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INTRODUCTION

SECTION 1




I - Introduction

Since the advent of the technological age, man has found that
he has had to endure increasing physical and mental stresses. The
effect of vibrational'forces on man is just one such problem which
has teen brought about by the increasing use of road, air and spsce
vehicles. These vibrational forces may result from slight imbalances
in rotating or recippocafing machines, discrete energy inputs or by —
the environment in which the vehicle 15 travelling. The vibrations,
as well as having.an adverse effect on the machine itself may also
affect its user.

A1l the vibrational inputs {irst have a mechanical effect on
the body, the resultant response of the subject being dependent on the
precise nature of the vibration input. In congidering the effects of
steady-state vibrétion on the body the fregquency range of 1-20 Hz has
rece;ved particular attention, below 1 Hz the effect to the subject
is predominately that of motion sicknesé, while above 20 Hz the pro-
tection of the body by mechaniégl damping systems is relatively easv,

Within the‘frequency'rahge 1-20 Hz the response of the human body to

vibration is very complex and may be dependent on a large number of |

: |

variables, (See Figure lNo.l) which are in themselves time dependent. 1
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_ If the humen body is viewed from a mechanical viewpoint
'oniy, the body still appears a complex-system. This complex system
being studied in various ways,depending on the researchers
particulaf interest. The study of the mechanical properties of

the body tissue, bones and organs is 6ften associated with the
vibration' of a specific part of ;he body; whilst whole body
vibration studies have often been concerned with the postulation

of mechanical analogues to simulate the mechanical response of

the human body to vibrational inputs. In the 1étter study the
quéstion of the linearity of the bodies response has received
particular attention.

Mechanically the body may be regafded as a complicated
system of masses connected by visco—ela;tic elemeﬁts, whose
mechanical properties are non-linear, and .due to the ;active"
naturé of the body, are also ﬁime dependent. It would therefore
appear to be a very complex if not impossible task to accurately
simulate the response of the body; previous research has shown
however that under certain vibrational.inputs the body can be
approximated by a linear mechanical system. Thus a mechanical
analogue can be devised to Simulate the reSponée of the body btut
only for a specified vibrational input.

A method of assessing the mechanical properties of an unknown
system, such as the human body is that ef mechanical impedance
neasuremeﬁt. | In impedance studies the body is regarded
as a "black box", the force input to the black box is then measured
together with the motion it produces. The impedance is then

defined as the complex ratio of the force to the motion produced.




"Motion however can be épecified in one of three ways:-

displacement, velocity or acceleration, this meané therefore

-thét "impedance"‘cﬁn be computed in terms of diSpiacemgnt, velocity-
or acceleration. Many namesvhave been given to these "impedances"
in thé literature. In this thésis however all three will be
referred to as impedance, with the motion being specified; 1i.e.
they will be referred to as displacement, velocity or acceleration
based impedance.

In most previous studies the veloéity based mechanical
impedance has been measured e.g. Coermann R.R. (1963), Krause H.E.
and Lange X.0. (1963) Edwards R.G. and Lange X.0. {1964), and

Suggs C.W., Abrems C.F. and Stikeleather L.F. (1969). The

impedance computed in the studies reported here was the

acceleration based impedancé; as the force cell used in the research
measured, the force and acceleration inputs to the body. The
acceleration impedance was computed due to the difficulty in
accurately converting the acéeleratidn signal to the veloeily

signal required to obhain the velocity baéed impedanée. The
acceleration hrased impedance canibe easily converted by a digital
computer to thz veloéity or displacement based iﬁpedances.

The mechanical acceleration based impedance was measured
primarily in the seated posture using a sweep of the sinusoidal”
input motion from 3 to 30 Hz, the subject's legs being supported.
This posture was adopted as it was thought that it best simulated
the seated passenger in a véhicle. The input force bteing in the

direction of the longitudal axis of the body, i.e. the measured.




force and acceleration being in the direction as specified in
the I.5.0. Recommendations (1969). To'complete the study
measurcments were made on a small numBer.of subjects in:-

a) performing a tracking task in the seated posture while
being vibrated.

b) three different standing postures, to try to assess the
vibration isolation qualities of the 1eg§.

Previous researchers have in théir determination of
whole-body mechanical impedance,used a steady frequency and
have plotted the force and velocity inpuﬁ to the body, digitised
these plots, and computed the impedance modulus and phase angle
with a digital computer. This nrocedure beiﬁg'repeated at
different frequencies in steps of + or %—Hz._ The object pf this
fesearch programme was to obtain a continuous plot of the
impedance modulus agéinst the input frequency of the applied
vibration during the exéeriment.

Prior to undertsking the impedanée monitoring experiment a
study was made into the safety of subjects undertaking vibration
experiments. Although thié study was made with particular
reference to the Loughborough University actuator, the research
did however provide some useful information for other institutions
‘engaged or w?shing to engage in this particular field of human
researqh. A'systéms analysis approach was used on the subject.—
actuator - operator system to detect any potential failure situations
and test, if possible, the effects they would have on a subject.

-The analysis also enabled modifications to be made to the

ot



-actuator before its use in a major experimental programme.

- As the experimental programme of'impedance measurements
was not undertakeh until after the safety study the rezearch
reported in the thesis is divided into two distinet and
separate parts, A. and B.

Part A describes the safety tests carried out on the
actuator,-and reconmendations for modifications to improve
‘its safety; while Part B reports on the'experimental
programme for the continuous monitoring of the mechanical
impedance of the human body during steady state.sinusoidal

vibration within the frequency range 3 Hz to 30 Hz.
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© 2 - Literature Revieuw

2-1 | Introduction This review of the literature is not

intended to be a fuil bibliography (as for instance is_that of
Guignard and Guignard (1970) on the-effectb of vibrational forces
on man, but refers to literature which is relevant to the topics
of research detailed in the introduction to this thesis.

The literature reviewed in the field of vibrational effects
on man's performéhce, although not directly relevant to the
research topics of this thesis, have béen included as ihey contain
useful information on equiphent design - e.g. with regard to
actuator type and performance, and subject‘safety.

The literature review has, for convenience, been divided
into three parts. The first part being the féilbwing section
detailing general papers and reviews. The other two parts are
given separately.

2 - 2 General Paners and Reviews

A fair proportion of'the“reéearch concerned with the effects
of sinusoidal vibration on the human boay has been carried out in
the United States. However the majority of this research has
been sponsored by the Armed Forces or N.A.S.A. and the test
equipment used and the research techniques employed have, in
many cases, been applicable only to the -particulsr problems being
étudied; Hovever, several general pepers and reviews from the
United Siates'have.proved useful to the author.

A review by Hornick R.J. (1962) gave summaries of the effect
of sinusoidal vibration on compensatory tracking, visual acuity

and reaction times. With regard to compensatory tracking he




gtated that while there were discrepancies in the literature,

there was general agreement that compensatory traéking ability
showed a decrement, which was related to amplitude and acceleration
increases, and vitration duration in the rarge 1 - 30 Hz. Hornick's
views on éompensatory tracking decrement were shared by Bevis and

Hughes (1970) and they also commented - "certain tasks, for

instance:- compensatory tracking,do not show complete recovery from

interference immediately following vibratién."

Hornick also listed a number of basic problems in the executi§n
and reporting of human vibration research. He stated that not
enough attention was paid'to:- (i) subject types - i.e. age, sex, "
intellect, anatomy, motivétion and experience levels; (ii) the
jnfluence of restraints used in experiments designed to measure
body dynamics.

He also noted that to obtain meaningful results in this research

‘field a faithful transmission of the input motion to the subject

was important and this required the subject to be seated on a rigid

- support attached to the particﬁlar shaker system. This did not
apply if the objective was specifically to study seat characteristics
The input mction sheould also edequately describe: - Does it have
constant amplitude, or constant acceleration? Is it measured as
a peak value or peak to peak or is r.m.s. units?

The paper by Hornick was of general interest, but is partic-

ularly useful go the research student as it gives an insight into
the pitfalls into which he can easily fall in this particular

research field.




- Hornick also referred to the terminology for motion direction
used by the National Academy of Sciencés - National Research
Council, and how it can be carried over to the field of vibration
| research:; For acceleratioﬁ the Ccuncil has designated motion
from chest to spine with the su?script:—

"' (+ gx = eyeballs in)
for motion from shoulder to shoulder:-

"y' {+ gy = eyebells left)
and for motion from head to toe:-

"g" (+ g, = eyeballs down)

Hence vibration inpgts could be degcribed with reflerence to
the human body. This is.the same terminology as }s adopted by
the International Standards Organisation recommendation "Guide
for the Evaluation of Human Exposure to whole body vibration"

(1970). This terrinology is also used for acceleration measure-

ments quoted in this thesis.

A general paper by Guignard, J.C;‘and Irving, A. (1966)
outlined the various physiological effects of vibration and
indicated the frequency ranges in which these effects occur.
Guignard and Irving gave details of a transmissibility study and

 a study of the offects of vibration on visual performancé.
The studies were carried out on ten male subjects, five "large"
and five "sméll". ‘ Posture was standérdiséd by a simple
horizontal sighting tube, the tube being adjusted for each

subject when he was seated on the vibrator platform. However,

-,




it might be argued that this rigid control 6f posture Qas not
Vas representative of the "field" situakion as a posﬁure.adopted
voluntarily. | .

A summary of results and the eqﬁipment used by Guignard
and Irving are shown in Fig . No 2

One of the most ccmprehensive 1iterature reviews to be under-
taken in this country was that of J.C. Guignard and Elsa Guignard
(1970)-. The fSllowing extract from the preface of the review
gives an indication of the scope and néture of the review:—
"Its purpose was to provide guidance to the diffuse and conflict-
ing literature on human response to vibration, with particular
‘reference to low-frequency vibration affecting the efficiency
of aircrew. Such guidance was ueeded in the formulation and
appraisal of criteria and limits of human exposure to vibration
in flight and in ground operations, and in.planning of future
research. Work related to the problems of control and ride in
modern transport in<éeneral‘was‘élso exémined during the course |
of the survey."

The survey covered about six hundred and fifty papers
published before September 1969. Each paper was assigned to
one of the following six categories:-

(1) Description of environment.

(2) Definition of criteria and limits of exposure to

vibfatioﬁ.
{3) Research reports on the human response to vibration.

(4). Development or testing of anti-vibration procedures




or devices.
(5) Development of experimentél facilities or techniques.
(6) Information or educatioﬁ (reviews and biblidgraphies).

The survey then reviewed ' papers generally under the
headinésvgiven above and detailed the percentage of reviewed
papers that fell into that particﬁlar.category as well as giving
details of subject breakdown under these‘headings. The survey
contained sections on "Ethical and Safety aspects of Human
Vibration Experiments", and "Recommendations for the reparting
‘and carrying out of vibration experiments". The former section
will be referred to again later. (Section A& - 2).

The review al;o contained a comprehensiveé glossary of terms
commonly used in the vibration. The terminology laid out in
tﬁis glossary haé been adhered‘to as closely aé possible in
- this thesis. -

Guignard and Guignard pointed out several areas where they- .
felt reporting had been very éparse in the past,'and thét these
should be reported in future papers on vibrational effects.

The first point to be made at the beginning of the

review is that the field covers such a large number of disciplines,

_this often leading to the ambiguous usage of words. One of

the most common ambiguities being in the reporting of experiments

using sinusoidal vibration, authors referring tb the amplitude
of the vibration, "sometimes the quotation of the half-wave or
vector amplitude appears to be intended: at others the peak to

peak or double amplitude. Lack of clarity on this point alone




can —-and occasionally does - introduce a factor of uneertainty
of 2 into any conclusions to be drewn from the experiment."
Cuighar and Guignard (1970) made meny commenes throughout
their_?eview on the quality of reporting, and the deficiencies
"which often occurred in the surveyed papers. The review has teen
of great value in obtaining relevant references on mechanical
impedance and vibrator safety and has also-been of considerable
help in considering the format and contents of this thesis.,
Many of the comments on reporting and discrepancies in the
literature cited by Guiguard and Guignard (1969) were echoed by
Allen (19§9, 1971 and 1971a). In his paper "Human Reaction to
Vibration (1971) he reviewed the present knowledge in the field
and glso commented on the ISO proposals (1S0(1969). The report
concluded with some suggestions for future research, and the
format it should take.
Allen in his conclu51ons and recommendations canmented that: -

_a) A lot of the confuslon had arisen in the past because experi-
mentors had not clearly deflned the vibration env1rnnment used.
Allen suggested that experimentation should be "standardised" on
a national and international basis.

b) More "field research" should be undertaken as this type of
experimentation can pro&ide realistic evidence as to the effects
of vibration on the.human Eeing.

c) Alleu also called for designers and research workers to use
cautiously the present literature on the humai: reaction to

vibration, and commented on the transfer of laboratory obtained

13



{esults to "real-life" situations.

a) He”concludéd:— "Fourthly, in research into the .effects of
vibration, let us aiways strive to find'out.'why‘, not just
'what'."

| Another comprehensive review of the literature although not
on the scale of Guignard and Guignard (1969) was tbat of Beevis
D. and Hughes, J. (1970). '

The report made many interesﬁing commeﬁts on vibratiqn
research as well as giving the research worker a larger number of
useful references. Some of the comments are outiined in the
later sections of this literature review.

The report also contains a section on the background
history of the ISO. TC/108 Recommendations; and commented upon -
its use and validity in practice.

fOther reviews of interest‘ére'those of.Von Gierke, H.E.
{1964) (1966). Von éiérke's repofts contain considerable
information on the mechanical impedance of the whole body and.
also body organs. This information will be detailed in sections
three and four of this review.
A review by Matthews, J. (1964) cbn£ained much useful |
information about "off the road" vehicle seats and suspensions,
. and some'intefesting data from hany researchers' experiments on
seat attenuation end transmissibility. A graph by Simons, A.K.
(1952) compa;ed the transmissibility of'two seats to that of the
human legs. This is shown in Fig. No.39.

- A comprehensive review by Sandover (1969) deali with the
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reaction of the human body under impaét and aircraft ejection
conditions, and the design of a suitable analogue to represent
the body ﬁnder thesé conditiQns. The review also contained many
relevant comments and references, in the field of vibration
research, and especially with regard to the Mechanical Impedance
of the hﬁman body under impact and sinusoidal conditions.

Shurmer (1967), Synder, F.W., Beaupeurt, J.E., Brumaghin,
S.H. and Knapp, R.K. (1968), and Harris end Shoenberger, R.¥.
(1965), all contained useful references and offered good general>
"reading in thé field of Humah.reaction to vibratién. The latter
report, as well as reviewing existing information on human per-
formance also detailed an experiment carried out by Harris and
Shoenberger into human performance under vibration conditions.

There are also several text books available dealing with
vib:étion, in general terms, and some physiélogy and engineering
text books_containiné4sections réferring to vibratioq effects on
the human body, mechanical impédance and vibration isolation theory,
the foliowing were consulted in thé course qf this research.

Harris and Crede (1961) "Shock and Vibration handbook"
(Volumes 1, 2 and 3) contains chapters'oﬂ vibration isolatioh and
mechanical impedance. The handbook does contain some information
on the physioiogical and biodynamic effects of vibration on the

human body. There is also detailed ihformation on measuring

vibrations and on the types of transducers used. Another textbook




giving useful information on' the physiological aspects of
vibration research is that edited by Alt, F. (1966)
"pdvances 3n Bioengineering and Instrumentation." AThe v
text tells which physiological quanfities need to be
measﬁred, and how to measure them.  "Anatomy and Physiology
for Nurses" by E. Pearce (1962) was found by the author to be
a useful reference text oﬁ human physiology, for engineers as
well as nurses.

| As the research project was more of a bioengineering
nature, a textbook, dealing with mechanical vibrétions,
"Vibration Theory and Applications by Thomson, W.T. {1965)
was congulted. The text dealt with single end multi-degree-
of -freedom systems, in free and-forced vibration éituations.
It also coverc;d shock loading, sinusoidal and random
vibrations and sections on analogue and digital computing
techniques. -

Texts useful in regard,to anaiogus computatidnvand

analogué elements are referred to in Section B - 5 of the

thesis.
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PART A - Vibrator Safety

~A -0 Introduction
- The initial eim of the researcﬁ was to ccnducf mechanical
impeéance measurements during steady stateAsinusoidal vitration
on a number of subjects in defined seated and standing postures.
The research also involved the installation and testing of a
suitable vibrator, before any impedance.measurements cculd be made.
buring consultations with the manﬁfacturers of the vibrator and
during its installation, it was realised that a comprehensive
programme of safety check tests would need to be carried out
before the actuator could be used with large numbers of subjects
in a full experimental programme. VThié part of the thesis deals
with the installation, performance, testing and safet& appraisal
of the actuator before its use in major experimen@al programmes.
When the actuator end its power suppiy had been installed,
initial performance tests were carried out, with regard to actuator
performance and noise.pollutioﬁ of the surrounding environment.
These_are reported in Section A - 3. After the.installatién of
the actuator a careful analysis of the operator-actuator-subject
system was undertaken, and a range of safety check tests were
devised from the results of the analysis. (Section A - 4).
These tests were to eﬁsure that in any potential failure, the
resulting acceleration (or impulsive) waveforms of the actuator
»lpiston‘would be within the draft limits laid down by a National

commnittee investigating subject safety in vibration experiments.

19




-

The actuatord performance during these_sgfety check testS

proved satisfactory, but using a dollection of comments from
‘operators, subjects ana observers during‘subsequent experimental
prograﬁmes, a set of reéommendations to modify the Loughborough
University actuator were drawn up. (Section X - 5)

During the dgsign,and development of the electro-hydraulic
actuatgr, it was realised that the actuator would be unsuitable
for use in undergraduate practiczls. Thus whilst the electro-
‘hydraulic actuator was in production, a small mechanical portable

vibrator, for use in undirgraduate vibration studies was designed

and developed. (See Appendix 2).




A -1 Risk

\ A-1.0 Introduction

The safety of.the human subjects must be of paramount
~ importance to any experimegter working.in the field of human
research. This is especially so when the experimental
equipnment could cause considerable injury or even prove to be
fatal to the subjects used. The usevof an electro-hydraulic
actuator constitutes this sort of risk, thus the safety of human
subjects used has to be borne in mind froﬁ the initial design of
the vibration equipment tﬁrougﬁ to the com?letion of the experi-
méntal programme.,

The risks to a subject involved in vibratioﬁ experimentation
can be classified into two types, the Inherent Risk and the .
Extraneous Risk.

A -1, 1Inherent Risk

Inherent risk is the risk involved as par% of the experiment,
thgi is the risk associated with the vibraéion level used, or any
other procedure that might be adopted in the course of the
experiment. | o

The most likely causes of inherent risk in this context would
be:~ a) use of too severe a level of vibration or

b) failure to exclude a subject.who is medically unfit
to participate in the gxperiment.

The levél of vibration and method of subject selection used
by the author were adopted with reference to the "Draft Guide on
the safety éspects of Human vibration éxperiments". (Draft 3 1969).
This document will be superseded by a ﬁritish Standard "Draft for

Development".




A - 1.2. Extraneous Risk

Extraneous risk is that incidental to the nature of the
experiﬁent. Thié type of risk ihvolves the féiiure of the
equipment or operator; also any accident that might occur to
the éubject in the 1aborator&; before or after the actual
experimeﬁt#i ﬁrogramﬁe. |

The following section is mainly concerned with the
extraneous risks to the subjects. The section deals with
the design and selection of the actuator and this has a
considerable bearing on the safety of the vibration equipment.
Simulated failures are also reported as these provide useful
data on the dangers of the qquipmént”to experimental

subjects.




. A -2 Literature Review

A - 2.1 Safety in Human Vibration Experimentation.

In reviewing the literature on vibration experimentation in
.this.counéry and abroad, one'notices that one aspect commonly
neglected is the reporting of_the safety precautions taken to
protect sﬁbjects from equipment or operator failure. This fact
was noted by Guignard and Guignard {1970) "Less than 5% of the
papers in Category 3 - which report human experéments using whole-
body vibration machines or allied motion devices, give any details
of safety measures or other provisions for the well-being of the
subjects used in the experiment." |
Considered below are a number of papers presented at an
informal meéting of research organisatiéns interested in, or
already engaged in, vibra@ion*research. This meeting was called.
by J. Matthews at N.I.A.E., Silsoe on 7tthovember, 1968. The
author hgs also found the document; "vibrator safety"” , Matthews
J (Ed) (1968) drawn up by a committee formed at this meeting, to
have been of considerable help in the design of the safety systems
used on the actuator. |
Chisholm (1968) "Subject Safety in Hydrawlic vibrator experi-
ments" géve the results - although only a visual appraisal of
acceleration was used - of some_simulated faults on a perticuler
test rig. Five simulated faults were used. From the visual
assessment of the resulting ram accelerations, the failure giving
the most severe accelerations was that of over-loading the unit

with a "square wave input signal whose magnitude correéponded

—
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40 a displacement of the raﬁ which was one and half times its
physical maximum stroke™.

The failures were simulated with the ram unloaded. Chisholm
' did however retesﬁ with the 5quare‘ﬁave, loading the ram to 150 1lbs
with bags of lead shot, and measured the resulting acceleration -
"The peak acceleration was of tﬁe order of 40g using 150% maximum
stroke square wave input at 10 Hz." He concluded his paper by
1listing possible safety devices and some disadvantages in their
use. He noted .that "A éafety cut-out should ge as far downstream
in the system as possible to cater for the greatest variety of

failure conditions."

He started by suggesting a mechaniéal link between the
subject and actuator ram designed to féil at an ihjurous
acceleratioﬁ level, (i.e. with regard to the subjecti. He also
pointéd out that this could Ee difficult due to variation in the
plastic behaviour of the failure link andAthat "different
mechanical impedancies of the rig/seat/subject system would give
wide variation in the ratio of subject.acceleration/fail-safe
loagd." |

He also postulated the use of an electronic control of the
servo-yalve - this depending on the type of servo-valve used.
The contrél would be in the form of a pre-set inertia switch

placed on the rig which could interrupt, via a relay, the servo-

valve control line. Mechanical failures, although almost impossible

to prevent, could be minimised by regular checking of the equipment -

-

actuator, subject support rig, and electrical leads etc.



. Two other papers presented at this méeting dealing more
with the design of actuators for use iﬁ human experimentation -
were Clarke, M.J.(l§68) ’4ethods_of»Sﬁbject Protection" and
Ashley, C.(1968) QSpecial requireménfs in Specification of
Vibrators for Human Vibration." A third paper pfesented at
this meeting was by Guignard, J.C.(1968) "Some notes and
recommendations on the use of human subjects in vibration
experiments.” These papers formed the bdsis of the "Guide on
the safety aspects of Huﬁan Vibration Experiments", (lé68 - 1969).
The earlier draft copies of this guide were very useful to the
author in his work with regard to the safeiy of the Loughborough
University actuator-.

The papers by Clarke (1968} and Ashley (1968).dea1t with
the mechanical and electrical aspects of eguipment used in human
viﬁration exéeriments.A The papers discussed the features that
needed to be designed into an actuator when it is to be used for
experiments with human sugjects; The agthofs reccmmiended the usé.
of hydraulic snubters, electric control on the servo-valve input
signal, electric limit switches which come into action at the
limits of travel of the actuator ram, and a well designed operator
control panel.

Other papers in the specific field-of human vibration exper-
iments consulted by the author were:- - Guignard and Guignard
(1970) Séctioﬁ 7 "Ethical and safety aspects of human vibration‘
experiments." This section is a precis of the Guignard J.C.

(1968) paper, and refers the reader to the Code of practice -

25




“Guide on the safety aspects of Human Vibration experiments."

Allen (1970) and Allen (1971) "Techniques for body vibration
‘experimenfs", suggested that.a code of practice for all aspects

of human vibration experiments should be drafted. The two papers
contained Allen's views on the format this code of practice should
take. The papers also made recommendations to experimenters
working in this field, as to how they should conduét their invest-
igations, and also what they should report, and the format their
report should take. This was an attempt to standardise the
research in this particular field which'had been carried out on

a very ad-hoc basis in this country and abroad.

A - 2.2, Industrial Safety

Several textbooks oﬁ industrial safefy were also consulted
end found to be of general interest with regard to the safety
studies.

DeReamer, R.(1961) "Modern safety Practices". the text,
although de2ling with industrial safety, did however contain
three useful sections on safety thedfy, and the practice of
this theory in industrial situations. The sections referred to
Chapter 2.}pp 15 - 28) dealing with basic accident prevention;
Chapter 3 (pp 28 - 45) "Accident Proneness fact and fiction"
and Part IV of the text which dealt with "Appraising Analysing
and measuring safety".v

DeReamer did however detail a useful industrial safety

technique - that of reporting "near accidents". This method




involves the operator in reporting any situations which he con-

:sidergd were "near accident" situations. The safety officer

can then modify the processlér equipment to reduce the possibility
of.an accident, in the light of these reports.

| Johnson (1970) "New approaches to Industrial Safety” and
Chapanis A. (1958) "Research techniques in Human Engineering"
provided useful additional reading on the éubject of safety in
human experimentation. Chépanis in Chapter-B "Methods for the
study of accidents and near accidents" outlined some of the
difficulties and dangers of this technique as a méans of reducing
accidents. The accurate reporting of any accident or near
accident is essential if the situstion is to be reconstructed
under test conditions. The reconstruction may however be
difficult if the situatiop was & result of operator error, fer the
ope:étor may have been unaware of the error‘he made, and when and
“how he made it; Chapanis also noted that this study may not in
fact help in the reduction of accident or near accident situations
as many occur in conditions which wéuid appear ideal for safe

operation.
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A - 3 Vibrator Selection.

A - 3.1 Introduction

To investigate the response éf the human body to siﬁusoidal
or raﬁacm.vibration, reéuireé an actuator cépable of vibrating
the whole body. The actuator must pe?form with maximum safety
‘to the subject, and accurately with respect to the fequired output
waveform at the low frequencies required for'this type of study.

Tﬁere are four main types of actuator in ﬁse fér induétrial
and research purposes. These are: -
1) Mechanical
2)  Hydro-Mechanical
3) Electro-Hydraulic
4) Electro-Magnetic
The four types of actuator have certain advantages and dis-
advantages with regard to use fér humaﬁ whole-body vibration
experimentation which would affect the sele¢tion of an actuator

for a particular research area.

A - 3.2 Apnfaisal of the four actuator tvpes

A - 3.2.1 Mechaniczal Actuators - Introduction

This actuator system, as the title impiies, is entirely
mechanical. It relies on mechanical linkages or cams to obtain
reciprocating motion. There are three common.types of mechanism
and these are descr;bed'briefly below.

i) Slider-crank mechanism

ii) Scotch-yoke Mechanism

i1iji) Cam-follower mechanism




A - 3.2.1 (i) Slider-crank Mechanism

This is probably one of the best known mechanisms for
converting rotary motion into a receiprocating motion.”

The slider-crank chain consists of three turning pairs and
one sli&ing pair, see Fig. No. 3, The mechanism usually
appears in the form of the reciprocatiﬁg engine mechanism.

Tbis type of mechanism will not, ho?eﬁer, oroduce true
sinusoidal motion, but the larger the ratio C/r becomes, the
closer the motion of the mechanism approximates to sinusoidal
hotion. -.A table showing the deviation from‘simple harmonic motion
of this type of mechanisﬁ for two values of C/r was calculated by
Edwards and Harding‘(l963).

True sinusoidal motion is only achieved when the ratio -

C/r becomes infinite.

‘A - 3.2.1 (ii) Scotch-voke Mechanism

This mechanism is a double §lidef-crank chain consisting of
- t@o turning and two sliding pairs, see Fig No. 4.
This type of mechanism will produce a true sinusoidal motion but as
can be seen from the figure the mechanism has an extra sliding
bearing to the slider-crank mechanism. This additional sliding
bearing could well cause a considerable amount of "Fechanical noise"
on the acceleration waveform of such anvactuator. Mechanical
filﬁers can be;used to improve the aéceleration Qaveform, ut ﬁhey

are expensive, especially in the frequency range required for

human whole-body vibration investigations.




A - 3.2.1  (iii) Cam-follower Mechanism

The cam-follower mechanism is known as a higher kinematic
pair. ZElements in higher kinematic pairs generally have line or
point contact and the pair must be force-closed in order to
provide completely coﬁstrained motion, see Fig. No. 5,

This mechanism will produce a trﬁe sinusoidal motion. The
easiest way of obtainihg such motion is to use a circular cam
rotated eccentrically, using a circular féllower, (see also
Appendix 2). Although the stroke cannot 5e altered so easily
as that on a slider-crank or scﬁtch-yoke mechanism, a cam-follower
type actuator has the advantage that other cycli; waveforms can
be obtained by reprofiling the cam. '

The cam~follower mechanism can only be used up to acceleration
levels of one g (single peak amplitude) without spring loading
the cam. If the cam is spring loaded higher acceleration levels
can.be obtained. When; however,Aacceleraéion levels of more
than one .g (single peak amplitude) are used the subject has to
be:restrained té move with thé actuator table. .

The mechanical actuator can only be used to produce cyclic
waveforms and some are restricted to sinusoidal only. Mechanical
actuators cannot produce random wavefofms, or reproduce rec§rded
"in the field" vibrations for laboratory simulation experiments.
Theoretically the cyclic waveform should not be distorted by
increased load, the load increase doés however affect the frictional
forces whic£ cause waveforn distortion; The: waveform distortion
can be eliminated by low-pass mechanicél filtration of the .output

motion, This, however, is expensive,




A mechanical actuator is easy to construct and operate,
aﬁa is inherently safer than the‘other'typés of actuator. Mechanical
vibrators are commonly used in the United States where they are
often reférred to as “shake—fables". The research literature from
the United States, howe&er, gives little detail of construction
or perforﬁance, and very few acceleration waveforms are available
in the research reports.
As part of this study a small, portable meghanical vibrator
was designed, and tuilt at Loughborough University of Technology.

The design of the actuator is described in detail in Appendix 2.

A - 3.2.2 Hydro-Mechenical Actuators

| This type of actuator incorporates a cam-follower mechanism
éo generate.the desired cyclic waveform; with hyd;aulic transmission
of the motion to the actuator table, see Fig. No. 6. This type
of actuator could well be described as a mechanical actuator using
hydraulic transmission to give flexibility to the drive. The
hydréulic transmission also has the added advantage of acting as a
low-pass mechanical filter.

As with the cam-follower mechaniczm, the hydraulic transmission
of motion to the table is single-acting, and has to be spring re-
turned if acceleration levels of more than one "g" (single peak
amplitude) are to be used.

Thi; typé of actuator is not commohly used in human whole-body
vibration research field. One weg,however, in use at the N.I.A.E.

and is detailed by Matthews J. (1964).

A - 3.2.3 Electro-hydraulic Actuators

This type of actuator utilises hydraulic powef which operates
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. & double sided piston. The flow of oil to the actuator is controlled B

by a servo-valve which reSponds to electrical signalé from an
eiectronic,control unit.

The high pressure oil is usually supplied by an electrically
driven oil pump, the totael hydraulic power pack also contains an
0il cooler {air or water), a pressure relief valve, a hydraulic
accwnulator and an hydraulic "dump" valve, see Fig. No. 7,

The hydraulic power pack as well as being an expensive
piece of equipment, is often noisy. The high noise level often
entails the building of a separate housing for the power pack
to eliminate the pump noise from the laboratory and surrounding
environment.

The high pressure oil from the hydraulic power pack is
piped to the actuator manifbld;Aupon which.the servo-valve is
mounted. Theril flow to the cylinder and exhaust flow is then
controlled by the serve-valve, see Fig. No. 8. A detailed
description of the actuator used for the suthor's experimental
programme is given in Appendix 1.

The control of tﬁe electro-hydranlic system is usually
accomplished by positioﬁ feed—back or sometimes pressure feed-back
to the electronic control unit. The electronic control unit
follows that of a conventional servo-system and can be set to give
the actuator constant displacement or acéeleration. |

The control unit can respond to a sinusoidal input, or any
other electrical signal (within the limits of the total system

response). This means that recordings of "field" vibrations

suitably processed can be reproduced'iﬁ the laboratory.
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- The eiectronic servo-éontrol and-the low-friction of the
actuator give the total system a high.accuracy of reproduction.
The actuator can also be built with a 1érge stroke which enables
this type of actuator to be used fbr low frequency vibration.

The electro-hydréulic actuators are, however, much more
dangeroﬁs than the types of actuator already described, because
they are capable of producing a much largér thrust. » Due to the
compléx construcfion of electro-hydraulié actuators they are also
more prone to failure than one vhich is purely mechanical.

Electro-hy&raulic actuators have thepefore to be designed
with safety as the primery consideration, and this results in a
need for moré safety devices than are usually, present on a conventional
mechanical actuator. '

The electro-hydraulic actuator is the type most commonly
use& in this country for human experimentation. Many of the
actuators in service, however, have been aesigned for the testing
‘of mechanicél components, and are therefore not as éuitable for
human experimentation as actuators specifically designed to vibrate

-human subjects.

A: - 3.2.4 Electro-Magnetic Actuators

Electro-magnetic. actuators have been previously only used for
yibratihg parts of the body or.small méchanical components, Medern
deVeloﬁments,'however, now make possible the use of an electro-
magnetic whole-body actuator. This operates on a similar principle

to that used in a loudspeaker, which enables sinusoidal, random

‘and "field" recordings, to be reproduced, see Fig. No. ¢
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The actuator‘s moving parts have a low 1nert1a, and this
means the system has a very fast resoonse tlme faster than
the other types of actuator prev1ously mentioned. This fast
response time and low inertia of moving parts, means that these
actuatofs are often used for the assessment of vibration thres-
hold levels. Electro-magnetic actuators are, however, only
capable of small displacements, and this’ together with their low
static load capacity means that ﬁhey ere unsuitable fer low
frequency whole-body vibrations experiments.

A -3.3 Vibrator Specification

A - 3.3.1 Actuator Physical Requirements

The nature of the researci progremme into ‘the vibration
environment that was to be carrled out at Loughborough University
of Technology had a considerable influence on the vibrator specifi-
cation. VThe results of'previous studies carried out by the
filming of subjects, walking and running, had shown that the head
end other parts of the body were exposed to high acceleration
levels. (That is cempared‘to the limits proposed for the ISO
Exposure Limits (1972) ). The acceleration levels were obtained
by displacement measurements on successive film frames.

As the research programme involved the use of acceleration
levels close to the ISO recommended maxima, at frequencies
comparable to those the body is exposed to during running and

walking, the actuator would therefore require a large stroke,

at fregquencies between <5 Hz and 5 Hz. The values obtained from
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the subjects running and walking, and the proposed ISO limit
are shown on Fig. No. 10. this figure also illustrates the
perfqrmanée envelope of the ﬁoughborough University actuator.

The research progremme would also involve simulating field
conditions in the laboratory. This meant the actuator would
have to be capable of reproducing recorded signals, and also
have sufficient thrust to enable a small experiwental rig to
be vibrated with the subject.

These requirements meant that the actuator would need a total
stroke of 25 to 30 cms (10 to 12 inches) with a thrust of 450 N.
(1000 1bf) to enable a subject and equi_;_;ment of 450 kgs (1,000 1lits)
to be accelerated to a level of one "g""(single éeak_~amplitude).

The actuator would also have to be capable of reproducing "

in the
field" conditions accurapeiy and then chapge to sinusoidal wa&efofms
quickly, to enable compafative studies to be carried out easily. The
only type of actuator to fulfil these specifications economically

would be an electro-hydraulic vibrator.

A - 3.3.2 Actuator Safety Requirements

The physical requirements of the actuator were set by research
requiremehps and the safety requirements had to be specified before
the final actuator design could be drawn up. This type of actuator,
as previously Stated, is potentially the most dangerous, and many
safety feétures have to be incorporated in the-actuator at the
design stage as they are difficult to incorporate afterwards.

The safety requirements for the actuator were formulated from

-

a flowvdiagram of the different types.of equipment and for operator




failure. The diagram consists of a number of basic units.
Basic unit

Cause of fault ' Séfety Device Effect of fault

~ (Equipment and/or if involved- > on subject and/or
Operator) ' equipment.

The final complete flow diagrem is given in Appendix No&
and consists of a number of such basic units'together with feeds
forward and interconnecting loops. The main use of the diagram
is to ensure that the safety devices envisaged for the actuator
would be sufficient but not replicated. The diagram can also show
the most efficient locations within the total actuator system to
incorporaEe safety devices, as failure of oﬁe particular comnonent
may lead to a nﬁhber of possible paths, some of which could be
dangerous with regard to the subject.

The use of this flow diagrém techﬁique enabled the designefs
of the actuator to incorpérate many features which had not previously
beeﬁ built into conventional elecﬁro-hy&raulic servo-syétems.

| The incorpofation of hydraulic snubbers on the aétuators

was to eliminate the'metal to metal impact of the piston into
the actuator body. The hydraulic snubbers ére governed by relief
valves which are preset to cater for different actuator pay-loads.

The electronic control unit incorporated an emergency shut
down device to bring the piston gently to rest, a ten turn
frequency setting control (insteéd of the normal decade frequency

switch) and ‘the servo-valve was selected to limit the maximum




linear velocity of the éctuator piston to 125 cms/sec.(ﬁo ins/
sec) . -

" The electronié control unit also contains- a relay circuit
which orevents the operator switching on the internal oscillator
until tﬁeamplitude potentiometef.was set to zero. Thus the
operator ;annot set the actuator in motion instantly, he has
to set the amplitude to zero and then iﬁcrease the amplitude to
the desired level. The subject ¢an also stop the actuator if he
becomes - 2pprehensive of the increasing acceleration level.

Thé action of these safety devices is shown on the flow
diagram. The festing and e&aluation of thesc safety d-vices is
reported in Section B - 4 (Vibrator Safety Tests),

A - 3.4 Vibrator Instzllation

The actuator was mounted on 2 concreﬁe block - 1.55m{5ft)

. by 1.85m(6ft) and i.25m(4ft) deep, the block being isolated from
laboratory floor by polystyrene. As the overall actuator height
is 1.15m{45ins) the concrete block was set 0.40m(15ins) below the
laboratory floor level. The setting of the actuator below

the floor level meantrthat sitting on the actuator was eaquivalent
to sitting oﬁ a table; it was felt that -subjects would feel safer
on the.vigrator if they thought they could jump off it easily and
safely. Positioning the actuator below floor level in this way

[ Bhad

also enabled experiments to be carried out on standing, as well

as seated subjectis.
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.. The actuator was fixed to two cast steel channels set into
- the concrete block. The actuator coula-bg fixed in one of five
positions OnAthe chaﬁnels, the hydraulic power was supplied to
the actuator through flexible pipes to fécilitate this movement.
The laboratory site was such thaﬁ the operator could look
at the subject during the course 6f the experiments. The operator
vas also provided with an emergency stop Eutton, and a stop
button for the hydraulic éower pack. The éower pack control
console was visible through a triple glazed window, but a warning
light for the oil filter (to indicate when the fiiter was blocked)
vas also fitted near the operator's control station. S
The subject was also provided with an emergency stop button,
vhich was mounted on a hand grip. Another emergency stop btutton
was installed at the obsgrver's'station. These were to enatle
thefsubject or the observer to stop the exéeriment at any time

they thought fit. A view of the complete installation is given

in Fig No. 11,
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A - 3.5 Hydraulic Power Pack Insfallation

The hydraulic.power pack was installed in a small brick
built annex adjoining the 1gboratory site.‘ The annex was
designed in éuch a‘way.as to minimise noise to the neighbourhood
and in the laboratory'area.

The noise emission from the hydraulic power pack waé measured
with a Bruel and Kjer noise meter and the results are tabulated
below: - |

Condition Noise Level

Noise 1 metre away from hydraulic

86 DbA
power pack - no sound insulation.
Noise outside annex. : ‘ 70 DbA
Inside laboratory with actuator
' ' St DbA

funétioning normally.

The noise meansurements show that although the hydraulic power
pack had not been completely éilenced, its noise output was now of
such a level as to cause little inconvenience to subjects in the
laboratory or local residents in the neighbourhood of the laboratory.

The main difficulty in reducing thé noise level of the hydraulic
power pack was the airfcooling of the oil. This. required ducts

to be provided to .enable air to flow through the annex and these

provided a noise path which was difficult to treat.




A -4 Vibrator Safety Tests

-

A - 4,1, Introduction

o Althoﬁgh the'initial actuétor‘dééign had been.biased foﬁards
safefy, the measures teken at the design stage now had to be
evaluated, by means of tests. These safety tests and the reporting
by subject, operator or observer of any potentially dangerous
situation they could envisage, were used to modify the safety flow
éiagram. The flow diagram had beén drawn up on a board in the
laboratory area so modifications could be made as soon as reports
from those pafticipating in experiments were received. Reports

" that could not be added directly to the flow diagram were filed

by the author. The results of thesé reports and modifications to

the diagrem are shown in Section A - 5.

A - 4.2  Simulated Failure Modes

The testing of the actuat§r safety features and the simulation_
of faults that could prove potentially dangerocus to the subject
were undertaxen in a programme éf nine tests. The testing of
all potentially dangerous situations Qas not poésible, as éarrying
them out may well have resulted.in mechanical damage to the
actuator - or its cont;ol unit; these situations were therefore
noted tut no results given for them. |

The series of tests was arfived at'by studying the complete
flow diagram, and selecting the potentially dangerous end-

points. The diagram was then simplified to the nine basic units
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which were to be involved in the tests...The units are shown

in Table No. 1 the units are iabelied alphabetically, the
tests mumerically. The breaking down of the complete flow
diagram to the basic.units was effected to enable the test
programme to cover as many different failure modes as possible
with the minimum humber of tests. The reduction of @he diagram
to the nine basic units also enabléd the simulated faults to be
as close-as possible to the actual failure situations.

A - 4.3 Test Procedure.

-

The vibrétor was set up for the tests as close to ils normal
operating condition as possible. The érecise seétings are given
in the description of each test.
The vibrator for all the tests was left unloaded apart from

the table. (Approx. weight 15 Kg). If the table had been loaded,

solid cast ifon weights would have been .used, and these would
have required bolting down to the actuator table to avoid damage
to the ectuator or test personnel, at acceleration levels
greater than 2g (pk to pk). Any measured acceleration levels

with the actuator not loaded would be the highest attainable
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levels and any loading, whether by a subject or weights
would reduce the acceleratioﬁ levels.attained by the

actuator in a failure mode. The vibrator was then tested

with no load, set at a freguency of 5 Hz with an accelera-
tion level of 1.5g (peak to peak) (except for Test No.3.)

and with an operating oil pressure of 20.7 x 106 N/m2

(3000 p.s.i). The accelerometer (éee Appendix 3
"Experimental Instrumentation”) used to monitor the piston
acceleratién was mounted on the underside of the aluminium
table as close to the centre of the table ss possitle.

The displacement and oscillator outputs were obtained directly
from the control unit. The four signals were then fed via
amplifiers to‘a Honeywell ultra=violet recorder. The
calibration sheets for two signals are shown in Figure Yo. 151-
together with amplifier gain settings, quantity measured and
‘resultant calibration. The‘oscillator output signal was not
calibrated as it was only required to show the operating
freqﬁency. The output from the cbntrol-pénel is the maximum
signal output of the internal osciilapor and is thus not»

proportional to the displacement of the piston.
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Y W T .Safety tests- Results

Test No. 1
The switching off of the power supply to the vibrator
electronic control unit (Fig. No. 13.).

Maximum Acceleration 5g
(Peak to peak)

Duration 10 milli-secs
Velocity. Change .5 metres/sec.

Test No. 2

The switching on of the power supply to the vibrator electronic

control unit (Fig. No. 14.).

Maximum Acceleration 2g
(Peak to peak)

Duration 20 milli-seés
‘Velocity Change .4 metres/sec.
Test No. 3

The vibratof wvas set such that the piston was moved into the
snubber travel, allowed to operéted within the snubber and then
moved out of the snubber back to normal operation.

Tke operating frequency for this test had to be changed to a
higher frequency (20 Hz) and a lower acceleration level (.5g peak
to peak) to allow the piston to operate within the snubber travel.
The test showed that the higheét accele}ation level occured on
leaving-the sﬁubber travel, both results were, however, recorded

and are shown in Figs.No. 15 and 16.
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a) On entry to the snubber travel

Maximum Acceleration 1.35g
(Peak to peak) '

Duration 10 milli-secs.
 Velocity Change .13 metres/sec.
b) On leaving snubber travel

Maximum Acceleration 6g
(Peak to peak)

Duration ‘ 12.miili-secs.
Velocity Change .7 metres/sec.
‘Test No. b
Switching off the phwer supply to the hydraulic power rack,
but leaving the control unit to functign normaliy (Fig. No. 17 ).
System returns gently to rest with the pist;n at the bottom
of its travel. The time taken fdr this to occur varied slightly
. between 3.5 seconds to 4.0 seconds. The time would depend on
the control settings and the load on the éist&n, with heavy piston
loads the shut-down time would Be less.
Test No. 5
The testing of the subject opefated "emergency stop'". The
operation of the emergency stop causes the piston to be brought
to rest at the mean value Setting, by causing the oscillator to
decay aﬁay exponentially (Fig. No. 18..)‘.
The,pistén is brought gently to rést in a shut-down time of
about 1 to 1.5 seconds, depending on operating frequency and
acceleration level.

Test No.'6

Switching off of the command signal, leaving the feed-back

NN
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amplifier and displacement transducer operating. This was
achieved by operating the internal external input switch which
_has a central off position (Fig. No. 49 ).

Maximum Acceleration 1.8¢g
(Peak to peak)

Duration 7 40 milli-secs
Velocity Change o7 metrés/sec.
Test No. 7
This test was to simulate what would happen if the connectors
or the cable failed joining the actuator to the control unit. To

avoid breaking individual wires in the cable the simulation was

achieved by unplugging the cable from the control unit. The cable
connects the moog valve, displacement and pressure transducers
to the control unit (Fig No.Z20.).

Unplugging cable from control unit

Maximum Acceleration 9.5g
(Peak to peak)

Duration ' 15 milli-secs
Velocity Change | 1.4 metres/sec.
Test No. 8
Plugging in the cable between the control unit and the
actuator. This test, together with tés£ No. 7, would simuiate
an intermittent connector or cable failure (Fig No. 21. ).

Maximum Acceleration’ . 5.6g
(Peak to peak)

Duration 14 milli-secs.

Velocity Change 76 metres/sec.




Test No. 9

The setting of system gain control to an excessive
level, such as to ‘cause the system to become unstable. The
system on becoﬁing unstable cscillates at its own natural
frequency. (This frequency is independent of the setting of
the internal oscillator) (Fig. No.22).

Acceleration level 18¢g
(peak to peak)

Frequency 65 Hz
The tests which would involve the simulation of
- mechanical failure; o; tests which, if simulated, might
result in mechanical failure to the dctuator or its control
system, were not carried out due to the risk of them causing,
éremature actuator failure. The probable.result of some
of the failures can bé assessed from the tests carried out,
and similar failures thét have occured to actuators operating
in the fatigue testing of components in industry can provide
useful data as to the potential danger of a particular type

of failure.
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A - 4.5 Discussion of Results
- The results of the safety tests were compared with
available human tolerance levels to shock and vibfation and
to the recommendations in "Draft Guide to the Safety of
Humaﬁ Vibration Experiments (Draft 3)".

The Guide gives recommendations as to the levels of
shock a2nd vibration to which a subject should be expected
to endure in the case of equipment failure. The recommend-
atiéns for vibration levels are based on the ISO proposals
"1S0/TC IOé/WG7 {(1969). The recommendations for shock levels

\

are obtained from combining the results of many researchers

in the }ield of human tolerance to shock. The draft guide
(1969) recommendations are as follows:- From Annexe 2
"Limits of acééptable shock 2nd vibration". Page 16.
"(b) Shock
In the case ofvequipmentifailuré, any shock transmitted
to the subject should be‘less than the values given below:-
Duretion 0.02 seconds. The total velocity change should
not exceed 2m/sec.

Duration 0.02 seconds. The mean,acceleration/retardation
level should not exceed 50m/se02(5g) and the rate of rise should
be less than 1,000 m/sec.2/sec. (lOOg/sec;).

The tolerance levels .indi'cated are approxirhately half the

values obtained in experiments whefe,healthy male subjects were

adequately restrzined in their seats."




- The results from the nine simﬁlated failure modes are
tabulated in Table 30.2. These results show that for all but
one of the tests the simulated failurGS'rgsulted in.ram waveforms
being of the impulsive type." These sﬁock wéveforms wvere thus
compared with the recommendations of the draft guide (1969).
Comparing the tests results with these limits shows that
test numbers 1, 3a, 3b, 7 and 8 have duratioﬁs of less than 20
milli-seconds and are thus dependent on the total Qelocit& change
which in all these cases is less than the "acceptable" 2m/sec.
recommended in the draft guide. Test numbers 2 and 6 have
durations greater than 20 milli-seconds, so the rate of rise of
acceleration was computed for each test. The rate of rise of
acceleration for test number 2 was.lQOg/second end for test
number 6 the rate.of rise was 45g/second. The "acceptable" rate of
rise as recommended in the draff guide.was 100g/second, test
number 6 gave a rate of rise of less than half this value, for test
numb;r 2 the rate of rise was, howéver, the same aé the recommended
neximum.
Test number 2 involved switching on of the power supply to
the actuator unit, this situation could be avoided if.a switch were
fitted to the signal amplitude of the control unit such that the
amplitude had to be set to zero before the signal could be applied
to the moog valve oﬁ thé actuator. The switch fitted to the
amplitudé potenticmeter would operateta relay, so that a power fail-
ure, or accidental switching on of the control-unit by the operator
would not cause a large amplitude signal to be fed to the moog

valve. This modification for the internal oascillator was
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fitted after the results of the simulated failure,modesihad been
assessed, and was later modified to fun;tion with the external
input as well. (See éection A - 5)f>

The only simulated failure mode té result in a sinusoidal
output was that of test number 9 - the system going into unstable
operation. The frequency obtained was. the natural frequency of
the entire system, the electronic control.and the mechanical actuator.
The frequency andtthe acceleration level obtained during this test
are shown plotted on the I.8.0. curves in Fig. No. 23..

The curves show that the level obtained when this failure
occured would be in excesscof the I.5.0, 1 Qin. exposure limit, the
system operated shutsdown or switching off the hydraulic power
results in a shut-down time of less than ten seconds. This short
time could, however, result in injury to certain subjects, especially
whefe no restraint harness is used.

The limits to shock, quoted éarlier in' this section, apply to
subjects using restraint harnesses, this is not, however, practical
.in some experiments. and is impossible in impedance or transmissability
studies, as the harness would greatly influence the results, and
in many cases invalidate them. The tests were carried out with the
actuator unloaded, but even with a subject>loading the actuator
piston the acceleration levels would not be reduced to less than
_ 2g.(peak to peak) thus the subject would still be in danger of
leaving thé actuator platform in its subseguent motion. In experi-
ments where restraint harness cannot be used without invalidating
the result, the experimental apparatus should be designed in such
a way that the subject is free to leave the actuator platform in

case of an accident or severe vibration levels. The use of a




-safety harness has to be evaulated by the researcher for
individual experiments. Subject safety should be an

integral part of all experimental design (see Conclusions -

Section A - 6.)
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A - 5 Recommendations for modifications to improve safety. .

A -5.1 Introduction

The following list of modifications was drawn.up using
information from tﬁree sources. .The.tﬁree sources were: -

a) Information obtained from fhe‘safety tests carried out
on the vitrator unit (Section A - 4)

b) Reports from operators and subjects working with the
actuator of acqident or near-accident situations.

‘¢) Consultation with experimentgrs'in other institutions
and industry using similar equip@ent.

The 1list of modificaﬁions given is a full list and contains
some modifications which are at present gechnologically difficult
" or very expehsive; these have been included.for the seke of
completenesé. After each poteuiial féilure are suggestions as
to possible modifications which would improve subject safety’
with regard to that failure. The section. also notes why these
failures are potentially dangercus, and in some cases how these
potentially dangerous situétions vere noticed.

A glossary of terms used in connection with the actuator
are given in Section A - 5f2. ‘This is to avoid any confusion
between the.use of the terms in this context and in the context

of control theory.

A -5.2 Glossary of terms used in conjection with electro-

hydraulic actuators

Automatic Control - Allows the actuator to operate as a

constant displacement or acceleration vibrator. The switch has




“three positions "diSpladement-off-acceleration" to

allow for manual operation of the amplitude control if
feqﬁifed.

Dunmp Valve - An electriczally operated valve which is sit-
uatea across the inlet and outlet parts of the actuator, when
operated it short-circuits the actuator end "dumps" the high
pressure oil'supply back to the hydraunlic power pack. |
Emergency Stop - A set. of stop switches which when operated
Causé the control signal to decay away slowly which brings

the actuatof piston gently to rest.

External Input = .The actuator operating from an external
signal éource, such as a tape-recording of field conditions
Internal Input - The actuator'operatihg'by means of its own
internal osqiilétor.

Inﬁernal-External Switch - Enables the operator to switch
from the internal oscillator driving the actuator, to'an
external control signal.

Mean Value - The'oberation of the mean value control adjusts
the height of the piston sbove the méin actuator body, and allous
the operator to compensate for differing piston loads.
Snubbers - These are pockets of oil at the top and bottom of
the plstoné overall stroke which preventthe.piston crashing
into the main actuator bod&. The piston on entering the snubber
compresses the trapped oil, which igialldwed to leak away 2t a

given rate through a pre-set relief valve to the oil return line.

-
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System Gain - Controlé the overall gain of system. Two
small pre—eet galn controls are also situated 1n31de the‘
control uni t to set the 1nd1v1dua1 5a¢ns when the system is

opéraﬁing on acceleration or displacement feedback.

A - 5.3 Modifications - Suggested List

a) An "emergency stop" provision similar to that fitted to
the"internal” input should be fitted to the "external" input.

This was one of the most pétentially danéerous parts of the
system and gould be easily modified to afford to external input
signals, the same shut-down facility as that fitted to the internal
oscillator. |
" b) The switching arrangements on tﬁé "int-ext" switch shoujd be
such that on swltchlnp from one signal input to vnother the
amplltude potent;ometer has to bte reset to zero before the new
signal will actuate the vibrator. This would eliminate the danger
of the operator switching from a small "internal" signal to a large
"external" signal or vice versa.

A modification which could be carried out easily and at
low cost would be the fitting of a relay. The unit could also be
fitted with an override switch at the back of the control consul
to enabie the operator to~switchvdirectly from "internal"
to "external" and back if required. This switching between the
two inputs may be reguired in an experiment comparing subjectively
random and sinusoidsl- type vibrations, or any other similar

comparative experiments.



¢t) The fitting of limit switches on the actuator.piston.
This could be achieved by electronic_sﬁitches incorporated
into the present displacement tréﬁsduder system. The use of
some form of limit switches would have several zdvantages. The
switches could be set to stop the actuator if its displacement
amplitude becezme £00 large fof the given operating frequency.
The limit switéhes would also stop the actuator before the piston
could travel from end to end ana prevent the piston from running
in and out of the snubbers. Another way to stop this type of
failure would be to install pressure sensing switches on the
snubbers, fo sto§ the actuator if the piston entered the
snubber travel. |
d) Mains failure - the fitting of 2n electronic device to
protect the subject against mains failure or an accidental
switch off of the supply to the control console.

This modication can be achieved and would also need &
power storage unit or battery to allow the actuator to run down
smoothly. This was found to be necessary during the safety test |

carried out on the actuator after its instzllation.

e) Cable failure - this would be the breakage of the cable
or failure of the connectors.at eithér end of the cable.

.This éannot be completely protected against but the
selection»Af high quality cable and connectors, together with
regular inspection of the ecable for cuts or squashing, can

minimise the risk of cable failure.




£) A means of restricting the rate at which the freguency can
be increased on the internal sigﬁal generator.

” fhis can be achieved"easily by fitting a braking device to
the existing frequency change potenticmeter, thus restricting
the speed at which the freguency can be increased, and allowing
the subject to stop the experiment beforenthe vibration level
becomes intolerable. |
g) AThe pre-set gain control should be made such that it cannot
be operated as easily as it can be in its present position.

This could be échieveé in several ways which would mean
tha£ thi actuator could not be set into unstable operation by
an inexperienced oper;tor or some-one moving the controls
accidentally. The gain potentiometer could be moved to the side
of the éanel or coﬁld be set Eehind é perspex cover, which woﬁld
only allow movement of'ihe potentiometer by'sprewdriver.
hi ~ The incbrpofation of the hyaraulic stop tution on the main
éontrol.;onsul and thé hydraulic power being switchéd together
with thé power supbly to the electronic control unit, by a key
switeh (on the actuator control panel). |

These would also be éasily incorporated, the hydaulic stop
button would be better sited on the main control panel so that
the operator has full.contrql of the hydraulic power as well as
the electronic control unit. r.I'he hydraulic stop provides an
effective way of bringing the unit to rest smoothly, and would

have to be used if the electronic emergency stop failed.



~i} The fitting of a foot-operated emergency stop tutton for

3

the subject, for use when he is performing a task which
requires the use of both hands (e.g. tracking) or where the
arms have to be fixed to maintain a set posture.

This modification could,be easily fitted as the emergency
stop oAly requires a simple on-off switch of the push button
type. The switch operates a relay so once it has been pressed
the control unit brings the actuator gently to rest. The need
for this modification was noted during a series of experiments
by a post—graduate using a tracking situation. During these
exberiments the existing hand held push-hutton stop was fixéd
to the tracking fask.joy-stick box, which provgd satisfactory
for these experiments tut would not be for a more complex
tracking task.

j) The author also recommended a re-design of the main
control péngl, see Fig No. 24-

The design of the panel was to.be submitted to the

manufacturers as a possible suggestion which their designers could

use as a basis for the new control: panel.
k) An indication ‘on the mean value potentiometer. (This is
the pétentiometer which sets the actuator piston position about
which it then oscillates).

This would just regquire the etching onto the panel of two
arrows with the words "up" end "down". The indication of move-
ment direction is required especially if one is working close to

one end of the total piston travel, where an incorrect movement

«
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of the control by the operator would send the piston into the
snubber. This control has to be operated with the subject on
the éctuatof as subject weight affects the mean-value.
1) Mechanical failure of actuator, servo-valve or other
asséciated parts. |

This type of failure cannot be completely guarded againstiy
‘ only the chances of it occurinz minimised. The-use of'generous
factors of safety in the design of fhe actuator and the use of
higﬁ quality components in its construction, together with careful’
operation, regular maintenance and inspection of the mechanical
parts of %he actuator,fallvcontribute to the system's overall safety.

Tge use of an‘hydraulic "dump-valve" can in certain cases '
save the subject ffom serious injury due to mechanical failure
of the servo-valve, this does, however, depend on the respoﬁse
 time of the dump-valve fr&m when it is set into operation. The
response time of the dump-valve sysﬁem is a critical factor here
'since any mechanical failure of the serve-valve ig likely to set
the piéton in motion at a high velocity towards one end of its
travel. It could be found that stopping the hydraulic pump
would bring the system to rest in a comparable time to a dump-
valve system, with the added advantage that the oil pressure
drops' steadily and not suddenly as it wouid.if a dump-valve were
used. This sudden drop in pressure would cause the ram to move

suddenly. and shock the subject. The sudden drop in

pressure caused by a dump-valve system was one of the main




" --reasons why the Loﬁghbdrough University actuator was fitted
with an electronic emergency stop dévice, which brings the

' ~actuatqf piston gently and smoothly to rest. The subject’
thus feels confident to use the stop whenever he feels unsure
about the vibration level or,gny other part of the expériment.

A -5.4, Modifications_to the vibrator

The following modifications were carried out after this
study, as a result of the list of suggested modifications
(Section A - 5.3.)

a) I&ainsnfailure protection. This device causes the actuator
to run down smoothly and does not lead to a sudden stop. |

b) Displacemeﬁt‘éut outs. These can be set tg bring the
actuator to rest if it exceeds a preset maximum displacement.
¢). The hydraulic power supply is governed by the control unit,
s0 that.the hydraulic power cannot be switched on until the
control ﬁhit is in operation.

d) The external input to the control unit is now protected

by all the safety devices which previocusly only used to.operate
with the unit's internal oscillator.

e) A pressure sensing switch for hydraulic oil pressure has
been fitted so that if the pressure falls off, the system is
brought to rest. -

f) Although not related directly to subject safety, the control
console has heen re-designed. A good desizn for the console

will, however, meke operation easier for the actuator operator

“which will in turn meke the experiment safer for the subject.

¢
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g) An RJ&.S..acceleration level meter has been fitted

together with a tuilt in accelerometer. This will ensable the
operatér to monitor the acceleration level of vibration
experienced by the subject. This is particularly useful

for the monitoring of random vibration.

h) The external input can now be used to reproduce

a recorded acceleration signel, previously a displacement signal

had to bte used. This makes it much easier to reproduce

"field"conditions in the laboratory.

Gt




A - 6 Conclusions,

£ - 6. Conclusions
_ The safety of'a_sﬁkject in aﬁ experiment invqlving whole

- body vibration depénds'not only on thé vibration eéuipment hut

on the task or tests the subject is performing or having performed
upon him during the course of the experiment. The use of
electrodes attached to the subject, or tests involving senses
(i.e. the effects of vitration on hearing, eyesight end speesch)
must also be taken into account b& the experimeﬁter. The use of
an auditory warning of subject discomfort, for example in an

experiment investigating the combined effects of noise and

vibration close to tolerancé levels, may not be heard by the
operator {or experimenter) until the sﬁﬁject has suffered temporary
or permanent demage to his person.

Thus each individual'expériment needs to be analysed in
respect to its own inherent safety risks,Aas well as the risks
jnvolved in any generzl whole hody vibration experimentation.

The reporting of safety precautioné taken during vibration
experiments has jin the past been omitted from most résearcﬁ papers,
this has made it diff;cult for experimenters to find data
about safety precautions taken by previous researchers, and also
what effeét considerations for the'subject‘s safety have had on
the design of the experiment, aﬁd the apparatus used. In a
field of research which is potentially dangerous to subjects

taking part, the reseercher needs all the information he can find




with respect to the design of safer apparatus and‘experiments.
££e reporting of all safety aspects of -an experimental project
and its apparatus could therefore Eé as impnrtant to a future
researcher as the actual results of the experiment, and it is a
great pity that such a gap exists in érevious reporting. It is
felt, however, that with the current nétional and international
interest in the safety of the individual‘aﬁ work, as well as in
experimentzl situwations, this gap in our knowledge of whole body
vibration research will soon be filled. |

The reacarcher has a responsibility to other researchers
and future subjecﬁs to sée that the experiment and the vibration
apparatus are designedvin such a way as to minimise - the risk of
accident to the subject 2nd that these details are reported. The
researcher has therefore to carry out a detailéd study of the
" experiment with respect to safety, by a sygéems analysis or any
other similar technigue. He can_then, using the data from his
- anelysis, see if the experimental progrzmme he has designed can
bz used on a large number of subjects, or if not what modifica-
tions need to be made to the experiment, or, to the semple
population of subjects to be used in order to minimise the risk
of injury.

The reporting in the future of the safety.aspects of
expériments a; well as just of their resultis, tdgether with the -
increase.in the knowledge of man's-reaction to the vibration
environmgnt should ensure that safer experiments and vibration
epparatus can be designed which will advance knowledce of the
human'quy as well as benefitting the subjects taking part in

future research experiments.
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Results from the nine simulated failure modes

Test No. Max. Accel. Velocity Change Duration

change 'g’ (total) metres/ milli-secs.
5ec.

1 5 : 5 . 10
2 2 A 20
3a 1.35 .13 10
3 6 B 12
L shut down time 3.5 -:4 seconds
5 shut down time 1 - 1.5 seconds
6 1.8 7 4o
7 9.5 1.4 15
8 5.6 «76 ‘ 14
9 18(pk to pk) frequency 65 Hz

’

Table No. 2 Tabulated results from the nine simulated failure modes.
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B - Mechanical‘Impedance Studies’

B -1. Introduction

The use of mechanicnal impedance as a technique for assessing
the behaviour of a mechanical structure under dynamic conditions,

has increased in importance in the last ten years. Mechanical

impedance has therefore been increasingly used in bio-engineering

as a method of describing the response of the human body to
various dynamic inputs. Coermann's (1959) and (1963), and

Dierckmann's (1958) measurements of mechancial impedance showed

the value of the technique as a means of determining the response

of the body in various postures to steady-state sinusoidal
vibration. .

The foilowing part of the thesis detai;s the main
experimental programme using the eleétro-hydraﬁlic vibrator.
?he main aim of the programme was to continuously monitor the
mechanical impedance_of the human body in various seated and
standing postures. The'continuous measurement of the mechanieal
impedance of the body startedIWith a small pilot study using oﬁe
subject, a number of weights of known impedance, and a weight
placed on a foam rubber cushion. 'The pilot study (Section B -
6) was used to check and modify if necessary, the analogue com-
puter processing circuits and the experimental procedure ready
for the main experimental programme. -’

The main experimentzal programme involved the use of
sixteeﬁ subjects, impedance measurements being made in various
seated ahd standing postures. The modulus of impedance results

were obtained using a small analogue computer as a direct readout

Ed
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during the experimental run, and tape recordings were also
mede fo enable thé phase angle plots to be obtained later by

o énalySis on a large analogue computer. Previous'iﬁvestigations
using mechanical actuators had built up impedance plots by means
of méasurements takeﬁ at fixed freguencies; their results

had shown that the posture adopted by the subjeét had a2 consid-
crable influence on the resultant whole-body impedance. Thus
during the research programme particﬁlar attention was paid

to the posture adopted by the subjects. It was hoped that if
the posture adopted by subjects could be standardised, and

then maintained for the short period of time required for the
experimental run, individual differences between subjects

could be studied.

Subject data was also recorded at the time of the
experiment, the subjects having first been asked to complete
a -confidential form _to. assess their suitability as subjects,
full details of this prodedure are given in Section B - 7.
Impedance measurements were also taken for female subjects,
these have not been reported in previocus studies, probably
because most of the previous researéh has been sponsored or
undertaken by military establishments. As impedance measure-
ments are used by seat designers for .tranéboft systems, data
referring to both sexes is‘necessary if the system is to be

used by the general publiec.
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The -final part of the experimental progremme involved a
statistical analysis, and,conversion,‘of the data on a
digital computer. The conversion carried out was that of
changing the acceleration based impedance measured in this
resesrch to the velocity-based impedance used by previous

researchers, the conversion being necessary to enable

direct compsarison of this research work with existing data.




B - 2 Literature Review,

B ~ 2.1 Introduction

Theifollowing'section revieus the methods used by previous
.éxperiménters iﬁ their ihvesfigaﬁiohs of‘the mechanical
imbedance of the human bedy, as well as their results. However,
due to the short length of paﬁers in most journals, accurate
reporting of all the details necessary for a concise and
comprehensive report on a human vibration experiment, is often
difficult or impossible. Most éf the Qork of this nature has
Seen carried out in the United States, often in military
establishments. This has meant that most of the subjects have
been service personnel. The main emphasis in the investigations
- has been that of the vilbration enviréhment encountered in
military and'space ;ehicles,

 This section, as well as reviewing methodology and results,

also indicates the instrumentation and analysis techniques used,

together with notes on the type and number of subjects taking
part. The details given of ﬁhe type.of apparatus used and its
performance varies considerably. In some reports the deﬁails

are given in the odq paragraph, whilst in others several pages
of description together with photographs is considered necessary.
Guignaré and Guignard (1970) noté that "although many different
kinds of vibration machine or.motion simulators have been used
for human experimentation, detailed specificatipn of the machine
used, its type of drive, means of prograrﬁming or control, range

of operation, fidelity of motion, and so on are regrettably
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uncommon in the published literature on human experimentation

in this field.

- ..B =22 Experimental Facilities and techniques ﬁsed

in the measurenent of whole body Mechanical Impedance

Probably the best known of papers on whole body mechanical
impeéanée is that of Coermann, R.R. (1963). He used a mechanical
shake table in his investigation, a picture of which is shown in
* the report. There is little other information about the shake
table. Coermann does note however '"The mechanical shake table
could not be expected to produce an absolutely pure sinusoida;
motion". The subjects were placed on top of a very stiff plate,
connected to the force table by threenforce transducers. The
‘resonant f?equency of this system was over 120 Hz. . The force
* transducers to obtain this high resonant'frequency wvere stiff,
and this meant that a very small deflection had to be measured.
Coermann uéed a special variable reluctance transducer which was
connected via a band-pass filter to the carrier amplifier and
recorder. The table displacement was also recorded by means of
a variable reluctance type displacement meter, the velocity being
computed from the displacement recordingé.

Thé.equipment was calibrated in two ways. The displacement
transducer was calibrated statically, while the force cells were
dynamically calibrated. To calibrate the force transducers
Coermann bolted two 75 1b lead weights to the table and these
were shaken at various amplitudes from i Hz to 20 Hz. As well

as enabling Coermann to calibrate the force transducers, he

could also calculate the phase shift introduced by the band-pass
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-p&étures of the sitting subject, and an erect posture with
stiff knees. |

The sitting posture was d?fined by Coermann in the following
ways ﬁThe man's legs hung down freely over the side of the shake
. table not touching the gréund. The hands‘lay on the upper thigh
and all belting was removed from the waist. .There was no padding
between the force cell table and the man except for clothing'.

He also notes that "At the moment before the records were takgn
the subject breathed out completely".

In order to check the influence of the mobility of the soft
body parts on the human body impedance, Coermann repeated these
postures with a semi-rigid envelope applied to the abdomen.

He also made an investigation as to the influence of a U.S.A.F.
Type MC3 pfessure suit., At the end of his test programme
Coermann also carried out some experiments with regard to the
transmissibility of the human body, and he was particulafly
interested in discovering which part of the skeleton undergoes
the most stretching gt the resonant frequency.

Thé.accelera‘tion levels used. for the majority of his experi-
ments were "kept at a comfortable level to the subject' but actual
figures are ﬁot given as to the preéisé levels used. Coermann
also used levels of up to .5g over the specified.frequency range.
He reports he could not use higher levels due to limited subjective

tolerance to vibration of his subjects. These higher levels

were used to study the linearity of ‘impedance with increasing

v 88
filters.
Coermann used several posture tépes; erect and relaxed



acceleratibn levels.

The records were taken at % Hz iptervals from 1 Hz to
1% Hz and then 1 Hz intervals to‘ZOAHz.. -After reaching 20 Hz
a further twenty records were taken between the frequencies
used for the first series, (with the frequency decreasing).

These récords acted as é check on the first set of records.
Coermann noted that he needed about 2000 récords to complete
his programme.

The results were analyzed by means of a digital computer,
from the experimental records. The resu}ts were presented
graphically in the paper. Coermann also guotes the accuracy
of his measufements, the msdulus of impedance accuracy being
better than 2% and phase angle measuréments to Qithin A% -
these accuracies do however assume a perfect sinusoidal inpuﬁ.

Krause and Lang (1963) report on experiments carried out at
the Wenner-Gren research Laboratory, to investigate the non-linear
behéviour of the human body, this being in respect of increasing
acceleration levels under steédy-state vibration conditions.

The investigation was under-taken by computing the mechanical

impedance of the human body to acceleration levels of .Sg (peak).

The investigations were continugd to higher acceleration levels

by using a 70 1b pig. Levels of up t6.3.0g (peak) acceleration
were uéed_wifh the pig strapped onto the force measnuring table.
The vib?ation machine used was an electrohydraulic shake
table, which was capable of producing reasonably pure harmonic
motion with a double amplitude of up to 10 inches. Force was

measured over a frequency range of 2 - 20 Hz by means of - specially




developed high-frequency load cells which have negligible
deflections. The férce readings were converted into "mechanicalA
impedances" by computing the ratios of force amplitude to the
,réspective velocity amplitude of the éhake taole. The authors
also reported that "subsequent techniques were developed which
furnishes live-load impedance as a direct readout value" - this
apparatus being reported by Sharp and Lange (1964).

The paper described a series of tests undertaken with the
following postures: - étanding erect'and.relaxed, sitting erect
and relaxed, lying prone on the side, sunine and semi-supine.

The authors remark that the last two posture types were the two
of prime interest, and the reported resultslonlé show graphs
for these postures. .

Although it was reported that a small group of male subjects
was used no numbers were given. As well as mechanical impedance
measurements, abdominal strain and internal pressure were also
meésured on the human éubjects, end abdominal deformation was
measured .on the 70 1b pig.

Edwards and Lange (1964).reported a further series of
experiments undertaken at tﬁe Wenner-Gren Aeronautical research
laboratory;

The authors gave details of theAsﬁake table used (no.doubt
the same as that mentioned above). It was reported as "being
capable of p'roducing continuously variable motion within the limits
of 10 inches of amplitude, frequencies to 100 Hz and veldcities up
to 80 inchés per second. These limité correspond to accelerations
up to 12 g and vector force outputs ué to 3000 lbs."

-The impedance measurements were made in the same way as those
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of Krause and Lange (1963) and were undertaken with two male

sﬁbjects, the postures adopted being'supine, lateral and standing.
»Thé variations of impedance due tq_change in muscle tone and

- due to £he padding of the sﬁbject support were also investigated.

| The frequency range studi?d was 1 - 20 Hz at peak shake table

accelerétions of 0.2, 0.35 and 0.5g.

The report contairad photographs of the apparatus used.

A study by Badko et al (1965) however contains little
information about the subjects, and no information about the
vibfatidn apparatus and associated instrumentation. The report
described several tests which were carried out as part of a large
programme of research. | Most of the testswere gssociated with
binvestiga£ing a parameter "absorbed power'" first postulated by
R. A, Lee. Absorbed powerVWas used to form a scale of vibration
intensity wvhich was compared to subjective assessment of intensity
by use of military and civilian subjects.

Pradko et al . ghve a curve for mechanical impedance but say
of their data:-  '"The experimental data is the mean of different
acceleration levels using human test subjects'. Since there
was no data on the subjects, i.e. age, weight and height, this
leaves é.considérable gap in the reporting and detracts from the
value of their report.

The vib?ation used was both random and sinusoidal and a
number of levéls was reported. The acceleration levels for both
random and sinusoidal were measured in r.m.s. "g"-. The report

concluded that "whole body response to random and sinusoidal
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vibration displays iinear cha;acteriétics". A conclusion not
shared by other researchers:- Wittmann and Philips (1969),
‘Edﬁards_and Lange (1964) and Krause and Lange (1963).

A étudy of mechanical impedance of a seated subject under
sustained acceleration was carried out by H. L. Vogt et al (1968).

The subject was seated on a shaké table mounted on the arm
of a centrifuge. The shake table was electro hydraulic and
capable of producing a constant accelération amplitude of .5g

(vector) through the frequency range 2 - 20 Hz. The subjects

vere '"ten young and healthy male subjects'", who had volunteered
to be subjects. '

This report was one of the few reviewed by the author to '
note many of the deficiencies of previous papers.

Suggs et al (1969) used mechanical impedance measurements as
an aid in the design of a dynamic simulator for testing cross
coﬁhtry vehicle seats. ' Suggs makes an interesting point about
the existing data on the mechanical impedance of seated subjects
vhich deserves attention. "ﬁecause existing data was for seated 4
subjects with unsupported feet it was necessary to re-evaluate
the parameters for subjects with their feet resting on a platform
as is the case for vehicle operétors. ‘ fhe authors found that only
about 75% of the éubjeqt's weight was supported by the seat'.

A mechaﬁical actuator was used -~ "The platform was mechanically
driven at a'peak to peak amplitude of 0.10 inches by a scotch-yoke
mechanism which produced a sinusoidal Qertical motion from 1.75

to 10 Hz." (See Appendix I -Actuator.). The measurements

were taken by means of a velocity transducer, and a strain gauged




beam to measure the force input to tpe suﬁject. Thefe vere
no pictures of the apparatus used but a descriptioﬁ was given
in the text. Suges et ai used~agstrain_gauged cantilever,
they did not however give any indiﬁatibn as to the natural
frequency range of study. The tests were carried out
in a ffequency range of 1.75 Hz to 10 Hz. This volue was
chosen by Suggs et 'al because the major whole body resonances
occur within this frequency reange. Alsd of importance was
the fact that most of the terraiﬁ induced factor in "off-road"
vehicle vibrations occurs in this frequency range. Suspension
tractor seats also have natural frequenc;es in the lower half
of this range. -

The experiment used eleven subjeéts ranginé in weight
from 118 1bs to 195 1bs, and Suggs et al noted "The impedance
magnitude is much less (165 lb.sec/ft) than the 350 lb.sec/ft
measured by Coermann (1963) for the whole body system". This
difference'wés thought to be due to the support given to the
subject's legs. (The legs were unsupported in Coermann's
measurements).

The results were analysed from recordings taken at discrete
frequencies. The frequency interval used was % Hz with i Hz
steps used near fesonance. The force'étrain‘gauges were calibra-

ted directl& by using known rigid weights. The accuracy of the
system was évaluated by comparing the observed impédance of
each weight to its calculated impedance.

The work of Coermann has for some time now been regarded as




"a elassic work" in this particular field of study. The
reviev points ou£ the meticuloué care which Coermann exercised
in.ﬁis experimental progrémme; andianaiysis of reéﬁlts. In
the design of his apparatus - i.e.vhis impedance measuring
platform, Coermann took great care to ensure its naturzl
freguency was sufficiently high, so as nof to affect his
results. The results of Coermann and the other'investigators
are shown in the figures at the end of Part B.
The use by Suggs et al of a seated posture, with the

legs supported Qas a point noted by the author;'who used a
similat posture in his own experiments. The experiﬁénts by
Pradko et al from which they cqncluded "The human body dis-
played linear characteristics” is a view which was notbshargd
by other rsearchers. Most résearchérs do however agree that
the body displays linear characterisﬁics'at low vibration levels
(1.e. those below .5g (pesk to peak) in the frequencf range

 2 - 20 ﬁz). Thus the acceleration level used to determine

the value of the ﬁechanical impedance of the human body under
steady state sinusoidal vibration can beian important {actor .
in eXperimentél design, end in the interpretation of previous

experimental results.
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B - 2.3 Results and Conclusions of previous researchers -

of whole body Mechanical Impedance

{echanical impedance and phase—éngle plots for the response

" of the human body to steady-state sinusoidal vibrations, have been

obtainéd by various researchers in the past in attempts to obtain

a correlation between mechanical impedance measurements and

subjective response to vibration and/or to enable mechanical and

electrical analogues of the human body to>be postulated. These

analogues could then be used to determine the response of the

human body to high acceleration levels, (assuming the response

of the body to be linear) which could not be obtained experimentally.
Dieckmann (1958) was cne of the first to study ‘he dynamic

propertie; of the human body by impedance techniques. Fig No.26b

shows an example of the modulus of impedance curves obtained.

Dieckmann used these curves to postulaté mechanical analogs of

the human body, ie also used mechanical -impedance curves to

formulate.a series of vibration tolerance curves. (Dieckmann (1957 )
Coermann (1963) using a group of eight male subjects which

were "all in a healthy condition with no abnormalities" obtained

a series of now well known medulus of impedance (velocity based)

and phase angle curves. The data for the subject panel used by

Coermaﬁn is given in Table No.J .and his Impedance curves for

one subject (RC) in three given postures:- sitting erect,

sitting relaxed and stending erect, in Figure No.28and for -

all eight subjects in the sitting erect posture in Figure No.27



Also shown in Figure No. 29 are the results of a trans-

missibility study on one subject, undertaken during the impedance

“studies.

Coermann noted that at frequencies up to 2 Hz the body
respondéd.at any posture as would a pure mass, as the frequency
increased above 2 Hz, hovever, the impedance deviated from that of
& pure mass, The impedance becoming higher as the frequency
increased above 2 Hz, culminating'in a peak which was dependent
for magnitude and frequency on the subject's posture.

Coermann found that the peek was highest in magnitude in the
sitting erect posture, the frequency of this peak being about
7 ¢/s with a second pesk at 10 Hz, and & third peak at 15 Hz.

Coermann's results for the sitting re;axed and sianding erect
posture were obtained using oﬁé subject. In the sitting relaxed
posture, Coermann stated that the first resonant peak occurréd
at 5.2 Hz with a more pronounced second peak at 11.5 Hz, the third
pesk which wes visible at about 15 Hz in the sitting erect posture,
vas almost completely flattened when a relaxed pésutre was édopted.
Cosrmann used these results to formulate a mechanical analog of
the human-body in the éitting erect posture. Sandover (1969) noted
that Coermann's was a parallel mechanical system, unlike the
series mechanical systems postulated by Dieckmann (1958).

In commenting on his obtained phase angle plots, Coermanﬁ
noted that in the sitting erect posture the phase angle becomes

negative above 14 Hz indicating that the impedance of the elasticity

dominates; in the sitting relaxed posture‘however'the plot
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although similar to 15 Hz,turned downwards to give a positive

phase angle, indicating the predominanég'of the mess impedance.

Edwards and Lange (1964) carriea'out nechanical impedance
studies (velocity based) using a steady state sinusoidal input
in the frequency range 1 - 20 Hz.  Although they used various
body postures no results are given for subjects in seated postures.‘
Edwards and Lange were primarily concérned with investigating |
the linearity or otherwise of the'humaﬁ body, and Figufe Nos.32
‘and 33 show the whole body impedance at three specific
acceleration levelé. Edwards and Lange noied that.é‘degree.of
‘non-linearity did exist, they had however to keep acceleration
levéls below .5g for safety reasons.

Krause and Lénge (1963) also investigated the problem of
linearity, by a series of expériments~carried out on an
snaesthetized pig. In summarizing the results of their mechan-
ical impedaﬁce and circumferential defqrmétion expefieménts
on the pig they stated that their experiments confirmed the
exisﬁence of definite natural frequencies within the body. The
jmpedance date, (see Figure No. 34. No phase angle plot
however, was given to complete the impedance data) stated
Krause and Lange, showed that the whole body wés not a linear
égstem,.and their data indicated that the damping elements in
particulér seemed to be non-linear. Tests they carried out on
abdominal strain showed that it increased with the intensity
of the forcing motion, and that the strain could increase in a

roughly 1inear manner in one place, and exhibit non-linear



properties in a place right next to the one displaying linear

.characteristics.
-+ They also noted of the impedance plots, that the shape of

~the 1.08g curve at 5 Hz and the 0.65g cunve at 8.4 Hz were

muscles tensed. They assumed that the anaestheéia'was beginning

to wear off when these points were measurea and that the pig was -
tightening up against the vibration. As the pig was anaesthetized

rand evidently held in some form of harness to facilitate the

high acceleration used, both these factors would considerably

characteristic of impedance curves of human .subjects with their
influence%iqyimpedance pldts they obtained? and thus any con-
clusions which can be drawn from them.
Weis E.B., Clarke N.P., Brinkley J.W., and Martin P.J. (1964)
showed impedance plots (velocity based) for subjects under steady
sta£§ vibration conditioﬁs, and also under impact conditions.
The steady.state vibration curves are from Coermann's experiments,
the curves obtained under impaét conditions were evaluated by the
authors; they measured the force and velocity inputs to the
subject and calculating the impedance~using Fourier transforms.
The results of Weis, Clarke, Briﬁkley and Martin, are shown
in Figure Nos. 35 and 36 . These curves show the |
similarity of response that occurred in the two mechanical

environments.

Weis, Clarke, Brinkley and Martin were also interested

in obtaining a connection between the mechanical impedance curves




and subjective toierance'curves, by means 6f the energy transfer
from the environment to the body. ‘Céermann (see Fig No.%i)
had investigated various ways of linking an impedance plot to
a sﬁbjective tolerance cﬁrve, theéé'béing thcvtransmgtted force,
the dissipzated energy (i.e. within the body) or the relative
: : N
displacement of the effective body masses. {The effective body
masses Coermann defined as the two'masges which he had evaluated
for his mechanieal analog of the humzn b&dy). The subjective
tolerance curve used by Coermann was fﬁat of Magid and
Zeigenruecker (1959), (the indication for tolerance used by
Megid and Zeigenfuecker was not moderate'discbmfort but the
. maximum endurable‘stregs and pain) and he found that with a
simple extrapolation the constant relative displacement of tﬂe
effective body masses best fitted the subjective tolerance curve.
Wéis, Clarke, Brinkley and Martin however consiaered‘the
energy transfgrred to'the body, they commented that under 5 Hz
energy was transferred to the subject, but that this was stored :
and returned to the environment; froﬁ 5 Hz or 15 Hz a con-
siderable.amount of transferred energy begén to be dissipated
‘within the body and could have gone into stretching the
elastic components. Above 15 Hz fhe relationship between
dissipation énd/or storage and return to the environment of the
“transferred energy was very dependent on the posture adopted.
Weis E.B., Clarke N.P. and H.E. Von Gierké (1966)

commented on the similarity between the impedance plots obtained
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under steady-state and transient conditions, the semi-supine
posture showing the best correlation, with the standing and
then seating postures showing corréiétion,'but to a lesser
degree. They used the same impedance plots as Veis, Clarke,
Brinkley and Martin (1964).

The authors concluded that the var;ability that existed
between the steédy—state and transient imbedance plots was
probably due in part to the variability of the test situation

including such things as different restraint systems; and the
Afact that the biological system was not really passive. They
sinferred that the ?uman.body, particularly in steady-state
impedance determinations at iow frequencies could anticipate
the motion and protect against it. (Compare to comments of
" Krause and Lange (1963). |

Weis, Clerke and Van Gierke also while commenting on the
general shape of the impédance curves during steady-state/
sinusoidal vibration conditiong,noted fhat the impedance was
tending towards lower values at higher frequencies. This
fendency they thought could have been due to ihe fact that most
of the steady_state measurements of impedance were made at
acceleration levels below lg (single peak) and with no subject
festraint system to couple the subject positively to the table.
It coulq,howéver they stated have.been due to inherent non-
linearities of the system (i.e. the human body) such that the

impedance was amplitude and/or velocity direction dependent.
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The extent of non-linearity in the response of the human
body to steady—stateslnu501dal v1brations was investigated by
' W1ttmann and Phillips (1969) Most researchers accept that a
degree of non-linearity does exist in the response of the body,
the main discussion has been on @hether the non-lineerity that
exists ié sufficient to meke it impractical to assume that the
system is linear.

Wittmann and Phillips in their paper demoﬂstrated that non-
linearities did exist, and that they could be of sufficient
magnitude to make the linearity assumption impradtical. During
a vibrational study in which the input force and acceleration to
the body were measured, as the input aééeleration‘was sinusoidal
the force inpﬁt should also have been for all frequegcies, at some
frequéncies however it was nﬁt sinusoidal. Wittmann and Phillips
took this to mean that aithough the respoﬁse was linear at certain .
frequencies end acceleration levels, where the force inéut was
sinusoidal, at the other frequencieé tﬁe body exhibited consid-
erable nonslinear characteristics. (See Figure Nos. 37 énd 38 )
They also comnented on the peak value and time durations of the
"loading" and "unloading" cycles, during the non-linear phases.

Wittman and Phillips also coméared the response of a non-
linear mechanical system (using non-linear sczring characteristics)
to tha£ of a linear series two degree of freedom system. They
concluded that the response of the non-linear system could be
_.confused with that of the linear iwo degree of freedom system

if the phase angle were not docﬁmented, as it was the fact that




the phase aﬁgle exceeded minus ninety degrees for the non-
- linear system, (this is a condition that éannot be achieved by
a linear system) which enabled the two systems to be distinquished
from each other. The need to show the phase angle plot as well as
tﬁe modulus of impedance plot was also stressed by Murfin (1969) -
"It is mandatory however, that phase be meaéured for impedance
measurements to be useful.”

In a paper by Pradko F., Lee R.A., and Greene J.D. (1969)
investigating the development of transfer—function’of the human

body under steady-state sinusoidal and random vibraéions, they

stated that in the sitting erect posture the response of the body
was essentially linear. | The freguency range being 1 - 30 Hz with
_ acceleration levels'up to 1g (r.m.s.) or l.4g pk. to pk.
Coermann (1963) also noted that in the frequency range o - 20 Hz and
at acceleration levels of 0.2g., 0.6g. and l.ég; {pk. to pk.) the
impedance and phase angle plots stayed within the 10 per cent
range (which was the accuracy with which his phase angle and
impedance measurements could be teken). The variation Coermann
suggested could easily have been due to slight posture changes dur-
ing the experimental runs. The subject choéen was a heavy man
(99.5 kg) as Coermann expected the soft tissue to have more
influence on the linearity than the hone elasticity. From these
tests) Coerﬁann concluded that within the frequency range and
acceleration limits used, the body did behave as a linear sysﬁem.

- Having established the linearity of the body within the limits

of frequency and acceleration they set, Pradko, Lee and Greene




proceeded to develop.a transfer function for the body in the
sitting erect posture; they used the asymptatlc approx1mat10n
method, the resultant factors are llsted in their paper. The
transfer function for accgleration was simulated on an analogue
éomputer and compared to experimental data; .the force-motion
transfer function was converted to give a theoretical impedance
curve, this was compared with expsrimental impedancé data. (The
experimental data was - "the mean of different acceleration
levels using human test subjects.") The authors concluded that
whole body human response to random and sinusoidal vibration
displayed linear characteristics, and that transfer-function
statements could be found which accurately described human dynamic
response.

During their investigations into "£olerance" and "linear
response" experiments the authors noted that quite probably the
term "ride comfo*t" was non llnearlly related to the amplltude of
acceleration. Pradko, Lee and Greene then examined "absorbed
power" as a means of predicting subject response to sinusoidal
A aﬁd random vibrations. Absorbed power was first posulated by
R.A. Lee. Lee defined it es the time rate at which the vibration
energy imparted to the body was completely dissipated. After a
seriés of tests in wbich.subjectsvwere asked to assess the ride
comfort of the vibration, the results were then compared to the
computed absorbed power, (the previcusly calculated transfer
functions were_used to compute the absorbed power). The results

showed that absorbed power identified and discriminated ride
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comfort over large and small differences of the input character-
jsties.. The authors however .felt that further experimental work
was required, before they could confidently say that absorbed
pover correlated with subjective response.

Ride comfort has been a subject of particular interest in
the agricultural engineering field, with spgéial reference to
tractor drivers, Matthews J. (1964) inra compréhensive series
of articles entitled "Ride comfort for Tractor Operators". The
articles although not specifically related to mechanical
impedance studies does contain in the review a graph (Figure No.39)
from the experiments of Simons (1952). Matthews commented that
even if an optimum design of tractor seat Was postulated, it
would still probabiy be inferior to the human legsasavibrationl
absorber;

. Sugg C.W., Abrams C.F., and Stikeleather L.F. (1969) con-
ducted a series of exéeriments po measure the impedance
(velocity based) of 11 subjects whose weights ranged from
53.5kg to 88.5kg in the freﬁuéncy range 1.75 Hz to 10 Hz using
a fixed vibratioﬁ displacement of .25cﬁs {pk. to pk.) The
experiments were thus conducted with the acceleration level
varying from 0.03g at 1.75 Hz to l.Og at 10 Hz; (acceleration
pk. to pk.) The subjecté adopted a seated posture with the
1egs.supported on a platform to simulaié vehicle operators. The
authors found that this reduced by 25% the sitting weight of subject.

Sugg, Abrams and Stikeleather reported that the general



shapes of the modulus of impedance and phase angle plots were as
Qoérménn!s (1963); they observed a primary resonance of about

165 1b. sec/ft (2460.0 x 103 dynes x sec/cm) and a lower amplitude
secbndary resonance at approximaﬁely 8 Hz. The curves obtained by
Suggs, Abrams and Stikeleather are shown in Figuresiio. 40 and 41.
The impedance magnitude observed by Coermann for a subject sitting
in a relaxed posture was 5050.0 x 103 dynes X see/em. The authors

do not offer any reasons for the discrepancy between the two sets

of results, tut several factors could have influenced the results:-

a) the fact that Coermann results (and the results of the
other studies reported in this sectidn) have been for sitting sub-
jects with their feet unsupported; |

b) all other tests have in&olved measﬁring the impedance over
a fixed frequgncy range at a constant acceleration level

c) Suggs,Ah&ams and Stikeleather do not give sufficient data

- on their subject panel - were they tractor drivers used to a
vibration environment? were they young or old? This however
is a comment which could be levelled against several other papers
reviewed in this section.

. \
As the impedance curves obtained by Suggg, Abrams and

Stikeleather, had the same general shape as those obtained by

Coermann, Suggs, Abrams and Stikeleather éoncluded their simulator

could be of a similar type to that proposed by Coermann.; i.e.

a parallel tvo "mass-spring damper"” system. A simulator was

designed using parameters obtained by a digital computer analysis



of the impedance curves, these however were modified to meke the
simulator static weight the same as that of the average static
load imposed by the subjects. The modulus of impedance plot for
the simﬁlator followed closely the curve obtained from the 11
subjects, no phase angle plot was given however for the simulator.
To assess the degree of accuracy of the simulation,- particularly
of the simulator, as Suggs.Abrams and Sfikeleather said was to

be used‘for testing tractor seats with linear and non-linear
suspensions, the phase angle plot of the simuletor must correspond
to that of the 11 test subjects; otherwise any.results obtained
using it in the testing (or assessment) of tractor seats could

be misleading.

The problem of "tolerance" -"comfort" and "fatigue decreaséd
performance” (F.D.P.)limits has been of interest to researchers
for some years, interest being renewed when the International
Standards Organisation (I.5.0.) published a weorking group propessa
in 1968, (the proposal was revised in 1970). This proposal was
taken from a background of'experimental work showing very large
differences in the shape of tolerance-équort and F.D.P. limits
as well as in the obtained acceleration levels. In an interesting
paper by Ashley (1970) entitled "Equal annoyan.cev contours for the
Effect of‘Sinusoidal'Vibratioﬂ on Man", he proposed ; new
technique for obtaining "eqﬁal annoyaﬁéé contours" . The method
employed is similar to that used to obtain equal loudness contours

for hearing. Ashley used a random vibration spectrum as a datum,

10
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and a cross matching procedure vith a sinﬁsoidal vibration was
employeé to obtain the constant annoyénce'contours. The random
vibration spectrum was first related to the I.S.0. proposed
F.D.P. limit at 6 Hz by using the cross matching technique, and
panel of 27 subjects in the age range nineteen to fifty-seven.
Using the random ievels obtained the sinusoidal vibration equal

annoyance contours were evaluated ﬁsing six subjects. Ashley

compared his equal annoyance contour to a comfort curve computor
using the method of absorbed power proposediby Pradko and Lee.
Pradko and Lee's pubiished curve for equal comfort in the seated
posture was normalised to ihe I1.5.0. 4 hr. F.D.P. limit. The

tvo curves (see Figure No. 42. ) showed noticeable divergence
at low frequéncies, Ashley commented that this was to be expected
‘as the body mo?es as a rig}d mass at low frequencies (below

about 3 Hz) éhd little energy is 'thus absorbed. Ashley proposed |
.therefore that comfort was a funetion of vascular disturbance

‘at low freguencies and absorbed power at high frequencies. He
also commented that "safe exposure limits" may well be based on
different criteria such as acceptable relative motion of internal
organs, (the overall absorbed power would then be low) minor body
sub-systems may be experiencing large amplitude displacemenﬁs,
leading tb localized discomfort or the imparing of performance.
(e.g. the eyeball, which has a resonant frequency of approximately
25 Hz).
Although the last paper reviewed was not directly concerned

with the Mechanical Impedance of a the human body, it does
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however illustrate the vast number of factors which can
influence man's subjective assessment of a Vibratién environ—
ment. It also shows that even if the 6bjectives of an
experimeﬁtal progremme are clearly set down, the way the
researcher sets about achieving these objectives will influence
the results obtained, and the way the researcher's conclusions

can be used in the future.



B - 3. Experimental Rationele

B - 3 Experimental Rationale

As the studies to be carried out were to measure the
‘mechanical impedance of the -human body in various éeéted and
standing postures, several decisions had to be made as to the
method of measurement, postures to be adopted, and the vibrationb
environment to be used for the tests, before the pilot study
and main experimental programme could be carried out. Mechanical
impedance measurements computed previoﬁsly have been those of
velociﬁy based impedance. These results have been obt2ined from
records of the force and displecement (or velocity) taken at a
fixed fregquency. The force and displacement® traces were then
digitised and the modulus of impedance and phase angle for the
velocity based impedance were compﬁted by digital computefs.
*({The measured diéplacement was converted to velocity by digitai
computers, or some researchers measured velécity directly using
a suitable transducer).

The mdin aim of these étudies was to monitor continuously
the'mechanical impedance while the subject was on the actuator.

A continuous monitoring tebhnique had not been used previously to
measure whole body impedance, tut the mgthod has the advantage
that posture changes and individuzl differences between subjects
can be noticed during the plotting; also any bésture changes or
items of clothing likely to iﬁfluence the results, could be
modified during the test, and new ploésimade if necessary.

A continuous monitor of whole body mechanical impedance

io03
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could have been achievea in twb ways; firstly by digitising

the force and acceieration tracgs_and processing them by means , i
of a digital computer fitted withla'piotﬁer, or alternatively
by using an analogue computer and plotting the results directly
on an x-y plotter. The first alternative was not however
feasible as the digital computing fécility of the University
was a consideréble distancevfrom the 1ab§ratory and a suiteoble
digitiser was not available to proceés the force and
acceleration signals. An analogue computer could however be
obtained economic=lly and an x-y plotter was available to
enable direct readout ;f,tﬁe modulus of impedance while the
subject was on‘the actuator.

The conversion of the acceleration signal obtained from
lhe force cell; using the analogue compuper elements however
proved to be unsucceésful without the use of a special integrator
unit which was unavailable. Acceleration based mechanical
impedance could however be obtained directly from the analogue
comouter processor, this modulus of impedance curve could then
be éonverted to a velocity base by a digital computer after the
tests if required.

A small analogue computer was available for use at the.
vibrator, to monitor directly the modulus of impedance, to have
obtained simultaneously a direct readout of tﬁe phase angle
(vetween the force and the acceleration) would however have

required more amplifiers than were avaeilable on the small
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computer. The force and'acceleratiop sipnals, therefore,

had to bte tape recorded to enable processing on é larger anal-
.ogueﬂcombuter. kSituated some distance from theAvibrator); It
waé originally intended that the recordings would be made
simuitgneously with the modulus of impedance plot-out.

During the course of the pilot study however it was found that
the tape recorder loaded down the force and acceleration signals,
this interfering with the moduius of impedance monitoring circuit.
Two test runs at each pbsture had to be made, the first to

obtein the modulus of impedance plot, the second to enable

the force and acceleration signals to be recorded for future

processing.

The time taken to qbtain an impedaﬁce plot and tape
recording should be as short as possible, tut compatible with
the respohse of the monitoring systems as the results were
to be of a direct read-out nature. A frequency sweep was used
over the freguency range of 3 - 30 Hz. The impedance was
monitored first with the frequency increasing from 3 - 30 Hz, the
sweep time being twovminutes and then with the.frequency
decreaéing from 30 - 3 Hz also ip two minutes. This meant that

the subject would only have to assume one of the set postures
for 2 maximum time of ten minutes, in an attempt to reduce the
affects of poétural changes on the results obtained.

The postures to be adopted by the subjects were selected

as being typical of postures which would be adopted by




passengers and operators of transport systems. Two seated

postures were used.for the majority of subjects, with three
’ staﬁding postﬁres, and a seated posture set by th&léubject
whilst undertaking a tracking task, was used on a small number
of squects. For all the seated postures adopted the subject's
feeﬂ were supported on an adjustable foot fest, which was
attached to the actuator table. The foot.rest was adjusted
so that the subject's thighs were horizontal before the test
runs Qere cerried out. This was a similiar procedure to that
used by Sandover, . The similarity was to enable a future
comparison to be made between the impedance results obtained
under stéady-state vibration conditions to those using impact '
and random vibrgtions as the dynémic inputs to the body.
The acceleration level used for the experiments was

Sg. (pk to pk), this level was chosen beczuse previous researchers
have reported marked non-linearity in the response of ﬁhe body
at high aéceleration levels. Also this level corresbonds to the
proposed iSO 30 minute Fatigue Decreased Proficiency (FDP) Limit
for human beings in the gz direction, Altﬁough this level is
higher than that normally experienced by passengers and apparatus
in transport systems this slightly higher acgeleration level
was required to enable ‘the monitoring unit to function accurately.

The actuator was set in such a way that the sét>acce1eration
level of .5g (pk to pk) would be maintained to within 57 of the
level set over the frequency range used for the tests - 3 to

30 Hz. (Figure No. 78 )




This enabled the an=logue-divider to be set up sorthat

the gquoitent wes élways less than-unity._ The use of a
fixed acceleration over the swept fre@uency range also meant
that.the computed impedance magnitude (acceleration based)

at a given frequency would be equatable to the "apparent

mass" of the subject at that freauency-.




B - 4 Mechanical Impedance Theorv

B. - 4.1 Definition of Mechanical Impedance

Initially mechanical impedance will be considered with a
'veiocity base. Later these principles will be extended to
"include displacement and.acceleration; The majority of the
-work hés been carried out on a velocity base as this is the‘
base which gives a direct analogy.to Electical Impedance.

The human body can be considered as a complex combination
of the mechanical elements of mass, elasticity and demping. As
with complex electrical circuitsconsisting of inductances,
capacities and resistances, a good insight into the properties
of a complex system can be obtained by measuring the impedance
of the electrical circuit.

The input impedance éf an electrical circuit is defined
as the complex réﬁio of the voltage to the current going through
the qircuit.

g = -

i

The mechanical impedance of a mechanical network is defined

as the ratio of the transmitted force to the motion of the point
where the force is transmitted.

= _F

¥ —

motion
The impedance is first considered for electrical components

and then for mechanical elements on a velocity basis and finally

.

for mechanical elements on an acceleration basis.
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B - 4.2 Imoedance of Electrical Elements

Resistive Element

From Ohm's Law the voltage and current vectors are in

phase. (Figure No. 43 )

Inductive Element

E ‘ = /\/iI_,

dt
i = Imax Sin wt
gl = _Imax w Cos wt
dt

E = /& Imaﬁ w Cos wt )
- =/, Ipax W Sin (wt + T )
2)

From the above expression it can be seen that the voltage vector

leads the current vector by %%— (900) in an inductive element.

(Figure No.44 )




Capacitive Element

<O
1
—~
[N}
ct

I = Imax Sin wt

det = - Imax Cos wt
w

E = - Imax Cos wt

wC

——

Inax Sin (wt = L)
we '

From the above expression it can be seen that the voltage vector

lags the current vector by gg: (909) in a capacitive circuit.

(Figure No. 45 ) :

The symbol @E is given to the phase anglé between the Applied
voltage and the current through the circuit, and ZE for the

modulus of impedance. (Figure No. 46" )

i18



- B = 4,3 Impedance of Mechanical Elements (Velocity Base)

Pure Danmper

For a pure damper of coefficient C by definition the
damping force equals the damping coefficient multiplied by the

relative velocity of the two ends of the damper.

Fc = Ccio
Zme = F¢
Zpe = C
ﬂhc = 0°

Pure Mass

From Newton's Laws of Motion:-

Fp = M. X
& = Topay Sin wt
56 = scmax w Cos wt
Fu = M:kmax w Cos wt
= MXp,, w Sin (w£+-—g-),

Zam = Fm

=S
Zom = Mw Sin (wt-+§;)/hin wt = JMw
fom = + &

2
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Pure Sgring

From the definition of a puré spring:-
x K

o = Fpax Sin wt

I& = -x'max COS wt

Fy

(]
-
él
B
b
n
W
=]
~
£
ot

|
~r

N
&
1]
n
=
=
=
ct

1

)
]

]
7

. “w Sin (wt)

P = -
2

Nomenclature

The symbol 2, will be used for Mechanical Impedance
(Velocity Base) in the ensuing text.
eg. Zyk = _-=ik
W
The general shape of the velocity based modulus of imdedance

"and phase angle plots for basic mcchqnical elenrents are shown in

figure no. 47 .




B—-4.4 Tmpedance of Mechanical Elements (Displacement Base)

-Pure Damper .

For a pure damper of cbefficient C, by definition, the damping

force -acting across the dashpot the damping coefficient multiplied

by the relative velocity

Fe

Zmc

Zme

e

Pure Mass -

of the two ends of the damper

Cx

Fo .
=

X pax Sin wt

XLpax W Cos wt

= C w _Cos wt
= Cw
= + 1

: 2

From Newton's Laws of Motion:-

8;_ 8' R 5o

Smm

M

‘—r’max Sin wt

X hax W Cos wt

-X 0y W Sin wt

Mw2

———

+ 1

1ig-
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Pure Spring
From the definition of a pure spring:-
Fp = x. K
Zpk = Fy
Zye = K
P =  O°

Nomenclature

The symbol Z4 will be used for Mechanical Impedance

(Displacement Base) in the ensuing text.

eg sz = K
The general shape of the disp.lacenent'based nodulus of

impedance and phase angle plots for the basic rechanical elenents

are shown in figure no. 48 .




B - 4,5 + Impedance of Mechanical Flements (Acceleration Base)

Pure Damper

For a pure damper of coefficient C, by definition, the damping
force equals the damping coefficient multiplied by the relative

velocity of the two ends of the damper.

F, = Cx
Zpye = Fe

=
% = L., Sinwt
i = - .max 1l Cos wt

w
‘ Zpe = +C Sin(wt - T ) = -je '
' w Sin wt W
T o

Ponc = - é& = - %0

Pure Mass
From Newton's Léws of Motioh:-

Zyy = Fm
Zom = M

g = 0°




.~ Pure Spring

By definition of a spring:-

ka = Fi
36 max
o0 = 9o, Sin wt
AL = =Xna 1l Cos wt
w
“ = R
J?’ max la Sin wt
w
Z = - K
'mk -
e
Pe = -1 = -180°

Nomenclature

The symbol.ZQ will be used for Mechanical Impedance

(Acceleration Base) in the ensuing text.

eg 2 = =k

ak‘;,'

The general shape of the acceleration based modulus ef
inpedance and phase angle plots for the basic mechznical elements

are shown in figure no, 49 ,
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The mechanical impedance of a dey thus descfibés a body's
resistance to moﬁion. In the equation to deterﬁine the
mechanical dimpedance.of a bodx,thg qﬁantities are stated as
vectors, as in the majority of cases there will be a phase
difference between the applied force and the resulting velocity
(acceleration or displacement).

Mechanical impedance can be calculated in two forms:-

(a) Point Impédance and (b) Transfer Impedance. (Figure No., S0 )

(a) Point Impedance

The concept of Point Mechanical Impedance describes the
ability of-a structﬁre (or body) to witﬁstand or absordb
vibration. The applied forceland veloéity vectors are
both measured at the input to the body whose mechanical
impedance is being computed.

(b) Transfer Impedance

The'concept of Transfer Mechanical Impedance describes

the ability of a structure (or body) to transmit or isolate
vibration. The applied force vector is measured at the
input to the body, while the velocity vector is measured

at the output of the body whose mechanical impedance is

"computed.
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B - h.6 Mechanical - Electrical Analogies

The preceding séction detailing the behaviour of electrical
elements shows that two analogies cag bevdrawn between mechanical
" and ele¢£rical elements. The first is the Mass-Inductance analogy,
in which Force is analogous to voltage, and velocity to current.
In the second analogy - the Mass-Capacitance analogy, force is

analogous to current, and velocity to voltage.

Mechanical Electrical Equivalents
Mass-Inductance - Mass-Capacitance
Fofcé F ‘ Voltage E Current i
- Damping c Resistance R Conductance 1/R
Mass m Inductance . L Capacitauce c
- Compliance 1/k éapacitanée ~ € Inductance L
Acceleration X Rate of change di Rate of change dE
of current .dt of wvoltage dat
Velécity x 'Current i Voltage | B
Displacement x ' Charge 'q Integral of | fhdt

A

Voltage

Mechanical System

For the mechanical system shown in figure‘S]. the sum of the
forces at any point in the system is zero. The equation governing

the response of the system is:-

mdx+ cdx+ K = F(t)
der  dE

’

Electrical System (1) (Mass-Inductance analogy)

For the analogous system shown in Fig. 32 the sum of the




voltage around the loop is zero. The equation governing the

response of the system is:~

Ldi + Ri + ljidt = E(t)
dt | cY

-or g + Rq + q = E (t)

_ c

Electrical System (2) (Hass-Capacitance énalogy)

For the electrical system shown in Fig.f;3 the sum of current
at any point in the system is zero. The equation governing the

response of the systém is:~

CdE + E + _}_fEdt = i(t)
dt R L
or CE + 1 E 4 E = di(t)
R I at .

The analdgy used iq this section is the Mass~-Capacitance
analogy. This follows+£he principles outlined in the preceding
section on the combination of mechanical elements. Mechanical
elements that are attached to‘a fixed member are shown ''grounded".
The gfound connection also applies to mass elements that develop
inertia forces. These forces have magnitudes proportional to the
acceleration with respect to a fixed datum. Existing forces
.are usually placed at the left side of the diagram and elements

to the right.

oY

9
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B - 4,7 " Combination of Mechanical Elements

As with electrical elements, one first has to determine whether
the elements are coupled in series or barallel.

a) Parallel system (Single Degree of Freedom)

- A parallel system Fig.S?s has the same response for all
components. The total force acting on the system is the sum
of the forces acting on .the individual components.

ZA = F

‘x" .

»e

x

ZA for systém

Zas . = DLy v Dy 4+ Dy

b) Series System (Single Degree of freedom)

A series system Fig. 6 has the same force acting on all
components. The total response of the system is the sum

. of the individual system's component responses.

2y = F
For a series system however it is much easier to use Mechanical

Mobility - My (acceleration based) Mechanical Mobility is the

reciprocal of Mechanical Impedance.

My o= oXx
F
M for system . = 30, +5&k +'ji¢
F
By =1 + 1 o+ 1




Thevtable shown in Fig.94 shows several schematic impedance
diagrams. 1echan§cal symbols:.: are used rather than the analogous
electrical symbolss. In these figures the point of excitation
determines partly,'if the éombinatiqn of elements ére in series or

parallel,

B - 4.8 Response of Mechanical Systems

A) Single Degree of Freedom

The analysis given'below will be for acceleration based
Mechanical Impedance Z, , but a similar approach can be used

for velocity or displacement based impedanceé.

T@e acceleration based impedances can be calculated for thq
three components in fig.f;7 as a function of the forcing frequency.
These impedances‘can be shown as curved and straight lines on
the normal plot, or all straight iines on a log-log scalea

’ impe&ance chart, |

The system as.shown in thé figure is a parallel system, thus
all the elements have the same velocity and the force impressed
on the system equals thg sum of the component forces.

Zys = Zpy + Zag o+ Zac

The equatiog is a complex number.

Zpy = m

1
=y

Z2pk =

“we
= zie
W

Zpg =
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ZAS - = mw2 - K - jue
0 w2 -

The 'modulus of impedance, which is the quantity usually
plotted, can be found by taking the square root of the sum
of the squares of the real and imaginary parts.

.

)
Mw'z-— k .
—- Lo — Rea\ Aois
¢
k<
w').
-)
1ZAS!. = (w2c2 + {mw2 - K) 2;:1?
w2
tan ¢ = We
nwe - K

The intersection of the spring and mass impedance lines
occurs at the undamped natural frequency of the system. At

this frequency a finite force causes infinite motion, thus the

impedance at the natural undamped frequency is zero.
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- Thus solving this equation for w gives the familiar

expression for natural frequency wg = %
System resonahée oceurs when thé system impedﬁnce has a

zero real part. Phase angle # is then - (-900j, the

system.ig entirely controlled by the damper force. At this

point the system modulus of impedance curve is tangent to the

damper impedance line.

| The modulus of impedance curve shown in Fig. 58 is

asymptotic to the spring impedence line at low forcing frequencies.

This is also shown by the phase angle diagram (Fig. 58 ). At

low frequencies @ lies between -180 and -90° (-7 ). Thus for

this system we can say that for ffe§ueﬁcies below the natural

frequency the system is "spring controllgd".' The modulus of

impedance curve is also aSymptotic to the mass impedance curve

at high forcing frequencies, this is also shown by the phase angle

diagrem (Fig.S® ) at high frequencies f lies between -90° and 0°

Thus for this system we can say that for frequencies above the

natural frequency the system is "mass-controlled".

B) Single Degree of Freedom (System with base excitation)

The previous anaiysis dealt with a éysteh in which the masé
was being excited and the spring damper elements were grounded.
The human body however in a seated posture in which the driving
point for the impedance measurement is the subject's seat, is
more analogous to a two-degree of freedom system with bese

excitation. The system is shown in Fig. No. 59 which also




shows the impedance diagram.

This system is a combined series-parallel system; the

spring and damper are in parallel; and the spring-dsmper system

is then in series with the mass.

The impedance of the spring-damper system is found first:-

ZpcK

-

Zig o+ Pag
=i - k-
W . W
(~cwj + k)

w?.

in series the mobility is used to simplify the calculations.

Mpck

Zps

cwj + k.

8 |-

Mpck 4 Mam

This can then be combined with the mass - as the two are

:.wz + l
ewj+k m
cwijk - _mw?

m{cwj+k) -
m{cwj*tk)

cwjtk - mw*

2 2 2
mk - mkw + mwie

2
2 _m'we § . |

Ak-mw? )*

+ whe?




- The modulus of impedance is found by the square root of

the sum of the real and imaginary parts.

A

mk? - mrkuw? L mute?

(K~=mw*)? + w2l
) e

Real Axcis

Sk~ mw* ) 4wt

9
mtw C

) o

t

=)

2 '4 4'171;-

Zas = [(mk2 - mik + miiE ) tmue

(k - m*)% + w2é?

2z 2
-mwec¢

tan g

The intersection of the spring and mass impedance lines

(mk?

2 2
- m’kw? + mue* )

occurs at the undamped natural frequency of the system. At this

frequency an infinite force will be impressed on the driving point

for a finite motion of the point.

~ of the undamped system would be infinite.

14

Impedance of undamped system

Mobility of undamped system

MAK + MAM

BTt
k m
k - mw

When this occurs the impedance




. Zyg = km
M K= mWE
7AU will be infinite when k -mw> = O
i.e. when k = mw?
wg = k
m
w, = [k
m

The damped system résonance occurs>wheﬁ the system impedance
has a zero real part. The phase angle @ is equal to -90° the
system response - as was'the case with the former system, is
controlled entirely by the damper force, and this éives the
modulus of>impedance curve a finite value at the resonant '
frequency. The modulus of impedance and phase. angle curves are
shown in Fig. No. 60.

The modulus of impedance curve is asymptotic to the mass
impedance line at low fofcing frequencies; this is also-shown
by the phase angle diagram as @ lies between 0° and -90° +"%2).
The system is "mass—controlled“'below the resonant frequency, above
this frequency howgver the phase angle lies between -90° and
~180° (~77 ) and the modulus of impedance curve becomeé

asymptotic to the spring impedance line‘a£ high forcing frequencies -
the system is "spring-controlled" at frequencies above the systems
natural frequency.

When the modulus of impedance plots for the two systems are
studied they.show that the resonance of.thg first system (A)

causes a "valley" in the modulus of impedance. The second system

(B) at its resonant freguency has a "pesk" in the modulus of
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?\mpedance curve which corresponds to an anti-resonance of the
system. This analysis of the two curves however can help in

- the analysis of a éomplex mechanical‘ étructure - such as ﬁhe
huma;l body - whose modulus of impedance curve contains several
"valleys". and"peaks" correspondi}]g to "resonances" and "anti-

resonances".

c) Single Degree of Freedom (Displaying resonence and anti
' ' resonance) .

The.two previous systems described display either a
resonance or anti—resonahce, however) by adding an extra mass tq
system B will result in 2 system which displayé resonance and
anti-resonance characteristics.

This system is shown in Fig. No. 6] tozether with the
impedance diagram of the system. .'

The initial system response, that is.at very low frequencies
(V.L.F.) is mass like (m), as in system B. An-anti-resonance (A)
ogcurs with the spring-damper system and m, . The very high

. frequency (V.H.F.) response is also mass like as in system A.
This change from the spring-damper control to the mass-control of
m causes the resonance (R ) of the system. The modulus of
impedance‘ .and phase angle plots for the system are shown in Fig.
No. 62. ) The complete analysis for this system can be
obtaihed by combining m, with system B to obtain:-

2 ps = m; (cwj+k) +m

2

cwj +k - mw?

G2
&




) . . . N
= meewl * mk + mocw] * mok - momow
cwj * k - mw?

(m + my) cwi + (m,* my)k = mmouw”
cwj +k -mw?

v
. m =m,*m,

1

\ 2
mewj +mk - mmuw
7.

ewj +k -mw

The modulus of impedance can be found by taking the square
root of the sum of the squares of the numerical values of the

real and imaginary parts of the impedance equation. The

tangent of the phase angle can be obtained by dividing the

numerical value of the imaginary part, by the real part of the

impedance. , . .
i.e. 25 = V4Imag)2 + {Real)’
t = (Imag) A
an # (Real)
g = tmfi.glmagl
: : (Real}

The similarity of the impedance to that of system B can be
seen but the m,m w*> term however mekes the V.H.F. response
"mass-controlled" (m,) and this causes the resonance R

D) Two Decrees of Freedom system (A parallel system)

The system is shown in Fig. No. 62 together with the impedanée
diagram.; The algebraic analysis for the complete system impedance
can be obtained by adding an sdditional spring-damper-mass system

to system C.
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milewi v k) + _-moleawj + ko) = +mg
{c,wj * k, -mw2) (c,wj + k,- mw™)

The .célculati'oris to obtain the modulus of im‘p'edance and phase
angle are somewhat lengthy, and have been ommitted as they can be
found in most classic texts on vibration theory. The main thing
of interest is the modulus of impedance and phase angle plots,
which can be seen in Fig. No. A

This type of system (D) is of particular interest as it was
used by Coermann (without m;) and by Suggs, Abrams and Stikeleather

as a dynamic simulator for the human body during steady state .

/
sinusoidal vibrations.

The cunves indicate that the sjstem possesses two anti-
resonance "peaks' and two resonance :valleys“. The V.L.F. and
V.H.F. response of system D wi11 be mass-controlled. The change
from the V.L.F. mass-control to spring—céntrol causes the first
anti-resonance; as the frequency increases further the masses
again control the response and a rescnance R cccuré. As the
frequency continues to incfease the springs response becomes more
important and a second enti-resonance occurs as the system

changes to being mass-controlled.

E} Two degree of Freedom System (A series system)
The system is shown in Fig. No. 65 together with the impedance.

diagram. The complete algebraic analysis has to be done using

the mobility of each spring-desmper-mass sub system, as they are

combined in series.




- Mas =Mar + Mp2
MAal = cwi v ki - mw®
m.(c,-wj + k!)
MA2 = coui + ko = mow’

mylc,wj +k

Mas = " (ewi *t k, - mw?) + (cowi * ko =ma?)
m, {c,wj" +k,) m,{c,wj + k,)
MAS = Lm.* mzl(knkz Lt clc;zwz + c.kwi + Cckzw’” - mlmlwz(kL+ kKatje:t icll
m,m,(k,k,- c,c,w” * ¢,k wj + ¢ k,wj)
Let W = (k,k, - c,e,w + ¢,k wj + ¢ k,wj)
W
Then ZAS

(B o T i )

The modulus of impedancé ana téngent of the phase angle can be
found from the numgrical values of the real and imaginary parts as
outlined for system C. The mﬁduius of impedance and phase angle
plots are again of particular interest, for this type of system (E)
was postulated by Dieckmann as a dynamic simulator for the human body
during steady staﬁe sinusoidal vibration conditisns.

The modulus of impedance and phase angle cﬁrves for the system
are shown in Fig. No. 66. The curves are similar to those shown
for system D, and congain two anti-resonance “"pesks" and two
resonance "valleys" (if m; is not zero). The similarity of the
curves between systems D and E is to be expected for if system E

had been driven from m, and not m, it would be a parallel system

like system D.
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B - 4.9 Discussion of the svstem impedance plots

The modulus of impedance curves and phase angle curves shown
are only general curves to indicate the basic characteristics of
the~fivé systems analysed. The actual shape of the plots for any
given system would depend on th? system paraméters and the degrée
of 1inea;ity of the system. A parameter which has a considerable
influence on the shape of the impedancé nplots obtained is the

“degree of daﬁping present, for the relative value of the damping
present to that of the mass and elasticity can determine whether
or not the phase angle curve crosses the 900 phase line. The
systems studied have been simple linear systems, and from the.

algebraic analysis of systems D and E it can be seen that a

151m11ar analy51s on a many degree of freedom svstem would be a
difficult and complicated exercise. |

The modulus of impedance and phase angle plots can however
lead to an understanding of the ﬁechanical response of the system-
under a given vibrational input, and can also help tn produce an.
sccurate indication of the systems response to,a_different input
condition. More compréhensive text on the impedance technique

for the analysis of mechanical systems can be found in Slater

(169) and Church (1963)




B -5 Anzlosue Corputer Processing Units

B - 5.0 Introduction

The analogue computer processing units were based on
those.suggested by Wathan (1969);.'N5than had carried out a
theoretical study of a method of precessing force and velocity
signéls on an anzlogue computer to obtain modulus of impedance
and phese angle. Nathan had not however tested these
circuits in practice. The other texts referred to by the
author were Key (1965), Blum (1968) and Jackson (1960).

The processing units were patched into the analkpue computer
as three separate units.» The first unit' was a frequency-voltege
conversion unit,_the s;cond unit was to obtain the modulus of
impedance; the third was £he phase angle ménitoring unit.

The units were first patehed into a large analogue computer -
& Pace T.R.48 (Plate No. 2. ) to enable development of
the circuits before iheir use in the experimental programme.
The smail analogue used-ﬁo monitor the medulus of impedance
during the experiment was a "logi-kith computer with a
Tranchant T.B.0.6 analogue multiplier unit. A diagr=mmitic
view (Fig. No.€f7) of ﬁhe laboratory set up, shows the
position of the "logi-kit" analogue computer relative to the

rest of the apparatus used in the studies.



B - 5.1 Frecuenev-Voltace Ccenversicn Unit

The freguency-voltage conversion unit is shown in Fig. No. 68
the input to the unit is Signal Fo.l, the signel from ths
actuator's control unit.

The three signals which are shown entering the computer
are Signal No. 1 from the actuatoer econtrol unit, Signal No. 2 and
No. 3 are the Force and Acceleration siéﬁals respectively from the
force cell. Signal No.l is 2 square.wave whose frequency is the-
same as the actuator's operational frequency. The amplitude of
this sguare wave is also directly préportional to the operating
frequency of the.actua;or,'thus on full-wave rectification, the
resultant voltage will be é D.C. voltage difectly proportional
to the operational freguency of the actuator. This volﬁage.can
:then bte used to drive the x - plot of th? X - y plotter, enabling
Modulus of Impedance and Phase Angle to be plotted out directly
against the actuator's.operating frequency.

The full-wave rectification cirduit emploved is a convention-
al one, a description of the circuit is given in Blum (1968)

Page 148.

This circuit was used for the Pilot Study, and for the
phase(anglevplots of the main experimental programme . This
équare wave_(Signal No.l) was rectified using a diode bridese
network durihg the main experimental prOgrammé for the Modulus
of Impedance results. This was because the logi-kit analogue

comnuter had not enough available amplifiers to facilitate the

’
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patching of a full-wave rectification unit, as was possible
on the Pace Computer.

B -5.2. Modulus of Imvedance Moniterinz Circuitb.

The modulus of impedance monit@r was first patched onto the
Pace analogue computer in the pilot study. The circuit diagram
is shown in Fig. Ho.73. In order to facilitate a direct readout
of the modulus of impedance. durinz the experimentazl progremme,
however, trzecircuit was also patched up on "logi-kit" analogue
computer, circuit diagram Fig. 70. The circuit consists of
three basic units, two maximum postive voltage detectors, and

a dividing unit. As the modulus value of the impedance is

2 ’

required, the peak values of the force and acceleration sinusoids
have to be monitored. The Modulus of Impedance is then computed
by dividing these two peak vaiues.
The peak voltage detector is 2 modified form of the
simple lag transfer'fﬁnction circuit - Stewart and Atkinson_
(1967) pi)r 80 - 88. The inclusion of the diode between the
input résistor and.the summing junction of the amplifier,
enables the cirpuit to disériminate,betweén inereasing positive
voltages and decreasing voltages, both:-positive and negative.
The circuit acts as an integrator for the positive increas-
ing pulses with a time constent of .027 seconds. For
decreasing, and négative pulseé, thg.circuit acﬁs as a leaky
integrator with a longer time constant of 5 seconds.

The circuit will therefore detect the maximum postive amplitude

40




of the sine wave with an element of decay. The decay will
enable the detector to follow a sine wave whose amplitude is
incrgasing or decreasing.. A typical waveform obtéined from the
circuit is shown iﬁ Fig.7i¥

The rate at which the circuit's output voltage follows the
changes in the input sine wave amplitude depend on the time
constant of the leaky integratcr, and the frequency of the incoming
sine wave. Thus for the author's experimental programme which
involved an increase in.ffequencyvfrom BHérto 30 Hz the value of
the time constants had to be a compromise between fluctuations
in output voltage (shown as Ba in Fig. 71, ) for low frequency
input sinusoids and the resﬁonse to amplitude changes in the input
voltage for high ffequency’ihput_sinusoids.

The values used were found by experimenting‘with a serie; of
values for the circuit components and inspecting the resultant
output waveform on a display oscilloscope.. This procedure is
more fully reported in the pilot study section B - 6.

The_resulfant vaveforms from the peak voltage detectors were
then divided to form the Modulus of Impedapce ratio - Force/
Acceleration. |

This division is achieved by patdhing a multiplier into the
feedback of a high—sgain amplifier. The circuit set-up on the
Pace computer used‘one'of the computers quarter-square multipliers,
the"logi-kig computer used a separate-analogue multiplying unit -

a(Tranchanﬁ TB02,)this unit was such fhat it could operate from !

the Mogi-kit' computer power unit.
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The gains of the input amplifiers on the force and acceler-
ation are adjusted such that the accelerating signal voltage is
" always larger than that of the force, this is because the divider

will not give an output greater than one machine unit.



B - 5.3 Phase Angle Monitoring ﬁnit

\
The phase angle monitoring unit consists of two precision
sign function circuits (Blgm (1968) pp 150 - 2) a summer, and a
leaky integrator..

The precision sign function circuit operates in such a way
as to give a positive output of half a machine unit for any positive
input voltage, and a negative output 6f half a machine unit for

any negative input voltage. Thus the units will convert the

incoming sine waves into square waves of the same frequency.

The resultant square waves are then added by the summer circuit.

The comparator circuits are set to give a square wave whose outputs

is half a machine unit, (single peak amplitude). The voltage output
of the summer has a maximum output of one machine unit. The
resultant output from thg summer will depend on the phase difference
betﬁeen the two input waves. The resultaﬁt waveform will be of

the rature shown in Fig. No. T2.

’ VY,

» |
|
|

Output waveform of

the precision sign |

function circuit.

Figure No. 25 - |




The fipgure shows that the waveform pulse lensth is directly

proportioenzl to the phase angle difference of the input sinusoids.
The amplitude of the waveforms is ééhstént'at cone machine

unit (single peak amplitude). Thus the area of a single pulse is
also prbportional to the phase angle of the input sinusoids. If a
modified peak voltage detector circuit.is used, the circuit will give
an output proportional to the pulse area; éf its input waveform.
This is =2chieved by modifying the time ¢onstants used in the
circuit.from those used in the modulus of Impedance monitoring
circuit. The ecircuit again acts like an integrgtor for positive
pulse butthe time constant is much longer, the value being .6
secénds. The leaky‘integrator Has to have a longer time constant,
as the pulse width is less than that in the modulus of impedance
signals. The leaky integrator tims constent Qas 132 seconds.

The circuit used is shown in Fig. No. éq. - A rectifying
circuit was added during dévelopment, between the summer and the
- leaky integrator circuits. ThithoweveE.was not satisfactory
because with no phase difference betyeen the input sinusoids
the integrator could not "leak" and its outpu£ voltage just
continued to rise.

The outpuf voltage from the_monitoring_circqit is independent
of freguency (provided the comparators can still operate). Althoughh
the frequency Af the input sinusoids affects the'pulse width it
also chanées the number of pulses pér unit time. This means that

for a given phase difference the pulse area of the positive pulses

is the same, irrespective of frequency.



B - 6 The Pilot Studv and Calibration

B. - 6 1 Introduction

The pilot study was carried out with two aims in view.
The flrst bteing to test and modify if necessary the analocue
qoﬁputer processing circuits before the main test programme.
The sécpnd being to devise a shitable calibration technique,
 and calibrate the equipment before the first set of experimental
runs using subjects.

The pilot study was carriea out by means of recording the
force and acceleration signals from the force cell on an F.M.
tape recorder. The signals were recorded to enable them to be
used repeatedly without nécessitating'the repeated use of the
- actuator. - This meant that thé signaié could te processed on

the Pace Analogue Computer which was situated in a different
building to the actuator. The force and acceleration signals
also had to be reproduced quickly and aécqrately to enable
changes to be_made in the znalogue computer processing unit
parameters.

The force cell was ioadcd first with known masses, whose
impedance cculd bé easily calculated, and then with a 40 kg
mass on top of a fogm rubber cushion 50mm thick. (The foam

. rubber cushion was used to introduce a pbase difference
the force and acceleration signals, no phase difference is
present when a pure mass is used. Tﬁeory Section B - 4). The

signals from the force cell for the above loading conditions

were recorded and used for the pilot study.




A signal from the actuator eleétronic controi unit
proportional to the actuator frequency was also recorded.
This was to enable the Modulus df.Impedance and phase angle
traces to be plotted against actuator frequency. The signzl
obtained was a sgquare wave vhose smplitude was proportional to
the actuator frequency. The square wave was rectified using
a full-wave rectifier cireuit on the Pace analogue computer,
(Fig; No. 75 ). This circuit could nsp,howeyeg be.used during
the main experimental programme as not enough amplifiers were
available on the small”IOgi-kigtanalogue,comﬁuter. The square
wave was therefore rectifigd using a diade bridge network with
a small capacitof.placed across its output to give a smooth

trace on the x-y plotter, during the modulus of impedance tests.

B. - 6.2. Analorue Comnuter Processing Unit - Develovment

~and Calibration.

The first unit to be patched up ana calibrated was the full-
wave rectifer unit (see Fig. NQ.‘13 ) which was required to
drive the x ordinate of the x-y plotter. The amplifier
acted as an inverter to the signai, enabling the connection of
the computer and x-y plotter "earth" without reversing the

- normal direction of plotting. The plotter gain was then set

1) thg£ the frequency sweep of 3 to 36 Hé océupied most of thé
axis. | The;calibration was achieved-by recording about 15
seconds of the square-wave from the actuator control unit, with
the actuator seﬁ at a fixed frequency, the freguency set being

“recorded on the voice track.




The actuator was then re-set to the next fregquency, =nd so on
~at 1 Hz intervals between 3 - 10 Hz and 2 Hz intervals from 10
to 30 Hz. The resultant calibration of the freguency axis is

shoﬁn'in Figs. No. 19. |

The frequency axis was calibrated in a similer menner in the
test.laboratory, when the diode-bridge rectifier was used. The
calibration waé checked by marking tﬁe 3,-15 and 30 Hz frequencies
at the beginning of each subject text run.

As a result of calibratins the frequency axis, the modulus
of iﬁpedance monitoring circuit could be developed. The develop-
ment involved the selecting of suitable parameters for the leaky
feedback fesisﬁor and capacitor, setting the gains for the input

3

amplifier and the x - y plotter.

The cast i?on weights were.used as they have a knoﬁn modulus
of impedance, and phase angle plots. The feedback‘parameters'were
adjusted during the pilot study to make the modulus of imnedance
plots as linear as possible, when the.two values shown in Figure
No.73 ‘were selected (i.e. 5Mf2 and 1 MF) the modulus of
impedande plots for the cast iron weights were plotted out agzinst
vibration frequeﬂcy, the piot obtained was similar to that shown
in Fig. No. B0, Also shown is a modulus .of impedance plot for a 40
. kg weight placed on a foam rubber cushion, Fig No. 76 . To avoid
any confusion between the effects of hysteresisdue to the foam
rubber ‘cushion, aﬁd the changihg of.the system parameters the
recording -for the 40 kg weight on the cushion was made between

3 - 30 Hz only.
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.. The calibratipn of the modulus of impedance a%is was

carried out in the 1aborétory with the.“logi-kit" computer

in a similar manner to thgt described above for testing the

ménitoring circuit. The charge amplifiers were set up as

detailéd in Appendix 3, the analogue multiplier was set up

with reference to the manufacturers instructions, and checked
-using known volfages. The actuator was'then loaded with ecast

iron weights and plots of their impedance wefe made for the

experimental frequency range 3 - 20 Hz and then 30 - 3 Hz.

The first calibraiion shown in Fig. No.iéO. was éarried out

and used for the magority of the experiments. This calibration

was however not as linear as wvas hopéd, and each test run reguired

Pabulation (using the calibration graph) before further analysis

could be made. The two input amplifiers were then replaced with ‘
amplifiers whose characperistics were linear in nature over the o ‘
’experimental freguency range, a second calibration was carried
out and is shown in Pig. No.Bl. - i '

The phase. angle monitoring unit was developed and
calibrated on the Pace analogue éomputer first usihg a phase
lock function generator, and then the force and acceleration
signals recorded in tae vitration labératory for the cast
iron weights and the 40 kg weight on'a foam cushion.

The ciécuit for phase angle monitoring had originally been
designed with bistable units converting the input sinusoids to

square ‘'waves, this did not however prove successful due to
e
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triggering problems. The bistables were then replaced by
precision sign function eircuits, desgriptions of the circuit
‘are'given in Section B - 5. The development of ‘the circuits
involved the setting of the "leaky" integrator feedback
compénents i.e. the 6/LF capacitor and the 22 M. resistor,
these values were used after tests with sinusoids of known
phase differences. The main problem encountered- in fixing the
feedback parameters was to get the circuit to respond quickly
to the changes in phase of thse inbut sine waves and to maintain
a smooth trace over the experimental frequency range (3 - 30 Hz)
The values chosen provéd a successful compromise between these
two requirements. (Fié. No. 74.)

‘A calibration chart for the phese angle monitor is shown
in Fig No.iBZIaiéo shown is the phase angle plot obtained for the
’ 40 kg weight on a foam cushion Fig. No.77 The actuzl plot for
. system was the curve in the O to 90°'part of the graph, the
lower curve was obtainedvby inverting the force signel. This
was done to check the linearity of the response of the phase
angle ménitor, the two curves should be, @and in fact are
symmetrical about the 90° line.

B - 6.3. Accuracy of Imnedance monitoring eircuits

The overall accuracy of the measureﬁen£ §f the modulus of
impedance and associated pﬁase'angle depends not only on the
analogue monitoring units, but alsé §n the subject's ability to
maintain his posture, and repeat a given posture if necessary.

Coermann (1963) noted that:- "The impedance obtained and phase



angle curves remained in the range of:i 10 percent (which
is about the accuracy with which such impedance énd phase angle
méasufements cen be teken). 'Thié minor variatioﬂ was probably
dué to the fact that the subject'changes his posﬂure slightly"

-Thg accﬁracy of the resul'ts obtained from the analogue
computer units can be computed from fhe impedance curves for
the solid weight and the phase angle calibration using the phase
lock function generator. The aécuracy being dependent on
frequency and magnitude. The accuracies for the modulus of
impedance monitoring unit at various impedanées and frequencies
are shown in Table,No.;?. The phase angle monitor was such
. that the error did not exceéd + é%,df the true phase difference
for the frequency range 3 - 30 Hz. and over the phése difference
range of 0° - 186o

The total vitration time for any given posture did not

exceed ten minutes and it was hoped that this would minimise
the effects of posture change. Coermann noted that his subjects
had to maintain the same.posture for a period-of about an hour.
The differences iﬁ the postures adopted by subjects can be seen
~ when looking througﬁ the modulus of impedance and phase angle
graphs (Section B - 8). The efect, and relaxed postures
adopted by some subjects onlyAdiffer §lightly, where as the
plots for other subjects show considerable variation.

The computation of a figure for the accuracy of subject
ability to assume and maintain a given posture is almost

impossible, as there is no absolute reference posture which can




be adopted by each subject to be useabas a datum -for

. other posture types. The effects of subject physique

on. the impedance recording;are also difficult to assess
and would require a comprehen%ive anthropometric study of

each subject prior to the impedance analysis.
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B - 7 Experimental Method

B - 7 1. Sub1ect Selectlon and Instruction

The potential subject was first asked to flll in a
confidential form, (see pagesS70 /o 543 ) the information
from this was then assessed by the experimenter, together
with the research associate in charge of~the subject's files,
to determine the subject's suitability for the éxperiméntal
programme. The suitability of the individual subject was
assessed, using the proposals laid down in the "Draft Guide
on the Safety aspects of Human Vibration Experiments”.
(Draft 4, 1970) referfing to Section 3 - "Selection of
Subjecgs for Vibration Expériments". The subject was told
briefly how the actuator worked:—

"The actuator is an electro-hydraulic type. The
hydraulic power pack in the small room next door supplies

high pressure hydraulic oil to the actuator through flexible

vpipes. 'The oil is controlled by a valve which reéponses to

electric signals fecgiﬁed from the operator's control ccnsole.
There are three emergency'stop buttons in the laboratory, one
of which you will be holding during the experiments.”

Any questions asked about the appa;atps_by the subject
were answered and the actuator wes set into motion, and
stoppéd by the e&ergency sto§ utton. to show the subject how
gently the piston was brought to rest by the "emergency stop"

systenm.
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- The subject was then told about the object of the
- experimental programme: -

"The aim of the experiment is to monitor continuously
your mechanical impedance. Mechanical impedance being the
ratio éf the maximum force input to the meximum acceleration
input to the body; end can be thought of as being
analogous to the electrical impedance of an electronic device.

The hand-held button you will be given during the
experiments will gently stop the acﬁuator, use it if you
feel any discomf&rt or become spprehensive during tha exper-
iment."” ‘ ‘ .

The subject was then asked if he had any questions
about the vibration apparatus or the experiment before starting
the teéts. Before any tests were carried out the subject was
asked to éit on the gctuator which was then gently brought up
to the acceleration level used in the tests. When the required
acceleration level was reached the frequency was varied as in
the tests, the subject was then asked to stop the actuator,
using his stop button - to show him how gently the vibration
ceased;

After a few minutes on the actuator, and before the
experiments were carried'ouy)the foot rest was adjusted for
jindividual subjects, this being necessary to standard-~

ijse the seated posture adopted by each subject (Section ..B-7.2)




While the foot rest was being adjusted the subject was given
a brief description of the impedance meaSQring appgratus and
some of the possiﬁle uses.ﬁf the data: -

"The aluminium block you are sitting on contains three
force cells, and an accelerometer toimeasure the force input
to your body, and the associated acceleration. 'Fhe maximum
values of the force and acceleration'sighals are measured
and divided by a small aﬁalogue computer,.the resultant sig-
nal, which is proportional to your mechanical impedance is
fed to the y axis.of an x~y plotter, the x axis.is driven
from the actuator control console. The resultant plot will
be that of your mechanical impedance between 3 and 30 Hz.
The results will be compared to thosg obtained during impactl
tests at the University, and could also be used by designers
of'seating systems for off-the—:oad vehicies, where the
protection of the oéerator from vibration is of particular
interest."

The subject was then asked t§ adopt an erect or re-
laxed seating posture, for the first of the test runs. The
instructions given to the subject wiﬁh.regard to posture
are contained iﬁ the ?ollowing section. - |

B. - 7.2 Pbsture.
The results of previous investigations show what a

marked effect subject posture has on the mechanical impedance




results obtained, thus a standardisation of the posture
tyges is necessary to reduce variation in the 1ﬁpedance
curves due to the effects. of subgects °dop+1nw dlfference
postures. Tuo seating postures were used - an erect posture
and a relaxed posture, for both postures the subject was
sitting witn his feet supported on én adjustable foot rest.

The subject was first asked to sit so thzt his ischial
tuberosities were centra 1ly placed, or sllchtly to the rear
of the force cell. (This being dependent on subject height).
An inclinometer was then placed on top of the subject's thich,
the foot rest being adjustedréo that the subject's thigh was
horizontal. (See Plate No; 5 ); VThg position of the
subject's legs and the setting of the foot rest was the same
for both seated postures.‘ The subject was 21so a2sked to
place his hands on his thighs as shown in the photographs,
for the seated postures, and with his arms down by his side
for the standing ?osturés.

B - 7.2.1 Sittinz Frect Posture

Following the adjustment of the foot rest, the subject was
asked.to sit uprigﬁt, looking straight ahead. (3ee PlateslNo.4
and'5'). The subject assumes this posture with the vibrator
stationary, and when the mofion starts it could easily distract
the subject and cause his to change his posture slightly. To
minimise this effect the subject,when seated on the stationary
actuator, vas asked to focus his eyes on a particular point

on the piece of apparatus directly in front of him and about



3 - 4 metres away. This distance vas used so that the subject
could still concentrate on this point even during the vibration,
without moving his head}.

‘B = 7.2.2. Sittinz Relexed

The angle of the subject's thigh was checked using the ineclin-
ometer.and the foot rest adjusted if necessary. When the foot rest
was set correctly the subject was asked to adopt a relaxed sitting
posture. The subject was asked to imaéine.he was a passengey in
a vehicle, and could look around the laboratory area in front of
him if he wished.

A typical relaxed posture is shown in Plates No. & and
This ﬁeant that the first set_bf recordings were made with the
subject i; a sitting erect posture, which was defined for him, the’
second set of recordings were then made with the subject sitting in
a relaxed postufé, which was not so specifically defined, and was
thus left more to the discretion of the individual subject.

B - 7.2.3 Tracking Posture

The subject was asked to sit with the control joystick .n his
thighs, hold the coritrol box with one hand and control the joystick
with his other hand. The posture is shown ‘in PlateNo 8- the back rest
shown in the pﬁotograph was not fittéd_dpring the impedance
measuring tests.

The tracking task used was of a compénsétéry nature, the
subject having to keep a sp&t on a display oscilloscope moving as
horizontelly as possible, a referencé.trace is also present to

assist the subject. The subject was asked to concentrate on
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the trecking task during the entire experimental programme
of impedance recordings. |
| Tﬁe Sutﬁect held emergeﬁcy stop utton, which fér previous
- experiments had been held by the subj-ect in one hand, was
jncorporated into the joystick control box to enable the
subject to carry out the\tracking task easiiy, and still be
able to stop the actuator if he wished.

B - 7.2.4 Standine Postures

The impedance measurements made for subjects in the standing
posture involved a small number of subjects familiar with the
experimental aims and procedure. The subjects were thus told to

adcpt the required standing postures with the following instructions: -

a) Standing Frect Posture

The subject was asked to stand céntrally on the force celi,
withh his feet about 5 cms'apart; and then to stand upright with
his.legs straight andAaiso to look straight ahead. The legs
hafe to be.kept straight, as,if they are allowed to gend to any
degree at the knees ﬁostlof the vibration is "absorbed" by the

legs before reaching the subject's trunk.

b) Sfandinq Relaxed Posture

The subject again stood centrzlly on~the force cell with his
feet about 5 cms apart.. " He was asked to stand as ifbon a train,
or on an'escalator, his legs wefe not, to be as rigid as in the

erect posture. The subject was however asked not to deliberately

bend his legs at the knees, but to stand in a normal relaxed posture.




¢) Standine Knees Bent Posture

The subject agéin stood centrally on the force cell with
‘his feet about 5 cms apart.” He was then asked to stand with
his legs bending at the knees, to an.angle of ebout 135° .

B - 7.3. Modulus of Impedance Recordings

When the subject had adopted the requifed posture the
actuator was set in motion, and btrought up.to the iequiréd
acceleration level of .5g (pk to pk). The actuator freguency
was thén varied manually from 3 toUBQ Hz and then back to 30
to 3 Hz in four minutes.

Thé modulus of impedance curve was obtained directly for
the full Erequency sweep 3 to-30 to 3 Hz on the x-y plotter, the .
ordinates having been put on the graph before the test run. The
plotter was not however started until the actuator had reachedlthe
required acceleration level. While the subject was still in the
first pesture the frequency was again sﬁept manually from 3 to 30
to 3 Hz in four minutes, to enable recordings of the force and
acceleration signals from the force cell to be made on an F.M.
tape-recorder.

The subject wés then asked to adopt a second posture for two
more frequency sweeps, to obtain the modulus Qf impedance and tape-
recording for the subject in the second poéture. The tape recordings
were identified usiﬁg the voice track to give thevsubject number,
the posture .adopted and the tracks used for recording, This

enabled the phase angle plots to be labelled correctly after




processing.

The experimental programme for eacﬁ subject was restricted
during a2ny one hour period to two different posture types,
so that no subject was on the actuator for longer than 30
minutes. If more posture types were reguired, the subject
was weighed and measured before the second experimental
programme was undertaken.

B - 7.4 Subject Measurement

When the test runs had been completed and the tape record-
ings checked the'subject vas weight and measured. The subject
was first wéighéd standing on the scales, and also measured
to obtain his total weight and heigh£. The subject was then
weighed and measured iﬁ a sitting erect posture, to cbtain
his sitting weight and height. The sitting erect posture was
‘the same as that adopted during the tests, the subject's
thighs being set horizontal using the clincmeter and an adjust;
able foot rest.

This data was recorded witﬁ the subject's identification,
and then filed with two modulus of impedance plots, and two
phase angle plots after processing. The table of data for .
the subjects used in the expériments is shown in Section B - 8,

together with all the modulus of impedance and phase angle plots.




B -8 Exverimental Results

The experimental results 2v: shewn at the end of
Part B with the other figures and tables.

The table containing the data on the subjects used is Table

No. 5

B -~ 8.1. Exolanation of the Imnedance sraphs (Firures No.B3

to No. 160

The graphs contained in the section are the plots actually
obtained from the x - y plotter, duriﬁé tﬂg experimentsl programme.
The madulus of impedance values given on the impedance axis are,
however, only correct at 15 Hz and not over the eptire frequency
'range due to the non-linearity in the response of the monitoring
system. The tabulated results (Tables No. 6  toNo. 79 ) o
however reoresent the subjects true impedance at the given
freguencies, and it is these tables which have been used in all
additional calculations. . The tables were computed using the
cali.bration charts showr'l in 3ection B - 6. '(Fi.g-. No. B0 and 81)
The tabulated results are also shown in grsphiecal form in Fig. No. 16l
to No. /95 . The sitting erect and relaxed postures are
plotted on the same graph to enable comparison to be made for
the individual subjects between tﬁe t@o seated postures.

On the phase anglg gravhs the valﬁes given on the phase ancle
axis are correct for the entire frequency raﬁgé of 3 - 30 Hz. The
grachs are also shown in tabtular form at the given frequencies
to enable additional processing of the results by a digital

computer.




B - 8v20

Subject Identification

The experimental results shown in this thesis are indexed

by means of a letter-number system, the key to which is given

below..

- R

-T

reférs to male subject, number x.

refers to female subject,.number ¥

refers to a sitting erect posture

refers to a sitting relaxed éosture.
refers to a sitting posture adopted by the
subject while perferming a tracking task.

Standing postures ere specified directly on the -

figures concerned.

e.g. M6 -R refers to male subject number six in a sitting

" relaxed posture.
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B -9 Processing of Exoveriment2l Results

B - 9.1. Statistiecslly Processed Results

The results analysed statistically were thcse obtained from’
‘thé fourteen mele subjects in the sitting erect and relaxed
postures. The other sets of results could not be fully anolysed
due te.the limited number of experiments. The mean value and the
standard deviation were calculated using the conventional formula
for these parsmeters, on a P.D.P.12 digital computer. The
results obtained are tabulated in TablesXo. 82 to. No. 19

The tatulated modulus of impedance results were also divided
by the subjects weight to obtain a dimensionless parameter, which
was also processed on the digitel computer; the mean end standard

deviation for this parameter are shown in Tables No.95 and No. 100"

B - 9.1.1 ‘Additionai processing of results

The parameﬁef obtained by dividing the modulus of impedande
by the subject's weight was computed in an attempt to find a
parameter which would more closely descfibe the behavioir of the
human bedy to steady—state sinusoidal vibrations. If this parameter
did perfofm this function, the dispersion of the parameter about
its mean value would be less than that obtained with the modulus
of impedance results, and thus the‘ratio,standard deviation / mean
value would be smaller for the par=meter.

The ratio of the standard deviation/héan.vélue was compuﬁed
for the parameter and the moéulus of impedance results, the ratio
being expressed as a percentage. (&ébles No. 120 and 12/ ).

These tabulated results were also shown in the form of histograms




(Fig. No. (96 and 197) an analysis of which is given in

the discussion of the experiment2l results Section 3 - 10.

B - 6.2 Conversion of Acceleration based Impedance to

Velocity based Impedance.

B - 9‘é.l Modulus of Impedance
The acceleration based modulus Qf impedance used in this
study were converted to the velocity béséd modulus of impedance
used by Coermann (1963) - dynes x -sec/¢m x 103 and the
1b - sec/ft units used by Suggs etval (1969).
If Za = Modulus of Impedance acceleration base
Zv = Modulus ;f Impedance velocity base

f = frequency of vibration:

g = acceleration due to gravity

w = angular velocity.
Zv. = Zaxw
g

u

Z§4é2JE§ Dynes x sec/em x 103

The value of (27Tf/g) was computed for the frecuencies used
in the experiments (Table No. 81,). The converted results are

given in Tzbles No. 838 to No. [19.

B - 9.2,2 Phase Angle
The shapéof the phase angle curves for the tvo types of
impedance are the same, but as the acceleration vector leads the

velocity vector by 90°, the pure mass phase line which is Q°



on the Za phase blot becomes  90° on the Zv phase plot.

: Thﬁé the velocity based ﬁhase angle piots can bélébtained
from the acceleration based plots By adding 90° to the scale
valﬁes on the phase angle axis of the acceleration based

plots, the shape of the curve remaining the same.




B - 10 Discussinn of Results

B - 10.1 Subject Panel

The subject panel used in the experiments consisted of

" fourteen male subjects and two female subjects from staff

and students of the University. A table of subject data is
contained in Section B - 8, and a summary of this data
together with availeble subject data from previcus investi-
gations is shown in table No. l22. blbﬁe of the maiﬁ criteria
for a subject panel is that it should represent the "cenereal
population” or a specified sector of the population (i.e.
tractor drivers, typists ete.) ‘The subject panel used could
Be desceribed as a panel of young adults of the general
population, and could in respect to.age be called biased.
Apart from Coermann (1963) very 1itt1e_subject data (or none
at alll) is given in other research réports and this makes
it diffiéult to assess the bias in the subject panels used by
previous4investigators.

| The tabulated parameters show that the mean height
and weight of the subject panels used by Coermann and Suggs
et al are greater than the panel used for this study.
Coermann's subjects were an average of 207 heavier tut onif'
1.2%.taller and those of Suggs . -about 10% heavier. These
differences could be attritutable to two factors - Coermann's
subjects were about 9 years older (ho daﬁa is available for
the subjects of Suggs et al) than the Lquéhborough University

subjects, and both Coermann's and Suggs' subjects were
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American.

The weight and physique of-the subjects may influence
the shape of the mg?ulus of impedance and phase angle plots;
subjeét sex could however aléo be a factor, and female
subjects were used in these étudies fo see if any significgnt |

differences existed between the sexes in their reszonse

to steady-state sinusoidal vibration. To obtain comprehen-

assessed separately if significant differences in their

sive impedance data, both sexes must be included and
responses are found to exist.




B - 10.2 Sittineg Erect Posture

The modulus of impedance resulls for the 14 male subjects
are shown in figures Ho. 201, ZOﬁ_an-d'Z‘OS‘;lO‘I-' The piot of the
mean shows a first anti-resonance (Peak) just above 5 Hz the
peak is 77 kg (Za) or 2.4 Dynes x sec/em X 106 (Zy). A second
anti-resonance is visible on both the acceleration based
impedance plot and the velocity based curﬁe at the frequency of
11 Hz, the peak is not however very prbnounced. A third anti-
resonance peak is also just visible at 14.0 Hz on the velocity-

.based impedance plot, but is not really perceivable on the
-acceleration based impedance plots. The resonance valleys are
also just perceivable on the velobity based médulus of impedance
curve at frequencies of 8.5 Hz and 12.5 Haz.

The phasekangle curves for the male ;ubjects,'are shown in

" figures No. 20Y and 208 . Although the phase angle plotu
do not cross the 9090 liﬁe as would be expected for a true
resonance or anti-resonance condition éf a mechanical system.
-(When the phase angle is 90° the system is entirely "damper
controlled" and this gives rise to a resonance or anti-resonance
condition. Section B. - 4). The phase angle curve rises
to a maeximum phase difference (between force and acceleration)
of 55° at 8.5 Hz, From this frequency to 50 Hz the curve drops
steadily’to 450 indicating that visco-elastic effects are still’
substantially effecting the whole-body response in the frequency
range 15 - 30 Hz,

When considering the individusal plots for the subjects, two
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subjects of above average build - M7 and 48 and two subjects
of below average tuild M1l and M12 Qere'compared to the mean
.value (fof the 14 subjects)"to ascertain wﬁat influeﬁée subject
physique has on the modulus of impedance and associated phase
'angle. (Figﬁres No. 225, 226,23/ and 232.)

The modulus of impedance plots for M8'and147 show a much
more pronounced first peak than do the curves for éubjectg
M11 and M12. Considering'the plots for M7'and148, the plot for
M7 shows a very flat peak for the first anti-resonance which
extends over the frequency at which the second peék_ﬁould ogeur,
another peak is however visible just below 16 Hz. The plot for
ﬂs shows the three anti-resonant peaks (the third however is not |
pronounced.) - - The phase angle plots fer M7 2nd M8 are
similar up to 7 lz, then the éurve for M7 turns upwards to a
frequency of 12 Hgz, indicéting-the influence of a large secondary
ﬁass which turns the éhase plot téwards the mass line. The twé
anti-resonances‘frequencies being so close appear on.the modulus
of impedance plot as a large and flattened peak.

The modulus of impedance plot for Mlllis very sigiilar in
shape to that of M7; the plot for M12 however shows a very
pronounced second anti-resonance which is not.shown on the plots
for M7 and M11. These aifferences in shape of the impedance
curves do not_however produce large differences in the associated
phase angle'plots. The modulus of impedance curves for
subjects M1l and M12 lie well below the mean curve, indicating

that the effects of physique are more marked for.subjects of




lighter build compared to subjects of above average build.

This could be that: the skeletal mass has less influence on
‘the shape'of'the impedance cﬁrves than the major bddy or gans
which are suspended by visco-elu§tic tissues within the skeletal
frame, or of the flesh and fatty tissues covering the frame,
(this is perhaps particularly true of the erect posture where
the spinal column is stiffer and provides'a more rigid frame
capable of transmitting the vibrational force).

The modulus of impedance curves obtained for the two

female subjects (Figures No. 98,199 and 200. } are very similar.
to those obtained for the male subjects M1l and M12 - the male
éubjects of-lighter build? A first anﬁi-resonant peak occurs
at a frequency of 5 Hz and has a value of 61 kg (Za) or 1.6
Dynes x sec/cm x 106 (Zy). This first anti-resonance peak is
flatter than that obtained for the 14 male subjects, (see figure
No.203) and the first anti-resonant frequency cannot be so easily
jdentified. A second anti-resonance peak is visible at 10 Hz tut
not a third as was just visible for the male subjects.

Two resonance valleys are visible on the modulus of impedance
plot for ihe tﬁo female subjects at just above 8 Hz and the
second at 14 Hz. The two curves for the male and female subjects
come together at about 24 Hz and the modulus of impedance Zg4 is
then constant to 30 Hz. This meaning that above 24 Hé the
amplitude of the input force simsoid to the bodyto maintain the’

fixed amplitude acceleration sinusoid is constant.

* Figures No. 227 and 233,




When cgmparing'the phase angle plo@s for the two
female subjects (Figure No. 205 } to the mean curve for the
male subjects, considerable differences were found to exist
_between’theAcurves for the two sexes. The phase angle had not
reached 90° for any of the male subjects in the sitting erect
posture, with the exception of M2 and M10. .(MlO - the phase
angle only became 90° for the frequency.increasing from 3 - 30
Hz). The phase angle plots for both the female subjects showed
phase angles greater than 90° ., The phase angle for the two
female subjects is greater than 90° between 7 and 10 Hz, indicat-
ing that bétween these frequencies the influence of the elasticitieé
(springs) within the body was greater than that of the body
masses. At 10 Hz the female phase line rises sharply to a phase
difference of 60° and then follows closely the mean line for the
male éubjects to 20 Hz.. At 20 Hz however the male phase line
continues at an almost constént phase difference of 45°, while the
female phase line turns towards the é0° line again and has

reached 80° by 30 Hz. This difference was exhibiteqd by both

~ female subjects, and is shown clearly in figures No.l%0 and (3]
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B - 10.3.. Sittine Relaxed fosture

H 'The modulus of imﬁedance results'for the foﬁrteen

male subjects are shown in Fig. '}10.201,202, end 203,204,

The plot ¢f the mean for the male subjects shous a

first anti-resonance peak just above A'Hz, the value

of the modulus of impedance at the anti-resonénce |

frequency is 74 kg (Za) or 2.0 Dynes x sec/em x 106 (Zvy,

A second anti-resonance peak is clearly on both tﬁe

velocity and acceleratién based impedance plots at

8.5 Hz and a thirdpesk just below 12 Hz (The third pesk

is not very pronounced on the acceleration based plot]).

These secondary peaks are much more pronounced than those

visible on the erect posture cur?e. Two resonance valleyé
are also clearly viéible on the velocity based modulus

of impedance plo£ at frequenéies of 7 Hz and 10.5 Hz.

The rélaxed posture phase angle plot for tﬁe m;ie
subjects shows a steeper rise to an angle of 500 (at 8 Hz)
but for the frequency range 8 - 12 H%Jfollows the same
curve as that for the erect posture. Above 12
Hz the curve turns slowly upwards to 30°  (at 30 Hz)

indicating that in a sitting relaxed posture




the response of the.body ﬂends to become "mass-controlled" as
‘the vibration input frejuency increases.

The'moaulus of impedance plots for M7 and M8 are very similar
“in shaée for the sitting relaxed posture, the phase angle also
follows the same pattern rising sharply to about 60° at 8 Hz and
then remaining at approximately & - 14 Hz and falline from 14 -
30 Hz to a phase differénce of about 300 . The phase angle
plots for the male subjects of above averége tuild are closer
to the 0O phase line than those for the sitting erect posture,
indicating the gfeater influence of the "damper" elements within

3

the body, to its respcnse to steady-state sinusoidal vibrations.
The "damper" influences being more prominent in subjects of above
average tuild. (Figures No. 228,229,239 amd 235.)

_ In considering the impedance plots for the female subjects,

the modulus of impedancs curve is'similiar to that for the male

>

-~

subjects, the velocity based plot is more step like then the
male plot.but a first anti-resonanée peak is clearly visible

at a frequency of 4.5 Hz with an impgdance'of 62 Xg {Za) or

1.7 Dynes x sec/cm x 106 (zv). A second anti-resonance peak
occurs ét 7.5 Hz and a third at 10 Hz. (These peaks are much
flatter than those obtdined for the male subjects) The
resonance valleys ére thus not Qery pronounced tut occur at

6 Hz and just over 8 Hz. The modulus of impedance plot for the

female subjects is however lower than that for the male subjects
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between 7 and 16 Hz, this is because the second anti-

" resorignce pezk is larger in mognitude than that of the male
subjects, snd at a lower frequency ( 7.5 Hz —Afemale;

8.5 Hz - male).

In comparing the mean phase angle curves for the two
sexes (Figllo.le ) a considerable diffepence is- found to
exist, the maximum phase diffefence fér the male subjects
being‘nearly 60° at a frequency of 9-Hz, whereas the curve
for the female subjects has a meximum phase difference of
105° at a frequéncy of 8 Hz. The curves then come together
with a pﬁase difference of sbout 100 at 12 Hz, this phase ’
difference is maintained to 30 Hz. The phase angle plots
again indicateva.much higher degcree of body elasticity
inf}uencing the phase angle plot for the female subjects.

(The difference between 2 - 12 Hz is too large to be att-
ributed to a differénce in mass, in fact the male subjects
whose phase angle plots were the ciosest to those for the
female subjects were males of above average build. This degree
of elasticity is greater than that pfesgnt in the sitting

erect posture where the maximum phase difference was only just

over 90° for the femele subjects. (Figure No. 236 )




B -10.4 Tracking Posture

The use of a écﬁpensatory tracking'task was to measure
the suﬁjéct's impedaﬁce in a streéééd-cpnﬁitién, to simulste
the operator contfol situation. Comparing the mean curve for the-
three subjects, M1, M2 and M3 in the trecking posture (Figs Ho.215, 216)
with the mean curves for the three sqbiects in the sitting relaxed
end erect postufes (Fig Nodi2and 213) sh5w that the modulus of
impedance curve for the trackihg'postﬁre closely resembles that
for the sitting erect posture.

The first anti-resonance peak is the same value as that
* for the sitting erect posture, buf is at a frequency of just
below 4.5 Hz. Second and third anti—resonanée'peaks arevvisible
at 12 Hz and 18 Hz, with the impedance rising steadily from 22
éz to 30 Hz as in the sitting erect posture. The phase angle
plot too is véry simiiaf to the sitting erect posture curve. The
differences shown in thé modulus of impedance and phase angle
© curves would be wholly,_or pdrtlyz dué to postural différences,
or to the level of stress experienced by the subjects in per-
forming thé tracking task.

The posture adopted by the subjects is sh~wn in Plates No.l
and 3. (The back rest shown in Plate No. B was not present
'dgring the ippedance studies). The subjéct held the control box
in one hand, using the other hand to control the joy-stick, the
subject also had to look down slightly to view the tracking
task on the display oscilloscope. The changes in position of

 the second and third resonance peaks are probably due to these




postural changes outlined above, tut the influence of stress on
the subjects impedance is chh nore difficult to assess. The
level of stfess experienced by'the subject during the impedance
measuring experimants depends on the subjects femiliarity with
the actuator and the'seriousngss with which he undertekes the
tracking task.

The curves do show that during a stressed qondition, such
as a tracking task the body response to sinusoidal vibration is
similar to that in a sitting erect posture. In the sitting erect
posture fhe subjects muscles would be tenser, this has thé

effect of stiffening the visco-elastic elements within the body,

a similar effect appears to be precipitated by stress.

313



B - 10.5 &tanding Postures

i}, The first two standing postures were assessed usin:

two subjects .- M1 of average build and M2 of above average

build., The subject of above average tuild was used, as it was

thought that his extra weight would have an influence on his
impedance curves, compared to the subject'of average build.

ii). Standing Erect

The standing erect curve for the modulus of impedance of

" : :
M1 (the subject of average tuild) shows a first anti-resonanc-

peek at 5 Hz with a velue of 84 kg {Za) or 2-69 Dynes *
sec/cm * lO6 (Zv)' A second anti-resonance péak is just

perceivable at 8 Hz, after this frequency the modulus of

jmpedance curve (Za) continues a smooth steady drop to a valuo

of 7 kg at 8 Hz, the velocity based curve between 10 and 30 H

is almost constant, the value being 1:7 Dynes * sec/cm * 106.

Tﬁe phase angle curve'for Ml shows that iﬁ-the frequency rang:

8 Hz to 30 Hz the whole body response is "damper controlled‘
The modulus of 1mpedance curve for N2 (the subject of
above average tuild) shows a very pronounced first anti-
resonance pesk at 5 Hz with a velue of 115 kg (Za) or 3-63
Dynes * sec/cm * 106 (Zy). The second anti-resonance is
visikle on both Za ano Zv plots and occurs at 8 Hz with a
value of 56 kg {Za) or 2-88 Dynes * sec/cm * 106. The curve
now remains well above that of M1 until 16 Hz, a third anti-
resonance'peak is then visible at fréquency just below 18 Hz

(on the Zy plot), corresponding closoly to the frequency at

* Figures Nos IS/, 152,156,157 ,217,2(8 and 219,
’ / [ B /
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which the phase engle curve crosées the 900 phase line.
(This £hird peak is also visible on thé Za curve although it

is not so pronounced). A very slight fourth peak is also
visible on both curves at a frequency of 27 Hz, this corresponds
closely to the frequency at which the phase angle curve érosses
back over the 90° phase line. Thus during the frequencies 16
and 26 Hz the elasticities within the body control the whole-
‘body response of subjédf M2. Resonance valleys are also clearly
visible at approximately 7 Hz, just below 16 Hz and about 24 Hz.
The valleys are not very pronounced for the second, third and

fourth peaks, ohly really represent locai maxima on tha
acceleration,(or velocity) based modulus of impedance plot.

These differences in the whole body response of "the two

subjects M1 and M2 are most pfobably duelto difference in
physicue between the two subjects, the influence of slight posture
changes however cannot be ruled out completely;r The effects of
posture changes are Qery difficult to assimulate, and the
experimenter can only instruct the subject and check that he
appears to be adopting the correct posture, for it is the subject
who has control of his internal muscle tensions. (It may
however £e that the body can.consciously or by some reflex
action become an "active" system capable of influencing its
response to the vibrational input to minihise the effects on
certain important body orgamns. Thus the tension of some of the
muscles within the body may be only partially in the conscious

control of the subject).
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1i). Standing Relaxed.

The modulus of impedance curve for Mi*rises to a fifst‘
'1 ahtieresonance peak at just below 6 Hz.with a value of 86 kg (Za) -
or 2+8 Dynes * sec/em * 106.  The curve dbes not then really
posseSs any more promlnent Deaks or valleys, and the veloocity
based modulus of impedance plot is almost constant between 10
and 16 Hz when it dips slightly to a shallow valley at 18 Hz,
rises to a flat peak at about 22 Hz, and another shallow valley
at 26'Hz. After 26 Hz however the modulus of impedance (Zy)
rises to the final test frequency of 30 Hz. These shallow
valleys and flat peaks in the frequency range 16.to 26 Hz are
reflected in the phase angle plot, by slight changes in the ,
phase difference between these frequencies. The phase angle
difference decreases between 26 - 30 Hz indicating a move
towards mass control at higher frequencies ( i.e. above 30 Hz),
this is also shown on the modulus of impedance (Za) plot by an
almost constant valie of the modulus of impedance between 26 snd
-30 Hz  (The modulus of impedénce‘Za for a mass ig a horizontal
line on a Za plot).

The plots for M1 shows the differences expected befween
the two postures, when the results fof ihe standing posturés
are compared to those for the sitting postures previously
discussed, and results obtained by other researchers in the past.
The plot for Méihowever does not fit into this expected pattern.

The first anti-resonance peak is.supressed well below its

-expected level, the peak occurs at a freguency of just over

% Figures No. /03, /54, /58,159, 220,22/ and 222.




5 Hz end has a value of 88 kg (Za) or 2°78 dynes * sec/cm *
100 (Zy) the second pesk occurs at a frequency of 9 Hz and
has a value of 55 kg (2a) or 3~17 dynes * sec/cm *_106(Zv).
The cur&e (Zv) then falls'élowly to 18 Hz where it then follows
the same curve as the étanding erec£ posture.

The phase angle plots for M1 and Néﬁalso show considerable
difference, the phase angle plot for M1 (Qith the frequency
increasing) rises to an almost constant phase dlfference of
about 50° between 9 Hz and BQ Hz; with the frequency decreas-
ing. However the phase difference remains ét 50° from 30 Hz
to J Hz. The phase angle plot for M2 with the frequency increas-
ing rises steadily to a phase difference of about 1000 at a
frequency of 12 Hz end remains qonstant to a frequency of
24 Hz, tut then falls steadily fé a phase difference 556 at .
30 Hz. This first part of thé phasé angle plot for M2 is
31m11ar in shape to that of M1, the plot with the frequency
decrea51ng (from 30 Hz to 3 Hz) however follows.a smmllar shape
to that for Ml down to a frequency of 9 Hz. The ohase difference
was decreasing down to 9I{z, et 9 Hz however the phase
difference begins to increase again, to # value of 406 at.a
frequency of 7 Hz; the phase angle then falls quiﬁkly from
7 Hz to 3 Hz.

The phase aqgle.plot for M2 with tﬁis "figure of eight"
shapelbetween 3 Hz and 10 Hz is similar to that»for Ml in a
standing with knees bent posture. The “figure of eight” shape

is not so exaggerated for M2 in the standing ‘relaxed posture,

¥ Figuees No. 158, 159,220 and 221,
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indicating that M2 waé allowing his knees to bend more than
subject M1, The bending of the knees by M2 caused the suppression
of the first anti-resonance peak in his ﬁodulus of impedance plot,
as can be seen from the modulus of impedance plot for M1 standing
with knées bent where the whole of the plot lies below the Za = M

(or Zg= Mw) line.

iii). Standing knees bent

This posture was assessed using one suﬁject of average build
M1, the exact posture adopted by M1 is detailed in Section 'B.- 7.
As detailed above the whole of the modulus of impedance plot
lies below the Za =M (or Zv = Mw) line. A first énti-resonance
peak is visible at a frequency just above 4 Hz on the velocity .
based plot. (This is also visible~as a flattening out on the
acceleration based impedance plot at 4 Hz). The value of the
modulus of impedance at 4-Hz is 46 kg (za) or 1-2 Dynes * sec/cm *
106 . A resonance valley is visible on both the acceleration,
and .velocity based plots at 6 Hz. The second pezk has flattened
oﬁt and spans the frequency ranée 6 Hz to 18 Hz, a third peak is
visible at 22 Hz, the acceleration based impedance (Za) then
remaining constant at about 10 Kg to 30 Hz. (Figs No. /55,160, 223and224.)
The phase angle curve is also conéiderably different from
any of the other postures. With the frequency increasing from
3 Hz to 30 Hz, the phase anglé rises sharply to a peak of 75°
at a frequency of just over 6 Hz, and then falls back to a phase
difference of 30° at 14 Hz. From 14 Hz'the curve rises gently

to a phase difference of 40° at a frequency of about 22 Hz.

&




-{corresponding tq the third anii-resonance peak on the modulus

of iﬁpedance plot). .With the freqﬁency decreasing however the
éhase éiffereucé follows the 'same line as for the fféﬁuency
inereasing up to 22 Hz, then the phasé difference falls slowly
to a vaiue of 26° at a frequency of 9 Hz. In the frequency range
9 Hz to 3 Hz the phase angle rises sharply to a value of 1120 at
5 Hz, and then falls quickly to a valueiof 100 at 3 Hz.

When the frequency is decreasing the phgﬁe.angle line cuts
the 900.1ine at 4 Hz and 6 Hz correspondiﬁg to ﬁhe anti-resonance
end resonance. The differenée in the plots with the frequency
increasing to the frequency decreasing is much more pronounced on
the phase angle plots than.for thé modulus of impedance, for the
standing postures, and with sﬁbjecﬁs M1 and M2.

B - 10.6 Individual Differences.

The differences existing between the impedance plots for
individual subjects can be éttribufed to five main paraméters:—
1)  Physiological differences
§1)  Postural differences
iii) The subject's-sex
iv) Psychological diffefences-
v) Differences in the subject's "active"
response to vibration.
The changes in Subject respdnse @o an increasing frequency,
to that when-the frequency is decreasing are difficult to attribute
to one or more of the above parameters. . The response of certain

.subjects is such that little difference (i.e. within the accuracy

W

el



182

of the experimental measurements) exists in theirAresponse to
an increasing or decreasing vibration frequency; while that of
others shous a significant‘differeﬁdé-in response on tﬁe modulus
of impedance, phase angle plot, or both.

Thése differences in the whole body response to sinusoidal
vibration of increasing and decreasing.frequency indicate a non-
linearity in the body's response, the degfée-and nature of the
non-linearity depending on the individual subject. The most
likely parsmeters to influence the linearity of the whole-body
fesponse in this way are differences in the "active" response
of the body, trying to mihim.ise the effects of the input
vibration on the principal‘body organs. The extent to wﬁich
the body can actively influence its response to the input
viﬁrafion could well be governed by such thing§ as the subjec€§
"previous experiences of similar vibration gﬁvironments, and his

level of anxiety about the vibration and the experimént.




B - 10.7 Comparison with Previous Investigations

The direct comparison of these results yith those obtzined in

. the past is difficult, tut if the differences in.the postures
adopted; the subject panel% and the measuring techniques used are
taken into account, comparisohg can be made with previous researchers
resulté.

The results of Coermann, and Suggs et al are tatulated in
Tebles No. 123 | No. 124 and No.l25 The modulus of impedance
and phase angle plots obtained by these researchers are shown
in Section B - 2.

The table of results for the sitting erect posture showé that
the frequencies of the principal resonances and anti-resonances
obtained ét Loughbofough University afe the sam; as those found
by Qoermann; the values of ‘the impedanée at these frequencies
are however different. The difference in these recorded values
could be due to the difference in the poStﬁre adopted (Coermann's
subjects did not have their legs supported), and because Coermann's
subjects were on avefage heavier and older than those used here.

When comparing the results for the sitting relaxed posture
the principal frequencies found by Coermann are higher than those
measured in this study. Coermann's results are however only based
on one subject (R.C) Coermann does show results (modulus
of impedance only) for =nother subject (W.B.) obtained at two
different times, and considerable difference exists between these
two plots (shown in Fig. No. 30 one curve shows a primary
anti-resonance a2t about 5.5. ﬁz vwhile the other shows an anti-

resonance peak at about 3 Hz.)




| The resultq ébtained duriné this.study for the
51tt¥nu relaxeu posture show principal frequenCLcs lower
then those obtalned by Coermann, ¢nd lower than those
tabulated for the sitting erect posture. This difference
in the principal frequencies is to be exéected as the tenser
muscles of the subjebt in the sitting posture would leéd to
higher resonant and anti-resonant frequericies, and measured
values of Impedance.

The results for the standing erect posturéfalso show that

~ the pri?cipal frequencies obtained by Coermann are higher
than those obtained in tﬁese exgeriments. The results also
show differences in the mégﬁitudes of the anti-resonance peaks
and resonance valleys. The résults-tabulated are for one
subJect and due to the Warve variation that exists between
subgects even for a carefully deflned posture, the resul+s

should therefore be compared cautiocusly.
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B -11 Conclusions

B - 11.1 Conclusions

1) © The impedance of the whole body was measured using foarteen
male subjects'and twn female‘subjects in various seated and stand-
ing postures. The following fgsonances were established for the
various éostures.

14 Male Subjects:-

.P N Primafy : Primary Secondary
osture Anti-Resonance Resonance Anti-resonance
Sitting 5.1. Hz 8.5 Hz 11.0 Hz
Erect 73.2. kg 38 kg : 31 ke
Sitting 4.2. He 7.0 Hz 9.0 Hz
Relaxed - 75.0. kg " 36.9 kg 30.2 kg

1 Male Subject of Average Build:-

Posture Prihary Primary . Secondary

: Anti-Resonance Resonance Anti-Resnnance
Standing 5 Hz 6.9 Hz 8 Hz
Erect : 84 kg 46.2 kg 40 kg
Standihg ' 5;8 Hz ' Not visible on either the
Relaxed 86 kg ‘ Za or Zv plots

2 Female Subjects: -

Primary Primary Secondary
Posture Anti-resonance Resonance Anti-Resonance
Sitting. 5.0 Hz 8.1 Hz 10 Hz
Erect - 61 kg 28 kg 21.3 kg
Sitting 4.5 Hz : b6 Hz 7.5 Hz
Relaxed 62 kg .. 40.5 kg 30.8 kg

(The values of impedance given are for acceleration based impedance
Za).

2) The values shown above are similar to those given in the literature,




if . the differences in the postures adopted, and the subject
uane1% used are taken into 2 ccount. The results for the sitting
erect oosture showing the best correqnandence to tdn se of
previous investigators.

The histogrems detailed in Section B - 9 indicate that up to
8 Hz the subjects weight'is a paremeter whieh has considerable
influence on the modulus of impedance curves above & Hz, however,
the subject's weight appears to have little influence on the
impedance curves obtained, and other parsmeters control the
subject's whole body response.
4) The impedance measurement undertaken with fenale subjects
show that a significant dlfference could exist in the whole-body
mechanieal impedance betwesn the two sexes.

As only two female subjeets were used, there was insufficient
datq for a statisticel anelysis of eignificénce to be carried cut
on the exoerlment 1 résulte nbtaiﬁed for the two sexes.

5) The whole body impedance curves of scme subgects showed that
considerable dlfferences existed in the body's response to an imput
vibration increasing in freguency than when'the input vibration'was
decreasing in frequency. These differences were exhibited

mostly in the phase angle plots, tut significant differences
(differences outside the accuracy with which the measurements were
made) were also noted in some medulus of impedance plots.

These differences in response could be atiributable to a hysteresis

effect, such that more or less energy is absorbed into the body
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depending on the rrecise characteriséics of the input vibration;
or that impedance 6f the bhody varies‘with exposure time of the
subject to the vibration. | o | |
6) The measurements undertaken durinz this study were made

in a period of about ten minutes for each posture, compared to
durations of several hours used by previous investigators. This ,
probably meant'that the results obtained were less susceptible
to postural changes than those obtainéd in the past.'

7) Previous research has shown that the body cannot be
regarded as a "passive" systenm, although the research reported
in this thesis does not directly indicate that the—body'is an
"active" system with regard to ﬁodifying its're5ponse to
steady-state sinusoidal vibrgtion. The differences exhibited

in the body's response to increasingonddecreasing input vibration

frequencies, which are most promiﬁent in. the phase angle plots,
are often reflected in fﬁé‘modulus‘of impedance plots, indicating
that parsmeters (of dampihg>and elasyicity) are changed by the
body depending on the nature, and .length of exposure to the

vibration environment.




1)

2)

3)

4)

5)

‘more detailed measurements of the subject's physigque need to be

B -11.2 Surzgestions for Future'?ork

The measuremcnts were made on a young subject panél of fourteen
male and two female subjects, and the ﬁeasurementsvsuggested

that a significant differenée existed in the impedance of male
and Temale subjects. This research sugzests that further invest-
igatioﬁs need to be carried cut with female sﬁbjects.

Modern computing techniques enable direct modulus of impedance
and phase anglé plots from sinusoidzal or random vibration so that
different .sueep times could bte ﬁsed to see what influence the
sweep time has on the linearity of the body's response.

The results of these experiments shrw that the physique of the

subjects has a chnsiderable influence on the impedance results.

To assess more accurately the effect of physique on the results,

made prior to the experimental runs.

As impedance measurements very considerably between subjects, | _
a research progremme using a test panel and measuring their | ‘
impedance at varioué times during the day would show if the
impedance of the whole body changed sienificantly with the time |
of day at which the measurements were taken.. The programme could
also be extended to cover longer periods of time - i.e. 2 week,
month. This data could then‘be compéfed with available data on
biorkvkhrné.

Impedance measurements were taken with the subject undertakineg a
tracking task to simulate a stress situation, with improved

impedance measuring techniques. Measurements of impedance




6)

situztions 2and impedance measurements m2y provide ‘an indication

as to the level of stress being exmerienced by the operator.
Thesé experiments and those of Krause and Lange (1664) indicate .
that the body cannot be regarded as a "passive'system. If the
body is an "active" system with fegard to input vibrations, the
degres of "activity" of the body would change with the fatigue
levei of the subject. |

Thus if a series of impedance measurements. were made on
subjects at various fatigue leQels, and significant differences
were fo&nd to exist,‘an-assessment as to the degree ofv"activityJ
of the body with resgect to inpﬁt vibrations could be made.
The results of experiments of this type could te compared wifh

the proposed fatigue decreased proficiency limit of the I1.5.0

. 138
could be made in driving simulators, or in vehicles themselves. _
Thus impedance measurements would be made under true stress
and equal annoyance-contours of Ashley (1971).

|
|






