intuitively would be regarded as

moderately damped.

Inspection of the phase response at the medium or low input levels, (the
change in the shape of the phase response between the high and the other levels

will be discussed in the section dealing with non-linearities) reveals that the
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phase lag has increased to just under 180° by the time we reach the dip in the
response curve., Overall the phase lag is around 540° at the highest frequency
tested. Again assuming that the first systems, which give a peak around 4 Hz,
are moderately damped, each sub-system will give 90° and it appears that we have
two sub-systems. The final phase lag is 540° so that the second peak needs to
contribute 360°. If we again assume a very lightly damped second peak, then

v 8 ) & . o o
360" can be obtained by the use of two series circuits.
8.4 Non-linearity

In the preceding section dealing with the number of sub-systems involved,
the general conclusion reached was that the complexity of the situation precluded
any worthwhile attempt to define the internal details of the system under test.
Any discussions regarding non-linearity can be made either on the results as a
whole by simply ignoring the order of the system and seeing how the curves vary
with varying input level or by logical arguments based on assumptions regarding
the response of simple single systems and fitting the conclusions to the experi-
mental data. As with the preceding section both arguments will be explored and
conclusions drawn in the light of the findings of both this and the preceding

section.

Basically non-linearity will show itself by a variation in the response
curves for the three levels tested (bearing in mind that there is a factor of 2
to | in the input levels). Clearly it is impossible to plot all the curves for
all subjects and conditions here, therefore detailed comparisons between the
responses at the three levels cannot be made. Hence in order to explore linearity,
an assumption has been made that any non-linearity will affect the damping and/or
stiffness of some part of the body system. In turn this will affect the values
of any resonances or maxima in the response curves together with the values of
the frequencies at which these maxima occur. These changes in Rmax and & ax

(the maximum amplitude ratio and the frequency at which it occurs) will also be

reflected in changes in phase angle plots.

The values for the above maxima for all subjects and conditions are given
in Tables 2 to 5. Inspection of ‘these tables indicates a general trend for the
maximum amplitudes and the frequencies at which these maxima occur, to increase
as the input level decreases. The 