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SECTION 1 

INTRODUCTION 
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r - Introduction 

Since the adven't of the technological age, man has found t:lat 

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 space 

vehicles. These vibrational forces may result from slight imbalances 

in rotating or reciprocating machines, discrete energy inputs or by 

the environment in which the vehicle is travelling. The vibrations, 

as \-Iell as having an adverse effect on the machine itself may also 

affect its user. 

All the vibrational inputs first have a mechanical effect on 
, 

the body, the resultant response of the subject being defendent on the 

precise nature of the vibration input. In considering the effects of 

steady-state vibration on the body the 'frequency range of 1-20 Hz has 

received particular attention, below 1 Hz t~e effect to the subj ect 

is predominately that of motion sickness, while .abo7e 20' Hz the pro-

tection of 'the body by mechanical damping Rystp.ms i~ reJRtively e'3.sy. 

Within the frequency range 1-20 Hz the response of the human body to 

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

variables, (See Figure no.l) which are in themselves time dependent. 

OTHER INFLUENCES 

.Physical Psychological Physiological 

sound motivation health 

light experience biorhythms 

etc ete ete 

~\~ 
Vibration receptors BRAIN -,...:>- Response 

Stimulus. 

Figure No.l 
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If the human body is viewed from a mechanical viewpoint 

only, the body still appears a complex-system. This crnmlex svstem . . ~ 

being studied in various ways,depending on the researchers 

part~cular interest. The study of the mechanical properties of 

the body tiss'-le, bones and organs is often associated with the 

vibration'of a specific part of the 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 latter study the 

question of the linearity of the bodies response has received 

particular attention. 

Mechanically the body may be regarded as a complicated 

system of masses connected by visco-elastic elements, whose 

mechanical properties are non-.linear, and. due to the "active" 

nature of the body, are also time dependent. It would therefore 

appear to be a very complex if not impossible task to accurately 

simulate the response of the body; pre-.rious research has shown 

however that under cert~in vibrational inputs the body can be 

approximated by a linear mechanical system. Thus·a mechanical 

analogue Can be devise~ to simulate the response of the body but 

only for a specified vibrational input. 

A method of assessing th~ mechanical properties of an unknown 

system, such as the human body is that 0f mechanical impedance 

lJ.ea~Urellent. 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 fprce to the motion produced. 

3 
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Motion however can be specified in one of three ways:-

displacement, velocity or acceleration, this means therefore 

that liimpedance" can be computed in terms of displacement, velocity 

or acceleration. HaYlY names have been given to these "impedances" 

in the literature. !n this thOsis however all three "lill be 

referred to as impedance, with the motion being specified; i.e. 

they will be referred to as displacement, velocity or acceleration 

based impedance. 

In most previous studies the velocity based mechanical 

impedance has been measured e.g. Coermann R.R. (1~63), Krause. H.E. 

and Lange K.O. (1963) Edwards R.G. and Lange K.O. (1<;64), and 

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

impedance computed in the studies reported here was'the 

acceleration based impedance, 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 ~onverting the acceleration signnl to the velocity 

signal required to obtain the velocity based impedance. The 

acceleration ~a~ed impedance can be easily converted by a digital 

compute~ to th'3 velocity or displacement based impedances. 

The mechanical acceleration based impedance was measured 

primarily in the seated posture using a sweep of the sinusoidal 

input motion from 3 to)O Hz, the subject's legs being supported. 

This posture was adopted as it was thought that it best simulated 

the se'1ted passenger in a vehicle. The input force ooing in the 

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

'. 
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,force and acceleration being in the direction as s'pecified in 

the 1.3.0. Recommendations (1969). 'i'o'complete the study 

measurcmcnt:J .;era made on a small number of subj acts in:-

a) performing a tracking task in the seated posture while 

being vi bra ted • 

b) three different standing postures, to try to assess the 

vibr~tion isolation qualities of the legs. 

Previous researchers have in their determination of 

whole-body mechanical impedance, used a steady frequency and 

have plotted the force and velocity input to the body, digitised 

. these plots,. and computed the impedance modulus and phase angle 

with a digital computer. Thi~ ,rocedure being 'repeated at 

different frequencies in steps of t or t Hz. The object of this 

research programme was to obtain a continuous plot of the 

impedance modulus against the input frequency of the applied 

vibration during the experiment. 

Prior to undertaking the impedance monitoring experiment a 

study was made into the safety of .subjects undertaking vibration 

experiments. Although this study was made with particular 

reference to the Loughborough University actuator, the research 

did however provide some useful infoTIllation for other institutions 

. engaged or .Tishing to engage in this particular field of human 

research. A'systems analysis approach was used on the subject -

actuator - operator system to detect any potential failure situations 

and tes~, if possible, the effects they would have on a subject. 

-The analysis also enabled modifications to be made to the 

'-



~ctuator before its use in a major ex?erimental programme . 

. As the experimental progrrunme of impedance measurements 

was not undertaken until after the .safety study the research 

reported in the thesis is divided into two distinct and 

separate parts, A. Rnd B. 

Part A describes the safety tests carried out on the 

actuator, and recom~endations for modifications to improve 

its safety; while Part B reports on the experimental 

proeramme 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. 

6 
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2 Literature Revie\.r 

~ - 1 Introduction This review of the literature is not 

intended to be a full bibliography (as' for instance is that of 

Guignard and Guignard (1970) on the effecto of vibrational forces 

on mans rut refers to literature \>lhich 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 performance, although not directly relev~t to the 

research topics of this thesis,have been included as they contain 

useful information on equipment design - e.g. with regard to 

actuator type and perforl~ance, and su bj ect safety. 

The literatur~ review has, for convenience, been divided 

into three parts. The first part being the follb,ring section 

detailing general papers and reviews. The other t\>TO parts are 

given separately. 

2 - 2 General Paoers and Reviews 

A fair proportion of the research concerned with the effects 

of sinusoidal vibration on the human body has been carried out in 

the United States. Hm·!ever the maj ority 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. 'particular problems being 

studied. HO\jever, several general papers and reviews from the 

United States' have proved useful t.o the author. 

A review by Hornick R.J. (1962) gave sQ~aries of the effect 

of sinusoidal vibration on compensatory tracking, visual acuity 

and reaction times. With regard to compensatory tracking he 

8 
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stated that while there were discrepancies in tile literature, 

there was general agreement that compensatory tracking ability 

showed a decrement, which \.fas related to ?mplitude and acceleration 

increases, and vibration duration in the range 1 - 30 Hz. Hornick ' s 

vim-IS on compensatory tracking decrement were shared by Bevis and 

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

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

interference immediately following vibrati?n." 

Hornick also listed a number of basic problems in the execution 

and reporting of human vibration research. He stated that not 

enough attention was paid to:- (i) subject- types - i.e. age, sex,' 

intellect, anatomy, motivation and experience levels; (ii) the 

influence 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 particular shaker system. Thi::. did not 
. 

apply if the objective was specifically to study seat characteristics 

The input mction should also adequately 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 ·to the research student as it gives an insight into 

the pitfalls into which he can easily fall in this particular 

research field. 

s 
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Hornick also referred to the terminology for motion direction 

used by the National Academy of Sciences - National Research 

Council, and hml it can be carried over to the field of vibration 

research: - For acceleration the Council has desienated motion 

from chest to spine ... Iith the subscript:-

"x" (-t. gx = eye balls in) 

for motion from shoulder to shoulder:-

"y" (+ gy = eyeballs left) 

and for motion from head to toe:-

"z" ( ... gz = eye balls dm-Tn) 

Hence vibration inputs could be des·cribed with reference to 

the human body. This is the same terminology as is adopted by 

the International Standards Oreanisation rec{xnmendation "Guide 

for the Evaluation of Human EXposure to ... ihole body vibration" 

(1970). This terr.inology is also used for acceleration measure·­

ments quoted in this thesis. 

A general paper by Guignard, J.C •. and Irving, A. (1960) 

outlined the various pbysiological 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 effects of vibration on visual performance. 

The studies ~ere carried out on ten male subjects, five "large" 

and five "small". Posture was standardised by a simple 

horizontal sighting tube, the tube being adjusted for each 

subject when he was seated on the vibrator platform. HO\-lever, 

iO . 
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it might be argued that this rigid control of postu~e was not 

as representative of the "field" situation as a posture adopted 

voluntarily. 

A summary of results and the equipment used by Guignard 

and Irving are shown in Fig . No 2 

One of the most comprehensive literature revie\olS to be under­

taken in this country was that of J.C. Guignard and EIsa Guignard 

(1970)·. The following extract from the·preface of the review 

gives an indication of the scope and nature of the review:-

lilts purpose was to provide guidance to the diffuse and conflict­

ing literature on human :esponse to vibration, with particular 

'reference to iow-f~equency vibration affecting the efficiency 

of aircrew. Such guidance was lieeded in the formulation and 

appraisal of criteria and limits of human expo.sure 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 general was ·also examined during the course 

of the survey.1t 

The survey covered about six hundred and fifty papers 

published before September 1969. Each paper was assigned to 

one of the following six categories:-

(l) Description of environment. 

(2) Definition of criteria and limits of exposure to 

vibration. 

{3} Research reports on the human response to vibration. 

{4}. Development or testing of anti-vibration procedures 

11 
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or devices. 

(5) Development of experimental facilities or techniques. 

(6) Information or education (reviel.J:: and biblioeraphies). 

The survey then revieHed papers generally under the 

headings given above and detailed the percentage of reviewed 

papers that fell into that particular category as well as giving 

details of subjec.t breakdown under these l:eadings. The survey 

contained sections on "Ethical and Safety aspects of Human 

Vi bration Experiments", end "Recommendations for the replJr"ting 

and carrying out of vibration experiments 11,. The fonner section 
. 

.will be referred to aeai11 later. (Section A - 2). 

The review also contained a comprehensive g~ossary of terms 

commonly used in the vibration. The terminology laid out in 

this glossary has been adhered to as closely as possible in 

this thesis. 

Guignard and Guignar"d pointed out several areas where they 

felt reporting had been very sparse in the past, and that these 
. 

should be reported in future papers on vibrational effects. 

The first point to be made at the beginning or 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 to the amplitude 

of the vibration, "sCllDetimes the quotation of the half-\ ... ave or 

vector amplitude appears to be intended: at others the peak to 

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

12 
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c~ - and occasionally does - introduce a factor of uncertainty 

of 2 into any conclusions to be drawn from the experiment." 

Guignard and Guignard (1970) made maIiy COillments throughout 

their review on the quality of reporting, and the deficiencies 

which often occurred in the surveyed papers. The review has been 

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 Guignard and Guignard (1969) ~ere echoed by 

AlIen (1969, 1971 and 1971a). In his paper "Human Reaction to . 
Vihration (197l) he reviewed the present knowledge in the field 

and also commented on the ISO proposals (1S0(1969). The report 

concluded with some suggestions for future research, and the 

format it should t3ke. . 

Allen in his conclusions and reccmmendation~ commented that:-

a) A lot of the confusion had arisen in the past because experi-

mentors had not clearly defined the vibration envir~nment used. 

Allen suggested that experimentation should be "standardised" on 

a national and international basis. 

b) More "field research l1 should be undertaken as this type of 

experimentation can provide ~ealistic evidence as to the effects 

of vibration on the human being. 

c) Allen also called for designers and'research workers to use 

cautiously the present literature on the humru, reaction to 

vibra.tion, and canmented on the transfer of labor'atory obtained 

13 
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results to "real-lit:e" situations. 

d) He concluded:- "Fourthly, in research into the ,effects of 

vibration, let us always strive to find out 'why', not just 

'what' ~" 

Another comprehensive revieH of the literature although not 

on the scale of Guignard and Guignard (1969) was that of Beevis 

D. and Hughes, J. (1970). 

The report made many interesting comments on vibration 

research as well as giving the research worker a larger number of 

useful references. Sane of the comments are outlined in the 

later sections of this literature review. 

The report also contains a section on the background 

history of the ISO. TC/l08 Recommendations, and commented upon 

its use and validity in practice. 

. Other reviews of interest are those of Von Gierk~, ,H.E. 

(1964) (19~6). Von Gierke's reports contain consider~ble 
- -

information on the mech.anical 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 Hatthews, J. (1964) c'ontained much useful 

information about "off ~he road" vehicle seats and suspensions, 

, and sane interesting data from many researchers' experiments on 

seat attenuation and transmissibility:' A graph by Simons, A.K. 

(1952) compared the transmissibility of two seats to that of the 

human legs. This is shown in Fig. No. 39. 

A comprehensive review by Sandover (1969) dealt with the 

14 
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reaction of the hum~n body under impact and aircraft ejection 

conditions, and the design of a suitable analogue to represent 

the body under these conditions. 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 h~~an body under impact and sinusoidal conditions. 

Shurmer (+967), Synder, F.W., Beaupeurt, J.E., Brumaghin, 

S.H. and Knapp, R.,K. (1968), and Harris and Shoenberger, R.ti. 

(1965), all contained useful references and offered good general 

reading in the field of human reaction to vibration. The latter 

report, as· well as revie\-,ing existing information on human per­

formance also detailed an experiment carried out by Harris and 

Shoenberger into human performance under v:i.bration conditions. 

There are also several text books availablp. dealing with 

vibr~tion, in general terms, and same physiology and en~ineering 

text books containing sections referring to vibration effects on 

the human body, mechan~cal impedance and vibration isolation theory, 

the following were consulted in the course of this research. 

Harris 'and Crede (19bl) "Shock and Vibration handbook" 

(Volumes 1, 2 and J) contains chapters 'on vib~ation isolation and 

mechanical impedance. The handbook does contain some information 

on the physiological 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 

15 
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giving useful information on the physioloBical as?ects of 

vibration research is that edited by ~lt, F. (1966) 

"Advances ::i -,Bioeneineering and Instr1lmentation. 11 The 

text tells which physiological quantities need to be 

measured, 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 on human physiology, for'engineers as 

well as nurses. 

As the research project was more of a bioengineering 
I 

nature, a textbook, dealing with mechanical vib~ations, 

"Vibration Theory and Applications by Thornson, W.T. (1965) 

was consulted. The text dealt with single and multi-degree-

of-freedom systems, in free and forced vibration situations. 

It also covered shock loading, sinusoidal and random 

viprations and sections' on analogue and digital computing 

techniques. 

Text~ useful in regard.to analogue computation fuid 

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

thesis. 

i6 
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PART A Vibrator Safety 

'- A - 0 Introduction 

The ini tia.l aim of the research '·las to conduct mechanical 

impedance measurements during steady state sinusoidal vibration 

on a numb~r of subjects in defined seated and standing postures. 

The research also involved the installation and testing of a 

suitable vibrator, before any impedance measurements could be made. 

During consultations with the manufacturers 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. This part of the thesis deals 

with the installa.tion, performance, testing and safety appraisal 

of the actuator before its use in major experimental proerammes. 

When the actuator and its power supply had been installed, 

initial performance tests were carried out, with regard to actuator 

performance and noise pollution of the surrol).nding environment. 

These are reported in Section A - 3. After the installation of 

the actuator a careful analysis of the operator-actuator-subject 

system was undeltaken, and a range of safety check tests were 

devised from the results of the analysis. (S8ction A - 4). 

These tests were to ensure that in any potential failure, the 

resulting acceleration (or impulsive) waveforms of th0 actuator 

piston would be within the draft limits laid down by a National 

Calli~ittee investigating subject safety in vibration experiments. 

19 
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The actuator~ performance durine these,safety check tests 

proved satisfactory, but using a collection of comments from 

operators, subjects and observers during subsequent experimental 

progr~~es, a set of recommend~tions to modify the Loughborough 

University actuator were dralm up. (Section n - 5) 

During the design and development of the electra-hydraulic 

actuator, it was realised that the. actuator would be unsuitable 

for use in undergraduate practic~s. Thus whilst the electro-

hydraulic actuator was in production, a small mechanical portable 

vibrator, for use in und:rgraduate vibration studies was designed 
. 

and developed. (See Appendix 2). 
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A - 1.0 Introduction 

The safety of. the human subjects must be of paramount 

importance to any experimenter ... Iorking in the field of human 

research. This is especially so when the experimental 

equipment could cause considerable injury or even prove to be 

fatal to the subjects used. The use of an electro-hydraulic 

actuator constitutes this sort of risk, thus the ~afety of human 

subjects used has to be borne in mind from the initial design of 

the vibration equipment through to the completion of the experi­

mental programme. 

The risks to a subject involved in vibration experimentation 

can be classified into two types, the Inherent Risk and the 

Extraneous Risk. 

A - 1.1 Inherent Risk 

Inherent risk is the risk involved as part of the experiment, 

that is the risk associated with the vibration level used, or any 

other pro~edure that might be adopted in the course pi the 

experiment. 

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 experiment. 

The level of vibration and .method of subject selection used 

by the author were adopted with reference to the "Draft Guide on 

the safety aspects of Human vibration experiments". (Draft 3 1969). 

This document will be superseded by a British Standard "Draft for 

Development". 
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"A 1.2. Extraneous Risk 

E~raneous risk is that incidental to the nature of the 

experim.en t • This type of risk involves the failure of the 

equipment or operator; also any accident that might occur to 

the subject in the laboratory~ before or after the actual 

experimental programme. 

The following section is mainly concerned ,·Ii th 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 provic.;3 useful 

data on the dangers of the ~quipment ·to experimental 

subj ects. 
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A - 2 Li terature Revie,., 

A-- 2.1 Safety in Human Vibration Exoerimentation. 

In reviewing the literature on vibration experimentation in 

this.country and abroad, one notices that one aspect commonly 

neglected is t.he reporting of the safety precautions taken to 

protect subjects from equipment or operator failure. This fact 

vas noted by Guignard and Guignard (1970) "Less than 5% of the 

papers in Category 3 - vhich report human experiments using whole­

body vibration machines or allied motion devices, give any details 

of safety measures or other provisions for the well-being of the 

su bj ects used in the eXperiment." 

Considered below are a number of papers presented at an 

informal meeting of research organisations interested, in, or 

already engaged in, vibration research. This meeting was called 

by J . Mat thevs at N.1.A.E., Silsoe on 7th November, 1968. The 

author has 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 Hydraulic vibrator experi­

ments" gave the results - although only a visual appraisal of 

acceleration was used - of some simulated faults on a parti~u1ar 

test rig. Five simulated faults were'used. From the visual 

assessment of the resulting ram acce1erations, the failure giving 

the most severe acce1erations was that of over-loading the unit 

with a "square wave input signal whose magnitude corresponded 
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~o a displacement of the ram which was one and half times its 

physical maximwn stroke". 

The failures were simulated with the ram unloaded. Chisholm 

did howev'er retes t with the square wave, loading the ram to 150 1 bs 

with b~gs of lead shot, and measured the resulting acceleration -. 
"The peak acceleration was of the order of 40g using l50/~ maximum 

stroke square wave input at 10 Hz." He concluded his paper by 

listing possible safety devices and some disadvantages in their 

use. He noted ,that "A safety cut-out should be as far downstream 

in the system as possible to cater for the greatest variety of 

failure conditions." 

He started by suggesting a mechanical link betl,.leen the 

subject and' actuator ram designed to fail at an injurous 

acceleration level, (Le. with regard to the subject). He also 
. 

pointed out that this could be difficult due to variation in the 

plastic behaviour of the failure link and that "different 

mechanical imped~cies of the rig/seat/subject system would give 

wide variation in the ratio of subject acceleration/fail-safe 

load." 

He also postulat~d the use of an electronic control of the 

servo-valve - this depending on the type of servo-valve used. 

The control 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. Hechanical failures, although almost impossible 

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

actuator, subjec~ support rig, and electrical leads etc. 
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Two other papers presented at this meeting dealing more 

with the design of actuators for use in human experimentation 

were Clarke, B.J .(1968) 1~'lethods of Subject Protection" and 

Ashley, C.(1968) IISpecial requirements in Specification of 

Vibrators for Human Vibration. 11 A. third paper presented at 

this meeting was by Guignard, J.C. (1968) "s ome notes and 

recommendations on the use of human subjects in vibration 

experiments. l1 These papers formed the basis of the llGuide on 

the safety aspects of Human Vibration Experimentsll, (1968 - 1969). 

The earlier draft copies of this guide were very useful to the 

author in his work with ~egard to the safety of the Loughborough 

University actuato~. 

The papers by Clarke (1968) and Ashley (1968) dealt .rith 

the mechanical and electrical aspects of equipr:nent used in human 

vibration experiments. The papers discussed the features that 

needed to be designed into an actuator when it is to be used for 

experiments with human subjects.· The authors recommended the use 

of hydraulic snubbers, 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) Section 7 "Ethical and safety aspects of human vibration 

experiments. 1I This section is a precis of the Guignard J.C. 

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



'Guide on the safety aspects of Hu:nan Vibration experiments." 

Allen (1970) and Allen (1971) "Techniques for body vibration 

experimlJnts 11, suggested that a code of practice for all aspects 

of human vibration experiments s~ould 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 copduct ~heir invest­

igations, and also what they should report, and the format their 

report should truce. This was an attempt to standardise the 

research in this particular field "'hich had been carri"d out on 

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

A - 2.2. Industr~al Safety 

Several t.extbooks on industrial safety were also consulted 

and found to be of general interest with regard to the safety 

studies. 

DeRearner, R. (1961) "Modern safety. Practices". the text, 

although dealing with ,indus trial safety, did however contai.n 

three useful sections on safety theor~', and the practice of 

this theory in industrial situations. The sections referred to 

Chapter i .(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 me9.suring safety". 

DeRearner did however detail a useful industrial safety 

technique - that of reporting "near accidents". This method 
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involves the operatqr in reporting any situations which he con-

sidered were '''near accident" situations: The safe"ty officer 

can then modify the process or equipm~nt to reduce the possibility 

of an accident, in the light· of these repor·ts. 

Johnson (1970) "New approaches to Industrial Safety" and 

Chapanis A. (1958) IIResearch techniques in Human Engineering" 

provided useful additional reading on the subject of safety in 

human experimentation. Chapanis in Chapter:3 "Hethods for the 

study of accidents and near accidents" outlined some of the 

difficulties and dangers of this technique as a means of reducing 

ac~idents., The accurate reporting of any accident or near 

accident is essential if the situation is to be reconsltructed 

under test condi Hons. The reconstruction may ho\.Jever be 

difficult if the situation was a result of oper"'.tor error, fer the 
. . 

operator may have been unaware of the error he made, and when and 

how he made it. Chapanis also noted that this study ~ay not in 

fact help in the reduction of accident or near accident situations 

as many occur in conditions Hhich 1,olOuld appear ideal for safe 

operation. 
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A ~ 3 Vibrator Selection. 

To investieate the response of the h~ .. unan body to sinusoidal 

or random vibration, requires an actuator capable of vibrating 

the \O/ho.1e body. The actuator must perform with maximum safety 

to the subject, and accurately with respect to the required output 

waveform at the low frequencies required for this tJ~e of study. 

There are four main types of actuat.or in use for industrial 

and research purposes. These are:-

1) Mechanical 

2) Hydro-Nechanical 

3) Electro-Hydraulic 

4) Electro-NaV1etic 

The four types of actuator have certntn advantages and dis-

advantages with regard to use for hQman whole-body vibration 

experimentation which would affect the selection of an actuator 

for a particular research area. 

A - 3.2 Aporaisal of the four actuator tvpes 

A - 3.2.1 Mechanical Actuators - Introduction 

This actuator system, as the title implies, is entirely 

mechanical. It relies on mechanical linkages or cams to obtain 

reciprocating motion. There are three ca~~on.types of mechanism 

and these are described briefly below. 

i) Slider-crank mechanism 

ii} Scotch-yoke Hechan"ism 

Hi) Cam-follower mechanism 
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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 sliding pair, see Fig. No. 3. The mechani srn usually 

appears in the form of the reciprocating engine mechanism. 

This type of'. mechanism will not, hmleyer, produce true 

sinusoidal motion, but the larger the ratio C/r becomes, the 

closer the motion of the mechanism approximates to sinusoidal 

motion. A table showing the deviation from simple harmonic motion 

9f this type of mechanism for two values of C/r was calculated by 

Edwards and Harding (1963). 

True sinusoidal motion is only achieved \lhen the ratio . 

C/r becomes infinite • 

. A - 3.2.1 (ii) Scotch-voke Hechanism 

This mechanism is a double slider-crank chain consisting of 

two turning and two sliding pairs, see Fig No. 4. 

This type of mechanism will produce a true sinusoidal motion but as 

can be seen frcm 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 nr-~echanical noise" 

on the acceleration waveform of such an actuator. Mechanical 

filters can be·used to improve the acceleration waveform, but they 

are expensive, especially in the frequency range required for 

human whole-body vibration investigations. 
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A - 3.2.1 (iii) Cam-follO\;,er Hechanism 

The cam-follover mechanism is knm-m as a higher kinematic 

pair. Elements in higher kinematic pairs generally have line or 

point contact and the pair must be force-closed in order to 

provide completely constrained motion, see Fig. No. 5. 

This mechanism ~~ll produce a true sinusoidal motion. The 

easiest way of obtaining such motion is to use a circular carl 

rotated eccentrically, using a circular follower, (see also 

Appendix 2). Although the stroke cannot be altered so easily 

as that on a slider-crank or scotch-yoke mechanism, a cam-follower 

type actuator has the advantage that other cyclic 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) \.,rithout spring loading 

the cam. If the cam is spring loaded higher ac.celeration levels 

can be obtained. When, hO\'lever, acceleration levels of more 

than one .g (single peak amplitude) are used the subject has to 

be restrained to move with the 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 waveforms, or reproduce recorded 

"in the field" vibrations for laboratory sinnilation experiments. 

Theoretically the cyclic waveform should not be distorted by 

increased load, the load increase does however affect the frictional 

forces which cause waveform distortion. Th~ waveform distortion 

can be eliminated by low-pass mechanical filtration of the output 

motion, ThiS, hO'olever, is expensive. 
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A mechanical actuator is easy to construct and operate, 

and is inherently safer than the other 'types of actuator. Mechanical 

vibrators are commonly used in the Uni ted States where they are 

often referred to as "shake-tables". The research literature from 

the United States, however, gives little detail of construction . 
or performance, and very few acceleration waveforms are available 

in the research reports. 

As part of this study a small, portable mechanical vibrator 

was designed, and built at Loughborough University of Technology. 

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

A - 3.2.2 Hvdro-l-':echanical Actuators 

This type of actuator incorporates a cam-follower mechanism 

to generate the desired cyclic waveform, with hydraul~c transmission 

of the motion to the actuator table, see Fig. No. 6. This type 

of actuator could ~ell be described as a mechanical actuator using 

hydraulic transmission to give flexibility to the drive. The 

hydraulic transmission also has the added advantage of acting as a 

low-pass mechanical filter. 

As with the cam-follower mechani:::ID, the hydraulic transmission 

of motion to the table· is single-acting, and has to be spring re-

turned if.accele:'ation levels of more than one "g" (single peak 

amplitude) are to be used. 

This type of actuator is not commohly used in human whole-body 

vibration research field. One wa$,however, in use at the N.r.A.E. 

and is detailed by ll.otthews J. (1964). 

A - ).2.) Electro-hvdraulic Actuators 

This type of actuator. utilise.s ·hydraulic power which operates 
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a double sided piston. The flow of oil to the actuator is controlled 

by aservo-valve which responds to electrical signals frQ~ an 

electronic ,control unit. 

The high pressure oil is usually supplied by an electrically 

driven oil pump, the total hydrauiic power pack also contains an 

oil cooler (air or water), a pressure relief valve, a hydraulic 

accumulator 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 

e'ntails the building of a separate housing for the power pack 

to eliminate the pW!lP noise fran the laboratory and sun-.:mnding 

environment. 

The high pressure oil from the hydraulic power pack is 

piped to the actuator manifold, upon which the servo-valve is 

mounted. The oil flow to the cylinder and exhaust flow is then 

controlled by the serv(~valve, see Fig. No. 8. A detailed 

descript:i.on of the actuator used for the' author's exper:imental 

programme is given in Appendix 1. 

The control of the electro-hydraulic system is usually 

accomplished by position 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 acceleration. 

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 'in the laboratory. 
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The electronic servo-control and the lmv-friction of the 

actuator give the total system a high accuracy of reproduction. 

The actuator can also be built with a large stroke uhich enables 

this type of actuator to be used for low frequency vibration. 

The electro-hydraulic actuators are, however, much more 

dangerous than the types of actuator already described, because 

they are capable of producing a much larger thrust. Due to the 

complex construction of electro-hydraulic actuators t~ey are also 

more prone to failure than one \-Thich is purely mechanical. 

Electro-hydraulic actuators have therefore to be designed 

with safety as the prirIl?ry consideration, and this resu.lts in a 

need for more safe~y devices than are usually. present on a conventional 

mechanical actuator. 

The electro-hydraulic actuator is the type most commonly 

used in this country for human experimentation. Many of the 

actuators in service, ho~ever, have been designed for the testing 

of mechanical components, and are therefore not as suitable for 

human experimentation as actuators specifically designed to vibrate 

human ~ubjects. 

A~ - 3.2.4 Electro-Hagnetic Actuators 

Electro-magnetic.actuators have been previously only used for 

vibrating parts of the body or small mechanical components, Medern 

developments; 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. 9 
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The actuator's moving parts have a low inertia, and this 

means the system has a very fast response time, faster than 

the other types of actuator previously mentioned. This fast 

response time and 10\{ inertia of moving parts, means that these 

actuators are often used for the asse.ssment of vibration thres­

hold levels. Electro-maenetic actuators are, however, only 

capaole of small displacements, and this· together 'vIi th their lcw 

static load capacity means that they are unsuitable for low 

freque~cy whole-body vibrations experiments. 

A - 3.3 Vibrator SDecification 

A - 3.3.1 Actuator Physical Requirements 

The nature of the resear(;i:t programme into 'the vibration 

environment that \.faS to be carried out at L01.Jghborough University 

of Technology had a considerable influence on the vibrator specifi­

c"ation. The results of previous studies" carried out by the 

filming of subjects, walking and running, had shO\m that the head 

and other parts of the body were exposed to high acceleration 

levels. (That is compared 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 involv·ed 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 frequencies between '5 Hz and 5 Hz. The values obtained from 

34 



the subjects running and walking, and the proposed ISO limit 

are shown on Fig. No. 10. this fi&ure also illustrates the 

perf~rmance envelope of the Loughborough University actuator. 

The rese~rch programme would also involve simulating field 

conditions in the laboratory. This meant the actuator ",ou1d 

have to be capable of reproducing recorded signals, and also 

have sufficient thrust to enable a small experimental 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 equipment of 450 kgs (1,000 1bs) 

to be accelerated to a level of one "g" (single peal{ . amplitude) • 

The actuator : . .[ou1d also have to be capable of reproducing 11 in the 

field" conditions accurately and then change to sinusoidal waveforms 

quickly, to enable comparative 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 

requirements 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 features 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 flow diagrem of the different types.of equipment and for operator 
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(ailure. The diaeram cons is ts of a number of basic units. 

Basic unit 

Cause of fault 
(Equipment and/or 
Operat~r ) 

Safety Device Effect of' f'3.ult 
if involved" -7-- on subj ect and/or 

equipment. 

The final complete flow diagram is eiven in Appendix Not} 

and consists of a number of such basic units together with feeds 

foi:\.Tard and interconnecting loops. The msin use of the diagram 

is to ensure that the safety devices envisa"ged for the actuator 

would be sufficient but not replicated. The diagram can also show 

the most efficient locations within the total actuator system to 

incorpora~e safety devices, as failure of one particular component 

mRy lead to a number of possible paths, some of which could be 

dangerous with regard to the subject. 

The use of this flow diagram technique enabled the designers 

of the actuator to incorporate many features which had not previously 

been built into conventional electro-hydraulic servo-systems. 

The incorporation of hydraulic snubbers on the actuators 

was to eliminate the metal to metal impact of the piston into 

the actuator body. The hydraulic snubbers are 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 pis~on gently to rest, a ten turn 

frequency setting control (instead of, ~he normal decade frequency 

switch) and 'the servo-valve was selected to limit the maximum 
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linear velocity of the actuator piston to 125 cms/sec.(50 ins/ 

s~ec) • 

The electronic control unit alsn contains·- a r'elay circuit 

which prevents the operator s\,1itchine on the internal oscillator 

until the amplitude potentiometer. was set to zero. Thus the 

operator cannot set the actuator in motion instantly, he has 

to set the amplitude to zero and then increase the amplitude to 

the desired level. The su bj ect can also stop the actuator if he 

becoaes apprehensive of the increasing acceleration level. 

The action of these safety devices is shown on the flow 

diagram. The testing and ev,s.lu3.tion of, these safety d,vices is 

reported in Section B - 4 (VibratorSaf~ty Tests), 

A - 3.4 Vibrator Installation 

The actuator was mounted on a concrete block - 1.55m(5ft) 

by 1. 85m (6ft) and .Le 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 O.40m(15ins) below the 

laboratory floor level. The netting of the actuator below 

the floor level meant that sitting on the actuator was equivalent 

to sitting on a table; it was felt that subjects would feel safer 

on the vibrator if they thoueht they could jump off it easily and 

safely. Positioning the actuator below floor level in this way 

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

as seated subject~. 

'. 



38 

The actuator was fixed to two c~st steel channels set into 

the concrete block. The actuator could be fixed in one of five 

positions on the channels, the hydraulic power was supplied to 

the actuator through flexible pipes to facilitate this movement. 

The laboratory site was such that the operator could look 

at the subject during the course of the experimen~s. The operator 

\las also provided with an emergency stop button, and a stop 

button for the hydraulic power pack. The power pack control 

console was visible through a triple glazed window, Cut a warning 

light for the oil filter (to indicate when the filter was blocked) 
. 

was also fitted near the operator's control station. 

The subject was also provided with an emergency stop Cutton, 

which was mounted on a hand grip. Another emergency stop butten 

was installed at the observer's station. These were to enacle 

the. subject or the observer to stop the experiment at any time 

they thought fit. A view of the complete installati9n is given 

in Fig No. 11 . 



A - 3.5 Hydraulic PO"/er Pack Installation 

The hydraulic .povler pack \'las installed in a small brick 

built annex adjoinin~ the laboratory site. The annex was 

designed in such a 'rlay as to minimise noise to the neighbourhood 

and in the laboratory area. 

The noise emission from the hydraulic power pack was measured 

with a Bruel and Kj~r noise meter and the results are tabulated 

below:-

Condition 

Noise 1 metre away from hydraulic 

power pack - no sound insulation. 

Noise outside annex. 

Inside laboratory 'rn. th actuator 

functioning normally. 

Noise Level 

86 DbA 

70 DbA 

54 DbA 

The ~oise meansurements show that although the pydraulic power 

pack had not been completely silenced, its noise output was now of 

such a level as to cause little inconvenience to subjects in the 

laboratory or local residenfuin the neighbourhood of the laboratory. 

The main difficulty in reducing the noiGe level of the hydraulic 

power pack was the air-cooling of the oil. This_ required ducts 

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

provided a noise path which was difficult to treat. 
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A - 4 Vibrator Safety Tests 

A - 4.1. Introduction 

Althoue;h t.hG initial actuator design had 'been biased towards 

safety, the measures taken 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 flo ... , 

diagra~. The flow diagra~ had been drawn up on' a board in the 

laboratory area so modifications could be made as soon as reports 

from ~hose participating in experiments were received. Reports 

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

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

the diagrem are shown in Section A - 5. 

A - 4.2 Simulated Failure Modes 

The testing of the actuator safety features and the simulation 

of faults that could prove potentially dangerous to the subject 

were undertaken in a progr8.rnme of nine" tes ts • The testing of 

all potentially dangerous situations was not possible, as carrying 

them out may ;.[ell have resul~ed in mechanical damage to the 

actuator ,- or its control unit; these situations were therefore 

noted rut no resul ts ~i ven ror them. 

The series of tests was arrived 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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\-lhich were to be involved in the tests. The units are shown 

in Table No. 1 the units are labelled alphabetically, the 

tests numerically. The bree~ing 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 number of tests. The reduction of the diagram 

to the nine basic units also enabled the simulated faults to be 

as close as possible to the actual failure situations. 

A - 4 • .3 Test ~rocedure. 

The vibrator w~s set up for the tests as ~lose to its normal 

operating condition as possible. The precise settings are given 

in, the description of each test. 

The vibrator for all the tests was lert unloaded apart from 

the table. (Approx. weig}:lt 15 Kg). If the table had been loade9> 

solid cast iron weights would have been used, and these would 

have required bolting down to the actuator table to avoid damage 

to the actuator or test personnel, at acceleration levels 

greater than 2g (pk to pkJ. Any measured acceleration levels 

with the actuator not loaded would be the highest attainable 
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levels and any lbading, whether by a subject or weights 

would reduce the acceleration levels attained by the 

actuator in a failure mode. The vibrator was then tested 

with no load, set at a frequency of 5 Hz \,rith an accelera­

tion level of 1.5g (peal<: to peal{) (except for Test No. "3 .) 

and \Oli th an operatine oil pressure of 20.7 x 10? N/m2 

(3000 p.s.i.). The accelerometer (see Appendix 3 

"Experimental Instrumentation") used to monitor the piston 

acceleratton was mounted on the underside of the aluminium 

table as close to the centre of the table as possible. 

The displacement and oscillator outputs \Olere obtained directly . 

from the control unit. The foUr signals were then fed via 

amplifiers to a HoneY\oTell ultra,,:·vjolet recorder. The 

calibration sheets for. two signals are shown in Figure !{o. 12... 

together with amplifier gain settings, quantity measured and 

resultant calibration. The oscillator output signal was not 

calibrated as it vIas only required to sho..., the operating 

frequency. The output from the control panel is the maximum 

signal output of the internal oscillator and is thus not 

proportional to the displacement of the piston. 
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,~ - 4.4 Safety tests- Results 

Test No. 1 

The switching off of the pm'/er supply to the vibrator 

electronic control unit (Fig. No. 13. ). 

Maximum Acceleration 
(Peak to peak) 

Duration 

Velocity. Change 

Test No. 2 

5s 

10 milli-secs 

.5 me.tres/sec. 

The switching on of the power supply to the vibrator electronic 

control unit (Fig. No. 14.). 

Maximum Acceleration 
(Peak to peak) 

Duration 

Velocity Change 

Test No. 3 

2g 

20 milli-secs 

.4 metres/sec. 

The vibrator was set such that the piston was moved into the 

snubber travel, allowed to operated \Y'i thin the snubber and then 

moved out of the snubber back to normal operation. 

Tr..e operating frequency for th'is 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 vii thin the snubber travel. 

The test showed that the highest acceleration ievel occured on 

leaving the snubber travel t both results were t howe,rer t recorded, 

and are shown in Fig~.No. 15 and '16. 
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a) On entry to the snubbcr travel 

Maximum Acccleration 
(Peak to peak) 

Duration 

Velocity Change 

b) On leaving snubber travel 

Maximum Acceleration 
(Peak to peak) 

Duration 

Velocity Change 

Test No. 4 

'. 

10 milli-secs. 

.13 metres/sec. 

6g 

l2milli-secs • 

. 7 metres/sec. 

Swi tching off the T~~,"/cr supply to the hydraulic power pack, 

but leaving the co~trol unit to function normally (Fig. No. 17 ). 

System returns gently to rest with the piston at the bottom 

of its travel. The time taken for 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 piston, with heavy piston 

loads the shut-down time would be less. 

Test No. 2 

The testing of the subject operated "emergency stop". The 

operation of the emergency stop causes thc piston to be brought 

to rest at the mean value setting, by causing the oscillator to 

decay away exponentially (:E'ig. No. 18. ). 

The. pist~n is brought gently to rest in a shut··dow 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 
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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. 19 ). 
Maximum Acceleration 

(Peak to peak) 

Duration 

Velocity Change 

Test No. 7 

1.8g 

40 milli-secs 

.7 metres/sec. 

• 45 

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. 20. ). 

Unplugging cable from control unit 

Haximum Acceleration 
(Peak to peak) 

Duration 

Velocity Change 

Test No. 8 

15 mill i-secs 

1.4 metres/sec. 

Plugging in the cable between the control unit and the 

actuator. This test, together \~th test No. 7, would simulate 

an intermittent connector or cable failure (Fig No. 11. ). 

Maximum Accelp.ration" 
(Peak to peak) 

Duration 

Velocity Change 

14·milli-secs. 

.76 metre:::;/sec. 



I 
I. 

'. 

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 becoming unstable oscillates at its ovm natural 

frequency. (This frequency is independent of the settine of 

the internal oscillator) (Fig. No. 2:l .. ) .; 

Acceleration level 
(peak to peak) 

Frequency 

l8g 

65 Hz 

The tests which would involve the simulation of 

mechanical failur~; or tests which, if simulated, might 

result in mechanical failure to the actuator or. its control 

system, were not carried out due to the risk of them causing, 

premature actuator failure. The probable result of some 

of the failures can be assessed from the. tests carried out, 

and !5illilar failures that have, occured to actuators operating 

in the fatigue testing of components in industry c~n provide 

useful data as to the potential danger of a particular type 

of failure. 
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A - 4.5 Discussion of TIesults 

The results 'of the safety tests were compared with 

avaIlable lluman tolerance levels to shock and vibration and 

to the recommendations in IIDraft Guide to the Safety of 

Human Vibration Experiments (Draft 3)". 

The Guide gives recommendations as to the levels of 

shock ~nd vibration to which a subject should be expected 

to endure in the case of equipment failure. The recommend-

ations for vibration levels are based on the ISO proposals 

"Iso/re 108/\~G7 (1969). The recommendations for shock levels 

are obtained from combining the results of many researchers 
. 

in the field of human tolerance to shock. The dra£t guide 

(1969) recommendations are as follows:- From Annexe 2 

"Limits of acceptable shock and vibration". Page 16. 

11 (b) Shock 

In the case of equipment failure, any shock transmitted 

to thl3 subjl3ct should be less than the '!~ues given helow:-

Duration 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/sec2(5g) and the rate of rise should 

be less than 1,000 m/sec.2/sec. (lOOe/sec.) 

The tolerance levels indi'cated are approximately half the 

values obtained in experiments where healthy male subjects were 

adequately restr,:"ined in their seats .," 
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The results from the nine simulated failure modes are 

tabulated in Table No.2. These results sho\-l that for all but 

one of the tests the simulated failures ·resulted in rrnn waveforms 

being of the impulsive type. These shock waveforms were thus 

compared \-!i th the recommendations of the dr9.ft euide (1969). 

Comparing the tests results \.,ri th these limits shows that 

test numbers 1, 3a, 3b, 7 and 8 have durations of less than 20 

milli-seconds and are thus dependent on the total velocity ch~nge 

, ... hich 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 

accelerati?n was computed for each test. The rate of rise of 

aC~9leration for test number 2 was 100g/second and for test 

number 6 the rate.of rise was 45g/second. The "acceptable" rate of 

rise as recommended in the draft guide was lOOg/second, test 

number 6 gave a rate of rise of less than half this value, for test 

number 2 the rate of rise was, however, the same as the recommended 

maximum. 

Test number 2 involved switching on of the po\-ler 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 si~nal could be applied 

to the moog valve of the actuator. The switch fitted to the 

amplitude potentiometer would operate.a relay, so that a power fail­

ure, or accidental switching on of the control-unit by the operator 

would not cause a large amplitude sign9.l 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 modes had been 

assessed, and was later modified to function , ... ith the external 

input as well. (See section A - 5). 

The only simulated failure mode to result in a sinusoidal 

output ''las that of test number 9 - the system going into unstable 

operation. The frequency obtained \-TaS. the natural frequency of 

the entire system, the electronic control. and the mechanical actuator. 

The frequency and the acceleration level ohtained during this test 

are shown plotted on the I.S.O. curves in Fig. No. ;2. 3. 

The curves show that the level obtained when this failure 

occured \'lOuld be in excess::.df the I.S.O. 1 min. exposure limit, the 

system operated shutrdown or switching off the hydraulic power 

resul ts in a shut-dm'lU time of lc:;:).3 than ten seconds. This short 

time could, however, result in injury to certai~ subjects, especially 

where no restraint harness is used. 

The limits to shock, quoted earlier 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 ,.,.ith the 

actuator unloaded, but even \-lith a subject loading the actuator 

piston the acceleration levels would not ~e reduced to less than 

2g (peak to peak) thus the subject would still be in danger of 

leaving the actuator platform in its. subsequent motion. In experi­

ments where restraint harness cannot be used ,vi thout 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 
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safety harness has to be eyaulated 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 Reco~'J!.endation5 for Ift.odificatioI).::S to improve Mfety. 

A - 5.1 In1:.]:'oduction 

The following lis t of modifications was drmm up using 

information from three sources •. The three sources were:-

a) Information obtained from the safety tests carried out 

on the vibrator unit (Section A - 4) 

b) Reports fro:n operators and subjects \.Jorking with the 

actuator of accident or near-accident situations. 

'c) Consultation with experimenters in other institutions 

and industry using similar equipment. 

The list of modifications given is a full list and contains 

some modifications whi~h are at present technologically difficult 

or very expensive; these have been included for the sake of 

completeness. Aft el' each potE:u\;ial failure are suggestions as 

to possible modifications '.-lhich tJould improve subject safety 

with regard to that failure. The section. also notes why these 

failures are potentially dangerous, and in some cases how these 

potentially dangerous situations were.noticed. 

A glossary of terms used in connection with the actuator 

are gj ven in Section A - 5.2. This is to avoid any confusion 

between the use of the terms in this context and in the context 

of control theory. 

Glossary of terms used in conjection with electro­

hydraulic actuators 

Automatic Control Allows the actuator to operate as a 

c"bnstant displacement or acceleration vibrator. The switch has 
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'three positions "displacement-off-acceleration" to 

allow for manual operation of the amplitude control if 

required. 

Dump Valve An electrically operated valve Hhich is sit-

uated across the inlet and outlet parts of the actuator, when 

operated it short-circuits the actuator 8Jld "dumps" the high 

pressure oil supply ~ack to the hydraulic power pack. 

Emergency Stop - A set. of stop switches. which \-,hen operated 

cause the control sienal to decay away slowly \-lhich brings 

the actuator piston gently to rest. 

External Input - The actuator operating from an external 
> 

signal source, such as a tape-recording of field conditions 

Internal Input The actuator operating by means of its own 

internal oscillator. 

Internal-External Switch - Enables the 9perator to switch 

from the internal oscillator driving the actuator, to'an 

externa.l' control signa.l. 

Mean Value - The· operation of the mean value control adjusts 

the height of the piston above the main ,':3.ctuatnr hody, and allo1.]9 

the operator to compensate for differi~g piston loads. 

Snubbers These are pockets of oil at the top and bottom of 

the p~stons overall stroke which prevent the piston crashing 

into the main actuator body. The piston on entering the snubber 

compresses the trapped oil, which is.allowed to leak away at a 

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



System Gain - Controls the overall gRin of system. Two 

small pre-set gain controls are also situated inside the 

control'unit to set the individual gains when the system is 

operating on acceleration or displacement feedback. 

A - 5.}. Nodifications - SUQ'g'ested List 

a) An "emergency stop" provision similar to that fitted to 

thetlinternal ll input should be fitted to the l1 external" input. 

This was one of the most potenttally dangerous parts of the 

system and could 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 the lIint-ext it switch shouJd be 

such that on switching from one sienal input to enother the 

amplitude potentiometer has to be reset to zero before the new 

signal will actuate the vibrator. This would eliminate the dange,r 

f th t 't h' f l' 11' t 111' 1 t , o e opera or S"'l c ~ng ram a sma _ ~n erna s:!..gne 0 a _arge 

"exte~nal" signal or vicevarsa. 

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 s\-litch at the back of the control consul 

to enable the operator to switch directly f::-om "internal ll 

to "external ll and back if required. rhis s,,,i tching between the 

two inputs may be required in an experiment comparing subjectively 

random and sinusoidal type vibrations, or any other similar 

comparative experiments. 
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e. 

~) The fitting of limit switches on the actuator piston. 

This could be achieved by electronic switches incorporated 

into the present displ:lcement transducer system. The use of 

some· form of limit s\d tches \-1ould have several advantaees. The 

switches could be set to stop the actuator if its displacement 

ampli tude bec8me too large for the given operatine frequency. 

The ·limit s\.Ti tches would also stop the actuntor before the piston 

could travel fran end to end and prevent the piston from running 

in and out of the snubbers. Another way to stop this type of 

failure would be to install pressure sensine switches on the 

snubbers, to stop the actuator if the pist?n entered the 

snubber travel. 

,d) Mains failure - the fitting of an electronic device to 

protect the subj ect against mains failur·e or an accidental 

switch off of the supp~y to the control· console. 

This medication can be achieved and would also need a 

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 installation. 

e) Cable failure - this would be the breakage of the cable 

or failure of the connectors at either end of the cable. 

This cannot be completely protected against but the 

selection of high quality cable·and connectors, together with 

regular inspection of the cable for cuts or squashing, can 

minimise the risk of cable failure. '. 



,f) A means of restricting the rate at \-'hich the frequency can 

be increased on the internal signal generator. 

This (;~m be achieved easily by 1'i tting a braking device to 

the existing frequency chanEe potentiometer, thus restricting 

the speed at which the frequency can be increased, and allowing 

the subject to stop the experiment before the vibration level 

becomes intolerable. 

g) The pre-set gain control should be m'ade such that it cannot 

be operated as easily as it can be in its present position. 

This could be achieved in several ways which \lould mean 

that the actuator could not be set into unstable operation by 

en inexperienced operator or some-one moving the controls 

accidentally. The gain potentiometer cO~lld be moved to the side 

of the panel or could be set behind a perspex cover, which would 

only allow movement of' the potentiometer by screwdriver. 
-

h) The incorporation of the hydraulic stop button on the main 

control consul and the hydraulic power being switched together 

with the power supply to the electronic control unit, by a key 

switch (on the actuator control panel). 

These would also be easily incorporated, the hydaulic stop 

button would be better sited on the main control panel so that 

the opera tor has full contr:ol of the hydraulic po\-,er as well as 

the electronic control unit. The hydraulic stop provides an 

effective 'way of bringing the unit to rest smoothly, and \.Jould 

have to be used if the electronic emergency stop failed. '-



-i) The fitting of a foot-operated emergency stop button for 

the subject, for use "'hen 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 only 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 

r' 

for this modification \·,ras noted during a series of experiments 

by a post-graduate usine a tracking situation. During these 

experiments the exiRting hand held push-hlltton Rtop was fixed 

to the tracking task. joy-stick box, which prov~d satisfactory 

for these experiments but would not be for a more complex 

tracking task. 

j) The author also recorr~ended a re-design of the main 

control panel, see Fig No. 24 

The design of the panel ~as to.be submitted to the 

manufacturers as a possible suggestion which their designers could 

use as a basis for the ne", control,panel. 

k) An indication 'on the mean value potentiometer. (This is 

the potentiometer which sets the actuator piston position about 

which it then oscillates). 
. 

This would just require the etching onto the panel of two 

arrows with t.he words "up" and "down". Th8 indication of move-

ment direction is required especially if one is working close to 

one end of the total piston ~ravel, where an incorrect movement 
". 



9f the control by the operator \-lould send the piston into the 

snubber. This control has to be operated with the subject on 

the actuator as subject welght affects the mean':value. 

i) Hechanical f'lilure of actuator', servo-valve or other 

associated parts. 

This type of f~ilure cannot be completely guarded againsw 

only the chances of it occurin~ minimised. The·use of generous 

factors of safety in the design of the actuator and the use of 

high quality components in its construction, together with careful' 

operation, regular maintenance and inspection ?f the mechanical 

parts of the actuator, all contribute to the ~y~temt~ overall ~afety • 
. 

The use of an hydraulic "dump-valve 11 can in certain cases . 

save the subject from serious injury due to mechanical failure 

of the servo-valve, this does, however, depend on the response 

~ime of the dump-val~e frOOl when it is s,et into operation. The 

response time of the dump-valve system is a critical' factor here 

since any mechanical failure of the se~vc-valve is likely to set 

the piston in motion at a high velocity towards one end of its 

travel. It coul~ be found that stopping the hydraulic pump 

would bring the system to rest in a c,ompa-rable time to a dump-

valve system, with the added advantage that the oil pressure 

drops' steadily and not suddenly as it would 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 sys~em was one of the main 



reasons why the Louehborough University actuator was fitted 

with an electronic emere;ency stop device, \.Jhichbrings the 

a.ctuator piston "e;ently and smoothly to rest. The subject" 

thus feels confident to use the stop Hhenever he feels unsure 

about the vibration level or ,'3ny other part of the experiment. 

A - 5.4. Hodific~tions to the vibrator 

The follouing modifications uere carried out after this 

study, as a result of the list of suggested ~odifications 

(Section A - 5.3.) 

a) 1-1ains failure protection. This device causes the actuator 

to run dClIm smoothly and does not lead to a sudden ~top. 

b) Displacement cut outs. These can be set to bring the 

actuator to rest if it exceeds a preset maximum displacement. 

c)" The hydr~ulic power supply is governed by the control unit, 

so that the hydraulic pOl.Jer c2Jlnot be switched on until the 

control unit is in operation. 

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

by all the safety devices ~.Jhich previously only used to" operate 

with the unit's internal oscillatol'. 

e) A pressure sensing s",i tch for hydraulic oil pressure has 

been fitted so that if the pressure fRlls off, the system is 

brought to rest. 

f) Although not related directly to suhject safety, the control 

console has heen re-designed. A good desisn for the console 

will, hO\.f8ver, m2.ke operation easier for the actuator operator 

"-which will i.n turn m9.'t<e the ~xperiment safer for the subject. 
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g} An R.H.S. 9.ccelers.tion level meter h9.S been .fitted 

together with a . built in accelerometer. This ,..rill enable the 

operator to monitor the acceleration level of vibration 

experienced by the subject. This is particularly useful 

for the monitoring of random vi brati.on . 

h} The external input can now be used to reproduce 

a recorded acceleration sienal, previously a, displacement sienal 

had to be used. This m2kes it much easier to reproduce 

"field"conditions in the laboratory. 



A - 6 Conclu~ion3. 

A - 6. Conclusions 

The safety of a subject in an experiment involving Hhole 

. body vibra.tion depends not only on the vibration equipment but 

on the task or tests the subject is performing or having performed 
. 

upon him G1uring the course of the experiment. The use of 

electrodes attached to the subject, or tests involving senses 

(i.e. the effects of vibration on hearing, eyesight and speech) 

must also be taken into accou.nt by the experimenter. The use of 

an auditory warning of subject discomfort, for example in an 

experiment investigating the combined effects of noise and 

vibration close to tolerance levels, may not be heard by the 

operator (01' experimenter) until the suoj ect has suffered temporary 

or permanent damage to his person. 

TrolS each individual experiment needs to be analysed in 

respect to its o',ffi inherent safety risks, as well as the risks 

involved in any general whole body vibration experimentation. 

The reporting of safety precautions taken during vibration 

experiments has in the past been omitted from most research papers, 

this has made it difficult for experimenters to find data 

about safety precautions taken by previous researchers, and also 

what effect considerations for the subject's safety have had on 

the design of the experiment, and the apparatus used. In a 

field of research \Olhich is potentially dan~erous to subjects 

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

'-
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with respect to the design of safer apparatus and experiments, 

The reporting of all' safety aspects of 'an. experimental project 

and its a'O'Oar~.tus could therefore be c.sLrnp0rtant to a future . . -

researcher as the actual results of the experiment, and. it is a 

great pity that such a gap exists in previous reportine, It is 

felt, however, th~t with the current national and international 

inter.es t in the safety of the indi vidu:::l a.t work, as well as in 

experimental situations, this gap in our knm'lledee of I,.lhole body 

vibration research will soon be filled. 

The researcher has a responsibility to other researchers 

and future subjects to see that the experiment and the vibration 

apparatus are desiened in such a way as to mini~s~ the risk of 

accident to the subject ?ond that these details are reported. The 

researcher has therefore to carry out a detailed study of the 

, experiment \.fi th respect to safety, by a systems analysis or any 

other similar technique. 'He can then, using the data from his 

analysis, see if the experimental progrcrrme he has designed can 

be used on a large number of subjects, or if not l-!hat modifica-

tions need to be made to the experiment, or, to the sample 

population of subjects to be used in order to minimise the risk 

of injury. 

The reporting in the future of the safety aspects of 

experiments as well as just of their res~lts, together with the 

increase in the knowledee of man's reaction to the vibration 

environment should ensure that safer experiments and vibration 

apparatus can be designed ,,..,rhich will advance knowledge of the 

human body as well as benefitting the s.ubjects taking part in 

future research experiments. 
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Switching from internal input to "off" 

Acceleration 

2cm/g 

Fi81re No. 19 

11Jnnlugging cable from control unit to actuator 

Accelt: rat ion 

lcm/g 

'. 

Fip;ure No. 20 
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Plugging in cable from control unit to actuator 

Acceler9.tion 
lcm/g 

Figure No. 21 

System Unstable 

Acceleration 
------~~~~~~~~"~t~~---------------------

.2cm/g 

Figure No. 22 
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Unit 

A 

1-3 

~ B .1-' 
(I) 

Z 
0 
• 

r-
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D 

.E 

F 

G 

H 

J 

Operator - System 
gain set too high 

____ ~>~---- System goes 
unstable 

Operator - switches 
or power failure 

off (i) To actuator control unit ------:>~ __ 
~(ii) To control unit and hydrauli~~ __ ~)~ __ -
~ power pack 

(iii) To hydraulic power pack only ,. 

Operator - Switches from internal oscillator to "OFF" > 

Operator - Frequency changed Sudden rise in acceleration level ~ 
too quickly ?- of actuator --~----

Operator makes incorrect 
settins or failure of 
electronic control unit 

Excessive command signal - within 
~ operating limits of actuator >-

Simulated Test No. 

Test No. 1 

Tests Nos. 2 and 3 

Test No. 4 

Teat No. 5 

Subject presses 
"Emergency Stop 
Button" .(See unit J) 

Simulated t~st 
Ram travels between 
or into snubbers 
(See unit H) 

Head from control unit to ~ Large transient signal 
actuator fails 

--------?>---------- Tests Nos. 6 and 7 

Hechanical failure of __ :>-,;--:-._ Se:nds piston hard to one end ___ -:»:>='-__ _ 

Noog valve 
Ram travels into 
snubbers (See unit H) 

Ram travels into 
hydraulic snubbers ~"----;.-_ 

Snubber relief valve fails )- Piston crashes into 
Snubber relief valve set incorrectly actuator casing 

too low~ 
too high -?-- High retardation 

(See Test No. 8) 
Snubber valves set Test No. 8 

--_ Limit switch - S.Op. S.D. 
(See·unit J) 

Subject, operator or _~> __ ....;. S.Op. S.D~ ________ -.:>;-_______ Te~t No. 9 
observer presses (System Operated Shut Dmm) 
IIEmergency Stop Button" 
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Results from the nine sirr.ulated f!1ilure modes 

Test No. Max. Acce1. Velocity Change Duration 
change 1 gl (total) metres/ mil1i-secs. 

sec. 

1 5 .5 10 

2 2 .4 20 

3 a 1.35 .13 10 

3 b 6 '!7 12 

4 shut down tim~ 3.5 -.4 seconds 

5 shut down time 1 - 1.5 seconds 

6 1.8 .7 40 

7 9.5 1.4 15 

8 5.6 .76 14 

9 18(pk to pk) frequency 65 Hz 

Table No. 2 Tabulated re~ult~ from the nine ~imulated failure·mode~. 
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B Nechanical Impedance Studies' 

B - 1. Introduction 

The use of mechanicrll impedance as a technique for assessing 

the behaviour of a mechanical structure under dynamic conditions, 

has increased in importance in the last ten years. Hechanical 

impedance has therefore been increasingly used in bio-engineering 

as a method of descnibing the response of the human body to 

various dynamic inputs. Coermann' s (1859) and (1963), and 

Dierckmann's (1958) measurements of mechancial impedance sho..led 

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

of the body in various postures to steady-state sinusoidal 

vibration. 

The following part of the thesis details the main 

experimental programme using the electro-hydraulic vibrator. 

The main aim of the programme was to continuously monitor the 

mechanical impedance of the human body in various se~ted and 

standing postures. The continuous measurement of the mechanical 

impedance of the body started with a small pilot study using one 

~ subj8ct, a number of weights of known impedance, and a weight 

placed on a foam rubber cushion. ·The pilot study (Section B -

6) \-/as used to check and modify if necessary, the analoe;ue com-

puter processing circuits and the experimental procedure ready 

for the main experimental programme. 

The main experimental programrneinvolved the use of 

sixteen subjects, impedance measurements being made in various 

seated and standing postures. The modulus of impedance results 

were obtained using a small analogue computer as a direct readout 
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during the experimental run, and tape recordings were also 

made to enable the phase anele plots to be obtained later by 

analysis on a l~rge analogue computer. Previous 'investigations 

using mech~nical actuators had built up impedance plots by means 

of measurements taken at fixed frequencies; their results 

had sroh1n that the posture adopted by the subject had a consid­

erable influence on the resultant whole-body impedance. Thus 

during the research prograrmne particular attention \--FaS 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 bet\.,reen su bj ects 

could be studied. 

Subject data was also recorded at the time of the 

experiment, the subjects having first been a$ked to complete 

a 'confidential form to assess their suitability as subjects, 

full details of this procedure are given in Section B - 7. 

Impedance measurements were also taken for female subjectn, 

these have not been reported in previous studies, probably 

because most of the previous research ~as been sponsored or 

undertaken by military establisr~ents. As impedance measure­

ments are used by seat designers fortra~sport systems, data 

referring to both'sexes is necessary if the system is to be 

used by t~e general public. 

.. S~ 

'. 



The -final part of the experimental progr~~e involved a 

statistical analysis, andccnversion, of the data on a 

digital computer. The conversion carried out was that of 

changing the acceleration based lllpedance measured in this 

reseerch to the velocity-based impedance used by previous 

researchers, the conversion being necessary to enable 

direct co.~parison of this research work with existing data. 

85 



B-2 Literature Review. 

B - 2.1 Introduction 

The following section revim-ls the methods used by previous 

experimenters in their investigations of the mechanice.l 

impedance of the human body, as well as their results. However, 

due to the short length of papers in most journals, p.ccurate 

reporting of all the details necessary for a concise and 

comprehensive report on a human vibration experiment, is often 

difficult or impossible. Nost of the Hork of this nature has 

been 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 vibration environment encoUntered in 

military and space vehicles. 

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 subj ects taking 

part. The details given of the type of apparatus used and its 

performance varies considerably. In some reports the details 

are given in the odd paragraph, whilst in others several pages 

of description together with photographs is considered necessary. 

Guignard and Guignard (1970) note that "alt!10ugh many different 

kinds of vibration machine or motion ~imulators have been used 

for human experimentation, detailed specificati.on of the machine 

used, its type of drive, means of progra~~ing 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 - 2.2 Experimental Facilities and techniques used 

· 87 

in the measureTJent of '\'lhole body Hechanical Impedance 

Probably the best known of papers on whole body mechanical 

impedance is that of Coermann, H.R. (1%3). He used a mechanical 

shake table in his investigation, a picture of which is shovID 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 sinusoidal 

motion". The subjects were placed on top of a very stiff plate, 

connected to the force table by three force transducers. The 

resonant frequency of this system was over 120 Hz. . The force 

transducers to obtain this high res~nant· frequency were stiff, 

and this meant that a very small deflection had to be measured. 

Coermann used a special variable reluctance transducer \o/hich 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 recordings. 

The.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 Ib lead weights to th~ table and these 

were shaken at various amplitudes from 1 Hz to 20 Hz. As well 

as enabling Coermann to calibrate the force transducers, he 

could also calculate the p~ase shif~ introduced by the band-pass 
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filters. 

Coermann used several posture types, erect and relaxed 

. postures of the sitting subject, and an erect posture ".,ith 

stiff knees. 

The sitting posture was d~fined by Coermann in the following 

way: . "The man's legs hung dmm freely over the side of the shake 

table not touching the ground. The hands lay on the upper thigh 

and all belting \vas removed from the waist. . There "1as no padding 

bet\veen the force cell table and the man except for clothing". 

He also notes that "At the moment before the records were taken 

the subject breathed out completely" •. 

In order to check the jnfluence of the mObi.lity 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 pressure 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 particularly 

interested in discovering which part of the skeleton undergoes 

the most stretching gt the resonant frequency. 

The.accele:ration levels used. for the majority of his experi­

ments were "kept at a comfortable level to the subject" but actual 

figures are not given as to the precise 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 ~ubjects. These higher levels 

were used to study the linearity of 'impedance with increasing 



'. 

acceleration levels. 

The records were taken at ~ Hz intervals from 1 Hz to 
. 

14 Hz and then 1 Hz intervals to·20 Hz •. After reaching 20 Hz 

a further twenty records were taken beb-men the frequencies 

used for the first series, (with the frequency decreasing). 

These records acted as a check on the first set of records. 

Coermann noted that he needed about 2000 records to complete 

his programme. 

The results were analyzed by means of a digital computer, 
'7. 

from the experimental records. The results were presented 

graphically in the paper. Coermann also quotes the Rccuracy 

of his measuremen~s, the modulus of impedanc~ accuracy being 

better than 210 and phase angle measurements to within .1% -

these accuracies do however assume a perfect sinusoidal input. 

Krause and Lang (1963) report on experiments carried out at 

the Wenner-Gren research,Laboratory, to investigate the non-linear 

behaviour of the human body, this being in respect of increasing 

acceleration levels under steady-state vibration conditions. 

The investigation was under-taken by computing the mechanical 

impedance of the human body to acceleration levels of .5g (peak). 

The investigations were continu~d to higher acceleration levels 

by using a 70 1b pig. Levels of up to 3.0g (peak) acceleration 

were used. with the pig strapped onto the force meas11ring table •. 

The vibration 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 
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developed high-frequency load cells Hhich have neelieible 

deflections. The force readings were converted into "mechanical 

impedances If by computing the ratios of force amplitude to the 

.. respective velocity e.mpli tude of the shake table; The authors 

also reported that "subsequent techniques \.,rere 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 Hith the 

following postures:- standing erect and relaxed, sitting erect 

and relaxed, lyine prone on the side, supine and semi-supine. 

The authors remark that the last two pes ture types \-lere the two 

of prime interest, and the reported resul ts o~ly shm·! graphs 

for these postures. 

• 

Although it was reported that a small group of male subj ects 

was used no numbers Here given. As \-Iell as mechanical impedance 

measurements, al:x:1ominal,strain and internal pressure Here also 

measured on the human subj ects, !.md abdominal deformatIon was 

measured ,on the 70 lb pig. 

Edwards and Lenge (1964) reported a further series of 

experiments undertaken at the Henner-Gren .Aeronautical research 

laboratory. 

The authors gave details of the shake table used (no doubt 

the same as that mentioned above). It was 'reported as Ifbeing 

capable of producing continuously variable motion within the limits 

of 10 inches of amplitude, frequencies to 100 Hz and velocities up 

to 80 inches per second. These limits correspond to accelerations 

up to 12 g and vector force outputs up to 3000 lbs." 

The impedance measurements were made in the sa~e way as those 



of Krause and Lange (1963) nnd \vere undertaken with b/O male 

subjects, the postures adopted being supine, lateral and standing • 

. The variations of impedance due to. change in muscle tone and 

due to the padding of the subject support were also investigated. 

The frequency range studi~d ... laS 1 - 20 Hz at peak shake table 

accelerations of 0.2, 0.35 and 0.5g. 

The report containrl photographs of the apparatus used. 

A study by ~dko et al (1965) however co~tains little 

information about the subjects, and no information about the 

vibration apparatus and associated instrumentation. The report 

described several tests which were carried out as par+. of a large 

programme of research. Host of the tests"ere associated with 

investigating a parameter "absorbed po'ter" first postulated by 

R. A. Lee. ~bsorbed power was used to form a scale of vibration 

intensity \-Thich \'!as compared to subjective assessment of intensity 

by U!5e of military and civilian subjects. 

Pradko et al gave a curve for ~echanical 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 a,considerable gap in the reporting and detracts from the 

value of their report. 

The vibration used was both random and sinusoidal and a 

number of levels was reported. The acceleration levels for both 

random and sinusoidal were measured in r. m. s. 11 g Il • The report 

conclude:l that "whole body res}2onse to random and sinusoidal 
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vibration displays linear characteristics". A conclusion not 

shared by other researchers:- \1ittmann and Philips (1969), 
, . 

Edwards and Lange (1964) and Krause and Lange (1963). 

A study 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 shake table mounted on the arm 

of a centrifuge~ The shake table was electro hy~raulic and 

capable of producing a constant acceleration amplitude of .5g 

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

were "ten young and healthy male subjects", who had volunteered 

to be subjects. 

This report was one of the few reviewed by the autho~ to 

note many of the deficiencies of previous papers. 

Suggs et at (1969) used mechanic~ impedance measurements as 

an aid in the design of ~ dynamic simulator for testing cross 

country vehicle seats. Suggs makes an interesting point about 

the existing data on the mechanical impedance of seated subjects 

which deserves attention. "Because existing data \'1as for seated 

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 operators. The authors found that only 

about 75% of the subje<?t's weight \'1as supported by the seatll. 

A mechanical actuator was used - "The platform was mechanically 

driven at a peak to peak amplitude of·O.lO inches by a scotch-yoke 

mechanism which produced a sinusoidal vertical 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 
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beam to measure the force input to the suhj ect. There \-lere 

no pictures of the apparatus used bIt a description vas given 

in the text. Sue~s et al used a strain gauged c'lntilever, 

they did not hnwever give" any indic~,tion as to the natur?l 

frequency range of study. The tests Here carried out 

in a frequency range of 1.75 Hz to 10 Hz. This vnlllO \-Hl.S 

chosen by Suggs et a1 because the major 1.-!hole body reson~nces 

occur Hi thin this frequency range. Also of importance Has 

the fact that most of the terrain induced factor in "off-road" 

vehicle vibrations occurs in this frequency range. Suspension 

tractor seats also hav~ natural frequencies in the lOHer half 

of this range. 

The experiment used eleven subjects raneing in \-Teight 

from 118 lbs to 195 lbs, and Suggs et al noted liThe irnped9.nc"e 

magnitude is much less (165 lb.sec/ft) than the 350 lb.sec/ft 

measured by Ccermann (1~63) for the whole body system". This 

difference was thought to be due to the support given to the 

subject's legs. (The legs were unsupported in Coermann's 

measu:-ements) • 

The results were analysed from recordings taken at discrete 

frequencies. The frequency interval used was -} Hz with { Hz 

steps used near resonance. The force· strain gauges were calibra-

ted directly by using known rigid weights. The accuracy of the 

system" was evaluated by comparing the observed impedance of 

each weight to its calculated impedance. 

The work of Coermann has for some time no'" been regarded as 

on. n 
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"a classic work" in this particular field of study. The 

re"ieH· points out the meticulous care Hhich Coerme.nn exercised 

in his experimental prograrrrne, and analysis of results. In 

the .desi~n of his apparatus - i.e. his impedance me3.suring 

platform, Coermann took great care to ensure its natur2.1 

fre;uency ",as sufficiently high, so as not to sffect his 

results. The results of Coerm?..nn and the other investigators 

are shown in the figures at the end of Part B. 

The use by Su~gs et al of a seated posture, \-!ith the 

legs supported was a point noted by the author,. who used a 

similar posture in his o ... m experiments. The experi~ents by . 
Pradko et a1 from which they concluded "The human body dis-

played linear (!haracteristics" is a vie'd which was not shared 

by other rsearchers. Most rese3.rchers do however agree th~t 

the body displays line3.r characteristics· at 101/1 vibration levels 

(Le. those below .5g (peak to peak) in the frequency range 

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

the value of the mechanical imgedance of the human body under 

steady state sinusoidal vibration can be an important factor 

in experimental 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 Kechanical Imoedance 

Hechanical impedance and phase-angle plots for the response 

of the ~uman body to steady-state sinusoidal vibrations, have been 

obtained by various researchers in the past in attempts to obtain 

a correlation between mechanic.al impedance measurements and 

subj ective 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, (assTh~ing the response 

of the body to be linear) which could not be obtained experimentally. 

Dieckmann (19.58) .... as ene of the first to study ~·he d:Y'11amic 

propertie~ of the human body by iIDped~ce techniques. Fig No.26 

shows an example of the mooulus of impedance curves' obtained. 

Dieckmann used these curves to postulate mechanic~l analogs of 

the human body, He also used mechanicalimped2~ce curves to 

formulate a series of vibration tolerance curves. (Diec'cmann (19.57 ) 

Coermann (1963) using a group of eight male subjects which 

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

a series of now '.-1811 known modulus of :impedance (veloci ty based) 

and phase angle curv·es. The data for the subj ect panel used by 

Coermann is given in Table No.3 .and his Impedance curves for 

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

sitting relaxed and standing erect, i~ Figure No.28 and for 

all eight subjects in the sitting erect posture in Figure No.21 
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Also shown in Figure No. 29 are· the results of a trans-

missibi1ity study on one subject, undertaken during the impedance 
. . 

studies. . 

Coermann noted that at frequencies up to 2 Hz the body 

responded at any posture as would a pure mass, as the frequency 

increased above 2 Hz~howeve~ the impedance deviated from that of 

a 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 peak was highest in magnitude in the 

sitting erect posture, the frequency of this peak being about 

7 cia with a second peak at 10 Hz, and a·third peak at 15 Hz. 

Coermann's results for the sitting relaxed and standing erect 

posture were obtained using one subject. In the sitting relaxed 

posture, Coermann stated that the first resonant peak occurred 

at 5.2 Hz with a more pronounced second peak at 11.5 Hz, the third 

peak which was visible at about 15 Hz in the sitting erect posture, 

vas almost completely flattened when a relaxed posutre was adopted. 

Coermann used these results to formulate a mechanical analog of 

the human-body in the sitting erect posture. Sandover (1969) noted 

that Coermann's was a parallel mechanical system, unlike the 

series mechanical systems postulated by D~kmann (1958). 

In commenting on his obtained phase angle plots, Coermann 

noted that in the sitting erect po~ture the phase angle becomes 
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negative above 14 Hz indicating that the impedance of the elasticity 

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

phase ~ngle, indicating the predominance'of the mass impedance. 

&hJards and Lange (1964) carried out mechanical impedance 

studies (velocity based) using a steady state sinusoidal input 

in the frequency range 1 - 20 Hz. Although they used various 

body posture~no results are given for subjects in seated postures, 

Edwards and Lange were primarily concerned with investigating 

the linearity or otherwise of the 'human body, and Figure Nos.32 

and 33 show the whole body impedance at three specific 

acceleration levels. Ed~ards and Lange noted that ,a degree .of 

"non-linearity did axist, they had however to keep acceleration 

levels below .5g for safety rea50ns. 

Krause and Lange (1963) also investigate~ the problem of 

linearity, by a series of experiments.carried out on an 

anaesthetized pig. In summarizing the results of their mechan­

ical impedance and circumferential deformation experiements 

on the pig they stated that their experiments confirmed the 

existence of definite natural frequencies within the body. The 

impedance data, (see Figure No. 34. No phase angle plot 

however, was given to complete the impedance data) stated 

Krause a.nd Lange, showed that the whole-'body was not a linear 

s~stem, and their data indicated that the damping elements in 

particular seemed to be non-linear.. Tests they carried out on 

abdominal strain showed that it increased with the intensity 

of the f-orcing motion, and that the strain could increase in a 

roughly linear manner in one place, and exhibit non-linear 
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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 O. 65g CUXtve at 8.4 Hz were 

characteristic of impedance curves of human subjects \-lith their 

muscles tensed. They assumed that the anaesthesia. was beginning 
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to wear off when these points were measured and that the pig was 

tightening up against the vibration. As the pig was anaesthetized 

and evidently held in some form of harness to facilitate the 

high acceleration used, both these factors would considera.bly 

influence l1nJ impedance plots 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 (v~locity based) for subjects under steady 

state vibration conditions, and also under impact conditions. 

The steady. state vibration curves are from Coermann's experiments, 

the curves obtained under impact 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 ~leis, Clarke, Brinkley 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 
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and subjective tolerance curves, by means of the c.nerGY transfer 

from the environment to the body. Coermann (see Fig No. 31) 

had investigated various \-lays of linKing an impedance plot to 

a subjective tolerance curve, these· being thc transmitted force, 

the dissipated energy (Le. within the body) or the relative 

displacement of the effective body masses. (The effective body 

masses Coermann defined as the two masses which he had evaluated 

for }:1is mechanical analog of the hum:m bOdy). The subjective 

tolerance curve used by Coermann·was that of l1agid and 

Zeigenruecker (1959), (the indication for tolerance used by 

Magid and Zeigenruecker was not moderate 'discomfort rut the 

maximum endurable stress and pain) and he found that with a 

simple extrapolation the constant relative displacement of the 

effective body masses best fitted the subj ective tolerance curve. 

Weis, Clarke, Brinkley and Martin however considered the 

energy transferred to the body, they com~ented that under 5 Hz 

energy was transferred to the ~ubject, but that this was stored 

and returned to the environment; from 5 Hz or 15 Hz a con-

siderable amount of transferred en.ergy began to be dissipated 

·within the body and could have gone into stretchir.g the 

elastic components. Above 15 Hz the relationship bet",een 

dissipation and/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. Van Gierke (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 correlation, tut to a lesser 

degree.. They used the same impedance plots as Heis, Clarke, 

Brinkley and Hartin (1964). 

The authors concluded that the variability that existed 

betwee.n the steady-state and transient impedance plots was 

probably due in part to the variability of the test situation 

including such things as different restraint systems; and the 

fact that the biological system was not really passive, They 

-inferred that· the ~uman body, particularly in steady-state 

impedance de terminations at low frequencies could anticipate 

the motion and protect against it. (Compare to comments of 

Krause and Lange (1963). 

Weis, Clarke and Van Gierke also) whi;Le cormnenting on the 

general shape of the impedance curves during steady-state 

sinusoidal vibration condition~noted that the impedance was 

tending towards lower values at higher frequencies. This 

tendency they thought could have been due to the fact that most 

of the steady state measurements of impedance were made at 

acceleration levels below 19 (single p~ak) and with no subject 

re~traint sys~em to couple the subject positively to the table. 

It could however they stated have been due to inherent non-
) 

linearities of the system (i.e, the human body) such that the 

impedanqe 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-state~nusoidal vibrations was investigated by . . .. 

Wittmann 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 whether the non-linearity that 

exists is sufficient to make it impractical to assume that the 

system is linear. 

Wittmann and Phillips in their paper demonstrated that non-

linearities did exist, and that they could be of sufficient 

magnitude to make the linearity assumption impractical. During 

a vibrational study in \-Ihich the input force and acceleration to 

the body were measured, as the input acceleration'was sinusoid~l 

the force input should also have been for all frequencies, at some 

frequencies however it was not sinusoidal. Wittmann and Phillips 

.. 

took this to mean that although the response was linear at certain. 

frequencies and acceleration levels, where the force input was 

sinusoidal, at the other frequencies the body exhibited consid-

erable non~linear characteristics. (See Figure Nos. '3'1 and 38 ) , 

They also co~nented o~ the peak value and time durations of the 

"loading" and "unloading" cycles, during the non-linear phases. 

Wittman and Phillips also compared the response of a non-

linear mechanical system (using non-lin~ar s~ing characteristics) 

to that of a linear series two degree of freedom system. They 

concluded that the response of the non-linear system could be 

/. 
oonfused with that of the linear two degree of freedom system 

if the phase angle were not document~d, as it was the fact that 
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the phase angle exceeqed minus ninety degrees for the non­

linear system, (this is a condition that cannot 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 

the modulus of impedance plot was also stressed by Murfin (1969) -

"It is manda.tory however, that phase be measured 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 vibrations, they 

stated that ,in the sitting erect posture the response of the body 

was dssentially linear. The frequency range being 1 - 30 H z wi th 

acceleration levels'up to 19 (r.m.s.) or 1.4g pk. to pk. 

Coermann (1963) also noted that in the frequency range 0 - 20 Hz and 

at acceleration levels of O.2g., o.6g. and 1.0g. (pk. to pk.) the 

impedance and phase angle plots stayed within the 10 per cent . . 

range (which was the accuracy with which his phase ang~e and 

impedance measurements could be. taken). The variation Coermann 

suggested could easily have been due to'slight posture changes dur-

ing the experimental runs. The subject chosen was a heavy man 

(99.5 kg) as Coermann expected the soft tissue to'have more 

influence on the line~rity than' the bone elasticity. From these 

tests) Coermann concluded that within the frequency range and 

acceleration limits used) the body did behave as a linear system. 

- Having established the linearity of the body within the limits 

of frequency and acceleration they set, Pradko, Lee and Greene 
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proceeded to develop a transfer function for the body in the 

sitting erect posture; they used the asymptatic approximation 

method, the resultant factors are listed in their paper. The 

transfer function for acceleration was simulated on an analogue 

computer and compared to experimental data; the force-motion 

transfer function was converted to give a theoretical impedance 

curve, this was compared with experimental i~pedance data. (The 

experimental data was - "the mean of different acceleration 

levels using human test subj ects.") The authors concluded that 

whole body humrul response to random and sinusoidal vibration 

displayed ~inear characteristics, and that transfer-function 

statements could be found which accurately described human dynamic 

response. 

During their investigations into "tolerance" and "linear 

response" experiments the" authors noted that"quite probably the 

term "ride comfo~t" was non linearily related to the amplitude of 

acceleration. Pradko, l1ee and Greene then examined "absorbed 

power 11 as a means of predicting su bj ect response to sinusoidal 

and rW1dom vibrations. Absorbed power was first posulated by 

R.A. Lee. Lee defined it as the time rate at which the vibration 

energy imparted to the body was completely dissipated. After a 

series of tests in which subjects were asked to assess the ride 

comfort of the vibration, the results were then compared t.o the 

~omputed absorbed power, (the previously 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

istics •. The authors however.fe1t that further experimental work 

was required, before they could confid'ent1y say that absorbed 

power correlated Hith subjective response. 

Ride comfort has been a subject of particular interest in 

the agricultural engineering field, with sp~cial reference to 

tractor drivers, J.1atthews J. (1964) in a ccmprehensive series 

of articles entitled "Ride comfort for Tractor Operators". The 

articles although not specifically related to mech~ical 

impedance studies does contain in the review a graph (Figure No.39 ) 

from the e~periments of Simons (1952). Matthews commented that 

even if an optimum design of tractor seat was postulated, it 

would still probably be inferior to the' human legs asa vibration' 

absorber; 

. Sugg C.W., Aorams C.F., and Stike1eather L.F. (1969) con­

ducted a series of experiments to measure the impedance 

(velocity based) of 11 subjects whose weights ranged from 

53.5kg to 88.5kg in the frequency range 1.75Hz to 10 Hz using 

a fixed vibration displacement of .25cms (.pk. to pk.) The 

experiments were thus conducted with the acceleration level 

varying from 0.03g at 1.75 Hz to 1.0g at 10 Hz. (acceleration 

pk. to pk.) The f;ubjects adopted a seated posture with the 
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legs support~ on a platform to simulate vehicle operators. The 

authors found that this reduced by 25% t~e sitting weight of subject. 

Sugg, Abrams and Stikeleather reported that the general 



shapes of the modulus of impedance and phase angle plots were as 

COernlann! s .(1963) ; they observed a primary resonance of about 

165 lh. sec/ft (2460.0 x 103 dynes x sec/cm) and a lower anp1itude 

sec'ondary resonance at approximately 8 Hz. The curves obtained by 

Sugg3, Abra'!ls and Stikeleather are shm/n in FigurcsNo. 40 31\J 4-1. 

The impedance magnitude observed by Coermann for a subject sitting 

in a relaxed posture was 5050.0 x 10) dynes x sec/cm. The authors 

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

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

a) the fact that Coermann results (and the results of the 

other studies. reported in this section) h.ave been for sitting sub-

jects with their feet unsupported; 

b) all other tests have involved measuring the impedance over 

a fixed frequency range at a constant acceleration level 

c) Suggs, Abrams 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 SuggS,Abra'!ls and 

Stikeleather, had the same general shape as those obtained by 

Coermann, Sug~, Abrams and Stikeleather concluded their simulator 

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

a parallel t\lO "mass-spring damper" system. A simulator was 

designed using parameters obtained by a digital computer analysis 
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of the imped~nce curves, these ho~ever were modified to make the 

simulator static weight the same as that of the average static 

load imposed by the subj ects • The modulus of impedance plot for 

the simulator 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 sim~lation,'particu1ar1y 

of the simulator, as Suggs~Abrams and Stikeleather said was to 

be used for testing tractor seats with linear and non-linear 

suspensions, the phase angle plot of the simulator ,must correspond 

to that of the 11 test subjects; otherwise any.resu1ts obtained 
, 

using it in the testing (or assessment) of tractor seats could 

be misleading. 

The problem of "tolerance" -"comfort" and IIfatigue decreased 

performance" {F.D.P.)limits has been of interest to resea.rchers . , 

for Same years, interest being renewed when the International 

Standards Org~~isation (I.S.O.) ,published a working group proposal 

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 to1erance-c~ort and F.D.P. limits, 

as well as in the.obtained acceleration levels. In an interesting 

paper by Ashley (1970) entitled "Equal annoyance contours for the 

Effect of Sinus oidal' Vibration on' Han", he proposed a new 

technique foz: obtaining "equal annoyance contours" • The method 

employed is similar to that used to obta~n equal l~~dness contours 

for hearing. AShley used a random vibration spectrum as a datum, 
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and a cross matching procedure with a sinusoidal vibration was 

employed to obtain the constant annoyance contours, The random 

vibration spectrum was first related to the I.S.O. proposed 

F.D.P. limit at 6 Hz by usingChe cross. matching technique, and 

panel of 27 subjects in the age range nineteen to fifty-seven. 

Using the random levels obtained the sinusoidal vibration equal 

annoyance contours were evaluated using six subjects. Ashley 

compared his equal annoyance contour to a comfort curve computor 

using the method of absor~ed power proposed by Pradko and Lee. 

Pradko and Lee's puhlished curve for equal comfort in the seated 

posture was normalised to the I.S.O. 4 hr. F.D.P.' l~it. The 

two curves (see Figure No. 42, ) showed noticeable divergence' 

at low frequencies, Ashley cQThT.ented that this was to be expected 

as the body moves as a rigid mass at low frequencies (below 

about 3 Hz) and little energy is 'thus absorbed. Ashley proposed 

therefore that comfort was a function of vascular disturbance 

at low frequencies 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 pO.ler would' then be low) minor body 

SUb-systems may be experiencing large amplitude displacements, 

leading to localized discomfort or the imparing of performance. 

(e.g. the eyeball, which has a resonant frequency of approx~ately 

25 Hz). 

Although the last paper reviewed was not directly concerned 

with the Heohanical Impedance of a the human body, it does 
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ho~ever illustrate the vast number of factors ~hich can 

influence· man's subjective assessment of a vibration environ­

ment. It also shol.,rs that even if the objectives of an 

experimental progrmnme are clearly set down, the way the 

researcher sets about achieving these objectives ~ill influence 

the results obtained, and the way the resear.cher's conclusions 

can be used in the future. 
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B-3 Exoerlmental Rationale 

As the studies' to be carried out were tn measure the 

rnechon.ical impedance of the hU.'l1 an body in vRrious seated and, 

standing postures, several decisions had to be made as to the 

method of measurement, postures to be adopted, and the vihration 

environment to be used for the tests, before the pilot study 

and main experimental progrrumne could be carried Ol.lt. Hechanical 

impedance measurements computed previously have been th0Se of 

velocity based impedance. These results have been obtained from 

records of the force and displacement (or velocity,) taken at a 

fixed frequency. The force and displacement:..\ traces were then 
> 

digitised and the modulus of impedance and phase angle for the 

velocity based impedance were computed by digital computers. 

*(The measured displacement was converted to velocity by digital 

computers, or some researchers measured velocity directly using 

a suitable transducer). 

The main 8~m of these studies was to monitor continuously 

th~ mechanical impedance while the subject was on the actuator. 

A continuous monitoring technique had not be'en used previously to 

measure whole body impedance, but the met~od has the adv~tage 

that posture changes and individual differences between supjects 

can be noticed during the plotting; also any posture changes or 

items of clothing likely to influ'ence the results, could be 

modified dur~ng the test, and new plots ,made if necessary. 

A continuous monitor of whole body ~echanicl3.1 impedance 
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could have been achieved in two ways, firstly by digitising 

the force and acceleration traces and processing them by means 

of a'diGital computer fitted Hith a plotter, or alt.ern9.tively 

by u~ing an analo~le computer and plotting the results directly 

on an x-y plotter. The first alternative was not however 

feasible as the digital computing faci~ity of the University 

was a considerable distance from the laboratory and a suit?ble 

digitiser was not available to p'rocess the force and 

acceleration signals. An analogue computer could h~~ever be 

obtained economic~lly and an x-y plotter' was available to 

enable direct readout of the mOOulus of impedance "lhile the 

subject was on the actuator. 

The conversion of the acceleration signal obtained from 

the force cell, using the analogue computer elements however 

proved to be unsuccessful without the use of a special integrator 

unit which was unavailable. ~cceleration based mechanical 

impedance could however be obtained directly from the analogue 

computer processor,' this modulus 9f impedance curve could then 

be converted to a velocity base by a digital computer after the 

tests if required. 

A small analogue computer was avftilablefor use at the 

~ibrator, t? monitor directly the modulus of impedance, to have 

obtained simultaneously a direct. readout of the phase angle 

(betwoen the force and the acceleration) would however have 

requir~d more amplifiers than were available on the small 
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computer. The force and acceleration sirrnals, therefore, 

had to be tape recorded to enable processing on a larger anal­

'ogue. computer. (Situated some distance from the vibrator). It 

was originally intended that the recordings would be made 

simult8;neously with the modultls of impedance plot-out. 

During the course of the pilot study however it Has found that 

the tape recorder loaded do~m the force and acceleration sienals, 

this interfering with the modulus of impedance monitoring circuit. 

Two test runs at each posture had to be made, the first to 

obtain the modulus of impedance plot, the second to enable 

the force and acceleration signals to be recorded for future 

processing. 

The time taken to obt9in an impedance plot and tape 

recording should be as short as possihle, but compatible with 

the response of the monitoring systems as the results were 

to be of a direct read-out nature~ A frequency sweep was used 

over the frequency range of 3 - )0 Hz. The impedance ~as 

monitored first with the frequency increasing from 3 - 30 Hz, the 

sweep time being two minutes and then with the frequency 

decreas~ng fr0ffi 30 - 3 Hz also in two minutes. This meant that 

the subject would only have to assume one of the set postures 

for ~ maximum time of ten minutes, in an attempt to reduce the 

affects of posturel 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 

111 



• 112 

passeneers and operators of transport systems. Two seated 

postures \.Jere used for the majority of. subjects, \-lith three 

standing por:-,t,ures, and a seated posture set by the subj ect 

whilst undertaking a tr~cking task, Has used on a STnllll munber 

of subjects. For all the seated postures adopted the subject's 

feet were supported on an adjustable foot rest, which was 

attached to the actuator table. The foot.rest was adjusted 

so that the subject's thiehs were horizontal before the test 

runs were carried 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 steady-state vibration conditions to those using impact 

and random vibrations as the dynamic inputs to the body. 

The accel'3ration level used for the experiments \-Ias 

.5g. (pk to pk), this leyel was chosen because previous researchers 

hav'e reported marked non-linearity in the response of the body 
. . 

at high accelerat.ion levels. Also this level corresponds to the 

proposed ISO JO minute Fatigue Decreased Proficiency (FDP) Limit 

for human beings in the gz direction.. Although this level is 

higher than that normally experienced py passengers and apparatus 

in transport systems this slightly higher acceleration level 

was required to enable ·the monitoring unit to function accurately. 
. . 

The actuator was set in such a \-Iay that the set acceleration 

level of .5g (pk to pk) would be maintained to within 5% of the 

level set over the frequency range used for the tests - :3 to 
'. 

30 Hz. (Figure No. '1 8 ) 
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This enabled the an~loeue-divider to be set up so that 

the quoitent was always less th~nunity. The use of a 

fixed acceleration over the swept frequency range also meant 

that.the computed impedance magnitude (acce1er~tion based) 

at a given frequency would be equatab1e to the "apparent 

mass" of the subject at th2t frequency', 
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B - 4 Hechanical IrnRedance Theorv 

B. - 4.1 Definition of Nechanical Impedance 

Initially mechanical impedance Hill be considered Hith a 

velocity base. Later these principles will b3 extended t.o 

include displacement and acceleration~ The majority of the 

work has been carried out on a velocity b~se as this is the 

base Hhich gives a direct analoGY to Electical Impedance. 

The hlli~an body can be considered as a ,complex 'combination 

of the mechanical elements of mass, elasticity and damping. As 

with complex electrical circui~consisting of inductances, 

capacities and resistances, a good insight into th.e properties 

of a complex system can be obtained qy me~suring the impedance 

of the ele~trical circuit. 

The input imped~lce of an electrical circuit is defined 

as the complex ratio of the voltaee to 'the current going through 

the circuit. 

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. 

= L 
motion 

The impedance is first considered for electrical components 

and then for mechanical elements on a velocity basis and finally 

for mechanic~l elements on an acceleration basis. 
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B - 4.2 Imoedance of Electrical Slements 

Resistive E~ement 

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

phaee. (Figure No. 43 ) 

Inductive Element 

E = /v~ 
dt 

i = Imax Sin wt 

dI = Imax w Cos wt 
dt 

E ~ ~ Ima~ w Cos wt 

= L Imax w Sin (wt + " ) 
2 ) 

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

. Tt (900) leads the current vector by --- in an inductive element • . ;2 

(Figure No.44 ) 
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Capacitive Element 

E = Q 
C 

Q =Jldt 

E = ~Jldt 

I = lmax Sin wt 

Jldt = - Imax Cos wt 

w 

E = - lmax Cos wt 

wC 

-
= Imax Sin (wt .1l- ) 

;,} 

wC 

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

lags the current vector by } (90°) in a capacitive circuit. 

(Figure No. 45 ) 

The sy~bol ~E is given to the phase angle between the Applied 

voltage and the current through the circuit, and ~ for the 

Jlodulus of impedance. (Figure No. 46' ) 

116 



117 

" B - 4.3 Impedance of."Hechanical Elements (Velocity Base) 

Pure Darnper 

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. 

Fe = C. X, 

Zmc = C 

~mc = 00 

Pure 11ass 

From Newton's Laws of Motion:-

•• 
Fm = M. ~ 

.. * :x::. = Xmax Sin wt 

•• • x. = ::X:"max w Cos wt 

• 
Fm :: MXmax w Cos wt 

M~max w (wt -= Sin + l!-) .a.. 

Zmm = Fm 
-;-
:;s:.. 

7. . 
umm = ~iw Sin (wt iT )~ . +~ Sin wt = jMw 

~mm = + iT 
Z 
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Pure Spring 

From the definition of a pure spring:-

Fk = ~K . 
• X- Sin ~ = max wt 

• :x.. = -x,max Cos wt 
w 

• 
= :::(,. max' Sin 

w 
(wt - IT) 

~ 

= Kx max Sin (wt - 11 ) 
:l. 

w 

Zmk = K Sin wt -
11 

-l!! ;). = 
W Sin (wt) w 

~mk = I; -2 

Nomen cla ture 

The symbol Zv will be used for Hechanical Impedance 

(Velocity Base) in the ensuing text. 

ego Zvk = -jk 
w 

The general ~hape of the velocity 9a~ed ~odulu~ of indedance 

. end pha~e angle plots for basic nechnnical elenent~ ere ~hown in 

figure no. 4'1 
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'B - 4-. 4- Impedance of Mechanical Elements (Displacement Base) 

-Pure Damper 

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

force-acting across the dashpot the damping coefficient multiplied 

by the relative velocity of the two ends of the damper 

= C;;. 

= Fc _ 
x 

x. = ::c. !!laX Sin wt 

• x. = Xmax w Cos wt 

Zmc = C w Cos wt 

= C.W 

~mc = + .1!... 
::l 

Pure Mass 

From Newton's Laws of Motion:-.. 
Fm = M~ 

:x.. = :x, 
max Sin wt . 

::x.., = s:..max w Cos wt .. 
X. = _x w2 Sin wt max 

Zmm = Mw2 

~mm = + " 

119" 

-. 



'. 

Pure Spring 

From the definition of a pure spring:-

Fk = x.K 
Zmk = Fk 

J:.. 

Zmk = K 

~mk = 00 

Nomenclature 

The symbol Zd will be used for Hechanical Impedance 

(Displacement Base) in the ensuing text. 

=' K 

The general shape of the d1~placement ba~ed modulus of 

impedance and phase angle plot~ for the basic rtechan1cal elements 

are shown 1n figure no. 48 • 
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B - 4.5 Impedance of Hechanical Elements (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 • 
.. 

Fc = C..:x::. 

Zmc = Fc 

::v 
.. .. 
:x., = ~max Sin wt 

• 
X 

.. 
= -~max 1 Cos wt 

w 

(wt 
11 

) Zmc = + C Sin - ;£ = -1£ 
w Sin wt w 

. jOmc = = 

Pure Mass 

From Newton's Laws of Motion:-
• J 

Fm = M:G 

Zmm = Fm .. :x.. 

Zmm = M 

jO = 00 



.' Pure Spring 

By definition of a spring:-

Nomenclature 

Zmk = !L. 
or 

'X> max 

.. 
. ::£ = x' max Sin wt 

-::c. = 

Zmk = 

~mk = 

- .x:.na 1 Cos wt 
w 

c .. 
_x, 

max 

= 

1 ;2 Sin wt 

The symbol, Z 0,. will be used for Mechanic al Impedance 

(Acceleration Base) in the ensuing text. 

eg Z = -k 
o.\< - w 

The general ~hape of the acceleration ba~ed modulu~ of 

1npedance and pha~e angle plot~ for th'e ba:5ic mechl!nical elellent:5 

are :5hown in figure no. 49 . 
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The mechanical impedance of a body thus describes a body's 

resistance to motion. In the equation to determine the 

mechanical ilnpedance"of a bod~ the quantities are stated as 

vectors, as in the majority of cases there \Till 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 Impedance and (b) Transfer Impedance. (Figure No. 50 ) 

(a) Point Impedance 

The concept of Point t-1echanical Impedance describes the 

ability o~a structure (or body) to w~thstand or absorb 

vibration. The applied force and velocity 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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]3. - I~. 6 Mechanical - Electrical Analogies 

The preceding section detailing the behaviour of electrical 

elements shows that two analogies can be drawn between mechanical 

and electrical 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. 

}1echanical Electrical Equivalents 

Mass-Inductance ' Mass-Ca pac i tanc e 

Force F Voltage E Current i 

. Damping c Resistance R Conductance l/R 

Mass m Inductance T Capacitance C J.J 

Complianc~ l/k Capacitance C Inductance L 

Acceleration •• x Rate of change di Rate of' change dE 
of current dt of voltage dt 

Velocity • x Current i Voltage E 

Displacement x Charge q Integral of fEdt. 
~-

Voltage 

Mechanical System 

For the mechanical system shown in figure -5' 1 the sum of the . 

forces at any point ,in the system is zero. 

the response of the system is:-

The equation governing 

Electrical System (1) 

c dx+ K:le 
clt 

= F(t) 

(I.-tass-Inductance analogy) 

For the analogous system shown in Fig. 51 the sum of the 
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voltage around the loop is zero. The equation governing the 

response of the system is:-

" or 

L di + 
dt 

+ 

Ri + lJi dt" 
C . 

+ .9. = 
C 

= E(t) 

E (t) 

Electrical Syst·em (2) (Hass-Capacitance ~malogy) 

For the elecb:ical system shm"m in Fig.53 the sum of current 

at any point in the system is zero. 

response of the system is:-

or 

C dE 
dt 

,. 
C E 

+ E 
R 

+ 1 E 
R 

+ E 
L 

The equation governing the 

= i(t) 

= di(t) 
dt " 

The analogy used in this section is"the Hass-Capacitance 

analogy. This follm-/s the principles outlined in the preceding 

section on the combination of mechanical elements. Mechanical 

elements that are attached to a fixed member are shown "groundedlt • 

The ground 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. 
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B - 4.7 Combina tion ot· l1echanical Elements 

As with electricnlelements, one first has to determine whether 

the elements are coupled in series or parallel. 

n) Parallel system (Single Degree .of Freedom) 

. A parallel system Fig. 5 5 has the same response for all 

components. The totnl force acting on the system is the sum 

of the forces acting on the individual components. 

ZA = F 
x., 

ZA for system = Fm + Fkl + Fk2 

£ 

ZAS = ZAM + Zkl + Zk2 

b) Series System (Single Degree of freedom) 

A series ~ystem 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. 

For a series system however it is much easier to use Mechanical 

Mobility - MA (acceleration based) Mechanical Mobility is the 

reciprocal of Mechanical Impedance •. 

MA = ~ 
if 

.o. .. 
MA for system = X +X,k + Xc. m 

F 

MAS = MAM + MAK + MAC 
'-

ZAS = 1 + I + 1 
ZAM ZAK ZAC 



The table shown in Fig.~4 shows several schematic impedance 

diagrams. Hechanical symboI6~_" are used rather than the analogous 

electrical symbols.. In these figures" the point ~f excitation 

determines partly, if the combination of elements are in series or 

parallel. 

B - 4.8 Response of l1echanical Systems 

A) Single Degree of Freedom 

The analysis given below will be for acceleration based 

Hechanical Impedance Za , but a similar approach can be used 

for velocity or displacement based impedances. 
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T~e acceleration based impedances can be calculated for the 

three components in Fig.~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 lines on a log-log scaled 
-

impedance chart. 

The system as shown in the figure is a parallel system, thus 

all the elements have the "same velocity and the force impressed 

on the system equals the sum of the component forces. 

ZAS = ZAM + ZAK .+ ZAC 

The equation is a complex number; 

ZAM = m 

ZAK = -le 
wz 

ZAC = -jc 
w 

ZAS = m - K - 1£ 
W2 w 

". 



Z/S 2 
K jwc . = mH 
w2 

ZAS = Fs 
a; 

The "modulus of impedance, which is the quantity usutdly 

plotted, can be found by taking the square root of the sum 

of the squares of the real and imaginary parts. 

Rea.l Ax.IS 
~---------------~~~------~r-~ 

= 

tan ~ = 

(w2c2 + (mw2 - K) 2}l 

w2 

wc 

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 w~ = K 
ID 

System resonance occurs. when the system impedance has a 

zero real part. Phase angle ~ is then - '1f/,2 (-900 ), the 

system is, entirely controlled bJ the damper force. At this 

point the system modulus of impedance curve is tangent to the 

damper impedance line. 

The modulus of impedance cu~e shown in Fig. 58 is 

asymptotic to the spring impedance line at low forcing frequencies. 

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

low frequencies ~ lies between -180 and -900 (- 1f ). Thus for 

this system we can say that for frequencies belov the natural 

frequency the system is "spring controlled". The mociulus of 

impedance curve is also asymptotic to the mass impedance curve 

at high forcing fre~lencies, this is also shovo by the phase angle 

diagram (Fig. SB ) at high frequencies ~ lies between -900 and 00 

Thus for this system wc can oay that for frequencies above the 

natural frequency the system is "mass-controlled". 

B) Single Dem-ee of Freedom (System with base excitation) 

The.previmls analysis dealt with a system in which the mass 

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 base 

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

shows the impedance diagram. 

This system is a combined series-pa~allel system; the 

spring and drunper are in parallel, and the· spring-damper system 

is then in series with the mass. 

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

Z}.GK = ZAC + ZAl.( 

= -cj k 
W ;2 

= (-cwj + k) 

w2 

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

in series the mobility is used to simplify the calculations. 

= 

= 

= 

= 

_ w2-

cwj + k 

1. 
m 

+ 

cwj+k 

= cwj+k mw 2 

= 

m(cwj+k} 

m(cwj+k) 
cWj+k - mw2. 

1 

m 

= mll" - m2. kw'2. + mw2 c2 _ m2 w'-c j 
.l~::mW:l.)2 + wl.c2 
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The mooulus of impedance is found by the square root of 

the sum of the real and imaginary parts • . 
~. 

m k1. '- m'l.kw'l. ~ MW'2.C.Z­

(k - t'I"\ IN). ) 2. -I- w 1.c.. '2. 
'K e.a.l A Ox I S -----------.-----JI;;::----r--:------.-p ... - .. ----

ZAS 

tan ~ = 

-j 

m~){l,l + mw:2c2 }4 + m~\.'+c2.Jt 
(k _mw"")2 + W2.C2 

'- :2--mwc 

The intersection of the spring and ~ass impedance lines 

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. When this occurs the impedance 

of the undamped system would be infinite. 

ZAU = Impedance of undamped system 

MAU = Hobili ty of undamped system 

tiAU = MAK + MAM 

= 

... 1. 
-w + 
k 

2. 
k - mw 

km 

1 
m 
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~AU will be infinite when k - mw; = 0 

i.e. when k = mw; 

wZ = k n m 

w
ll =~ 

The damped system resonance occurs when the system impedance 

has a zero real part. The phase angle 0 is equal to -900 the 

system response - as was the case with the former system, is 

controlled entirely by the damper force, and t.his gives 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. ·bO. 

The modulus of imped.ance curve is asymptotic to the mass 

impedance line at low forcing frequencies; this is also·sho~n 

by the phase angl.e diagram as ~ lies between 00 and -900 (-1f;2). 

The system is "mass-cont~olled" below the resonant frequency, above 

this frequency however the phase angle lies between -900 and 

. -1800 (-11') and the modulus of impeda~ce curve becomes 
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asymptotic to the spring impedance line at high forcing frequencies -

the system is "spring-co!ltrolled" at frequenci'es' above the systen?s 

natural frequency. 

When the modulus of impedance plots for the two systems are 

stUdied they show that the resonance of the first system (A) 

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

(a) at its resonant frequency has a "peak" in the modulus of 



--impedance curve which corresponds to an anti-resonance of the 

system. This analysis of the two curves however can help in 

the analysis of a complex mechanical structure - such as the 

human body - whose modulus of impedance curve contains several 
. 

"valleys", and"peaks" corresponding to "resonances" and "anti-

resonances" . 

c) Sin~le Degree of Freedom (Dis~laying resonance and anti 
resonance) • 

The two previous systems described display either a 

resonance or anti-resonance, however) by adding an extra mass to 

system ~ will result in a system which displays resonre1ce and 

anti-resonance characteristics. 

This system is shown in Fig. No. bl to~ether "Ti-th the 

impedance diagr~ 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) 

o~eurs with the spring-damper system and m2., • The very high 

frequency (V.H.F.) resp~nse is also mass like as in system.A. 

This change from the spring-damper cOl1trol to the mass-control of 

m causes the resonanbe (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 
. 

obtained by combining ID 2. with system B to obtain:-

ZAS = ID, (cwj+k) 
cwj .. k - m w2 

I 

+ ID 
2.. 
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,.. m.cwj ... m,k ..... mzc':!L+ m2k - m,rn'lw" 
cwj .... k - rn, w;t 

= (m, + m,') C\.,rj + (m, + m 2)k - m,m,wl. 
cwj .... k -m r w'2. 

= , I k 2 m cwj + m - m,m 2W 

cwj .... k - m,w'). 

The modulus of impedance can be found by taking the sqqare 

root of the Surl 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 v'alue of the imaginary part, by the real part of the 

impedance. 

i.e. ZAS = 

tan $6 = 

/tlmag)2. + (Real)'Z. 

lImag) 
(Real) 

-1 tan (Imag) 
(Real) 

The similarity of the impedance to that of system B can be 

seen but the mlm2Y~ term however makes the V.H.F. response 

IImass-controlled 11 (m~) and this causes the resonance R 

D) Two Degrees of Freedan system (A parallel system) 

The system is shown in Fig. No. b~ together with the impedance 

diagram. The algebraic analysis for the complete system impedance 

can be obtained by adding an additional spring-damper-mass system 

to system C. 
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The ~alculations to obtain the modulus of impedance and phase 

angle are somewhat lengthy, and have been ammitted 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. b4. 

This type of system (D) is of particular interest as it was 

used by Coermann (without m3) and by Suggs, Abrams and Stikeleather 

as a dynamic simulator for the human body during steady state 

sinusoidal vibrations. 

Thecunves indicate that the system possesses two anti-

resonance "peaks' and two resonance "valleys". The V: L.F. and 
. 1'; 

V.H.F. response of system D will be mass-controlled. The change 

from the V .L.F. mass-control to spring-control causes the first 

anti-resonance; as the frequency increases further the masses 

again control the response and a resonance R occurs. As the 

frequency continues to increase the springs response becomes more 

important and a second anti-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. 6'5 together with the impedance 

diagram. The complete algebraic analysis has to be done using 

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

combined in series. 
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MAS e MAl + MA2 

HAl c n.rj + k, '2. 
. -. - m,w 

ID, (c,wj + k, ) 

HA2 c~wj + k'2 - rnzw z = 
m1 (c2 

wj + k
2

) . 
MAS = (CIHj + k, - m,,,?) + ( czwj + k2, - m ,if } 

rn, (c, wj· -j" k, ) rn;l. (c1,wj . + k ) 
2. 

MAS = (m,+ m2)(k,kz - C,C2W2. + c2-k,wj + c,kzwj) - m,m,w'2.{k,+ k,,+jc,+ jcll 

Let W = (k, k1. 

Then ZAS = 

!l!'~2.(k,k2- C,Cl W
2 + c2k, wj + c,k~ wj) 

- CIC~W~ + c~k/wj + c,k2 wj) 
w 

The modulus of impedance ana tangent of the phase angle can be 

found from the numerical values of the real and imaglnary parts as 

outlined for system C. The modulus of impedance and phase angle 

plots are again of particular interest, for this type of system (E) 

was postulated by Dl£ckmann as a dynamic simulator for the human body 
I 

during steady state sinusoidal vibration conditions. 

The modulus of impedance and phase angle curves for the system 

are shown in Fig. No. 66. The curves are similar to those shown 

for syst~m D, and contain two anti-resonance "peaks" and two 

resonance . "valleys" (if m3 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 mz' and not m.., it would be a parallel system 

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

The modulus of impedance curves and phase angle curves shown 

are only general curves to indic~te the b3.sic characteristics of 

the five systems analysed. The actual shape of the plots for any 

given 'system 1,.!Ould depend on the system parameters and the degree . 
of linearity of tha system. A parameter \.Jhich has a considerable 

influence on the shape of the impeds.nce plots obtained is the 

degree of damping present, for the relative va~ue 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 Eit can be seen that a 

similar analysis on a many degree of freedom system 1,.!ould be t1 

difficult ruld complicated exercise. 

The modulus of impedance and phase angle plots can however 

lead to an understanding of the mechanical response of the system' 

under a given vibrational input, and can also help to produce an 

accurate indication of the systems response to a different input 

condition. More comprehensive text on the impedance technique 

for the analysis of mechanical systems can be found in Slater 

(l969) and Church (1963) 
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B - ") Anc..lop:ue Corrputer Processing Units 

B Introducti()n 

The analoeue computer processin'g units were based on 

those suggested by Natho.n (1969). Nath8.l: had carried out a 

theoretical study of a method of prccessing force and vel()city 

signals on an an~logue computer to obtain modulus of impedance 

and phase angle. Nathan had not however tested these 

circ~its 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 analeue computer 

as three separate units. The first unit'was a frequency-voltage 

conversion unit, the second unit was to obtain the modulus of 

impedance; the third was the phase angle monitoring unit. 

The units were first patehed into a large analogue computer-

a Pace T .R.48 (Plate No. 7-, to enable development of 

the circuits before their use in the experimental programme. 

The small analoeue used to mon.i tor the mcdul11s of impedance 

during the experiment was a "logi -ki t" computer with a 

Tranchant T.B.O. 6 analogue multiplier unit. A diagr~i tic 

view (Fig. Ho. to 1 ) of the laboratory set up, shows the 

position of the "logi-kit" analogue computer relative to the 

rest of the apparatus used in the studies. 

1 ,",0 
.. ) 0 
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B - 5.1 Fre-J.uencv-Volbae Ccnvers1.cn Unit 

The frequency-voltage con'lersion unit is shown in Fig. !'!o. 68 

the input to the unit .is SiVlal No.l, the signal from the 

actuator's control unit. 

The three si£l1als 1,.lhich are sho',.Jrl enterin~ the computer 

are Signal No. 1 fror.1 the actuator control unit, Signal No. 2 and 

No. J are the Force :md Acceleration signals respectively from the 

force cell. Signal No.l is a square "lave 1,.hose frequency is the' 

same as the actuator's operational frequency. The amplitude of 

this square wave is also directly proportional to the operating 

frequency of the.actuator,thus on full-wave rectification, the 
. 

resultant voltage will be a D.C. voltage directly proportional 

to the operational frequency of the actuator. This voltage .can 

then be used to drive the x - plot of the x - y plotter, enabling 

Modulus of Impedance and Phase Anele tO,be plotted out directly 

a~ainst the actuator's operat~ng frequency. 

The full-"rave rectification circuit employed is a convention-

alone, a description of the circuit is given in Blum (1968) 

Paee 148. 

This circuit was used for the Pilot Study, and for the 

phase angle plots of the main experim~ntal pr0eramme. This 

square wave (Signal No .1) was rectified using a diode bridge 

network during the main experimental proV'9.mme for the ~~odulus 

of Impedance results. This was because the logi-kit analogue 

com~JUt.er had not enoueh available amplifiers to facilitate the 
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patching of a full-yJave rectification unit, as Has possible 

on the Pace Computer. 

B .5.2. Nodulus of Irri~)edance ~·:nni tor in;: Circuit • 

The modulus of impedance monitor Has first patched onto the 

Pace an?,loGUe computer in the pilot study. The circuit diagram 

is shown in Fig. No. /3. In order to fncilit9.te a direct readout 

of the modulus of impedance. durin~ the eXI='erimental pr o[';rr>m:r,e , 

ho'Wever, t'~e circui t ' ..... as also patched up on "logi-ki t" analogue 

computer, circuit dia~r3Jl1 Fig. 10. The circuit cnnsists of 

three basic units, t'Wo maximum postive voltage detectors, and 

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

required, the peak values of the force and acceleration sinusoids 

have to be monitored. The Modulus of Impedance is then computed 

by dividing these tt-IO peak values. 

. The peak voltage detector is a modifi~d for:n of the 

simple lag transfer function circuit - Stevart and Atkinson 

(l967) pp 80 - 88. The inclusion of the diode between the 

input resistor and the summing junction of :he amplifier, 

enables the circuit to discriminate betHeen increasing positive 

voltages and decreasing voltages, both'positive and negative. 

The circuit acts as an integrator for the positive increas­

ing pulses 'With a time constant of .027 seconds. For 

decreasing, and negative pulses, th~ circuit acts as a leaky 

integrator with a longer time constant of .5 seconds. 

The circuit will therefore detect the ~aximum postive amplitude 
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of the sine wave uith an element of decay. The decay will 

enable the detecto~ to follO\.,r a sine 'rlave \'1hose amplitude is 

increasing or decreasing. A typical ~raveform obtained from the 

circuit is sho\"m in Fig. 11. 

The rate at 'r/hich the circuit's output voltage follows the 

changes in the input sine wave amplitude depend on the time 

constant of the leaky integrator, and the frequency of the incoming 

sine "lave. Thus for the author's experimental programme which 

involved an increase in frequency from 3Hz to 30 Hz the value of 

the time constants had to be a compromise between fluctuations 

in output voltage (shown as Sa in Fig. 71. ) for low frequency 

input si~usoids and the response to amplitude changes in the input, 

voltage for high frequency inputsinusoids. 

The values used \iere found by experii1lenting with a series of 

values for the circuit components and inspecting the resultant 

output waveform on a display oscilloscope. This proc~dure is 

more fully reported in the pilot study section B - 6. 

The resultant 'rraveforms from the peak voltage detectors were 

then divided to form the Hodulus of Impedance ratio - Force/ 

Acceleration. 

This division is achieved by patching a multiplier into the 

feedbac k of a high-t 3 ain amplifier. The circuit set-up on the 

Pace computer used one of the computers quarter-square multipliers, 
11 11 

the logi-kit computer used a separate· analogue multiplying unit -

a (Tranchant TB02, )this unit was such that it could operate from 

the'logi-kie computer power unit. 

1 4-« __ .I. 
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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 

\-,ill not give on output greater than one machine unit. 
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.B - 5.3 Phase Angle Honitoring Unit 

The phase angle monitoring unit consists of two precision 

sign function circuits (Blum (1968) pp 150 - 2) a· summer, and a 

leaky integrator. 

The precision sign function circuit operates in such a way 
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as to give a positive output of half a machine unit for any positive 

input voltage, and a negative output of 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. 

(See Fig. No.25). 

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

The comparator circuits are set to give a square wave whose output. 

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 the summer will depend on the phase difference 
. . 

between the two input waves. The resultant waveform will be of 

the natur~ shown in Fig. No. 72. 

Input l!5h.Ul!5oid. 

1 1 1 1 11 
the precil!5ion l!5ign 

Output waveform of 

function circuit. 

Figure No. 25 
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The fieure ShOHS that the waveform ·pulse leneth is directly 

proportion3.1 to the phase angle difference of the input sinusoids. 

The amplitude of the waveforms is const9.nt ,1t one machine 

unit (single pe<J.k amplitude). ,Thus the are'! of a single pulse is 

also proportional to the phase angle of the input sinusoids. If a 

modified peak voltaee detector circuit is use~ the circuit Hill eive 

an output proport~onal to the pulse areas of its input I-Taveform. 

This is ~chieved by modifying the time constants used in the 

circuit from those used in the modulus of Impedance monitorins 

circuit. The circuitazain acts like an irrtegrator for positive 

~ulse bu~the time constant is much longer, the value being .6 

seconds. The leaky integrator has to have a lon&er time constant, 

as the pulse width is less than that in the modulus of impedance 

signals. The leaky integrator time const?nt was 132 seconds. 

The circuit used is shown in Fig. No. 69. A rectifyine 

circuit was added during development, between the summer and the 

. leaky integrator circuits. This.) ho ..... ever was not satisfactory 
J 

because with no phase difference beb-leen the input sinusoids 

the integrator could not "leak" and its output voltage just 

continued to rise. 

The output voltage from themonit~ri~g circuit is ir.dependent 

of frequency (provided the comparators can still operate). Althoughh 

the frequency of the input sinusoids affects the pulse width it 

also changes the number of pulses per unit time. This means that 

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

is the sam~irrespective of frequency. 
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B - 6 The Pilot Studv and Cali hration 

B. - 6.1 Introduction 

The pilot study was carried out with tHO aims in view. 

The first hcinS to test and modify if necessary the analogue 

computer processing circuits before the main test programme. 

The sec?nd being to devise a suitable calibration technique, 

and calibrate the equipment before the first set of experimental 

runs using subjects. 

The pilot study was carried out by means of recording the 

force and acceleration signals from the force cell on an F.N. 

tape recorder. The signals were recorded to enable them to be 

used repeatedly without necessitating'the repeated use of the 

actuator •. This meant that the signals could be'processed on 

the Pace Analogue Computer which was situated in a different 

ruilding to the actuator'. The force and acceleration signals 

also had to be reproduced quickly and accurately to enable 

changes to be made in the analogue computer processing unit 

parameters. 

The force cell was loaded first with known masses, whose 

impedance could ce easily calculated, and then with a 40 kg 

mass on, top of a foam rubber cushion 50rnm thick. (The foam 

. rubber cushion was used to introduce a phase difference 

the force and acceleration signals, no phase difference is 

present when a pure mass is used. Theory Section B - 4). The 

signals from the force cell for the above loading conditions 

were recorded and used for the pilot study. 
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A signal from the actuator electronic control unit 

proportional to the actu~tor frequency.was also recorded. 

This \-las to enable the Modulus of Impedance and php.se angle 

traces to be plotted against actuator frequency. The signal 

obtained was a square wave \-Those amplitude was proportional to 

the actuator frequency. The squRre wave was rectified using 

a full-wave rectifier circuit on the Pace analo~e computer, 

(Fig. No. 75 ). This circuit .could not., howeve~ be. used during 

the main experimental programme as not en0ugh amplifiers were 
It It 

available on the small logi-kit analogue. computer. The square 

wave was therefore rectHied using a diode bridge net\.-lork with 
. 

a small capacitor placed across its output to give a smooth 

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

B. - 6.2. Analorrue Com~uter Processinr, Unit - DeveloDment 

and Calibration. 

The first unit to be patched up and calibrated was the full­

wave rectifer unit (see Fig. No. '13 ) which was required to 

drive the x ordinate of the x-y plotter. The amplifier 

acted as an inverter to the signal, enabling the connection of 

the computer and x-y plotter "earth" without reversing the 

normal direction of plotting. The plotter gain was then set 

so that the frequency sweep of 3 to 30 Hz occupied most of the 

axis. ,The calibration was ~chieved by recording about 15 

seconds of the square-wave from the actuator control unit, with 

the actuator set at a fixed frequency, the frequency set being 

-recorded on the voice track. 
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The actus-tor \-JUS then re-set to the rext frequency, and so on 

at 1 Hz intervals between 3 - 10 Hz and 2 Hz intervals from 10 

to 30 Hz. The resultant calibration of the frequency axis is 

shown' in Fi·.,.. No. ,9" 
..> 

The frequency nxis was calibrated in a si~ilar manner in the 

test laboratory, when the diode-bridge rectifier was used. The 

calibration was checked by marking the 3, 15 and )0 Hz frequencies 

at the beginning of each subject text run. 

As a result of calibratin~ the frequency axis, the modulus 

of impedance monitoring circuit could be developed. The develop-

ment involved the selecting of suitable parameters for the leaky 

feedback resistor and capacitor, setting the gains for the input 

amplifier and the x - y plotter. 

The cas c iron weights were used as they have a knQ\./n modulus 

of impedance, and phase angle plots.' The feedback .par?meters· were 

adjusted during the pi~ot study to make the modulus of impedance 

plots as linear as possible, when the two values shO'..Jl1 in Figure 

No.13 'were selected (Le •. 5 MQ and 1 HF) the 'modulus of 

impedance plots for the cast iron weights were plotted out against 

vibration frequency. the plot obtained was similar to that shown 

in Fig. No. SO. Also shown is a modulus .of i~pedance plot for a 40 

leg weight placed on a foam rubber cushion, Fig No. ib. To avoid 

any confusion between' the effects of hysteresis due to the foam 

rubber'cushion, and the changing of the system parameters the 

recording "for the 40 kg weight on the cushion was made between 

J - 30 Hz only. 

· l.:t 7 

", 



'. 

The calibration of the modulus of impedance axis \·ras 

carried out in the laboratory with the IIlogi-kit" computer 

in a similar manner to that described above for testing the 

monitoring circuit. The charge amplifiers were set up as 

detailed in AppendiX 3, the analogue'multiplier was set up 

Yith reference,to the manufacturers instructions, a~d checked 

using known voltages. The actuator was then loaded \.J'ith cast 

iron weights and plots of their impedance Here made for the 

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

The first calibration ~hown in Fig. No.gO. was carried out 

and used for the majority of the experiments. This calibration 

yas however not as linear as \-JaS hoped, and each test run required 

tabulation (using the calibration graph) before further analysis 

could be made. The two input amplifiers ,were then replaced \o1i th 

amplifiers whose charac~eristics were linear in nature over the 

experiment~l frequency ra.l1ge, 'a second calibration was carried 

out and is shown in Fig. No. S1. 

The phase. angle monitoring unit was developed and 

calibrated on the Pace analogue computer first using a phase 

lock function generator, and then the force and acceleration 

signals recorded in the vibration laboratory for the cast 

iron weights and the 40 kg weight ona foam cushion. 

The circuit 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 
-~-
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triggering problems. The hist3bles were then replaced by 

precision sign function circuits, descriptions of the circuit 

are given :;n Section B - 5. The development of the circuits 

involved the setting of the "leakyll integrator feedback 

components i.e. the 6 fF capacitor and the 22 M 11. resistor, 

these values were used after tests with sinusoids of knol,.Il1 

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 the input sine \.,raves and to maintain 

a smooth trace over the experimental frequency :range (3 -- 30 Hz) 

The values chosen proved a successful compromise between these 

tHO requirements. (Fig. No. 74, ) 

A calibration chart for the phase sngle monitor is shown 

in Fig No. 82 also sho\./TI il5 the phas'e angle plot obtained for the 

40 kg weight on a foam cushion Fig. No. 77, The actu~l plot for 

system was the curve-in the 0 to 900 part of the graph, the 

lower curve was obtained by ~nverting the force siGnal. This 

was done to check the linearity of the response cif the phase 

angle monitor, the two curves should be, '!'md in fact are 

symmetrical about the 900 line. 

B - 6.3. Accuracy of Imoedance monitorin~ circuits 

The overall accuracy of the measurement of the modulus of 

impedance and associated phase' angle depends not only on the 

analogue ~onitoring units, but also on the subject's ability to 

maintain his posture, and repeat a giyen posture if necessary. 

Coermann (1963) noted that: - "The impedance obtained an'd phase 
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~ele curves remained in the re~ge of± 10 percent (which 

is about the accuracy with which such impedance and phase angle 

measurements c?n be taken) .. This minor variati0n WQS pro[)?,bly 

due to the fact that the subj ect chonges his posture slir,htly" 

The accuracy of the resuLts obtained from the analogue 

computer units can be computed fro~ the impedance curves for 

the solid weight and the phase angle calibration using the phase 

lock function generator. The accuracy being 'dependent on 

frequency and maenitude. The accuracies for the modulus of 

impedance monitoring unit at various impedances and frequencies 

are shown in TableNo. 4 . The phase angle monitor was such 

that the error did not exceed ± 2% of the true' phase difference 

for the frequency range 3 - 30 Hz. and over the phase difference 

range of 00 - 1800 

The .total vibration time for any given posture did not 

exceed ten minutes arid 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 in the postures adopted by subjects can be seen 

when looking through the modulus of impedance and phase angle 

graphs (Section B - 8). The erect, and relaxed postures 

adopted by some subjects only differ ~lightly, where as the 

plots for other subjects show considerable variation. 

The computation of a figure for the accuracy of subject 

ability to asslirne and maintain a given posture is almost 

impossible, as there is no abSolute reference posture which can 
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be adopted by each subject to be used as 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 !!,ethod 

B - 7.1. Subj ect Selection nnd Inst.ruction 

The potential subject was first asked to fill in a 

confidential form, (see pages 540 10 543 ) the information 

from this was then assessed by the experiment~r, together 

with the research associate in charge of the subject's files, 

to determine the subject's suitability for the experL~ental 

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) referring to Section 3 - "Selection of 

Subjects for Vibration Experim:ents". 

briefly how th~ actuator worked:-

The subject was told 

"The actuator is an electro-hydraulic type. The 

h~drau1ic power pack ~n the small room next door supplies 

high pressure hydraulic oil to 'the actuator through flexible 

pipes. The oil is controlled by a valve which responses to 

electric signals received from the operator's control ccnso1e. 

There are three emergency stop ruttons in the laboratory, one 

of which you will be holding during.the experiments." 

Any questions asked about the appa~atus. by the subject 

were answered and the actuator was set into motion, and 

stopped by the emergency stop rut~o~to show the subject how 

gently the piston was brought to rest by the "emergency stop" 

system. 
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The subject was then told about the object of the 

experiment8l programme:-

liThe aim of the experiment is to monitor continuously 

your 'mechanical impedance. ~echanical impedance being the 

ratio of the maximum force input to the maximum acceleration 

input to the body; and 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 actuator, use it if you 

feel any discomfort or become epprehe,nsive during th"l exper-

iment.1f 

The subject was then asked if he had any questions 

about the vibration apparatus or the experiment before starting 

the tests. Before any tests were carried out the subject was 

asked to sit on the actuator 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 out the foot rest was adjusted for 
) 

indiyidual subjects, this being necessary to standard-

ise the seated posture adopted by each subject (Section .B-7.2) 
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While the foot re~t was being adjusted the subject was given 

a brief description of the impedance measuring apparatus and 

some of the possible uses of the data:-

."The aluminium block you are sitting on contains three 

force cells, and an accelerometer to measure the force input 

to your body, and the associated acceleration. The maximum 

values of the force and acceleration signals are measured 

and divided by a small analogue 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 those obtained during impact 

tests at the University, and could also be used by designers 

of seating systems for off-the-road vehicles, where the 

protecti~n of the operator from vibration is of particular 

interest." 

The subject was then asked to adopt an erector re­

laxed seating posture, for the first of the test runs. The 

instructions given to the subject with regard to posture 

are contained in the following section • 

. B. - 7.2 Posture. 

The results of previous investigations show what a 

marked effect subject posture has on the mechanical impedance 



results obtained, thus a standardis~tion of the posture 

types is necessary to reduce variation in the impedance 

curves' due to the effects· of subjects adopting difference 

postures. T\1o seating postures were used - an erect posture 

and a .relaxed pes ture, for both postures the subject ,,,as 

sitting with his feet supported on an adjustable foot rest. 

The subj ect '..ras first n.sked to sit so th?t his ischial 

tuberosities were centrally placed, or slightly to the rear 

of the force cell. (This being dependent on subj ect height) • 

An inclinometer was then placed on top of the subject's thigh, 

the foot rest being adjusted so that' the subject's thigh was 

horizontal. (See Plate No. 5 ). The posi tion of the 

subject's legs and the setting of the foot rest ,,,as the same 

for both seated postures. The subj ect ,,,as also asked to 

place his hands on his thighs as shown in the photographs, 

for the seated postures, and 'fli th his arms down by his side 

for the standing postures. 

B - 7.2.1 Sitting Erect Posture 

Followine the adjustment of the foot rest, the subject was 

asked. to sit uprieht, looking straight ahead. (.3ee PlatesNo.4 

and 5 ). The subject assumes this posture '''ith the vibrator 

stationary, and when the motion sta~ts it could easily distract 

the subject and cause his to change his posture slightly. To 

minimise this effect the subj ect) ,·,hen seated on the stationary 

actuator,. was asked to focus his eyes on a particular point 

on the piece of apparatus directly in front of him and about 
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3 - 4 metres away. This distance \.JaS used so that the subject 

could still concentrate on this point even during the vibration, 

without moving his head}. 

B - 7.2.2. Sittinl1' Relaxed 

The angle of the subject's thigh 'was checked using the inclin-

ometer and the foot rest adjusted if necessary. ~lhen the f')ot rest 

was set correctly the subject was asked to adopt a relaxed sitting 

posture. The subject was asked to imagine he was a passeneel!J in 

a vehicle, and could look around the laboratory area in front of 

him if he wished. 

A typical relaxed pasture is sho,In in Plates ~o. b and '1 

This meant that the first set of recordings were made with the 
> 

subject in a sitting erect posture, which was defined for him, the' 

second set of recordings were then made with the subject sitting in 

a relaxed pas ture, which was not so specifically defined, and ""<:I.S 

thus left more to the discretion of the inqividual subject. 

B -' 7.2.3 Tracking Posture 

The subject was asked to sit with the control joystick .n his 

thighs, hold the control box with one hand and control the joystick 

with his other hand. The posture is shcwn 'in PlateNoS- tre back rest 

shown in the photograph was not fitted d~ring the impedance 

measuring tests. 

The tracking task 'used was of a compensatory nature, the 

subject having to keep a spot ori a display oscilloscope moving as 

horizontally as possible, a reference ,trace is also present to 

assist the subject. The subject was a~ked to concentrate on 
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the tr!3ckin~ task during the entire experimental proer !m1IDe 

of impedance recordines. 

The subject held emergency stop tutton, which for previous 

experir.nents had been held by the subject in one hand, was 

incorporated into the joystick control box to en~ble the 

subject to cs.rry out the tracking task easily, and still be 

able to stop the actuator if he Hished. 

B - 7.2.4 Standin~ Postures 

The impedance measurements made for subj eets in the stendins 

posture involved a smalY number of subjects familiar with the 

experimen~al aims and procedure. The subjects were thus told to 

adept the required standing postures with the folloding instructions:­

a) Standing Erect Posture 

The subject was asked to stand centrally on the force cell, 

with his feet about 5 cms apart; and then to stand upright with 

his legs straight and also to look straieht ahead. The legs 

have to be kept straight, aS,if they are allowed to bend to any 

degree at the knees most of the vibration is "absorbed" by the 

legs before reaching the subject's trunk. 

b} Standin~ Relaxed Posture 

The subj ect again stood centrally on the. force cell with his 

feet about 5 ems apart. He was asked to stand as if on a train, 

or on an escalator, his legs were no~ ~o be as rigid as in the 

erect posture. The subject was however asked not to deliberately 

bend his legs at the knees, rut to stand in a normal relaxed posture. 
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ll..§J,andin a Knees Bent Pnsture 

The subject again stood centrally 9n the force cell with 

his feetabollt 5 cms apart." He \-TaS then ?sked to stand with 

his legs bending at the knees, to an angle of about 1350 • 

B - 7.3. Hodulu.:'3 of Imnedance Recordinp;s 

When the subject had adopted the required posture the 

actuator was set in motion, and brought up. to the required 

acceler~tion level of .5g (pk to pk). The ·actuator frequency 

was then v2ried manually from :3 to )0 Hz and then back to)O 

to 3 Hz in four minutes. 

The modulus of impedance curve was obtained directly for . 
the full frequency sweep 3 to )0 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 reached 'the 

requ.i~ed acceleration le,vel. '.~hile the subj ect was still in the 

first posture the frequency was again swept manually from 3 to 30 

to "J 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 1,1aS then asked to adop~ a second posture for two 

more frequency sweeps, to obtain the modulus of impedance and tape-

recording for the subject in the second posture. The tape recordings 

were identified using the voice track to give the subject number, 

the posture .adopted and the tracks used for recording o This 

enabled the phase angle plots to be labelled correctly after 
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processing. 

The experimental programme for each subj ect Hns restricted 

during 2ny 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 required, the subject 

was weighed and measured before the second experimental 

proeramme was undertaken. 

B - 7.4 SU bj ect 11. easuremen t 

I-lhen the test runs had been completed and the tape record­

ings checked the subject \-!as weight and measured, The subject 

was first weighed standing on the scales, ~d also measured 

to obtain his total weight and height. The subject was then 

~eighed and measured in a sitting erect posture, to obtain 

his sitting weight and height. The sitting erect posture was 

the same as that adopte? during the tests, the subject's 

thighs being set horizontal using th~ clinometer and an adjust­

able foot rest. 

This data was recorded with the subject's identification, 

and then filed with two modulus ·of impedance plots, and tHO 

phase angle plots after processing, The table of data for 

the subjects used in the experiments is shown in Section B - 8, 

together with all the modulus of impedance and phase angle plots, 
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~B __ -_8~ ___ 1~'x~t)~e~r=i~e~~21 Results 

The experimental results ~~.' :;hown at the cnd of 

Part B \o/i th the other figures and t'lbles. 

The tRble containing the data on the subjects used is Table 

No. 5 

B - 8.1. Exolan?tion of the Imoedance pT9.ohs (Fl,~res No. ca 3 

to No. (bO 

The graphs contained in the section are the plots actually 

obtained from the x - y plotter, during the experiment~l proEr~mme. 

The mcrlulus of impedance values e;iven on the impedance '1xis are, 

however, only correct at 15 Hz and not over the entire frequency 

range due to the non-linearity in the response of the monitoring 

system. The tal:ulated results (Tables No. 6 to No. 79 ) 

however represent the subjects trUe impedance at the given 

frequencies, and it is these tables which have been used in all 

addi tional calculations •. The tables \o,ere c.omputed using the 

calibration charts shown in .3ection B ~ 6. (Fig. No.9D and 81) 

The tal:ulated results are also shO'.m in graphical form in Fig. No.1&1 

to No. Iq5 The sitting erect and relaxed postures are 

plotted on the same graph to enable ccmparison to be made for 

the individual subjects between the two seated postures. 

On the phaae angle graphs the values given on the phase f'..I1.crle 

a.xis are correct for th.e entire frequency r?Jle;e of 3 - 30 Hz. The 

graphs are also shown in tabular form at the given frequencies 
.. 

to enable additional processine of the results by a digital 

computer. 
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B - 8.2. Subjg~t Identification 

The experimental results shown. in this thesis are indexed 

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

below. 

Key:-

° Mx refers to male subject, number x. 

Fy refers to female subject, number y. 

- E refers to a sitting erect posture 

-R refers to a sitting relaxed posture. 

-T refers to a sittine posture adopted by the 

subj ect while perfcrming a trp..ckine task. 

Standing postures 8re specified ~irectly on the 

figures concerned. 

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

relaxed posture. 
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;::B_---'9_--'P:.,.;r:...;(1O-c.essinf" of Exnerimen t8J. Re~1l.1 ts 

B - 9.1. Statist:i.c'}lly Processed Results 

The results analysed statistically were those obtained from 

the foorteen male subjects in the sitting erect anci relaxed 

postures. The other sets of results could not be fully anolysed 

due to the limited number of experiments. The Inean value and the 

standard deviation were calculated using the conventional forrrrula 

for these parmneters, on a P.D.P.12 digita~ computer. The 

results obtained are talulated in Tables:·;o .. 82 to. l~o. 1'9 

The tabulated modulus of impedance results \-!ere also divided 

by the subj ects weight to obtain a dimensionless r:arameter, which 

was. also processed on the digi t:;o.l computer; the mean and standard 

, 
deviation for this par::meter are shown in Tables No.95 and No. lOO', 

B - 9.1.1 Additional processing of results 

The parameter obtained by dividing the modulus of impedance 

by t?e subject's weight ~as computed in an ~ttempt to find a 

parameter \olhich would more closely describe the behavio',ir of the 

human bod.y' to steady-state sinusoidal vibr~tions. If this para.-neter 

did perform 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 I. mer-m 

value would be smaller for the par?meter. 

The ratio of the standard deviation/mean value was computed 

for the parAmeter and the modulus of impedance results, the ratio 

being expre~sed ~s a percentage. (Tables No. 120 and 121 ). 

These tabulated results were also shm-m in the form of histograms 
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(Fig. No. 19(, and Iq,) an analysis (jf which is given in 

the discussion of the experimental results Section 3 - 10. 

B - 9.2 Conver~ion of Acceler2tion based IMpedance to 

Velocity hased Imoed~nce. 

B - 9.2.1 Modulus of Il!!Il.edance 

The acceleration based modulus of impedance used in this 

study were conver.ted to the velocity base<?- mcdulus of impedance 

used by Coermann (1963) - dynes x .sec/cm x 103 and the 

lb - sec/ft units used by Suggs et al (1969). 

If Zil = Modulus of Impedance acceleration base 

Zv Nodulus of Impedance velocity base 

f = frequency of vibration· 

g = acceleration due to gravity 

\1 = aneular velocity. 

Zv = Za x w 
g 

: Za. 2:nf. 
g 

Dynes x sec/cm x 103 

Th~ value of (21rf/g) was cam~uted for the frequencies used 

in the experiments {Table Ho. 81. l' 

given in Tables No. ~8 to No.llq. 

B - 9.2.2 Phase Angle 

The converted results are 

. The sha~·of the phase angle curves for the. t\lO types of 

impedance are the same, rut as the acceleration vector leads the 

velocity vector by 90°, the pure mass phase line which is 00 
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on the Za phase plot becomes 90° o~ the Zv phase plot. 

Thus the velod ty rosed phase angle plots C~ be obb.ined 

from the acceleration based plots by adding 90° to the scale 

values on the phase anele axis of the acceleration based 

plots, the shape of the curve remaining the same. 
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B - 10 Discw:;sil)n of Results 

B - 10.1 Suhj ect 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 \,fith avail~ble subject data from previous investi-

gations is sh()\.Tn in table No. 122 One of the main criteria 

for a subj ect panel is that it should represent the "~eneral 

popul<3.tion" or a specified sector of the population (Le. 

tractor drivers, typists etc.) The subject panel used could 

be described us a panel of young adu.lts of the general 

populati.on, and could in respect to.age be called biased. 

Apart from Coermann (1963) very little subject data (or none 

at all~) is given in other research reports and this m~~es 

it difficult to assess the bias in the subject panels used by 

previous investigators. 

The tabulated parameters show .that the mean height 

and weight of the subject panels used by Coerrnann and Suggs 

et al are greater than the panel used for this study. 

Coermann's subject's were an average of 20;;' heavier but only 

1.2~ taller and those of Suggs. about 10% heavier. These 

differences could be attributable to two factors - Coerrnann's 
. 

subjects were about 9 years older (no data is available for 

the subjects of Suggs et all than the Loughborough University 

subjects, and both Coermann's and Suggs I subjects were 
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Americ9.n • 

The weight and physique of the subj ects may influence 

the.sh~pe of the modulus of Lmpedance ~nd phase angle plots; 
..... 

subject sex could hm.Jever also be a factor, and female 

subjects were used in these studies to see if any signific~nt 

differences existed b-etween the sexes in their res::·onse 

to steady-state sinusoidal vibration. To obtain comprehen-

sive impedance data, both sexes must be included and 

assessed separately if significant differences in their 

responses are found to exist. 



B - 10.2 Sittin~ Erect Posture 

The modulus of impedance results for the 14 male subjects 

are shown in figures 1'10.20.1) 20 1and ·203) 2.04·· The plot 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/cm x 106 (Zv). A second 

anti-resonance is visible on both the acceleration based 

imped~nce plot and the velocity based curve at the frequency of 

11 Hz, the peak is not however very pronounced. A third anti-

resonance peak is also just visible at 14.0 Hz on the velocity-

based impedance plot, rut is not really pe'rceivable on the 

-acceleration basad impedance Dlots. . . The resonance valleys are 

also just perceivable on the velocity based modulus of impedance 

curve at frequencies of 8.5 Hz and 12.5 Hz. 

The phase angle curves for the male ~ubjects, are shown in 

figures No. 20'1 and 208 • Although the phase angle p10b 

do not cross the 900 line as would be expected for a true 

resonance or anti-resonance condition of a mechanical system. 

(When the phase angle is 900 the system is entirely "damper 

control1ed" and this gives rise to a resonance or anti-resonance 

condition. Section B. - 4). The phase angle curve rises 

to a maximum phase difference (between .force and acceleration) 

of.550 at 8.5.Hz. From this frequency to 30 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 individual plots for the subjects, two 
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subjects of above average build - Iq and H8 and t ..... o subjects 

of belo''/ average mild Hll end IH2 were' compared to the mean 
" 

value (for the 14 subjects) to ascertain what influence subject 

physique has on the modulus of impedance and associated phase 

nngle. (Figures No. )'"L5'~ 22b, '23i a~d 232.) 

The modulus of impedance plots for H8 and 117 show a much 

more pronounced first peak than do the curves for subjects 

Hll and H12. Considering the plots for}q and lot8, the plot for 

M7 shows a very flat peak for the first anti-resonance which 

extends over the frequency at which the second pea~,would occur, 

another p~ak is however visible just below 16 Hz. The plot for 

MS shows the three anti-resonant peaks (the third however is not 

pronounced. ) ,The phase angle plots re·;:, 117 and 148 are 

similar up to 7 HZ
J 

then the curve for f-q turns upwards to a 

frequency of 12 Hz, indicating ,the influence of a large secondary 

mass which turns the phase plot towards the mass line. The two 

anti-resonances frequencies being so close, appear on the modulus 

of impedance plot as a large and flattened pea~. 

The modulus of impedance plot for Mll is very si@ilar in 

shape to that of M7; the plot for N12however shows a very 

pronounced second anti-resonance which is not, shown on the plots 

for M7 and Mll. These differences in shape of the impedance 

cur!es do not however produce large differences in the associated 

phase angle plots. The modulus of lIDpedance curves for 

subjects Mll and H12 lie well below the'mean curve, indicating 

that the effects of physique are more marked for subjects of 
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ltghter build compared to subjects of above average build. 

This could be that the skeletal mass has less influence on 

the shape of the impedance curves than the maj or bcxly or gans 

which are suspended by visco-ela;stic 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 mor~ rigid frame 

capable of transmitting the vibrational force). 

The mcxlulus of impedance curves obtained for the two 

female subjects (Figures No. I'lSj Iqq and 200. ) are very similar 

to those obtained for the male subj ectsHll and 1112 - the male 

subjects of lighter build~ A first anti-resonant pe~k occurs 

at a frequency of 5 Hz and has a value of 61 kg (Za) or 1.65 
. , 

Dynes x sec/cm x 106 (Zv). This first anti-resonance peak is 

flatter than that obtained for the 14 male subjects, (see figure 

No • .203) and the first anti-resonant f~equency cannot be so easily 

identified. A second anti-resonance peak is visible at 10 ~z but 

not a third as was just visible for the male subjects. 

Two resonance valleys are visible on the mcxlulus of impedance 

plot for ~he two female subjects a~ just above 8 Hz and the 

second at 14 Hz. The two curves for the male and female subjects 

cane together at about 24 Hz and the modulus of impedance Za is 

then constant to ;0 Hz. This meaning that above 24 Hz the 

amplitude of the input force sinusoid to the bodjto maintain the 

fixed amplitude acceleration sinusoid is constant. 

* Figu:res No. 227 o..nd. 233. 
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When com~~ring·the phase angle plots for the two 

female ::iubjects (Figure No. '205 ) to the mean cur~e for the 

male subjects) considerable differences were found to exist 

between' the curves for the two sexes. The phase angle had not 

reached 900 for any of the male subjects in the sitting erect 

posture, with the exception of f.12 and MIO. (MIO - ,the phase 

angle only became 900 for the frequency inc~easing from 3 - 30 

Hz). The phase angle plots for both the female subjects showed 

phase angles greater than 900 • The phase angl~ for the two 

female subjects is greater than 900 between 7 and 10 Hz, indicat-

ing that between these frequencies the influence of the elasticities 

(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 600 and then follows closely the mean line for the 

male subjects to 20 Hz. At 20 Hz however the male phase line 

continues at an almost constant phase difference of 450 , while the 

female phase line turns towards the 900 line again and has 

reached 800 by 30 Hz. This difference was eXhibited by both 

female su bj ects, and is shown clearly in f~gures No. I <i{o and I~' . 
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B - 10.3. Sittin~ RelaxBd Posture 

The modulus of impedance results for the fourteen 

mf:l-Ie subjects are shown in Fie. No. 201,202, end 1.03,Z04-. 

The plot Of the mean for the male su bj ects sho\>7s a 

first anti-resonance peak just above 4 Hz, the value 

of the modulus of impedance at the anti-resonance 

frequency is 74 kg (Za) or 2.0 Dynes i sec/cm x 106 (ZV). 

A second anti-respnance peak is clearly on both the 

velocity and acceleration based impedance plots at 

8.5 Hz and a thirdpeak just below 12 Hz (The third peak . 
is not very pronounced on the acceleration based plot) • 

These secondary peaks are much more pronounced than those 

visible on the erect posture curve. Two resonance valleys 

are also clearly visible on the velocity based modulus 

of bnpedance plot at frequencies of 7 Hz and 10.5 Hz. 

The relaxed posture phase angle plot for the male 

subjects shows a steeper rise to an angle of 500 {at 8 Hz} 

but for the frequency range 8 - 12 Hz follows the same 
..J 

curve as that for the erect posture'. Above 12 

Hz the curve turns slowly upwards to 300 . (at 30 Hz) 

indicating that in a si~ting relaxed posture 
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the response of the body tends to ooco:ne "mass-controlled" as 

the vibration j.nput fre;llency increases. 

The modulus of impedance plots fr'Jr 'g7 and N8 are very similar 

in shape for the sitting relaxed posture, the phase ansle also 

follows the same pgttern rising sharply to about 600 at 8 Hz and 

then remaining at gpproximately 8 - 14 Hz and fallin~ from 14 -

30 Hz to a phase difference of about 300 .' The phase angle 

plots for the male subjects of above average build are closer 

to the 900 phase line than those for the sittine erect posture, 

indicating the ereater influence of the "damper" elements within 

the body, to its respcnse to steady-state sinusoidal vibrations. 

The "damper" influences beine more prominent in subj ects of above 

average build. (Figuree No. 22B, 22.9) 234 aM-cl .135.) 

In considering the impedance plots for. the female subject~ 

the' modulus of impedanc·;: curve issimiliar to that for the male 

subjects, the velocity rosed plot is more step like than the 

male plot but a first anti-resonance pea~ is clearly visible 

at a frequency of 4.5 Hz with an impedal'lce' of 62 Kg ('la) or 

1. 7 Dynes x sec/cm x 106 (Zv). A secon.d anti-resonance peak 

occurs at 7.5 Hz and a third at 10 Hz. (These peaks are much 

flatter than those obtained for the male subjects) The 

resonance valleys are thus not very pronounced but 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 

I 
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between 7 and 16 Hz, this is because the second anti­

resonance peak is larger in m~gDitude than that of the male 

subjects, ~md at a lower frequency (. 7.5 Hz -female, 

8.5 Hz - male) . 

In comparing the mean phase angle curves for the two 

sexes (Fi€, 11 o. 211) a consider~ ble difference is· found to 

exist, the m3ximum phase difference foro the male subjects 

being nearly 600 at a frequency of 9 Hz, whereas the curve 

for the female subjects has a maximum phase diff~rence of 

1050 at a frequency of 8 Hz. The curves then come together 

with a phase difference of about 100 at 12 Hz, this phase 

difference is maintained to )0 Hz. The phase an~le plots 

aeain indicate a much higher deeree of body el3.st:icity 

influencing the phase angle plot for the f~male subjects. 

(The difference between 2 - 12 Hz is too large to be att­

ributed to a difference in mass, in fact the male subjects 

whose phase angle plots were the closest to those for the 

female subjects were males of above average build. This degree 

of elasticity is greater than that pres~nt in the sitting 

erect posture where the maximum phase difference was only just 

over <):)0 for the female subjects. (Figure No. 2"3 b ) 
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B - 10.4 Trackinrr Posture 

The use of a compensatory tracking- task was to measure 

the subject's impedance in a stressed condition, to simulate 

the operator control sltuation. Comparing the mean curve for the' 

three subjects, IH, rQ and 1-13 in the tr2cking ?osture (Fig,;» No.115; 216) 

with the mean curves for the three subjects in the sitting relaxed 

and erect postures (Fig No212and 213) show th3.t the modulus of 

impedance curve for the trackihg'posture closely resembles that 

for the sitting erect posture. 

The first anti-resonance pesk is the same value as that 

for the sitting erect posture, but is at a frequency of just 

below 4.5 Hz. Second and third anti-resonance ·peaks are visible 

at 12 Hz and 18 Hz, with the impedance rising steadily from 22 

Hz to JO Hz as in the sitting erect postu!e. The phase angle 

plot too is very similar to the sitting erect posture curve. The 

differences shown in the modulus of impedance and phase angle 

curves would be wholly, or partly~ due to postur~l differences, 

or to the level of stress experienced by the suhjects in per­

forming the tracking task. 

The posture adopted by the subjects is shnwn in Plates No.1 

and ra. (The back rest shown in Plate. No. ca \-ras not present 

d~rine the impedance studies). The subject 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 Or} the display oscilloscope. The changes in position of 

the second and third resonance peaks are probably due to these 
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postural changes outlined above, but the influence of stress on 
~ 

the subjects impedance is mtlch more difficult to assess. The 
. . . ' .. 

level of stress experienced by the subject during the impedance 

measuring experimBnts depends on the subjects femiliarity with . 
the actuator and the· seriousness with which he undertakes the 

tracking task. 

The curves do show that during a stressed condition, 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 the subjects muscles would be tenser, this has the 

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

a similar effect appears to be precipitated by stress. 



B - 10.5 

i). The first t",10 standing postures \,.rere assessed usi!! ': 

two su bj ects - tU of average mild ana N2 of above average 

build. The subj ect of above averag,e wild \-las used, as it WDS 

thought that his extra ueight ,~ould have an influence on his 

impedance curves, compared to the subject.of average build. 

ii) • StandinE; Erect 

The standing erect curve for the modulus of impedance of 

Ml* (the subject of average wild) shows a first anti-resonanc: 

peak at 5 Hz with a value of 84 kg (Za) or 2·69 Dynes * 

sec/cm * 106 (Zv)' A second anti-resonance peak is just 

perceivable at 8 Hz, after this frequency the modulus of 

impedance curve (Za) continues a smooth steady drop to a vab·;; 

of 7 kg at 8 Hz', the velocity based curve between 10 and JO H:; 

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

The phase angle curve' for Xl sho\.,rs that in the frequency ran::;" 

8 Hz to 30 Hz the whole body response is "damper controlled:!. 
. . . 

. * . 
The modulus of impedance curve for M2 (the subject of 

above average wild) shows a very pronounced first anti-

resonance peak at 5 Hz with a value' of 115 kg (Za) or )·68 

Dynes * sec/cm $ 106 (Zv)' The second anti-resonance is 

visible on both Za and Zv plots and occurs at 8 Hz with a 

value of 56 kg (Za) or 2·88 Dynes >I< sec/cm >It 106• The curve 

now remains well above that of Ml Until 16 Hz, a third anti-

resonance peak is then visible at frequency just below 18 Hz 

(on the Zv plot), corresponding closely to the frequency at 



which the phase angle curve crosses the 900 phase line. 

(This third peak is also visible on the Za curve although it 

A very slight fourth peak'is also 

visible on b0th curves at a frequency of 27 Hz, this corresponds 

closely to the fre'1uency at which the phase angle curve crosses 

back over the 900 phase line. Thus during the frequencies 16 

and 26 Hz the elasticities within the body control the whole­

body response of subj ect M2. Resonance valleys are also clearly 

visi ble at approxi~ately 7 Hz, just below 16 H z and about 24 Hz. 

The valleys are not very pronounced for the second, third and 

fourth peaks, only really represen t loc,al maxima on the 

acceleratio~ (or velocity) based modulup of impedance plot. 

These differences in the whole body response of "the two 

subjects Ml and M2 are most probably due to difference in 

physique between the two subjects, the influence of slight posture 

changes however cannot be ruled out completely. The effects of 

posture changes are very difficult to assimulate, and the 

experimenter can only instruct the subject and check that he 

appears to be adopting the correct posture, for 1t is the subject 

who has control of his internal muscle tensions. (It may 

however be that the body can consciously or by some reflex 

action become an lIactive ll system capable of influencing its 

response to the vibrational input to minimise the effects on 

certain important body organs. 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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ii) • Standing: R.elaxed. 
:1f< 

The modulus of impedance curve for HI rises to a first 

anti.,.resonance peak at just. below 6 Hz with a value. of 86 kg (Za) 

or 2·8 Dynes * sec/cm * 106• The curve does not then really 

possess any more prominent peaks or valleys, and the velooi:ty 

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 (Zv) 

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 arigie 

difference decreases between 26 - 30 Hz indicating a move 

towards mass control at p.igher frequencies ( 1. e. above 30 Hz) , 

this is also shown on the modulus of impedance (Za) plot by an 

almost constant value of the modulus of impedance between 26 and 

30 Hz (The modulus of impedanceZa for a mass is a horizontal 

line on a Za plot). 

Th~ plots for MI shows the differences expected between 

the two postures, when the results for the standing postures 

are compared to those for the sitting postures previously 

discussed, and results obtained by other researchers in tfte past • 
.;,: 

The plot for M2 however does not fit 'into this expected pattern. 

The first anti-resonance peak is supressed well below its 

~expected level, the peak occurs at a frequency of just over 
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.5 Hz and has a value of 88 kg (Za) or 2- 78 dynes .... sec/cm ,) 

106 (Zv) the second peak occurs at a frequency of 9 Hz and 

has a value of 55 kg (Za) or 3-17 dynes * sec/cm * 106(Zv)_ 

The curve (Zv) then falls slowly to 18 Hz where it then follows 

the s.ame curve as the standing erect posture. 
"*" 

The phase angle plots for HI and N2 also show considerable 

difference, the phe.se angle plot for HI (with the frequency 

increasing) rises to an almost constant phase difference of 

about 500 between 9 Hz and )0 Hz; wi th the frequency decreas-

ing. However the phase difference remains at 500 from 30 Hz 

to 7 Hz. The phase angle plot for M2 with the frequency increas-

ing ris~s steadily to a phase differenc~ of about 1000 at a 

frequency of 12 Hz and remains constant to a frequency of 

24 Hz, but then. falls steadily to a phase difference 550 at 

)0 Hz. This first part of the phase angle plot for M2 is 

similar in shape to that of HI, the plot with the frequency 

decreasing (fram 30 Hz to 3 Hz) however follows a similar shape 

to that for Ml down to a frequen~y of 9 Hz. The phase difference 

was decreasing down to 9 Hz, at 9 Hz however the phase 

difference begins to increase again, to a value of 400 at a 

frequency of 7 Hz; the phase angle then falls quickly from 

7 Hz to :3 Hz. 

The phase angle plot for H2 with this "figure of eight" 

shape between 3 Hz and 10 Hz is siml,lar to that for HI in a 

standing with knees bent posture _ The .,t figure of eight" shape 

is not so exaggerated for H2 in the standing'relaxed posture, 
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tndicating that M2 was allowing his knees to bend more than 

subject HI. The bending of the knees by H2 caused the suppression 

of the first anti-resonance peak in his modulus of impedance plot, 

as can be seen from the modulus of impedance plot for HI standing 

wi th knees bent where the whole of the plot lies beJ:ow the Za = M 

(or Z~=Hw) line. 

iii) • Standing knees bent 

This posture was assessed using one subject of average build 

Ml, the· exact posture adopted by HI is detailed in Section B - 7. 

As detailed above the whole of the modulus of impedance plot 

lies below the Za = M· (or Zv = Nw) line. A first anti-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 ~z 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 peak has flattened 

out and spans the frequency range 6 Hz to 18 Hz, a third peak is 

visible at 22 Hz, the acceleration based impedance (Za) then 
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remaining constant at about 10 Kg to )0 Hz. (Figs No. 155,160, 123tVJd224.) 

The phase angle curve is also considerably different from 

any of the other posture~. With the frequency increasing from 

J Hz to )0 H z, the phase angle rises sharply to a peak of 750 

at a frequency of just over 6 Hz, and 'then falls back to a phase 

difference of 300 at 14 Hz. From 14 Hz the curve rises gently 

to a phase difference of 400 at a frequency of about 22 Hz. 



-tcorresponding to the third anti-resonance peak on the modulus 

of impedance plot). ~lith the frequency ~ecreasing however the 

phase differer~ce follows the same line as fcrr the frequency 

increasing up to 22 Hz, then the phase difference falls slowly 

to a value of 260 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 value of 100 at 3-Hz. 

When the frequency is decreasing the phape angle line cuts 

the 900 line at 4 Hz and 6 Hz corresponding to the anti-resonance 

and resonance. The difference in the plots with the frequency 

increasing to the frequency decreasing is much more pronounced on 

the phase angle plots than for the modulus of impedance, for the 

standing postures ,_ and with subjects Hl and N2. 

B - 10.6 Individual Differences. 

-The differences exis ting between the impedance plots for 

individual subjects can be attributed to five main parameters:-

1) Physiological differences 

11) Postural differences 

11i) The subject's sex 

Iv) Psychological differences-

v) Differences in the subject's "active" 

response- to vibration. 

The changes in subject response to 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 

~ubjects is such that little difference (i.e. within the accuracy 
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of the experimental measurements} exist~ in their response to 

an increasing or decreasing vibration frequency; while that of 

others shmls a significant difference in re2ponse on the modulus 

of impedance, phase angle plot, or both. 

These differences in the whole body response to sinusoidal 

vibration of increasing and decreasing frequency indicate a-non-

linearity in the Qody's response, the degree-and nature of the 

non-linearity depending on the individual subject. Themost 

likely parameters to influence the linearity of the whole-body 

response in this way are differences in the "active ll response 

of the body, trying to minim- ise the effects of the input 

vibration on the principal body organs. The exte,nt to which 

the body can actively influence its response to the input 
, 

vibration could well be governed by such things as the subjects 

'previous experiences of similar vibration environments, and his 

level of anxiety abrut the vlbration and the experiment. 
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B - 10.7 COMparison with Previous Investif1''J.tions 

The direct com?arison of these results with those obt~ined in 

the past is difficult, rut if the differences in. the postures 

ado~ted, the subject panel~ and the measuring techniques used are 

taken into account" comparisons Cl1n be made \lith previous researchers . 
results. 

The results of Coermann, and Suggs et al are tabulated in 

Tables No. 123 ,No.I2.4 ~md No. 125, The modulus of imped3nce 

and phase angle plots obtained by these researchers are sho','J1 

in Section B-2. 

The table of results for the sitting erect posture sho\."s that 

the frequencies of the principal resonances and anti-resonances 

obtained at Loughborough University are the same as those found 

by Coermannj the values of the imped~nce at these frequencies 

are however different. The difference in these recorded values 

could be due to the difference in the posture adopted (Coermann's 

subjects did not have their legs supported), and because Coermann's 

subjects were on average heavier and older than those used here. 

When comparing the results for the sitting relaxed postur~ 

the principal frequencies found by Coermann are higher than those 

measureq in this study. Coermann's results are however only based 

on one subject (R.C.) Coermann does shcw results (modulus 

of impedance only) for ['mother subject. (H .B.) obtained at two 

different times, and considerable difference exists between these 

two plots (shown in Fie. No. 30 one curve shows a primary 

anti-resonance at about 5.5. Hz .. ,hile the other sho .... 's an anti-

resonance peak at about 3 Hz.) 

1 8.3 



184 

The results obt~ined during this. study for the 

sitting rel~xed posture show principal frequencies 10l .... er 

then those obtained by Coermenn, and lower th~n those 

tabulated for the sitting erect pas tl.lJ'e. Thi.s difference 

in the principal frequencies is to he expected as the tenser 

muscles of the subject in the sitting posture wJUld le?d to 

higher resonant and anti:"resonant frequericies, ~md measured 

values of Impedance. 

The results for the standing erect posture' also show that 

the prin~ipal frequencies obtained by Coermann are hi£her . 
than thl")se obtained in these experiments. The results also 

show difference.s in the maenitudes of the anti-resonance peaks 

and reSOl1?nce valleys. The results tat.!lllated are for one 

subject and due tl") the lar:::e variation that exists betHeen 

subjects even for a carefully defined posture, the results 

shl")uld therefore be compared' c2.utiously. 

'. 
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lL::.-ll Conclusions 

B - 11.1 C0nclusions 

1) The imped9.nce of the whole body was measured using f()l.lrteen 

male subj ects -and tHO female subj ects in various sep..ted and stand-

ing postures. The followin~ r~sonances were established for the 

various postures. 

14 Hale Subjects:-

posture 
Primary Primary Secondary 

Anti-Resonance Resonance Anti-resonance 

Sitting 5.1- Hz 8.5 Hz 11.0 Hz 

Erect 73·2. kg 38 kg 31 kg 

Sitting 4.2. Hz 7.0 Hz 9.0 Hz 
Relaxed 75·0. kcr 36.9 kg 30.2 kg 

0 

-1 l-iale Subject of Average Build:-

Posture Primary Primary Secondary 
Anti-Resonance Reson3l1ce An ti -Reson:EU1ce 

St!lnding 5 Hz 6.9 Hz 8 Hz 

Erect 84 kg 46.2 kg 40 kg 

Standing 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 -Resnnance 

Sitting. 5.0 Hz 8.1 Hz 10 Hz 

Erect 61 kg 28 kg 21.3 kg 

Sitting 4.5 Hz 6 -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 IK'stures adopted, r.nd the suhj ect 

panels used are t9.ken into account. The results for the sittinG 

erect posture shoHiW~ the best correspondence to those of 

previo\.~s investigators. 

The histogr~ms detailed in Section B - 9 indicate that up to 

8 Hz the subjects weight is a para.'1leter uhich has considerable 

influence on the modulus of impedance curves ahove 8 Hz, however, 

the su~ject's weieht appears to have little· influence on the 

impedance curves obtained, and other paremeters control the 

subject's whole body response. 

4) ~he imped~nce measurement undertaken with fem~le subjects . 
shc-w that a significant difference could exist in the whole-body 

mechanical impedance bet ... leen the two sexes. 

As only t ... !O fem'lle suhjects , ... ere used, there l,.!<tS insufficient 

data: for a statistical analysis of si:;nificance to he carried out 

on the experimental results obtained for the tHO sexes. 

5) The whole body impedance· curves of seme subjects sh0wed that 

considerable differences existed in the body's response to an imput 

vi bration incre8.sine in frequency than "'lhen the input vi hration was 

decreasing in frequency. These differences were exhibited 

mostly in the phase angle plots, rut significant differences 

(differences outside the acc~r~cy with which the measurements were 

made) were a l!o noted in some moduluf! .of impede.nce plots. 

These differences in response could be· attrirutable to a hysteresis 

effect, such that more or less enerE] :i:s absor-bed into the body 
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depending on the ;_'recise chnracteristics of the input vibration; 

or that impedance of the body varies with exposure ti:ne of the 

subject to the vibration. 

6) The n:easurements undertaken durin:; this study were made 

in a perio1 of about ten minutes for each posture, com~ared to 

durations of several hours used by pre~ious investigators. This • 

probably meant that the results obtaL1ed· "ere less susceptible 

to posturs1 changes thnn those obtained in the past. 

7) Previous research has shm.;rn that the body canno~ be 

regarded as a "passive" system, although 'the research reported 

in this thesis does not directly indicate that the -body is an 

"~ctivell system with regard to modifying its response to 

steady-st:lte sinusoidal vibration. The differences exhihited 

in the body's response to increasinga-n6 de.creasin:: input vibrati:ln 

frequencies, which are most prominent in. the phase anGle p1nts, 

are often reflected in the-modulus of im?edance plots, indicating 

that par?JIleters (of damping and elasticity) are changed by the 

body depending on the nature, and .1ength of exposure to the 

vibration environment. 
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B - 11.2 SUCTgestions for Future :Jork 

1) The measure:ncnts were made on a young subj ect p:mel of fcurteen 

male and two female subjects, and the measurements suggested 

that a significant difference existed in the impedance of mp,le 

and female subjects, This research sUf~ests that further invest­

igations need to be carried out \·li th female sub'; ects. 

2) Modern computing techniques enable direct modulus of impedance 

and phase angle plots from sinusoid~l or random vibration so that 

different .sHeep times could be used to see I:h:lt influence the 

sweep time has on the linearity of the body's response. 

3) The results of these ex?eriments shr-\J that the physique of the 

subjects has a c1:lnsiderable influence on th:'l impedance results, 

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

more detailed measurements of the subject's·physi;ue need to be 

made prior to the experilTlent!:>.1 runs. 

4) As impedance measureme~ts very consider'ably between suhjects, 

a research programme using a test panel and measuring their 

impeda.nce at various times during the day would show if the 

impedance of the 1rIhole body changed si£l1ificantly \Jith the time 

of day at which the measurements IJere taken, The progrt'unme could 

also be extended to cover longer periods of time - i.e. a week, 

month. This data could then be compRred ·".i th available data on 

bior h~ \;h m~. 

5) Impedance measurements were taken with the subject undertaking a 

tracking task to simulate a stress situation, \-li th imrroved 

impedance measuring tec~~iques. Measurements of imped?nce 
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could be m'3.de in driving simulators, or in Vl€hicles themselves. 

Thus :impe t1:lnce rne~surements would be made under true stress 

si h.t:itions nna im:)edance measurements m?y prrwide an indication 

as to the level of stress being e~erienced by the operator. 

6) These experiments and those of Krause and tange (1964) indicate 

that the body cannot be regsrded as 9. "passive"systern. If the 

body is an "active" system V!ith ree-ard tr) input '1rihr'3.tions, the 

degree of "activity" of ths body 1,!ould change with the fatieue 

level of the subject. 

Thus if a series of impedance measurements. were made on 

subjects at various fatit~e levels, and signific~t differences . 
were found to exist, an assessment as tn the deeree of "activity" 

of the body with respect to input vibrations could be made. 

The results of experiments of this type could ce compared with 

the proposed fat~gue ~e·cre3.sed proficiency limit of the I.S.O 

and equal annoyance contours of Ashley (1971). 
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