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SUMMARY 

This thesis describes an anthropornetric and biomechanical 

computer model of man which is an integral part of the 

SAMMIE workplace and work task design systern. 

Some aspects of the design process have been studied, 

especially with respect to the inclusion of human factors inthe 

design process via the medium of computer graphics. A satis- 

factory way of achieving this objective is seen as being the 

provision of a pictorial model of man which facilitates the 

evaluation of important ergonomic design criteria concerned 

with the problems of reach, fit, movement patterns, strength, 

fatigue, comfort and balance. 

A description is given of how such a model has been 

built, and linked with a similar model of the workplace to 

provide an integrated design and evaluation package. 

I 
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-, 
TRODUCTION 



The anthropometric and biomechanical model described 

here is an integral part of a computer aided design package 

known as SAMMIE (System for Aiding Man Machine Interaction 

Evaluation). As the acronym suggests the main objective of 

the system is to provide a design tool, (using the medium of 

computer graphics), which enables the analysis of some human 

factors aspects of workplace and work task design. The 

complete system is described very briefly in the next . chapter 

and more fully in the references, but it is clear that before, 

such a design tool can be built, it is necessary to make a 

brief study of the I design process t, and the significance of 

ergonomics to workplace design. Hence the second chapter 

considers three apparently divergent views of the design pro- 

cess, and attempts to identify those areas in which computer 

aids can be beneficial. 

The third chapter investigates the use of ergonornics as 

a design criteria, although it is recognised that this is not the 

only- criteria or necessarily the most important. Six major 

human factors of environmental conditions, human psychology, 

intelligence, physiology, anthropometry and biomechanics are 

identified, and means of including these factors in the design 

process are discussed. The conclusion is reached that 

anthropometrics and biomechanics form two aspects for which 

a computer model would be useful and relevant. 
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Hence the fourth chapter describes the way in which the 

human body can be represented by a link and joint system 

which is closely analogous to mechanical systems. Some of 

the problems inherent in the use of anthropometric data are 

discussed, and ways suggested in which relevant data can be 

acquired from the large volume available. 

The fifth chapter is primarily concerned with the way in 

which the human body moves, and the extent of mobility at 

joints is used as the basis for the postural prediction algorithm 

described in chapter six. 

Chapter seven is concerned with the biomechanical asp- 

ects of fatique, strength and balance. A method of comparing 

the torques at joints due to muscle force cxcrtion, with maximum 

attainable torques is discussed, thus enabling some estimation 

of the physical feasibility of a work task. The repercussions 
t 

of the whole body centre of gravity due to the combined action 

of the weight of each segment are investigated with regard to 

a body posture being feasible so far as balance is concerned. 

The final chapter illustrates the attempts made to validate 

the model, both as an integral part of a workplace design tool, 

and as a representation of various human functions. 

The appendices include a description of other work in 

the field, including early man-modelling for the SAMMIE system, 

and also a glossary of terms, both of which it might be useful 

to study before reaching the body of this thesis. 
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CHAPTER ONE, 

GENERAL DESCRIPTION OF THE 

. 
SAMMIE SYSTEM 



General Description of the SAMMIE System 

The anthropornetric and biomechanical man model, which 

is the main concern of this thesis, forms an integral part of 

a computer aided design system known as SAMMIE (aystem 

for Aiding Man-Machine Interaction Evaluation). The complete 

system consists of three inter-related parts: - 

(a) a three dimensional workplace modelling system. 

(b) a language to specify the operatorst task. 

(a) an anthropometric and biomechanical model of operators. 

The aim of SAMMIE, is the provision of a. tool which 

is useful in the consideration of human factors in the design of 

-workplaces and work tasks. To implement this system, the 

medium of interactive computer graphics has been chosen 

because: - 

It enables- the consideration of human factors at a 

much 'earlier stage in the design process (e. g. before any 

mock-up and fitting-test phase). 

The need for sophisticated mock-ups can be reduced 

if not eliminated entirely. 

(iii) The interactive 'nattAre of the graphics allows the 

consequences of a large number of design changes to be anal- 

ysed in a comparatively short time. 

(iv) The large volume of data handling required for 

ergonomic analysis is most efficiently handled by computer. 

(v) The medium of graphics is easily understood and 
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operated, and therefore the system can provide an effective 

method of communication between designers and users. 

(A fuller appraisal of computer graphics for these kinds of 

applications is given by Hughes (1972)). 

A brief description of parts (a) and (b) above is given, 

with references to more detailed descriptions elsewhere, while 

the research into area (c) comprises the main part of the work 

undertaken by this author, and is expanded upon in later 

chapters. 

la) Workplace-Model 

The workplace model enables the designer to build up and 

modify a graphical representation of the operators' workplace, 

so that vaeious designs can be presented -for ergonomic eval- 

uation. The aim has been to produce a three-dimensional 

model, with the minimum amount of data and its consequent 

prepaýation time. Objects are described in terms of a number 

of standard modules , such 'as cuboids, prisms, circles, lines, 

and points, ' with their relative orientations and positions spec- 

ified by data input. In this way a desk could simply be defined 

as a rectangular plane supported in space by four lines, one 

at each corner. fig. (1.1) 
. For some applications this simple 

symbolic representattion might be sufficient, but for a more 

detailed investigation the user may wish to improve upon this 

by increasing the complexity of the model. This could be 

achieved for instance by the substitution of cuboids for the 
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planes and lines. Hence some impression of solidity in a 

visual sense would be given to the model, although any phen- 

omena resulting from thisIsolidity? cannot be detected by the 

system. i. e. there are no density and mass considerations, 

and physical interference between the operator and his work- 

place, or between different parts of the workplace can only be 

assessed visually. 

Once the data has been specified the object can be dis- 

played on the graphics screen at any required position and 

orientation, along with any other items so produced. Thus 

the table described above might be combined with a chair, a 

filing cabinet and a chest of drawers, to represent. a simple 

office layout. fig (1.2). * At this stage the control of the model 

is transferred directly to the designer using a lightpen for 

communication with the computer. There is now no need to 

prepare and input numerical data in the traditional sense, as 

modifications to existing data can be made interactively with the 

computer. In this way the items of furniture in the office lay- 

out, could be moved about the office, with a fresh display of 

the current situation being presented to the designer about once 

every second. Similarly the dimensions of the furniture can be 

changed in a pre-specified way with almost simultaneous re- 

display, and without recourse to data preparation and input. 

Furthermore the workplace can be viewed from any 

direction so that the traditional and often useful side elevations, 
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front elevation, and plan view can easily be obtained, while 

intermediate positions give a three-dimensional representation 

in orthogonal projection. 

A more detailed description of the workplace modelling 

system appears in Hughes (1972), and a manual for its use, 

Kennedy (1973). 

-Cb) 
Work task lanquaqe 

The introduction of a model of an operator into the work- 

place model, requires a method of controlling its actions. As 

described later, the man model is essentially static, allowing 

the assessment of the effects of specific postures. However 
. 

, with a suitable control system these static frames could be dis- 

played consecutively to produce an animated display of body 

movements (i. e. a kinematic model). In this way some 

Ipseudo-dynamict aspects of the operator at his workplace 

could be investigated. For example it is often important to be 

able to assess not only whether a required point is within reach, 

but also whether in reaching to -such a point, the moving limbs 

interfere with components of the workplace. Furthermore an 

operator may be required to work at several different positions 

in the workplace, so an additional requirement is that movement 

within the workplace can be managed in a satisfactory manner. 

Hence there are two major considerations: 

There should be a good representation of the paths 

taken by moving limbs, and also by the body when performing 
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gross movements such as walking. 

(ii) The instructions to perform such motions have to be 

communicated to the computer by the designer. 

The first is solely a function of the man model, and is 

described later. 

The second consideration, that of enabling the designer to 

control the movements of the man model, is met by the use of a 

twork sequence language' 
. The objective of this language is 

to define the movements of the man in a manner which is intell- 

igible to the designer, and unambiguous in its application to the 

model. The most immediately obvious way of meeting these 

criteria has been to pre-specify in the data input, points on each 

workpIace component to which the man may be required to 

reach. _These 
? touch points I maintain the correct relative 

position during any change- in the position, size, or orientation 

of the workplace component. 

The left and right hands and feet can be requested to per- 

form a reach movement, so an instruction in this simple 'touch 

, -RF'- point language' might be of the form PEDAL' . This 

might simulate the operation of the brake pedal of a car with 

the right foot. 

The simplicity of such a language for describing a work 

task, means that in some respects it is easy to learn, and fits 

well with any requirement for the production of MTM work 

study times, ý but it does impose certain limitations. The rigid. 
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structure of the language requires the specification of the touch 

points as data. This is not easily performed interactively at 

the screen, so it can become difficult to change a work sequence 

to enable the evaluation of a different arrangement of equipment 

in the workplace. In addition the language is very specific in 

its reference to. the man model, so instructions of the kind 

PLACE BOOK ON SHELF are inadmissible, as the simple 

language structure can only cope with a hand or foot, as the 

subject of a motion. Any situation where the subject and object 

of an instruction is not "P"c'tly known, requires specification 

by the use of a syntax. 

Hence to expand the use of the work sequence language 

and to make it more intelligible to the user, a new language is 

being developed, based on a subset of ]English. The lanquage 

is of free form requiring no special symbols, as spaces act 

as word separators. The subject and object of any phrase 

are defined in terms of the workplace element name or limb 

of the body, and it is possible for the user to define the verbs 

which are to be used. A set of general purpose verbs are 

supplied however, and this collection will be added to as widely 

different tasks are investigated. 

Each statement formed from nouns, verb and prepositional 

phrases can be executed or edited individually, so that a seq- 

uence of such tasks can be'constructed. The syntax of all 

statements is checked automatically and in'addition pre-specified 

conditional tests can be carried out before execution. In this 
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way for example the user may specify that only one object may 

be held in' each hand at any one time, a request to pick up 

further objects being ignored. 

Further details on the work sequence language can be 

found in Kennedy (1973), and information regarding the earlier 

ttouch pointl language is available in Hughes (1972). 

-(c) 
The Man Model 

If the workplace modelling system described above can 

adequately represent the physical shape of the workplace and 

its components, it is -then necessary to provide evaluative 

procedures , so that a proposed design can be critically compared 

with the. design criteria. SAMMIE is mainly concerned with the 

ergonomic aspects' of design, and hence it is considered that 

a man model, displayed on the screen with the workplace 

model and hence compatible with it, would be the most approp- 

riate way of meeting this objective. 

Hence the early SAMMIE model (Evershed 1-970), was 

capable of performing certain anthropometric and kinematic 

evaluations of proposed designs. Designs could be tested for 

compatibility with the body dimensions of individual people, or 

with specified percentiles of populations, thus allowing the pro- 

blems of fit and reach to be analysed. The 'natural planes' 

algorithm allowed the body postures to be assessed and displayed 

on the graphics screen, whilethe hand or foot followed a spec- 

ified tradectory. A critical analysis of this prototype model is 

given in appendix 1, the full description being available in 
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Evershed (1970). 

For the reasons outlined in appendix 1, it became clear 

that this model was inadequate as anything more than a proto- 

type. Certain attempts were made to improve the model by 

enhancing the posture algorithm, improving the efficiency of the 

computer application, removing certain inconsistencies which 

existed between the man and workplace models, and by the 

inclusion of additional facilities. However it became obvious 

that the basic approach to posture modelling 0. e. the I natural 

planest algorithm), and the mathematical modelling, of the link and 

joint structure, left very little hope for the future development 

of the model. 

The prototype model was therefore abandoned and an 

entirely new model has been built as a replacement. This 

model is extensively described in later chapters, and repetition 

here is unnecessary, it being sufficient to say that it facilitates 

the evaluation of the following design criteria. 

Anthropometrics: - 

(a) reach 

(b) fit 

(ii) Biomechanics: - 

motion paths of limbs 

(b) extent of movement at joints (I comfort t) 

(c) strength 

(d) balance 
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Development in these three main areas of workplace 

modelling, work task language and man modelling is continuing, 

along with the implementation of the system onto a dedicated 

mini-computer. It is hoped that the complete system will prove 

useful as a research tool for investigating the collection and 

application of ergonomic data, and as a design tool giving 

practical help in the early stages of the design process. 
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CHARTER TWO 

THE DESIGN PROCESS 



The exact nature of the I design process I is subject to a 

great deal of discussion and argument, both by theorists and 

practical designers, but it still remains somewhat nebulous. 

However, to enable a design system to be built, it is necessary 

to gain some understanding of the mental and physical processes 

employed by practising designers, ý; o that assistance can be 

given by the computer in appropriate areas. Hence this 

chapter investigates the work of several authors concerned 

with the I design process I, and concludes with an assessment 

of areas in which a computer system will be of use. 

The design process has been described by Jones (1970) 

as a three stage process of divergence-, transformation, and 

convergence, using these terms to study design theory in its 

system rather than engineering or architectural design context. 

The first of these stages, divergence, is the process of 

Ide-structuring the original brief while identifying those features 

of the design situation that will permit a valuable and feasible 

degree of change I. This 
. 
is the I brain-storming I aspect of the 

design process, where the. original objectives of the brief are 

questioned, pre-conceived ideas removed, the boundaries of the 

problem- investigated, and a large amount of information is gath- 

ered and absorbed, but no evaluation or decision-making is 

performed. 

Transformation 
-is 

'the stage of pattern-making, fun, high 

level creativity, flashes of insight, changes of set and inspired 
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guesswork'. Here the restrictions of reality are placed on 

the results of the divergent search, and value judgements made 

so that the process can proceed to the convergence stage. The 

objectives and boundaries which were not fixed in the first 

stage, now become fixed, and the problem split into sub-pro- 

blems while remaining within the fixed boundaries and objectives. 

The last stage of convergence serves to select the final 

design from the range of possibilities provided by the transfor- 

mation stage. Hopefully this is achieved quickly and cheaply as 

the previous stage has structured the problem so that few iter- 

ations through the convergence stage are necessary. 

Jones recognises the disintegrative nature of such a pro- 

cess, and the attendant dangers of lack of control in the all 

important transformation stage. However the advantages are 

thought to be that it reduces the tendency to select the first 

feasible solution found, and widens the designers t horizons in 

search of relevant information. The possibility of re-integrating 

the design process 'through the medium of on-line computina. 

using graphical interfaces to speed up man-computer exchanges 

to the pace of thinking and conversation I, is recognised, and 

this aspect is taken up again later in this chapter.. 

Beakley and Chilton (1973) give a somewhat more trad- 

itional view of the problem when considering the design process 

in the context of engineering design. They consider the design 

process to consist of iteration through the seven stages of 

Problem identification, data collection, creation of ideas, simul- 
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ation, analysis, experimentation, and solution, with a network 

of interacting feedback loops. (fig. 2.1) 

Problem identification involves the defining of the problern 

boundaries, where these are found to be. inadequate. Thus 

some design criteria will be specified, but it will usually be 

necessary to investigate what other factors are likely to affect 

the quality of a completed design. 

Data collection is seen as a search for information relev- 

ant to the design problem. Normally it is impossible for this 

to be an exhaustive search due to an overabundance of inform- 

ation, but good problem identification reduces this problem to 

manageable proportions. 

Perhaps the most important stage is the creation of ideas, 

or innovation. Methodologies can be proposed that stimulate 

the human brain into the channels of thought which are most 

likely to result in creative ideas , 
but there is no certainty of 

good results. A comprehensive list of such methodologies is 

given by Jones, while Beakley and Chilton mc-ntion checklists, 

value analysis, systematic search of design parameters, brain- 

storming, and synectics. 

Sir-riulation requires the building and testing of a model. 

The term model is used in its broadest sense to mean a rep- 

resentation by any means of the real life situation. Thus maps, 

catalogues of goods, and three-dimensional mock-ups, are all 

models, and serve to reduce a complex problem to a series 

of more easily understood sub-problems. The degree to which 
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Process (ada-pted from 
Beakley and Chilton 1973). 
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the models correspond to their real life sub-problern is an 

indication of the validity of the model. 

The analysis stage allows the designer to use his model 

to simplify the design so that it can be evaluated with respect 

to the stated design criteria. The model usually enables the 

problem to be stated in such a way that it can be solved by 

the application of mathematical techniques. Hence a free- 

body diagram may be the model that enables forces and mom- 

ents to be calculated. 

Any model which simplifies a complex situation, must do 

so by making assumptions. It is therefore necessary to test 

whether the assumptions are reasonable, and whether the model 

is sensitive to changes in these assumptions. i. e. the important 

assumptions as far as the model is concerned must be valid- 

ated by experimentation. 

The final stage of the design process, is the solution. 

This is the result of the analysis and experimentation stage, but 

probably will require presenting in the form of a report which 

compares the design achievements with the problem specification. 

The exact nature of this report, whether it be written, graph- 

ical, or verbal is obviously dependent on the individual design 

circumstances. 

As figure 2.1 shows these seven stages are all interlinked 

by feedback loops, implying that it is an iterative process which 

converges on a solution. The extent to which any of the feed- 

back loops are used is dependent on the type of problem being 
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tackled. Designs with a high creativity content may require 

many iterations through the data collection and problem identif- 

ication stages, while a simple routine re-design may be able 

to go through all seven stages with no back-tracking. 

Archer (1973) sees design as 'the process of perceiving 

a problem in the external world, developing a cognitive model 

of the problem and possible solutions, externalising and testing 

this model, and then developing a set of instructions by which 

the model may be translated into real-world termst. 

A clear distinction must be drawn at each stage between 

reality and the designers I perception of that reality. Thus a 

model is a representation of the designerts perception of real- 

ity, but the model itself has to be perceived by the designer. 

This Archer describes as a two-stage mapping operation to 

represent reality by sketches, diagrams, mathematical express- 

ions or whdever. 

AI problem -solution couple? exists, and it is the purpose 

of a design methodology to iteratively change, test and evaluate 

this couple until the Imisfit, malfunction or omission which con- 

stitutes the problem-1 is reduced to an acceptable level. Both 

sides of the couple make use of models, so it can be seen that 

models and human cognition comprise the essential features of 

the design process. In these terms the design. process is 

described as: - 
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(a) perception of reality 

(b) models of reality 

(c) perception of problems 

(d) models of problems 

(e) perception of problem model 

concepts for solution 

(g) models for solution concept 

perception of solution model 

(i ) outcome 

(j ) models of outcome 

These three approaches to the description of the design 

process appear superficially to be considerably different, but 

certain features can be seen to be common to all three, and to 

most other theories of the design 

(i) The most important of these, is the recognition by all 

the authors that there is a creative stage. This really is the 

essential feature of the design process, the other aspects being 

subsidiary in that they exist to enable creativity to take place. 

(ii) Thd iterative nature of the process is recognised by 

most authors with a solution being found by convergence to a 

satisfactory rather than optimum answer. This is recognition 

of the fact that in most instances the number of possible solutions 

and routes to those solutions will be extremely large and incap- 

I able of consideration by current methodst as well as being 

outside the mental capacity of the designer. 
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GO Data collection and manipulation of this data in the 

form of a model. 

Ov) Problem boundaries are defined, usually into design 

criteria against which the final design may be tested. 

(v) Communication of the finished design to the sponsor. 

If SAMMIE 
, or other such design tools, are to be useful 

in the context of the design process, they must aid the stim- 

ulation of creativity, but unfortunately it is difficult. to envisage 

a methodology for creativity. The best approach is therefore 

to enhance the ability of the designer to cope with the subsid- 

iary considerations numbered (ii) to (v) above. These are 

the functions which enable creativitY to exist, but also tend to 

stifle and constrain that creativity by way of the time and effort 

expended by the, designer. 

SAMMIE is a model which hopefully' helps to lighten the 

load of the designer in these respects, but only in the limited 

field of the applicatir)'n of ergonomic principles to workplace 

design. Implicit in this is that SAMMIE is only useful where 

human operators form part of a man-machine or man-environ- 

ment design problem, where the anthropometric and biomechanical 

limitations of man are an important constraint. Other classes 

of design problem, such as those without human involvement, 

and those where mechanical and dynamic properties of machin- 

ery are important, would require models relevant to the partic- 

ular situation, although the same general comments might apply. 
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SAMMIE then, can be seen as helping the design process 

in the four areas mentioned above. i. e. 

(a) iterative searching for a solution. 

(b) data collection and manipulation. 

(c) testing a limited set of design criteria. 

(d) provision of a medium for expressing the final and 

intermediate designs. 

Figure 2.2 shows these aspects, where the first level 

indicates the type of problem, usually by reference to its most 

important design criteria. The second level shows the areas 

in which a model is useful, with the third level indicating the 

miýor ergonomic criteria and data. 

The'design situation is usually constrained by time and 

expense, resulting in satisfactory rather than optimum designs, 

although' in certain closely defined situations 0a computer system 

may be able to obtain an optimum solution. It is'more likely 

however that a computer system, because of the infinite var- 

iety of possible solutions, will also only be abla to find a satis- 

factory rather than optimum solution. -However such a solution 

would be based on the evaluation and comparison of a much 

larger selection of solutions, and should thus have a greater 

chance of success than a manual method. The SAMMIE system 

is aimed# at being at a midway position between at rrranUal design 

system and a fully automated computer system. It attempts to 

use the attributes of the designer and the computer in a comp- 

lementary way, leaving the designer free to concentrate on 
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creative activity while the computer looks after the I administ- 

ration I of the design. In this way, solutions to a design problem 

are searched for by the human designer, the computer merely 

providing an effective. medium for storing data, presenting des- 

igns in an appropriate form, and evaluating those designs against 

certain established criteria. - No attempt has been made to give 

the computer any Icreativity', as this must involve either Ibrute 

forcel methods of evaluating every possibility, which is usually 

impracticable, or alternatively the building of general design 

algorithms which to be satisfactory must be applicable over a 

wide range of specific applications. Insteadthe computer is 

used to enhance the designerls ability to use his creativity, 

experience, and ability'to manipulate qualitative rather than 

cluantitative objectives. 

In the first area of usefulness ((a) above), SAMMIE pro- 

vides a capability of making many changes to a proposed design, 

at any stage of the design process. , In comparison with the 

traditional drawing board method of engineering design, the 

interactive nature of computer graphics allows a great number 

of large or small modifications to be achieved with greatly 

reduced time and expense. Referring again to fig. 2.1 it is 

perhaps useful to consider the feedback loops as the mqjor cost 

penalty, in that backtracking implies that cost and time penalties 

have been incurred. One view of the design process might 

be. that final solution selection occurs when the costItime penalty 
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reaches an unacceptable level. Hence SAMMIE attempts to 

use interactive graphics so that design changes can be accomm- 

odated quickly and cheaply, allowing more and hopefully beUer 

designs to be evaluated. 

In area (b), SAMMIE provides a facility for manipulating 

data for the complete man/machine system. Three-dimensional 

information about the workplace and its equipment is obtained 

from input data, and can be modified interactively on the screen 

of the graphics terminal. In this way any change in dimension, 

orientation or Position of any part of the workplace can be ach- 

ieved almost immediately. Human factors data in the form of a 

man model is also available for immediate use in evaluating 

the workplace design. It is the application of this human factors 

data to a particular design situation which can be time-consuming 

and frustrating for the designer trying to apply ergonomic 

prinqiples in his design. The aim of SAMMIE is therefore to 

provide this data in a -form compatible with the workplace inform- 

ation. 

The testing of design criteria (c), is carried out in cert- 

ain specific situations. Currently, the criteria available are 

the physical consequences of a workplace layout in its inter- 

actions with adjacent workplaces, interactions between compon- 

ents of the same workplace, and the effect of the equipment on 

its human operators. This can be summarised as an evaluation 

of the interaction of: - 
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elements of the workplace 

(ii) workplace and operators 

Gii) operators and operators 

Other design factors such as (Archer 1963/4): - 

aesthetics 

motivation 

function 

mechanism 

structure 

production 

economics 

are not specifi6ally evaluated, not because they 

are necessarily considered to be of less importance than ergon- 

omics, but because they are outside the scope of the SAMMIE 

system. 

The use of SAMMIE as a communication medium (d) is 

highlighted when considering design by interdisciplinary groups. 

Archer (1971) describes design as t ... necessarily a group 

activityl and goes on I one of the causes of the very high 

faflure rate .... is the gross inadequacy of communication between 

the members of such groups'. An example of conflict and 

possible lack of commurnication within a design group can be 

seen in the design of hospitals. The primary aim of the hos-- 
I 

pital. system is presumably to provide for the medical needs of 

the population. To meet this design objective requires an inter- 
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disciplinary activity concerning architects, the medical profession, 

and hospital administrators. Conflicts of opinion may arise for 

example between the architects plans for room layouts, the 

medical requirements for the prevention of cross -infection, and 

the administrations I staffing problems. SAMMIE aims not 

necessarily to be able to eliminate these kinds of conflict, but 

to allow the consequences of any decision to be evaluated quickly 

and communicated through a common medium to all members of 

the design team. 

However the design team exampled, above may be incomplete, 

because the real users of the hospital would be the patients, 

nursing staff, doctors, and ancilliary staff. This aspect of the 

provision of a communication medium now becomes even more 

important, if such people are to be included in the design team, 

as otherwis. e. people hitherto uninvolved in the design process 

will be required to express their ideas in terms alien to their 

training and experience. 

In conclusion, the SAMMIE system has been built primar- 

ily to meet designers' needs for a tool which assists them in 

the evaluation of the human factors repurcussions of a proposed 

design. The need for a consideration of human factors and 

its relative importance to other criteria is discussed in the next 

chapter. 
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CHAPTER THREE 

ERGONOMICS AND DESIGN 



Ergonomics and Desiqn 

Until relatively recently ergonomics has been largely ignored 

as a design criteria, but this position is now changing rapidly. 

Much has been written in the literature concerning the history 

and roots of ergonomics (e. g. Chapanis (1959), Murrell 

(1965), and Woodson and Conover (1970) ), and it is not 

intended to repeat it here. It is clear however that human 

factors were for many years subordinated to other design crit- 

eria such as productivity and economics, and that it was not 

until man's workplace became so complex that he himself 

became the limiting factor in any improvements, that the consid- 

eration of ergonomics became essential. 

The Second World War was the greatest spur in this, as 

the development of complex aircraft and radar began to over- 

load the human operator. Full employment after the war res- 

ulted in labour no longer being expendable (in the economic 

sense), so consideration of the operatorts welfare assumed 

some importance. Finally the last decade has seen an accel- 

eration in the introduction of government legislation concerned 

with the safety of operators d their workplaces, which has 

required the acquisition and inclusion in safety standards of 

information on human capabilities. This last point is discussed 

in considerable detail in a special edition of Human Factors (1972), 

where a number of authors repeatedly stress the difficulty of 

framing legislation in the context of inadequate knowledge of human 
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capabilities. 

The growth of ergonomics as an important consideration 

in workplace design, can then be seen to stem from these 

three factors: - 

i. 

The complexity of modern equipment is such that the 

operatorls abilitY to control it is being taxed. 

(b) Staff shortages and high training cbsts increase the 

importance of providing good working conditions so as to retain 

labour. 

(c) Government legislation protecting 'workers t welfare 

is increasingly being reflected in the desigý of workplaces. 

Allocation of Function 

The first of these three factors, that of the complexity of 

modern equipment, has led to the recognition of a problem known 

as the Allocation of Function. It has been realised that machines 

and man have widely differing attributes:,, which in complex 

man-machine systems have to be combined in such a way that 

the whole system functions in the desired -m, )nner. An early 

expression of this was contained in Fitt's List (1951), which 

compared some of the attribute-s- of machine and man. An 

example of such a list appears as Table 1. 

Whitfield (1967) critisizes such lists as giving ta fragment- 

ary picture of human' performance, .... 
(suggesting that) we 

must employ "whole" human operators and not merely assemblies 
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of convenient human characteristics I. Jordan (1963) considers 

that making a comparison between man and machine is a fall- 

acious exercise as we should be looking for areas where they 

are complementary and not necessarily comparable. He suggests 

that particularly in the context of responsibilitý and reliability 

in performing tasks, man should complement machine functions 

by being able to take over if the machine should fail. An 

important aspect of this is that operators of automatic equipment, 

can be given greater job satisfaction by the assumption of 

function-9 which could otherwise have been machine functions - 

Wulfeck and Zeitlin (1962) recognise that performance is not 

the only criteria, and in particular'that cost/value data is of 

importance. Swain and Wohl (1961) conclude that tthere is no 

adequate systematic methodology in existence for allocating fun- 

ction between man and machine. - This lack in fact, is probably 

the central problem in human factors engineering todayO I 

The conclusions that can - be draWri from the argument are 

that: - 

(a) The performance of human operators Js important in 

all man-machine systems. 

(b) Adequate data presented in the appropriate form is 

required before a solution to the allocation of function problem 

can Im found. 

(c) Criteria other than relative man-machine performance 

may be of importance. 
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Table I 

Fitt ts List 

Machine Man 

speed Much superior Lag I second 

power Consistent at any level 2hp for about 10 seconds 
Large, constant, stand- . 

5hp for a few minutes 

ard forces 
. 

2hp for continuous work. 

consistency Ideal for repetition, Not reliable, should be monit- 

routine, precision. ored by machine. 

memory Best for literal Large store multiple access. 

reproduction and short Better for principles and 

storage. strategy. 

reasoning Good deductive 

computation Fast, accurate, poor at 

error correction. 

Good inductive 

Slow, subject to error, good 

at error correction. 

input Some outside human 

sensitivity senses. 

e. g. radioactivity 

Wide range and variety of 

stimuli dealt with by one unit. 

e. g. eye deals with relative loc- 

atiorr, movement, and colour 

Insensitive to extraneous Affected by heat, cold, noise 

stimuli and vibration. 

Poor for pattern 
detection 

Good at pattern detection. Can 

detect signals in high noise level. 

bverload Sudden breakdown 

reliability Good repetitive 

intelligence 
-None 

manipulative Specific 

abilities 

Graceful degradation 

Liable to random errors. 

Can deal with unpredicted and 

unpredictable. Can anticipate. 

Great versatility 
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Hence it can be seen that, if the allocation of function is 

indeed I the central problem in human factors engineering I, then 

central to this problem is the provision of suitable human factors 

data presented in a manner compatiýle with the design method- 

ology. 

An examination of Fitt's List discloses that the important 

human factors to be considered are: - 

(i) Response to environmental conditions. 

(ii) Psychological and behavioural patterns. 

(iii) Intelligence 

Ov) Human physiology 

(v) Anthropometry 

(vi) Biomechanics 

J: tj Environmental conditions 

The environmental conditions an operator finds at his 

workplace, can relate directly to his welfare and efficiency, 

and in extreme conditions to his . 4. afety. Industrial diseases, 

range from the well known and highly dangerous pneumoconosis 

of miners, asbestosis of asbestos workers, and radiation sick- 

ness of nuclear power workers, to the almost imperceptible 

loss of hearing in certain frequency ranges suffered by many 

peoPle who work in very noisy surroundings. Similarily heat, 

light,, humidity, noise, toxicity, vibration, and in space travel, 

weightlessness are all factors which should be considered in 

wo. rkplace design. 
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00 Psycholoqical and Behavioural patterns 

In situations where the operator performs the control 

function in a man-machine system, the psychological and behav- 

ioural aspects of his abilities assume greater importance than 

his physical attributes. Hence reaction time; motivation, and 

the ability to comprehend a complex situation and react to a 

wide range of stimuli in the appropriate way, become the 

limiting factors in the man-machine system. The place of 

ergonomics is then to arrange the workplace and task so that 

these functions can be performed in something approaching an 

optimum manner. 

Iiii) Intelligence 

The related human attribute of human intelligence, enables 

an operator to arrange the uqe of his other facilities to their 

greatest advantage. Hence although inferior to machines in 

many ways, man can use his intelligence to control his own 

functions, and where necessary can employ inventiveness to 

cope with previously unexpected machine functions. Jordants 

comments mentioned above, illustrate that this is a facility which 

the workplace designer should try to utilise, so that job satis- 

faction and hence motivation are enhanced. 

Ov) PhysioloqV 

Human physiology is generally only an important criteria 

in manual work where the work content. can be such that 

factors like heart rate, aspiration rate, sweat ratep and fat--ý, 
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igue may limit mants ability to perform a task. The work 

content of such tasks is being progressively reduced by the 

replacement of manIs manual attributes by machinery, but 

there are still a large number of industries where *a great 

deal of human effort is required. This is true even of high 

technology industries such as coal-mining and steel manufacture 

where a significant proportion of the workforce can be found 

expending considerable manual effort, with added problems of 

adverse environmental conditions. Hence Pratt and Corlett 

(1970), in a study of vertical turret lathe operation have est- 

ablished that 'the heavy load due to the extreme postures dem-, 

anded when operating these machines, requires 30% or 40% 

rest for operators. The physical capacity represented a 

limit on performance which prohibited any improvements in 

machining technologyt. (also reported in Corlett (1973)). 

Hence a knowledge of physiological factors can in some 

situations be essential so that suitable workloads and rest periods 

can be provided. 

(y) Anthropometry . 

The anthropometry of the potential user population of a 

piece of equipment can have a considerable impact on the eff ic- 

iency of the man-machine system. Kennedy (1972) has given 

many instances in the design of cockpits for military aircraft, 

where the inadequate application of anthropometric principles 

has resulted in some very undesirable and dangerous situations. 
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He quotes the case where las much as 25 percent of the 

navigator-bombadier trainees cannot adequately reach their 

ejection handlet. This example, and the many others that 

Kennedy mentions, are remarkable when it is considered that 

the military were among the first to realise the importance of 

the human element in any system, and that selection by size 

is an accepted method of recruitment. 

In the industrial context, where there is a population of 

far greater variability due to differences in age, sex, occup- 

ation and nationality, there are many examples of mis-matching 

human anthropometrias to the machine. Singleton (1964) gives 

mismatch between a capstan an excellent example of such a -- 

lathe and its operator. (figs 3.1. a. and 3.1. b. ). Figure 3. a. 

depicts an 'average sized subject' and the lathe controlsq 

while the second figure shows a man designed to suit these 

controls. Obviously ergonomics played very little part in this 

design. 

Biomechanics 

Biomechanics attempts to draw an analogy between the 

moving parts of the human body, and the functioning of mech- 

anical systems. Hence, depending on the closeness of the 

analogy, the equations of motion found in mechanics, can'be 

used to describe certain human functions. In this way the 

force capability supplied by the muscles can be translated into 

movement of the limbs or the application of a force at some 
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Fig. 3.1. (a). 
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Fig. 3.1. (b) 

>o 

ý: a, 00 

6. 

Mismatch between abapstan- lathe and its operator. Ficyurc 

la) shows an laverage sized subiect and the lathe control, -; 

while figure (b) shows a man designed to suit these controls. 

(from Sinqleton 
_1964). 

38 



distal part of the body. 'Alternatively the effect of the application 

of large external forces in the body can be investigated by a 

branch of biomechanics, known as biodynamics. Biodynamics is 

usually considered where the external forces overwhelm the 

internal muscle forces , so that the body can be considered as 

a collection of unconstrained masses susceptible to externally 

applied accelerations and decelerations. This is most useful 

where for instance the car crash or aircraft ejection situation 

is being considered. More useful in general workplace design 

problems however, are the aspects of biomechanics which deal 

with movement patterns (Kinematics), and the application of 

forces, in such situations as lifting, pushing or pulling. Here 

some of the physical capabilities of operators can be considered 

in the design of the workplace, and potentially fatiguing or 

dangerous situations can be avoided. 

Fig. 3.2 illustrates these pointst where the maximum forces 

exertable on a brake pedal have been derived for various pedal 

inclinations. (From a survey of 100 aircrew. Hertzberg and 

Burke (1971) ). It can be seen that an inclination of 30* gives 

maximum forces which are approximately 50% higher than those 

obtained at the extreme conditions of 5 and 55 degrees. This 

is a direct result of the different postures involved, and clearly 

shows that an analysis -of the lever system of the body (by 

biomechanics), can lead to improved workplace design. 
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The six areas above cover the major ergonomic factors 

to be considered when designing man-machine systems, but 

there aretindoubtedly many others of perhaps less significance 

in general, but which might assume considerable importance in 

specific circumstances. Among these may be included selection 

and training of staff, and the social interaction between operators. 

Even a comprehensive list of criteria by which I to judge 

the relative merits of designs, does not provide a complete 

solution to the problem of selecting a design of good ergonomic 

quality. Any realistic situation will. involve several, if not all, 

of the factors mentioned above, but the relative importance of 

each factor may not be immediately obvious. As an extreme 

example, a control task will involve the operator in very little 

physical effort, but may well test his information intake ability. 

A design which managed to optimise the biomechanical content 

of the task, would do very little to meet the real problems 

encountered by the operator. In' less extreme examples, the 

relative importance of the ergonomic factors may be such thd 

a subtle compromise has to be found between conflicting pressures. 

The first step in any determination of. the overall ergonomic 

quality of a design, involves obtaining access to relevant data. 

Some of the difficulties in selecting data from the mass available 

are discussed later, but a few points specific to the areas of 

interest already indentified can be made here. ' In particular it 

is necessary to establish the availability, presentation and likely 

mode of implementation of such data. 
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Data Aviliability for Ergonomic Evaluation. 

The environmental conditions found at the workplace, such 

as noise, heat, vibration etc. have been extensively studied, and 

many design recommendations given, very often with the backing 

of a professional institution. Examples can be found in the 

I Recommendations for good interior lighting t published by the 

Illuminating Engineering Society London (1961), and the IGuide 

for conservation of hearing in noise', published by the American 

Academy of Opthalmology and Otolaryngology (1957). Recom- 

mendations such as these are best included in the design process 

in the form of checklists, against which the design can be com- 

pared. 

Unfortunately the psychological and behavioural aspects of 

man do not lend themselves to the deterministic treatment avail- 

able for environmental conditions. Human performance in 

control tasks, which is the main area where a knowledge of 

manIs psychological characteristics is important, is the pre-.; 

dominant concern of modern human factors research. (As a 

brief study of recent editions of Ergonomics and Human Factors 

will confirmi. ' 'ýIow'ever, despite the extensive study of a wide 

range of situations, a random selection of which might include 

Takakuwals (1971) study of concentration as a measure of 

mental stress, Murrell's (1973) description of the work leading 

to the adoption of a British Standard in scales and indices and 

the more specific I effects of platform fashion shoes on brake 
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response time' (Warner and Mace 1974), it is evident that at 

the present time insufficient in known about the human brain 

and nervous system to enable general recommendations to be 

stated. This is particularly disturbing, as man is increasingly 

moving towards performing control functions rather than manual 

work, and information on his abilities in this context, should 

be of prime importance to the workplace designer. In this 

situation, the designer has to rely on the possibility that the 

area of interest to him has been the subject of study, so that 

directly relevant information is available. The only other alter- 

natives are to initiate research studiest which will often be 

impractical, or perform somewhat dubious extrapolations from 

existing knowledge. 

Brouha (1967), after many years of practical involvement 

in the consideration of human physiology in the industrial context, 

concludes that 'physiological techniques should be introduced in 

the methods of work analysis and work measurement ... to 

improve machine and tool design and work space organisation'. 

He goes on to say however that physiology is Istill ignored 

in industrial practicet , because of misdirection of effort by 

research laboratories, lack of awareness by managemer-itt and 

poor contact between physiologists and industry. This is rather 

a harsh indictment of a profession which is attempting to ta:. ckle 

the problems of industry, but it is true that this is an area 

which perhaps should be considered to have great potential, 
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but little to show for the extensive effort expended to date. The 

physiology of humans is extremely complex, with many inter- 

related effects governing human work capacity. Hence although 

qualitative indicators of vvork capacity can be found in great 

hurnber (e. g. oxygen consumption, blood lactate and sugar 

levels, pulse rate and blood pressure), it is difficult to relate 

these in a predictive way to the task being performed. Hence 

information for example relating heart rate to a lifting task may 

be difficult to find. If obtainable, such information may be of 

little value, because of lack of agreement as to what constitutes 

an acceptable heart rate. It is particularly important in physiol- 

ogy to consider the whole human system, and hence an 

'acceptable' heart rate may depend on a large number of 

other factors e. g. fitness, rest periods allowed, and duration 

of work at that level. 

This multi-variate nature of the data, tends to make it 

unuseable for practical purposes by the designer. Hence phys- 

iology is usually avoided as a design criteria unless circum- 

stances make it absolutely essential (e. g. foundry work). 

Improvement in this situation will only come about, when the 

extensive research work currently being undertaken, can be 

compiled into data useful to the designer. 

Anthropornetric data is available in two distinct formso which 

could be called basic and functional data. The basic data refers 

to the large number of linear and volumetric dimensions of the 
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of the human body which have been collected for a wide variety 

of populations, 'while functional anthropornetric data is related 

to the workplace or task. An example of the latter kind might 

be a reach contour which shows (for a specific population) , 

the locus of all positions at which a button could be pressed. 

The relationship between functional data and the task is emphas- 

ised when it is realised that the reach contour used as an 

example, would have to be amended if the task involved was 

to grip a liandle rather than push a button. 

Currently it is functional data which is most commonly used 

by designers, as it provides a quick and easy way of deter- 

mining such things as seat heights, work surface heights and 

control positions. There are however disadvantages in this 

approach, as once again the designer is relying on the avail- 

ability of data which refers specifically to his type of problem 

and his potential user population. This is tantamount to the 

problem being already, solved, in which case it is a data 

retrieval system which is required not a designer. More typ- 

ically the problem will not have been previously solved, but 

the designer is left struggling in an attempt to manipulate fun- 

ction-specific data into a use for which it is not ideally suited. 

The alternative of using the basic data is, at first glance, 

an even more distressing course of action for a designer to 

contemplate. Data retrieval of anthropometric dimensions for 

specific populations is simple enough, providing such data exists, 

45 



but relating this to a three-dimensional co-ordinate geometry 

is sufficiently complex to render such an approach impossible 

without some kind of assistance from pre-determined comput- 

ational operations. One aim of the anthropometric model 

described in later chapters is to provide this aid to the des- 

igner, through the provision of computer programs to handle 

the mathematical aspects of the analysis. A successful model 

of this type could be instrumental in improving the anthropometric 

aspects of designs, as it reduces the temptation to use inapp- 

ropriate data merely because it is available, and gives the 

designer much greater flexibility in the type of evaluation that 

can be performed. 

Biomechanical data can be thought of as basic or funct- 

ional in a similar manner to anthropometric data. For example 

Hugh-Jones (1947) has shown that a seated operator can 

exert a mean isometric pull of about 80 lb, when the hand grip 

is 230 mm above and 840 m., n in front of the seat reference 

point. The contrasting approach involving the derivation of 

basic data has. been used by several investigators who have 

established the torque levels available about certain joints (e. g. 

Chaffin 1971 and Pheasant 1974). Much the same comments 

can be, made about the relative merits of basic and functional 

data in the context of biomechanics as were made in the context 

of anthropometrics. The same conclusion is also reached. i. e. 

that the use of basic data allows more flexibility over rigidly 
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function- related data, but that the difficulties encountered in the 

practical application of basic data, requires that a computerised 

mathematical model be used. Such a model is described in 

later chapters. 

It is evident then that ergonomics is a very broad and 

varied field, requiring considerable effort to achieve a compre- 

hensive implementation into' the design process. Potentially 

there is a vast amount of data concerning the human being 

and the way he functions, but for good ergonomic design, this 

data has to be collected, stored, recalled, interpreted, and 

manipulated for each particular design problem. , 
Very rarely 

will a designer find the information in the exact form he requires, 

as it will probably refer to the wrong population, or for example 

the individual effects of heat noise and vibration may be known, 

but the aggregate effect of all three remains unknown. 

There are thus two areas where ergonomics is lacking. 

The first of these, the incompleteness and inaccuracy of 

information, it shares with all the other activc. sciences. - 

complete knowledge of the functioning of the human body and 

brain is likely to elude us for some time yet, but advances 

are being made. The individual disciplines such as medicine, 

applied psychology and sociology, are thus providing ever more 

basic information for the ergonomist to relate to mants workplace 

and task. 

The second and related point, is that with ever increasing 
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amounts of data of greater complexity, a way has to be found 

to make the knowledge available to designers. Currently this 

has resulted in recommendations such as optimum working 

surface heights, the range of adjustments required for a typ- 

ist' s chair, and the load carr'ying abilities of man. Unfortun- 

ately for the designer, and the future users of his design, 

such specific information for a particular problem will very 

often not exist. In many areas such as anthropometrics and 

biomechanics 0 the basic data exists , but its conversion into a 

useable form is left to the designer. Hence one of the main . 

aims of ergonomics should be to overcome this difficulty of the 

practical implementation of human factors data. 

The approach to this problem taken in this thesis, is the 

building of a Iman' model which represents some of the main 

human functions. Of the six mcýor areas of environmental con- 

ditions, psychological responses, intelligence, human physiology; - 

anthropometry, and biomechanics, the last two are considered to 

be the most amenable to this treatment. Envi-. -onmental condit- 

ions are perhaps best included by way of checklists, while the 

remaining three functions appear to be insufficiently understood 

at the present time to enable their accurate mathematical model- 

ling. 

The remainder of this thesis is thus concerned with the 

building of an anthropornetric and biomechanical model of man 

which allows this human factors information to be manipulated in 

a way that is compatible with a workplace design model. 
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CHAPTER FOUR 

THE ANTHROPOMETRIC MODEL 



The Anthro]2ometric Model 

The need for an anthropometric and biornechanical model 

as identified in the previous chapter, can be satisfied by a 

mathematical model which can fully representthe three-dimens- 

ional geometry of the body in motion. Hence the anthropometrics 

of reach could be evaluated by reference to the linear dimens- 

ions of the various body segments, and their relative positions. 

The simple example of reaching forward with the body con- 

strained not to move, illustrates that the distance of forward 

reach is dependant on the length of the upper arm, forearm 

and hand, and the relative orientation of each. 0. e. there are 

constraints to movement about joints; see chapter 5). 

The problems of fit require a three dimensional repres- 

entation of the flesh, and a method of manipulating these shapes 

into the correct position and orientation (i. e. posture) for 

display on the screen. Finally the modelling of the biomechanical 

features requires that the position of the end points of all the 

limbs are known, so that the various- kinematic and strength 

analyses can be carried out (chapters 5,6 and 7). 

The approach to this-, problem which has been accepted 

by most other investigators in this field, has been to build a 

three-dimensional link structure based on the work of Dempster 

(1955). Dempster proposed a functional link structure of the 

body, which adequately represents human anthropometry, while 

enabling the body to be treated as a mechanical or kinematic 

system. The next section describes the way in which Dempster 
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developed the concept of links to represent and simplify the 

complex human bone structure. 

The Link System 

Human bones have many functions apart from the mech- 

anical and kinematic ones, and the concept of a link is designed 

to remove those functions which are irrelevant to the anthro- 

pometrics and biomechanics of workplace design. Hence bones 

are approximated by straight rigid links between joint centres, 

although they are alsolrecognised as calcium and phosphate 

deposits, as protective mechanisms because of their rigidity, 

as marrow deposits for blood cell formation, and as surfaces 

for muscle atiachmentst. (Dempster 1955). 

The link does not attempt to represent the shape of the 

bone,, but merely allows the determination of the spatial relat- 

ionships between body segments, by reference to their end 

points. Hence for some bones such as the femur and the 

radius, the straight line link between the relevant joint centres, 

actually falls in part outside the physical volume of the bone. 

As Dempster says, 'a bone may flare out from or bend away 

from the core line between adjacent joint centres. ... 
(as a result 

of ) ..... growth processes ..... the genetic constitution of the 

species. A, * and its mechanical function' 
, 

but these functions are 

irrelevant in the current context. 

The body segments are able to assume different relative 
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positions (i. e. different postures), by movement about the 

joints which interconnect them. Hence to enable the essential 

feature of posture assessment to be performed, some repres- 

entation of body joints has to be found. 

Adjacent bones are held together by muscles and ligaments, 

but it is possible to identify centres of rotation for each link, 

which can be considered to act in the same way as pin-joints. 

Dempster (1955) has investigated the curvatures of the mate 

and female articulating faces of the major joints of the body, and 

found them not truly reciprocating. In addition, Ithe binding of 

ligaments may functionally change the -position of joint centres I, 

However by the use of geometrical methods on dissected cad- 

avers he was able to locate points on the skeletal frame about 

which all motion of adjacent links can be said to occur (appendix 

111). Hence pin-joints of this type are assumed for the anthro- 

pometric and biomechanical model. In some instances this 

approximation is a very close analogy to the fUnctioning of 

human joints (particularly at the ankle and elbow), but at others, 

notably the shoulder joint, it is perhaps too gross an approx- 

imation. However the concept of pin-joints related to each other 

by straight rigid links, does enable the postural configuration of 

the body to be described in precise mathematical terms. 

All movement of a link is thus rotational about the relevant 

pin-joint. This implies that the distal end of a link can only 

move through an arc of a circle relative to the joint centre, 
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while the link itself sweeps out a plane surface. The extent 

to which such movements can be performed is dependant on 

constraints to this angular movement due to bony stops on the 

joints, ligaments and flesh interference (see chapter 5 for further 

details) . 

02en Chain. Link System 

The link and joint structure described in the preceeding 

section allows a potential of three degrees of rotational freedom 

for each link about its joint. As relative movement of adjacent 

links, is possible only in a rotrational sense, translatory movement 

of distal points can only be achieved by rotation at two or more 

joints. Hence it is impossible to move the hand relative to 

the wrist in anything other than a rotational sense. The addition 

of rotation about the elbow joint (or any combination of other 

relevant joints), however, enables translation of the hand 

through space. 

These points have great significance both for the way in 

which the body functions, and for the approach made to man 

modelling. The crucial factor which gives man great flexibility 

in his movement patterns, and which also complicates the pre- 

dicting of postures assumed when performing tasks, is that 

the link system so far described, forms an open chain. Mech- 

anical systems are normally closed chain in that movement is 

always deterministic. The human link and joint system however 
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has many degrees of freedom, so that most end positions of 

the hands for instance, can be attained by a large number of 

different postures. This indeterminacy due to redundant 

degrees of freedom at the joints gives rise to the open chain 

link system. The implications of this for man modelling are 

described in more detail in the next section, and in chapter 

where the posture algorithm is described. 

The Link and Joint System for the SAMMIE Man Model. 

The earlier SAMMIE man model of Evershed (1970) 

which - is briefly described in Appendix I utilised the thirteen 

links shown in figure 4.1. This model had no separate hands 

or feet, and the head was a rigid extension of a rigid one link 

spine. Such a model can be useful where the detailed oper- 

ation of switches, levers and pedals is of no importance, where 

the trunk is constrained so as not to move, and where the 

orientation of the head bears no significance to the design. 
I 

However it is felt that consideration of these features should be 

included in a more sophisticated model because: - 

(i) The orientation of the hands and feet cah have a 

profound effect on the posture which the rest of the body assumes. 

The different grip characteristics of say a crank and a lever 

will result in varying postures for the arm, and again, the 

shortening of the limb by forming the hand into a fist for grasp- 

ing purposes results in a different functional reach characteristic 
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Fig. 4.1. Thirteen Link System of the Prototype SAMMIE 

man model. l. Evershed-1970). 
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than that for a button pushed with the fingertip. (grip char- 

acteristics are not considered in the posture algorithm described 

in chapter 6, but the provision of hands makes this feasible at 

a later date). 

(ii) Movement of the trunk generally plays an essential 

part in reach movements, and this cannot be adequately repres- 

ented by a single rigid link. The spine is a very complex 

group of bones and joints, consisting of 25 separate vertebral 

links, but it has been found by Dempster (1955) that it can 

be functionally represented by two rigid links for the lumbar and 

thoracic portions. This is the representation adopted for the 

new SAMMIE model. Greater complexity of spine model is 

considered to be incompatible with the desire for a simple 

fast-acting model for interactive use by designers. 

NO Movement of the head is an essential feature of a 

man model, if it is to be used to evaluate the progressively 

more common task of man controlling equipment. In this context 

the visual sense assumes high importance, and the mobility of 

the head and the consequent range of vision provided for the 

eye becomes a significant criterion. (Table 11 indicates the 

extra evaluation facilities afforded by extension of the number 

of links). 

In consideration of these aspects, the current man model 

has been designed to have the 21 links and 17 joints depicted in 

Fig. 4.2. It is felt that this gives an adequate representation 

55 



Table 11. Potential Value of Adding Extra Links to the 

SAMMIE model. 

Uses Comments 

finqers 

Currently the hand is model- 
led, but not the individual fingers. 
The addition of fingers would 
assist the evaluation of intricate 
manipulative movements which 
can be a crucial aspect of the 
assembly, operation and 
maintenance of equipment. 

Finger movement is considered 
to be outside the scale of the 
SAMMIE system. i. e. small 
scale as well as large scale 
design problems have not been 
tackled as other approaches are 
considered more appropriate. 

interclavicular, clavicular, scai2ular 

Representation of the shoulder The use of a single link for the 
by these three links instead of shoulder is one of the most 
a single rigid link would allow unsatisfactory aspects of the 
more accurate modelling of move- current model, but its replace- 
ment of the arm. (The 'shoulder' ment by these three links, would 
joint is one of the most mobile add considerable complexity to 
joint centres - see diagram of the model. In addition the 
path of instantaneous centre of interelated action of the three 
rotation of shoulder joint joints does not lend itself to 

, Evershed 1970). posture prediction. 
many-seqment, spine 

The current Lumbar- Thor aci c Apart from the en ' ormous increase, 
spine model is adequate to re- in the complexity of the model 
present the geometry of the bddy, (a further 50 degrees of 
but the representation of the spine freedom), the many-segment 
by one link for each vertebral spine is not necessary f,: )r the 
segment would be useful in con- problems currently being 
sidering back damage due to tackled. 
overloading (Fisher 1967) and 
in comfort assessment. 

eye Ilinksl 
In problems of vision, eye links 
can be useful in allowing the 
movement of the eyes to be mod- 
elled, and hence the field of 
vision to be changed. 

Although not a part of the man 
model, eye flinkst do exist in 
the SAMMIE system, in that 
the man's field of view is 
variable by control-of the view 
displayed on the screen. 

56 



Fig. 4.2. Twenty-one Link System for the Current Man Model. 
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of the human anthropometr-ý, and allows the necessary bio- 

mechanical and postural design features to be analysed, while 

retaining a relatively simple model amenable to computerisation 

and use by a designer. The obvious areas where such a 

link system may be thought to be deficient are in that it cannot 

cope with digit articulation, the complex structure of the shoul- 

der is approximated by one rigid link, and the spine is far 

simpler than in reality. 

This choice of 21 links appears to be consistent with the 

conclusions of the other workers in the field. Hence it is 

very similar to the original specification of the link system by 

Dempster, and as many of the other man models have been 

based on the ideas of Dempster's work, it is perhaps not 

surprising to find very similar link systems in BOEMAN, 

MTM Man, Cinci Kid and Chaffin's various models (see appendix 1). 

a If the links shown in fig. 4.2. are to represent the 

anthropometry of specific populations, there are two essential 

requirements that must first be fulfilled. 

The link system must be described in unambiguous 

anatomical terms in order that the model can accept data coll- 

ected in the same way. 

The relationships between the external measurements 

normal in anthropometric surveys, and the internal link system 

must be established. 

The first of these requirements is met in Appendix 
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where a definition of each link is given. 

The second requirement is a realisation of the difficulty 

in relating the external measurements which are normally 

found in anthropornetric surveys, to the proposed internal 

link system. A typical example might be the I Hip Breadth 

measurement shown in fig. 4.3. (TI aken from Snyder, Chaffin 

and Schutz (1972). 

Fig. 4.3. A Typical External Measurement. lHiR Breadtht 

(Snyder. Chaffin and Schutz-1972, )- 

is clear that this external measurements including as it does, 

a measure of the compressed flesh at the hip, can be related 

to an internal link, but because of the variability of flesh thick- 
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ness, the relationship is likely to be more complex than a 

direct proportion. However given one specific set of exper- 

imental conditions, Dempster for example has managed to pro- 

duce linear regression equations which relate the link dimens- 

ions to anthropometric data (shown as appendix 111). This 

enables the link lengths to be derived from external measure- 

ments on the living subject, but it must be emphasised that this 

particular set of regression equations can become unsuitable in 

different circumstances. 

In consideration of this problem, the link dimensions for 

SAMMIE can be input in two distinct ways. 

i. 

the link dimension, if known can be entered directly 

into the model. This implies that. some manual red- 

uction of anthropometric Oata has previously been 

performed. - 

or 

overall dimensions of the type shown in fig. 4.4 can 

be entered, in which case regression equations der- 

ived from the data of Dreyfuss (1967) are used to 

obtain the link dimensions (appendix 111). 

More information on the type and variability of such data is 

given later in this chapter, where attention is again drawn to 

the dangers inherent in the use of regression equations. 
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Joint Mobility 

Having established the concept of a link system, it is 

necessary to incorporate a representation of the joints, so that 

the model can be manipulated to give any required posture. 

In order to achieve this the model recognises the potential 

three degrees of freedom which are apparent at each joint, so 

that in general a joint is modelled as in fig. 4.5. (a). Henqe 

each joint is allowed a maximum of three degrees of rotational 

freedom, although in particular joints it may be necessary for 

some of these to be constrained. 

The three angles 9,9 , and * form an Eulerian set which 

are indispensible when it comes to the mathematical construct- 

ion of the complete link system, but there are some difficulties 

involved in using these angles for comparison purposes with 

data on joint, range mobility. The example of the shoulder 

joint displays the necessary points of interest. 

For the shoulder then 

0 is the tangle of latitude' which determines the inclin- 

ation of the upper arm to the'vertical 

is the 'angle of longitude' which determines the 

position of the upper arm in the horizontal plane 

is the 'angle of twistt , which determines the lateral- 

medial rotation along the uPper arm. 

It can be arranged so that the neutral position (with the arms 

hanging vertically by the side of the body) is represented by 
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a zero value for all three of these angles with the axes so 

arranged that the YZ plane is equivalent to the saggital plane, 

and XZ to the transverse plane. In this case variation of one 

of the angles results: - 

flexion - extension of the upper arm (for changes in")0) 

abduction - adduction of the upper arm (for change im, p) 

lateral -medial rotation (for change in *) 

These are the measurements of range of joint movement which 

are normally presented in the literature, so that in this partic- 

ular instance the data in the literature could be applied directly 

to the model. 

However in general a link (e. g. the upper arm) will 

assume a position such that rotation in the 0, cp and * senses 

all contribute to the posture of the link. The implication of this 

is that the limits, to niovement at a joint are generally of the form 

constraint = 

This functional relationship is, as far as the author is aware, 

almost entirely uninvestigated apart from some early German and 

Swiss investigations on a limited number of cadavers (e. g. 

Braune and Fischer (1887), - Langer (1865), Albert (1876), 

Stasser and Gassmann (1893), reported in Dempster (1955)). 

The normal approach has been to measure movement only in 

the saggital and transverse planes of figure 4.5. (a), and also 

in the * sense. This results for example in there being very 

little knowledge on the extent of abduction of the upper arm 
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which is possible while the arm is also partially extended. 

It is outside the scope of this author's work to initiate 

data collection procedures, and so as a result of the shortage 

of suitable data, some rather extreme assumptions have had to 

be made. 

i. e. that 

(i) The angle of flexion - extension at a joint is repres- 

ented by the angle between the projection of the link onto the 

YZ plane and the Y axis (angle a fig. 4.5. (b)). 

(ii) The angle of abduction - adduction at a joint is repres- 

ented by the angle between the projection of the link onto the 

XY plane and the *X axis (angle P fig. 4.5. (b)) 

(iii) The angle of medial -lateral rotation is equivalent 

to angle *. 

Furthermore it is assumed that if all three joint angles individ- 

ually fall within the single variable limits provided by data in 

the literature, then that is a feasible posture for the joint. 

Implicit in this is the assumption that the three variable angles 

are independent and not functionally related as has been pre- 

viously suggested. This is extremely dnlikelyto. be true in the 

general case, although it can be seen that at joints such as the 

ankle where two of the angles (cp and* ) are constrained to 

zero, the assumptions are valid. At joints with two or three 

degrees of freedom it is considered that the assumpt ons. give 

an adequate approximation to the situation, and that if functional 
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relationships are derived in the future, then these could easily 

be incorporated into the model. 

The way in which the body takes up configurations within 

the angle constraints is a biomechanical feature, so this aspect 

is investigated more fully in Chapter 5. The joint model is 

however a part of the mathematical construction which enables 

the link system to be manipulated into specific postures ready 

for anthropometric assessment. Hence its description thus far 

has been a necessary prelude to the explanation of the mathem- 

atical representation of the link and joint system. 

Mathematical Representation of the Anthropometric Model 

The axes system adopted for the joint model has already 

been defined by fig. 4.5., and some mention has been made 

about the suitability. of an Eulerian set of axes for this kind of 

application. Euler angles are merely a set of three lindepend- 

ant parameters specifying the orientation of a rigid bodyt 

(Goldstein (1950) ). Hence the tLree angles represent the 

minimum amount of information required in order to construct 

the orthogonal transformation matrix which relates a given 

cartesian coordinate system to another. The necessity of 

performing such a transformation will become apparent later. 

The Euler angles then, allow the transformation between 

axes systems to be performed by three successive rotations in 

a specific sequence. Figure 4.6. adapted from Goldstein (1950) 

illustrates such a sequence of rotation using the anglescP ,0 
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and * as defined above. 

The initial system of axes (XYZ) are first rotated anti- 

clockwise about the Z axis by the angle ýo , resulting in the 

XI Y' Z' axis system shown in fig. 4.6. (a). These intermed- 

iate axes (X IYIZI) are then rotated anticlockw ise about the 

YI axis by the angle 0 to produc'e the axes X"Y"Z" depicted 

in fig. 4.6. (b) . 

Finally these X"Y"Z" are rotated anticlockwise by the 

angle * about the Z" axis, giving the set of XIII-Y'"ZI" axes 

shown in fig. 4.6. (c). 

The three angles cp ,0 and * then completely specify the 

orientation of the X"IY'I'Z"l set of axes relative to the XYZ set. 

Using matrix notation the whole process can be achieved 

by the use of a single transformation matrix which, acting 

as a vector in the original axes system, will describe that 

vector in terms of the new set of axes. Hence 

Transformation matrix T= CBA 

where A= the rotation matrix for (P about Z 

B= the rotation matrix for 0 about Yt 

the rotation matrix for * about Z" 

This is equivalent to 

cos* sin * 0- cosO* 0 sinO_ cos. -: p sincP 0- 

-sin cost 0 010 -sincp coscp 0 

001_ Lsin 00 COO] 00 Ij 
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resulting in the final transformation matrix 

cost cosGcosýp-sin* sim 

-sintcosOcoscp-cosý. sincp 

L -sinocos cp 

cos*cosO sin* +sin-'rcosp -cos*sinO 

-sinýcososinýp+cos*coscp -sin*sinG 

-sin esin 9 cose 

The value of such a transformation matrix is that it enables all 

the links in the open chain system to be related to each other. 

Defining each link by its length and the three Euler angles means 

that the whole system can be related to one set of space axes. 

This is an essential requirement for posture assessment and 

for display on a graphics terminal. 

Referring again to fig. 4.2. the space axes- adopted for 

the model have been chosen to correspond with the link axes 

for the lower spine, so that the base of the spine becomes the 

origin for the coordinate system used to describe the man (s 

overall position and orientation. These space axes will then 

correspond with the space axes of the workspace model, 

enabling for instance, hand trqjectories and workplace elements 

to be described in a unified co-ordinate system. A hand 

position is however a consequence of the orientation of all the 

links in the chain (in this case the lower and upper spine, 

shoulder, upper arm, forearm and hand). It is the transform- 

ation matrix for each link which facilitates the twin objectives of 

(i) 
, 
Specifying extremity positions in terms of a space 

set of axes compatible with the space axes of the workplace 

model 
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while 

(ii) retaining information concerning the orientation of a 

link relative to its own local set of axes, and thus enabling this 

posture to be compared for feasibility with angle constraints. 

The specification of an extremity orientation relative to the 

space axes is then given by 

TnT 
n-l*** 

T2T1- 

n= link number of extremity 

where R the final transformation 
n 

matrix for link number n 

ný 
the transformation matrices 

for each link. 

In the case of the right hand this would be equivalent to - 

R=TTT, T 
right hand right li'and right forearm right arm right shoulder 

T 
upper spine lower spine 

which would give the angular orientation of the right hand to the 

space axes. 

In order to complete the specification of the hand position, 

it is also necessary to sum the translation vectors along the link 

system in a similar way. Hence the complete specification of 

the hand pbsition relative to the coordinate system of the space 

axes would be 
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X, 
nRnXn+ 

(X 
1+X2...... X 

n-1 
) -(B) 

where n= link number of hand 

XI= coordinate vector of link n 
n 

Rn= see equation 

equation B can be expressed alternatively as: - 

XnRnXn+R 
n-I 

x 
n-I 

+ .... R2x2+RIx1 

Such a mathematical model enables any body posture to be 

described in terms of the link and joint geometry in a way which 

is compatible with the workplace model. 

The inclusion of suitable data concerning link -lengths and 

specific angles at joints, makes this mathematical model a suit- 

able method for the evaluation of postures. The manner in 

which the angles are determined for a specific task, using the 

postural algorithm is described in chapter 6. Before the link 

lengths can be included, it is necessary to have an adequate 

understanding of the manner in which human. anthropometry 

varies between different people, and this aspect is studied in 

the next section. 

Anthropometric Variables 

Variability in anthropometric variables arises from three 

sources: - 

Populdion differences 

00 Range of dimensions within any population 

(iii) Correlation between limb dimensions. 
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Population Differences 

Anthropometric data is collected for specified populations, 

and can only be used for those populations. The population 

can be defined in terms of any factor which has a character- 

i*tic'effect on body-dimensions, and some of the important 

variables are identified below. 

Murrell (1965) and Damon, Stoudt and McFarland (1966) 

suggest that the most important factors affecting anthropometry are 

(a) Nationality 

(b) Race 

(c) Sex 

(d) Occupation 

(e) Age 

(Damon et al also include body build, diet, level of physical 

activityt posture, voluntary changes, time of day and clothing). 

Nationality and race are very often linked in that usually 

people of the same nationality will be of the same race, but 

there are however notable exceptions such as -the cosmopolitan 

population of the United States. Here there are two mador 

racial groups, white and negroid, which exhibit significantly 

different anthropometric features (e. g. white American soldiers 

of World War 11 were taller than their negro counterparts (Army 

Services Data (World War 11))), Differences betNveen Asiatics 

and Western races are even more pronounced, not only in 

overall measurements, but in the relationships between various 
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dimensions. (Asians tend to have forelimbs which are more 

than proportionately short). See Fig. 4.7. which shows the 

effect of nationality on the stature of various groups of airmen. 

Females are generally smaller than males of the same race, 

although We. -#ern women may be found to be larger than Asiatic 

men. The relative proportions of the dimensions of females 

may also differ from males, notably that women generally have 

wider hips. (the 50% He female has 4 hip width of 363 mm 

compared with 305 mm for the 50%ile male. Drayfuss(1967)). 

Occupation and body dimensions appear to be correlated, 

but it is not always possible to distinguish between cause and 

effect. In some instances the occupation itself changes in some 

way the body dimensions. Hence dentists can very often 

be found to have aI rounded I back directly attributable to a 

lifetime of bending over patients. In other instances it appears 

to be a mechanism other than an effect of the occupation. There 

is evidence for example showing that British company directors 

are approximately 100 mm taller on average than men from 

social classes 111, IV and V. (May and Wright (1961) and 

Kensley (1950)). It is difficult to see any way, in which the 

occupation of company director can cause an increase in height, 

so the conclusion must be that there is some correlation between 

height and class or business ability. 

Age is also of considerable importance, although once 

again it is difficult to assess the relative effects of two different 
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processes occurring with time. Clements (1954) has discovered 

that height reaches a maximum at the age of 20 for men, and 

then decreases by about 0.08 mm per year. Kernsley (1957) 

however has identified a difference of 33 mm. between women of 

23 and those of 51 years old. It is difficult to assess how much 

of this difference is attributable to the ageing process and child- 

bearing in the case of women, and how much is due to diff- 

erences between generations 'possibly because of improved 

social conditions. 

Nationality, race, sex, occupation and age are usually 

considered to be the most important criteiý, ia by which to define 

a population, but they are by no means the only ones. They 

are sufficient however to show that careful consideration must 

be made of the factors influencing a particular set of data. 

(ii) Range of Dimensions within a Population 

To a certain extent, the definition of a population deter- 

mines the variability of dimensions within that population. A 

population that included every human being on the planet would 

have a range of variability from the smallest female pygmy to 

the largest male African Nilotic Negro (Damon, Stoudt , 

McFarland , 1966). Indeed this might be the required pop- 

ulation if the design of some ubiquitous article were contemplated, 

but normally the potential user population can be substantially 

reduced in numbers. ' A closely defined biological population, 

such as a sample of American women 95% of whom are between 
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the ages of 18 and 39 could be expected to exhibit a range of 

variation of dimensions that approximated very closely to a 

normal distribution (fig. 4.8. ) 

A functionally defined population however, such as the users 

of a geriatric hospital, might include the different biological 

groups of young female Asiatic nurses, old female patients and 

young male doctors. Such a lack of homogeneity within the 

population would lead to considerable distortion of the normal 

distribution, there probably being a distribution which is essent- 

ially a compound of the normal distributions for each biological 

sub-group. To cope witli t1lis sitUdion, populdion dda is 

usually expressed in terms of percentiles. Hence a statement 

such as the height of the 97.5 percentile male is 1880 mm 

conveys the fact that 97.5 percent of the population have a 

height of 1880 mm or less. In an homogenous population, this 

percentile can be related back to a normal distribution, by the 

usual mathematical methods 

;. It 
2 dt 

where x is the probability (= %ile/100) that a measurement 

will lie in the range - co to x. 

However no such implications can be drawn from a non-normal 

distribution, where for example the 50 th 
percentile (or median) 

value, need not bethe taveraget or mean value. To sum. -nar- 

ize, within a particular population, there. might be a large or 

76 



200 

160 

120 

reqency 

80 

40 

stature 

Fig. 4.8. The Normal Distribution of Stature shown in a 
Survey-of Air Force Women. (Clauser et al. 1972) 

77 

140 150 160 170 180 



small range of variability of dimensions, and this variability 

might be readily predicted by mathematical constructs such as 

normal distribution, but for a non-homogenous group little can 

be said about. the distribution of dimensions. 

(iii) Correlation Differences 

The final source of complexity in the use of anthropometric 

data is that correlation between various dimensions of the body 

can be very poor. Hertzburg (1960) reports that in a survey 

of over 4000 Air Force personnel, there were no examples 

of men who fell within the 30 percent central (average) range 

on all of a series of ten measurements. That is to say that the 

man who is average in all dimcnsions, and thus an 'average' 

man, just does not exist, because the correlation between 

different dimensions is not sufficiently' high. This -is obviously 

just as true for other percentiles, and the effect is emphasised 

where the population is not an homogenous one (Hertzburg's 

population of young, healthy Air Force men could be considered 

to be very homogeneous). 

Little has been said so far about volumetric measures 

such as chest circumference, waist circumference and so on, 

but these dimensions are more susceptible to poor correlation 

than linear dimensions. Hence Barkla (1961) found very good 

correlation between sitting height and standing height for males, 

where the maximum difference from the average ratio was 

about 1%. However men of average height may have waist 
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circumferences which quite commonly vary from 750 mm to 

1000 mm, and in extreme cases much more. 

Data provision for Anthropometric Model. 

From the above necessarily brief discussion of the var- 

iability of anthropometric data, it is clear that at the present 

stage of development, SAMMIE cannot hope to provide a data 

base for a particular design problem. Each design problem 

is likely to involve a different user population and hence a 

different set of anthropometric data. It may be possible to 

build a general data structure such that a complete range of 

information according to sex, nationality, age, occupation etc 

could be available, but its practical value may be less than 

would seem immediately obvious. The technical problem of 

building the data structure so that the dimensions for any required 

population or sub-population could be obtained, is in itself 

quite feasible, although a major undertaking. 

However it is likely to be difficult entering data into this 

structure, because of the nature of anthropometric dda, which 

is inherently tinaccuratel for a number of reasons. Discrep- 

ancies between different sets of data often arise from the diff- 

erent measurement techniques being used, so that for instance 

stature can vary depending on the erectness of the spine. 

Some investigators may consider that the subject should be 

asked to fully erect the spine so that all subjqcts are measured 

under the same conditions, whereas others might consider that 
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this would induce an unnatural posture, and hence irrelevant 

information, e. g. ? subject stands erect, head in the Frankfurt 

plane, heels together, and weight distributed equally on both 

feet and .... while taking a deep breath stretches to maximum 

stature and the vertical distance from the standing surface to 

the top of the head is measured (Clauser, Tucker, McConville, 

Churchill, Laubach 1972). Additionally samples vary in size 

and quality, so that some (usually American and European 

military) surveys involve -several thousand subjects (or as many 

as 385,937 in the U. S. World War 11 survey (Karpinos (1958))) 

while less than 100 subjects are sometimes considered suff- 

icient. The sample size effects the quality of the sample, as 

the larger samples are likely to be more representative. Hence 

comparison between different surveys requires that the larger 

surveys are favourably weighted. 

For these kinds of reasons, the inconsistancy between 

measurements can be as large as those found by Barkla (1961) 
1 

and reproduced in table 111. 

Table III Maximum dimensional differences found in various 

anthropometric surveys. Barkla (1961) 

Dimension Brifish American 

Men Women Men Women 

stature 86mm. 33mm 43mm 43mm 

sitting height 58 20 10 

buttock-knee length 53 18 
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Hence for example the stature of 50 th 
percentile British men 

apparently varies by as much as 86 mm depending on which 

data source is used. As the difference between the 9 th 
per- 

centile, and 50 th 
percentile British male is only 125mrdWarren 

Spring Laboratory 1964), it can be seen that this is a highly 

significant discrepancy. 

Perhaps more important than the inaccuracies of data when 

building a data bank, are the gaps that currently exist in anthro- 

pometric data. Most effort has in the past been directdd at 

easily accessible populations such as military or student subjects, 

whereas designers may wish to design for the old, females, 

specialist - Occupational groups- and so on. Although SAMMIE 

is intended as a general purpose workplace design tool it is 

felt that each particular design situation requires considering 

individually as far as the use -of anthropometric data is conperned. 

This may then result in the initiation of a data collection program , 

or more hopefully the relevant information could be found in 

the literature. The provision of a data bank containing such 

information is thought at the present time to be a misdirection 

of effort. This effort is better used to provide a flexible and 

easy way of manipulating the data once it has been obtained. 

Hence the anthropornetric model contains very little data, but 

provides a data manipulation ability as shown in fig. 4.9. 

Referring to figure 4.9., the user of the model must 

first decide whether the population with which lie is concerned 
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is homogeneous or not. Homogeneous populations are amen- 

able to mathematical treatment as a normal distribution as shown 

in the right hand side of the- figure. However for a non-homo- 

geneous population, or for the investigation of individual sub- 

jects, it is necessary to consider the left hand side of the fig- 

ure, and refer more explicitly to limb dimensions. 

The tDirect Entry of Dimensionst allows the link lengths 

to be expressed in the two ways mentioned earlier, i. e. 

either as the link dimension or as external measurements from 

which link measurements are derived. In the latter. case, an 

outline sketch of a man is. displayed on the screen (see fig. 

4.4. ) together with a menu from which any or all of the exter- 

nal dimensions can be selected for change. Similarly, if 

changing the link lengths directly, a menu for doing so is dis- 

played along side an indication of the current values (fig. 4.10. ). 

Entry of the numerical information isj via a tefetype and can 

be in either inches or millimetres, inches being automatically 

converted to millimetres on input. 

The changing of the link lengths by the use of percentiles, 

requires first that the population* be selected and defined. As 

a data bank is not included within SAMMIE at present, the 

user of the system has to supply this ihii3rmation himself. For 

development and demonstration purposes the male and female 

data from Dreyfuss (1967) -have been made available. - Normally 

however it is necessary to input a Ispecifict set of 50th per- 
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centile link dimensions relating to the required population. 

These 50th percentile data are input using the same method 

as for the 'direct entry of dimensionst and are equivalent to 

the mean of the distribution (the median and mean of a normal 

distribution are identical). Inclusion of standard deviations for 

each dimension, allows a normal distribution to be defined, 

from which any percentile can be obtained. As a default mech- 

anism, the standard deviations derived from Dreyfuss (1967) 

can be used so as to reduce the data input. (appendix III ). 

Care should of course be exercised in using a short cut such 

as this, as. the Dreyfuss data relates to a specific population 

(American), and it may be found that other populations show 

significantly different distributions about the mean. 

Using this percentile facility thus enables any percentile 

from a given Population to be obtained quickly and easily, al- 

though it should be remembered that its accuracy is limited by 

the need for homogeneous populations. 

The anthropometric model is thiis a facility which allows 

the manipulation of data concerning the most important dimensions 

of the human body. The data is represented visually on the 

# computer graphics screen in the form of a three dimensional 

ImanI model (fig. 4.11. ) allowing the assessment of the var- 

ious anthropometric design criteria mentioned in the previous 

chapter. 

It also assists in the assessment of posture and movement 

patterns which are the subject of the next chapter. 
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CHAPTER FIVE 

- 
HE BI-OMECHANICAL MODEL 
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The Biomechanical Model 

Biomechahics is the study of the human body's range 

and speed of movement, and the ability of the bone, muscle 

and flesh structure to exert and withstand forces. For conven- 

ience biornechanics can be subdivided into: - 

biodynamics 

and (b) kinematics 

(a) Biodynamics 

Biodynamics is concerned with the application of force by, 

or on the human body, while kinematics is solely concerned 

with the resulting movement patterns. Both aspects are worthy 

of consideration in workplace design, as they respectively 

enable the study of the implications of externally or internally 

applied forces, and analysis of the interaction between the 

operator and his workplace. 

The external application of force to the body, often through 

accelerations in increased g conditions, or possibly through 

vibration, is usually of less importance in the context of 

industrial design. Extreme conditions of acceleration or vib- 

ration are rarely found, except in such areas as aircraft 

ejection or car-crash situations, where such conditions will be 

of crucial importance. A survey of models primarily aimed 

at this type of application can be found in Van Gierke (1971), 

but it is not the intention that SAMMIE be used in such a 

manner at this time. 
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Instead SAMMIE is designed to allow the evaluation of 

certain kinematic aspects of the workplace and task. For 

example interference between the operatorts moving limbs 

and elements of the workplace can be avoided by a knowledge 

of thetclynamic' anthropometry. Supplementary to this, the 

assessment of torque capabilities about the joints and certain 

aspects of balance in normal gravity conditions, can be invest- 

igated using the model. 

KinematicS' 

Kinematics is solely concerned with the relative positions 

of the various body segments resultant on a particular task 

being performed. The trAjectory of the end member (e. g. 

hand) may be I'machine I defined in that the task constrains 

such a movement in a particular way, or alternatively it can 

be an unconstrained movement from one point to another. ' Hence 

i-ounding a bend in a. car requires that the hands remain on 

the steering wheel and move in an arc of a circle, but pre- 

paring to change gear only requires that the hand starts at 

the steering wheel and finishes at the gear lever, the intermed- 

iate trpjectory being undefined. In both cases the posture 

assumed by the rest of the body is generally unconstrained., 

there being many feasible -configurations because of the indeter- 

minate nature of the human link system (as explained in the 

previous chapter). Before a kinematic assessment of work 

tasks can be made, it is therefore necessary to devise a method 
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of modelling the trajectories of the end members (hands, feet 

or any other point that is required e. g. head in vision problems) 

before the consequent postures can be evaluated. 

Traiectories 

Apart from the constrained situation, very little is known 

about the trajectories which human beings adopt to perform 

tasks. This is probably because the. wide range of movements 

which the body is able to execute, leads to there being no gen- 

erally identifiable pattern of motion. So* many factors can 

influence such movements, that although it may be possible to 

derive a feasible trcdiactory, this may not be the natural move- 

ment for a madority of human operators. Hance motivationt 

avoidance of obstacles, minimisation of effort, preparation for 

the next movement, and speed are only a few of the possible 

factors. affecting movement patterns. Becatise of this extreme 

variability, the experimental work to date tends to be either of 

a very specific nature in the way that certain athletic move- 

ments have been closely analysed and recorded, or alternatively 

rigid laboratory conditions have been studied which are unlikely 

t6 be encounterea in practical situations. Hence Plagenhoef (1971) 

has used photographic methods to analyse the movements in- 

volved in many sporting activities including gymnastics, swimming, 

kayaking, tennis and golf. The tennis services of. Rod Laver 

and Ken Rosewall (fig. 5.1. ) illustrate the point that even 

motions performed by two top class and highly trained athletes 
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Fig. 5.1.7"he Tennis Services of Rod Laver (a) and 

Ken Rosewall (from S. C. -i-Iaqennoef 1971). 
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attempting to reach a substantially similar objective, do not 

withstand close comparison as far as the hand tr, ýectory is 

concerned. 

In laboratory conditions Kattan and Nadler (1969) have 

attempted by using the Doppler effect of ultrasonic waves, to 

provide predictive equations of three-dimensional motion paths 

for a set of simple hand motions involving different distances 

and directions of motion. An example of one particular movement 

of this kind is shown as fig. 5.2. 
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Kattan and Nadler conclude that the trajectory between two 

points is essentially a straight line, although a measurable 

parabolic. curve effect is present which taken over a range of 

directions increases the mean motion path to 104.25% of the 

linear path. Such equations might be useful where the work 

situation agrees closely with the experimental one, which in 

this case could be for example the assembly of small compon- 

ents at a well-laid out workbench. However as only distance 

and direction variables are considered, this is not a satisfactory 

basis for the formulation of a general functional relationship 

between task and (hand) trajectory. 

appears in conclusion that there exists a wide variety 

of measuring techniques including elect romyog raphy, Corser 

11974), electrogoniornetry, Michelson (1974), mechanical 

methods (Paradise 1974), and photogrammetry, (Bullock and 

Harley 1972) which are available for recording motions, but 

as yet there has been no satisfactory analysis of these results 

to give predictive equations of hu. nan motion. 

This lack of reliable experimental data on harid (and foot) 

trajectories constitutes a difficult problem when there is a 

requirement to model manIs movements. In'early versions 

of the SAMMIE model, the parabolic paths of Kattan and Nadler 

have been used to derive intermediate points on a trajectory 

between known starting and finishing points, but this resulted in 

computational penalties while little additional information was 

obtained. Currently movements are defined as straight line 
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paths in three-dimensional space, with the designer being 

required to explicitly build up complex trajectories in terms, of 

three-dimensional co-ordinate geometry. Kennedy (1974) has 

devised a language with which to control both the movements of 

the man model and changds in the workplace layout. The 

language (briefly described in chapter 1) is currently in the 

development phasep and its use for controlling the man model 

not yet implemented, but it is hoped that eventually it will provide 

a common link between the. designer, the man model and the I 

workplace model. At this later stage it will be possible for 

example to detect interference between the workplace and the 

trajectories implicit in a work task described by the language, 

and automatically amend'the trajectory using algorithmic methods 

so as to. avoid its occurrence., 

However at the current time a rather unsatisfactory 

situation exists where, because of the lack of predictive equat- 

ions concerning human movement, the designer, if he wishes 

to accurately represent all facets of a work'task, can be faced 

with extensive manual constructions of hand trajectories. 

Postures 

Analysis of the postures assumed by the. human body while 

a task is being performed, suffers from the same problems -as 

analysis of trajectories except that there is an even higher 

probability that postures will be indeterminate because they are 

generally unconstrained. Any m6vement of the body except 
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an extremely artifically constrained one will result in there being 

redundant degrees of freedom at the joints and hence an infinite 

number of feasible postures. Once again measuring techniques 

are available and have been abundantly used, but while there 

exists Ia need for an analysis of human motion ,.. *. no such 

analysis exists'. (Nubar and Pontini (1961)). This statement 

is still true fourteen years later. 

Nubar and Contini in comparing the human body to a 

mechanical system see the unknowns in predictive equations of 

motion as being: - 

(a) the coordinates of a definite point in the body relative 

to a reference set'of axes. 

(b) the orientation of all the body segments relative to 

the reference axes. 

(c) the joint moments - at the end of the segment. 

(d) the reactions at all but one of the support points. 

and the known quantities as: - 

(e) the applied forces. 

(f) physical characteristics of the segments (length, mass, 

centre of gravity, moments of inertia). 

(g) the initial values of (a) and (b) above. 

The resulting equations of motion exceed the number of primary 

unknowns by precisely the number of joint moments which 

are constrained by outside factors such as speed, direction 

etc. 
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If the number of joint moments is m and the number of 

known constraints is n there still remains an (m-n) indeter- 

minancy. At this point i. n the argument, Nubar and Contini 

choose to hypothesise a minimal principle that 'a mentally 

normal individual will, in all likelýhood, move (or adjust his 

posture) in such a way as to reduce his total muscular effort 

to a minimum, consistent withthe constraintst. Hence although 

they proceed to produce a model for human motion based on 

energy minimisation, such a model, although complete in the 

mathematical sense, fails to include some of the' important factors 

influencing movement. The 'Choice of energy minimisation as 

what Kroemer (1973) calls the 'driving' function may be 

extremely useful in tasks with a high manual work content, but 

is rather lacking in other situations. 

Similarly all other attempts (such as Ayoub's (1974) 

power minimisation and the joint angle optimisation of Luming 

and Krause (1974) )must fail to a greater or lesser extent until 

such time as the tdriving functiont can be more closely defined. 

Such a time appears to be a long way off as yet. 

Indeterminacy and the need for a kinematic model. 

The need to build a kinematic model is present, because 

an important feature of a workplace. design tool is that the 

operatorts movements need to be relatedto his equipment and 

environment so that any mismatch can be identified and eliminated. 

However it has been made clear that the current level of 
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knowledge is not adequate to fully predict the trajectories and 

postures involved in human motion, which unfortunately leads 

to the conclusion that algorithmic methods, have to be employed. 

(It is possible for specified motions, to define the movements by 

data, but the quantity of data involved renders this approach too 

cumbersome for a general model. ) If this situation is accepted, 

then it is necessary to build models so that any information 

forthcoming on the 'drivingt or objective function which controls 

human movement will be readily assimilated into the model. 

One approach to this problem might be to build an algorithm 

based on the maintatinance of all joints at feasible and reasonable 

positions in space. This three-dimensional co-ordinates 

geometry method has been'utilised by Evershed (1970) for 

his ? natural planest algorithm, which uses simple geometric 

considerations combined with stored data to predict postures. 

(see appendix 1). Such methods are however found to place 

severe restrictions on the usefulness of the man model, as the 

algorithm is completely abstract and does not attempt to imitate 

the way- in which the body functions, but only the end result., 

A better physical characteristic which provides a mechan- 

ism for controlling bodily motions, is the angles at the joints. 

As has been explained previously all body motions are combin- 

ations of angular movements about joints, so a model which 

provides adequate control over these joint angles is useful for 

kinematic analysis. Potentially this would enable consideration of: - 
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(i) The position of a joint relative to 'comfort' angles. 

(ii) The position of a joint relative to absolute constraints. 

NO The relationship between forces to be exerted and 

maximum or normal torques available at joints. 

Ov) The angular velocity and acceleration of body segments 

about joints. 

(v) The inertial effects of limbs about joints. 

(vi) The work done or energy expenditure during move- 

ment leading to the assessment of physiological factors. 

The eventual inclusion of all the above, items into the man 

model is one 'of the aims of SAMMIF-, although at present only 

the first two are included in the 'postural' algorithm. The 

algorithm, described more fully later, controls the joint angles 

and hence the postures, by attempting to maintain all joints 

within their absolute physical constraints or preferably within 

their normal range of motion. Information concerning items 

OR), Ov) and (v) is not at present included in the predictive 

algorithm, but has been made available as lafter the eventl 

analyses. Hence the postures predicted during a task do not 

depend on the dynamic effects of forces, accelerations and 

velocities of limbs, but on completion of a task it is possible 

to - ascertain whether any of these constraints have been exceeded. 

Item (vi), concerning energy expenditure is at present excluded 

completely from the analysis, and is a matter for future 

development. 
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This approach is of course open to criticism on exactly 

the same grounds as the methods of Nubar and Contini, Ayoub 

-and Luming and Krause, in that it does not adequately cover all 

the human functions which together comprise the ldrivingl 

function for body movement. In particular it does not consider 

external effects such as avoidance of objects in the workplace, 

although some improvements in this area may be forthcoming 

from development of the work sequence language. 

However because the algorithm is directly concerned with 

the movement mechanism which is used by the body, it does 

hold more hope for future development than some. of the other 

methods that have been employed, i. e. it is a fact that all 

motion is rotational about joints, and that there are definite 

physical constraints to such motion. It is the manner in which 

it is decided which particular posture to adopt from the infinite 

number that are feasible, that is unknown, but it must at least 

be compatible with the propos. ed algprithm. 

As the range of motion available at joints is crucial both 

to human motion, and to further description of the postural 

algorithm, it is necessary to investigate, the functioning of the 

joints-in more detail, before proceeding with further descriptions 

of the biomechanical model. 

Human Joints 

Some of the mathematical problems associated with model- 

ling joints have already been described when discussing the link 
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system for the anthropometric model, but little has been said 

of the physical nature of joints. 

Body joints are formed wherever two or more bones are 

connected by ligaments and tissue. Only joints where articulatibir- 

is possible are of interest here, the immovable joints like those 

of ths skull being irrelevant in the current context. The degree 

of articulation is dependant on the geometry of the male and 

female surfaces, and the constraints formed by bony stops, 

ligaments, and in some cases flesh interference. Muscle 

forces, altýough capable of initiating or stopping movement about 

a joint, at any point in its range, do not act as absolute con- 

straints to movement. 

Three distinct types of joint, can be identified; hinge joints, 

pivot joints and ball and socket joints, each allowing a charact- 

eristic type of movement (Damon, McFarland and Stoudt 

(1966)). Hence the knee is an-- example of the hinge type, the 

elbow is a pivot joint, and the shoulder and hip are repres- 

entative of the ball and socket. 

The important features as far as mathematical modelling 

is concerned are the constraints to movement, and the type of 

joint (and hence the degrees of freedom). It has already been 

indicated in figure 4.3. that adequate representation of the link and 

joint model can be obtained by modelling the following joints. 
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wrist 

(b) elbow 

(c) shoulder 

(d) neck joint 

(e) thoracic joint 

M lumber joint 

(g) hip 

(h) knees 

ankle. 

Each of these joints has its own peculiar characteristics, so it 

is useful to: briefly describe each one individually. 

(A glossary of standard terms used in describing joint motion 

appears as appendix VI). 

(a) wrist 

A pivot joint with one degree of restraint, allowing move- 

ment in the flexion- extension and abduction- adductio n senses. 

Negligible amounts of longitudinal rotation possible. 

(b) elbow 

A hinge and pivot joint allowing one degree of freedom in 

the flexion sense and also forearm pronation and supination. 

Also negligible amounts of abduction- adduction possible. 

(c) shoulder 

A ball and socket joint allowing all three degrees of free- 

dom i. e. abduction- add uction , flexion- extension and medial and 

lateral rotation of the upper arm. 
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neck -ioint 

A mathematical construct equivalent to a ball and socket 

allowing dorsal and ventral flexion, right and left flexion and 

right and left rotation of the head, and protraction- retraction 

and elevation- depression of the shoulder. 

(e) and M thoracic and lumber ioints 

A simplification of the mLiti-jointed spine which is able 

to move in flexion-hyperextension, lateral bending and rotation. 

Motions of this type occur to varying extents at each of the 

s. pinal vertabrae, but representation by only two joints enables 

the mqjor movem. ents to be represented while retaining sim- 

plicity in the model. 

hip 

Ball and socket joint permitting three degrees of freedom 

for the upper leg, i. e. abduction-adduction, flexion- extension, 

and lateral and medial rotation. 

knee 

Hinge joint allowing flexion- extension and medial and 

lateral rotation of the lower leg. 

ankle 

Pivot joint permitting two degrees of freedom in dorsi- 

flexion-plantarextension and inversion- eversion. 

The complete model thus has 41 degrees of freedom at 

its joints, allowing the foot 7 degrees of freedom relative to 

the pelvis, and the hand 15 degrees of 'freedom relative to 
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the base of the spine. 

Information regarding the type and range of motion poss- 

ible at each joint, has been -obtained either by the study of 

cadavers or by measurement of living subjects. The early 

cadaver work was carried out largely by German investigators, 

notably Braune and Fischer (1887) and Fick (1904-11), but 

more recently, with the advent of better instrumentation most 

studies are made on living subjects allowing a larger and 

more representative sample to be used. Thus Sinelnikoff 

and Grigorowitsch (1931) took measurements on 100 males 

and 100 females using a protractor type goniometer, and 

Glanville and Kreezer (1937) used a pendulum device for 

their sample of ten mates. Dempster (1955) used photographic 

techniques to study a sample of 39 young men of varying body 

builds, and his work has been statistically re-analysed by 

Barter, Emmanuel and Truett (1957). The data used for 

the biomechanical model is largely taken from this last source, 

as it is considered the most reliable (see appendix III for 

details). Where gaps exist in this data, the data of Glanville 

and Kreezer has been used, and certain of the tnormalt as 

opposed to absolute ranges of joint motion are from Ryan, 

Springer and Hlastala (1970). 

The situation regarding information on range of joint 

movement is very unsatisfactory, because of the relatively few 

studies that have been carried out, and the small samples 

involved. Many of the comments made earlier when considering 
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anthropometric data apply equally well here, in that joint range 

is dependent on the population considered and varies between 

individuals within such populations. 

The factors most likely to affect motion at the joints 

have been listed by Damon, Stoudt and McFarland (1966) and 

can be seen to be comparable with the factors which influence 

anthropometry. The important factors are briefly described 

below , but the shortage of experimental investigation into 

these aspects, leaves us with little quantitative information. 

(a) age. Between the ages of 20 and 60, mobility decreases 

slightly, and will decline by a further 10 percent in the next 

ten years. (W. est (1945)). 

sex. Women have greater mobility at all joints but the 

knee, the greatest difference being 14* (at the wrist) (Sinel- 

nikoff and Grigorowitsch, 1931). 

(C) body build. D. empster's (1955) study showed that 

obesity can markedly reduce joint mobility. 

exercise. Lack of exercise tends to lead to restricted 

movement and conversely increased exercise can extend the 

normal range of mobility. 

(e) occupation. Certain occupations can lead to particular 

joints being exercised and hence their mobility is increased. 

Arthritis, poliomyelitis and other similar diseases can 

render a joint totally inoperative or only partially mobile. 

(9) motivation. Increased effort can increase joint range, 
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and forcing of the joint beyond its voluntary limit can result 

in significantly higher passive ranges (Glanville and Kreezer 

1937). 

(h) body position. A distinction has to be made for instance 

between the pronated and supinated hand when considering 

wrist flexion. 

clothing. Bulky winter clothing or specialised clothing 

such as pressure suits can severely limit mobility. 

Although the above factors have been shown experiment- 

ally to affect joint mobility, very few large scale surveys 

have been conducted, so it is difficult to relate joint mobility 

to a particular population in anything other than a qualitative 

way. The model currently uses the data of appendix III 

for all populations, although there is no reason why variab- 

ility should not be accounted for in much the same way as 

the link lengths of the anthropometric model. Given joint range 

data for a particular population, it would of course be possible 

to explicitly change the input data, but such data is not likely 

to be readily available. 

Once suitable data has been obtained for limits of joint 

motion,, it is po. 4sible to describe body postures in terms of 

the angles at the joints, and compare these with the limits, so 

that feasibility can be ascertained. 

At this point it is possible to return once again to the 

question of posture prediction during simulation of a work task. 
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Postures 

The term postures is used to refer not only to the static 

positions of the body segments, but also to those instantaneous 

Iframesl of a kinematic movement. The underlying problem 

in the formulation of a kinematic model is to predict these post- 

ures for a wide range of movement. A critical analysis of 

other attempts in this area of posture prediction is given in 

appendix 1, but the general difficulty encountered arises from 

the complexity of the mathematical methods required. Most 

serious attempts to model the ldrivingl function have resulted 

in the use of optimisation techniques designed to minimise an 

objective function whilst having regard for the physical con- 

straints to movement imposed internally by the body. Hence 

in the case of BOEMAN (Ryan, 1971), the objective function 

is the minimisation of the effort required to maintain a posture, 

leading to an optimisation of the Euter angles for each joint 

within joint angle constraints. The mathematical method 

employed is a gradient search technique involving the minim- 

isation of a non-linear objective function with non-linear con- 

straints. Evaluation times of three minutes have been reported 

for the prediction of just one posture using this technique, and 

this is when using a powerful CDC6600 machine. Reducing 

the model to a spine and arm model, removing the effort 

objective function and reducing the accuracy of the minimisation 

techniques has enabled the evaluation time to be reduced to nine 
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seconds, but only at the expense of model performance. 

The same general comments apply to all models using 

this kind of mathematical technique, and this is of great signif- 

icance to the design of the SAMMIE model. SAMMIE is 

intended as a practical design tool for use in the interactive 

graphics mode, and hence 

(a) for a designer to feel that he is in control of the 

system, changes in the workplace or man model position which 

are initiated by interactive control at the screen, should be 

implemented almost simultaneously. 

the proposed development of SAMMIE is intended 

to be implemented on a dedicated mini-computer, as this is 

seen as being the most economic method for its eventual use 

as a design tool. Senwell (1974) has indicated that such mach- 

ines are likely to'be some five times slower in operation than 

the CDC6600, implying that methods of the kind used in 

BOEMAN would give intolerable time penalties in the region 

of 15 minutes per evaluation for a full model, and 45 seconds 

for the simplified model. It does not seem possible to signif.;; 

icantly improve these times by more efficient programming 9 as 

a 50001o improvemerit is necessary. 

To summarise the objectives of posture prediction tech- 

niques: - 

(i) The method used should reflect the functioning of the 

human body as far as possible. This enables the progressive 

extension of the facilities of the model, as any new facilities 
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will be compatible with the original model. 

(ii) The method should be able to cope with the indet- 

erminate nature of the human link system, in such a way 

that the postures presented are representative of actual human 

postures, i. e. the derivation of a feasible posture is not 

sufficient. 

(iii) The use of the model as an interactive design 

tool must be considered, and this implies a requirement for 

computation which does not result in excessive evaluation 

times. 

To meet these objectives, the man model described in 

this thesis uses a 'postural' algorithm which is described in 

the next chapter. 
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CHAPTER SIX 

THE POSTURAL ALGORITHM 



The Postural Alqorithm 

To meet the objectives listed at the end of the last 

chapter, the 1posturall algorithm has been kept as simple 

as possible, and is based on a work study principle of 

motion economy which is constrained by the limits to motion 

about joints. 

The foregoing description of the joints, demonstrates 

that each joint has definite limits to its range of motion, so 

v that all motions of the human body are limited by these con- 

straints and the link anthropometry. The algorithm is used 

to predict a posture which'is consistent with natural human 

movement and at the same time feasible within these constraints. 

This has been achieved by a combination of a proposal 

by Barnes (1963) which requires that the least significant 

links be moved first, and a hypothesis that links tend to 

arrange themselves so* that joint angles are kept within a 

normal or 'comfort' range of movement. 

Barnes, in formulating some general guidelines on 

motion economy as a way to improving work methods, has 

suggested that a task should be performed in such a way that 

body motions are confined to tthe lowest classification with 

which it is possible to perform the task satisfactorily' . For 

movements involving the top half of the body, he gave the 

following classifications, 

1. ' hand 

hand, forearm. 



hand, forearm, upper arm. 

4. hand, forearm, upper arm, shoulder. 

5. hand$ forearm, upper arm, shoulder, spine. 

Hence in the context of work economy, lower classific- 

ations are considered preferable, and the higher classifications 

, should only be used when essential for reach purposes. 

A criticism of this view however is that the human body 

tends to function much more as a total system, and therefore 

links of higher classifications will often be utilised when not 

essential to the motion. In this way, although it might be 

feasible to reach a desired position with the arm alone, it 

will often be found that the spine also contributes to the move- 

ment. This would seem to indicate that the absolute constraints 

to movement about the joints do not dictate the sequence of 

introduction of body links in normal situations. Instead , it 

would appear that normal or 1comfortt joint constraints existq 

and that movement of an extra link is preferable to violation 

of these constraints. 

There. is very little experimental evidence to support 

this assertion, although some preliminary work carried out 

in coWunction with Michelson at Loughborough University, 

supports it in a qualitative way (fig. 6.1. ). It can be seen 

from this simple forward motion of the hands to place a tray 

on a horizontal surface, that the spine moves well before the 

elbow or shoulder joints are fully extended. 
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Hence to represent this situation, the 'posturall algorithm 

superimposes a series of joint constraints over Barnes I motion 

economy principle. Each degree of freedom at a joint is 

seen to consist of four constraints and a neutral point. In 

this way for example, movement of the arm in the saggital 

plane is constrained not only by the maximum extent of flexion 

and extension, but also by inner limits of normal flexion and 

extension (fig. 

Fig, 6.2. The Relationships between Angle Constretints 

at Joints 

It is assumed that the body tends to optimise its posture 

so that all joints are as close as possible to their neutral or 

rest position. (The neutral position is defined as tstanding 

upright with arms hanging at the side, palms inward' Murrell 

III 

max normal neutral normal max 



1965). Murrell states that such a neutral position for the 

unsupported body results in minimum muscle activity and such 

a posture is 'therefore the least fatiguing and probably the 

most comfortablet. It should of course be remembered that 

when the. body is supported, as when lying down, there will 

be a relative improvement in comfort and fatigue. 

The tposturalt algorithm allows movement away from 

the neutral position for the relevant joint, until the normal 

constraint is reached. At this stage the next sigiiificant limb 

is introduced. Extension of the limbs continues in this way 

until all the relevant joints are approaching their normal con- 

straints. If further movement is required, the least significant 

joint is allowed to move into the region between the normal 

and maximum constraints. Once all relevant joints are at 

their maximum constraints, the position is deemed to be out 

of reach. 

This general method of limb introduction has to be 

modified in places, 'where for example the spine often moves 

before the shoulder, but it does provide. a way of predicting a 

reasonable solution from the infinite number of feasible ones. 

Detailed description of the algorithm is provided by the 

flow diagram for the upper half of the body (fig. 6.3. ), and 

an explanation of this diagram is contained in appendix IV. 
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Comfort Ratinq. 

subsidiary advantage gained from the use of joint 

angles for posture prediction, is that it is possible to derive 

an approximate measure of 'comfort' for a given posture. 

The model contains information concerning the limits to normal 

movement at joints, as well as the absolute limits, and thus 

any joint posture can bp defined in terms of these constraints. 

*Hence referring again to fig. * 6.2. three distinct states of 

a joint can be identified 

i. e. Wd neutral or rest position 

(ii) within constraints to normal movement 

NO within constraints to maximum movement 

In addition Barnesl postulation that the lowest classification 

of movement should be used to obtain energy expenditure 

minimisation, can be extended to relate in the same way to 

comfort. It can then be assumed for example that the spine 

posture is more important than the hand posture as far as 

overall comfort is concerned. 

Some aggregation of the comfort rating at each joint, 

with the more significant joints being given appropriate weight- 

ing, will give an approximate rating of overall comfort. The 

three states in which joints can be found (numbered M to 

NO above), provide a step function for comfort at each joint 

(see fig. 6.4. ). 
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Currently this step function is used to. define a comfort rating 

at. zero, one or two for each joint, although it would be a 

simple extension to provide a continuous scale related to a 

curve such as that shown in fig. 6.4. 

Then, for the top half of the body, the comfort ratings 

of the w ri st, elbow p shoulder , thoracic and lumbar joints are 

given weightings of oneto five. As an example, if the wrist 

is fully- extended, the elbow within. normal range, and all other 

joints at their rest position, the comfort rating would be 

form6d as follows: - 

Overall Comfort Rating = CR 
wrist 

+ 2xCR 
elbow 

OCR 3x CRshoulder + 4xCR 
thoracic 

5xCR 
lumbar 
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then 

OCR =2 +2xl +3xO+4xO+5xo=4 

Higher values of OCR then indicate progressively more 

uncomfortable postures. 

This OCR index is intended solely as an easily obtainable 

measure of comfort which allows rapid comparison of post- 

ures, and must be used with great caution for several reasons. 

Comfort is influenced by many factors other than 

joint angles. Thus the time for which a posture has to be 

held, and the effort required to do so (e. g. if lifting a weight)' 

can be more important than the angles themselves. 

(ii) The assignment of values is somewhat arbitrary, 

as for example, in some circumstances extension of the spine 

into its maximum range may be prpferable to extension of 

the elbow. 

(iii) The function is not linear, so that a value of 50 is 

not Ifive times more -uncomfortable' than a value of 10. 

The comfort rating thus represents a spin-off from the 

postural algorithm which has not yet been fully developed or 

exploited. 

The I postural I algorithm fulfils some of the criteria for 
I 

posture prediction in that its relative simplicity results in 

computation. times that are compatible with the need for a 

fast-acting interactive, system. Hence it has some advantage 

over the complex mathematical techniques used in other models, 
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which can result in evaluation times that are unacceptable 

for practical design work. 

Although the algorithm is simple it does not necessarily 

imply that the postures predicted are any less tcorrect' 

than those predicted by more sophisticated methods. In 

terms of feasibility both approaches are exactly comparable, 

as within the limits of the quality of the data, both are able 

to accurately predict whether a posture is physically possible. 

The difficulty arises in determining whether the postures 

are typical of normal movement patterns. The physical, 

physiological and phychological factors which together deter- 

mine movement patterns appear at the present time to be too 

complex for any unifying functional relationship to be defined. 

Hence although it is accepted by Ayoub, Walvekar and 

Petrumo (1974) for example that 'man acts to optimize some 

criterion of performance in carrying -out a movement' . the 

exact nature of that criterion remains unknown. Ayoub 

proposes power minimisation as the criterion, using the 

principles of dynamic programming for model solution, but 

it is clear that such an approach is only realistic where 

physical effort is the major component of the task. Hence 

even though sophisticated mathematical techniques have been 

used, this model is still not suitable for a large proportion 

of tasks. Hence as our ability to manipulate complex math- 

ematical functions far exceeds our ability to understand the 

functioning of the human body, the existence of a sophisticated 
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mathematical technique is no proof of the quality of the 

posture prediction. 

The 'postural' algorithm is of course open to similar 

criticism in as much as it is an incomplete representation of 

human movement. Hence it is currently only truly applicable 

where movements are considered which are not constrained 

by external effects such as interference with workplace 

elements, and where movement patterns are not affected by 

certain internal effects (e. g. no consideration is made of the 

effort required to perform a task). However the construction 

of the algorithm will allow extensions in the future which will 

allow several internal factors to be considered (see previous 

chapter) and the developments in the work sequence language 

will potentially enable evaluation of a considerable number of 

external factors. 

Preliminary investigation of two of the internal factors 

have shown them to be potentially useful for later inclusion in 

the algorithm, although at the current time they are only 

available as separate analyses. Hence the assessment of 

balance, and some of the dynamic properties of the body 

leading to muscle strength evaluation have been studied, and 

the work reported in the next chapter, but these criteria are 

not included in the predictive algorithm. 
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CHAPTER SEVEN 

JOINT MOMENTS 



Joint Moments 

The anthropometric and biomechanical model thus far 

described is potentially useful for studying the static or pseudo- 

dynamic implications of a workplace design. The attributes 

of the model allow the following kind of criteria to be examined. 

static 

(a) reach 

(b) fit 

(ii) pseudo-dynamic 

(a) interference caused by the workplace while 

executing tasks (using the man and workplace models in 

corýunction). 

(b) assessment of movement patterns implicit in 

the work task, possibly leading to improved method (work 

task) or improved workplace design. 

However there are. a range of criteria which would enable 

better assessment of man's physical capability of performing 

a task. Among these can be included strength, fatigue, balance, 

work capacity and energy expenditure, but at the current 

stage of development only the first three of these have been 

investigated. 

Fatique 

Human fatigue 'is an important aspect with respect to 

ergonomics or occupational health, since it determines the 

working capacity of individual workers and is at the same 
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time also one of the first concerns for their well-being. ' 

(Hashimoto 1971). However fatigue is a highly complex 

phenomenon linked to many physiological and p'sychological 

aspects of work. The Kyoto Symposium on tMethodology 

in Human Fatigue Assessment (ed. Hashimoto, Kogi, 

Grandjean 1971) identified many such psycho-physiological 

factors including: - 

monotony 

environment (illumination, climate, noise) 

intensity and length of manual work 

pksychic factors (responsibility, worries, conflicts) 

illness and pain, eating habits 

Grandjean and Kogi (1971) state that fatigue has three 

major, components (or symptoms) 

(i) sensation of bodily tiredness and drowsiness 

(ii) sensation of weakened motivation or concentration 

towards the task 

NO a group of physical complaints pertaining to 

psychosomatic disorders 

It is evident then that the level of fatigue induced by a work 

task can have significant effects on the nefficiency with which 

a task is carried out, and as Saito et al. (1971) have shown, 

(fig. 7.1. ), absenteeism, usually due to psychornatic 

disorders such as headaches, giddiness , palpitations.. and 

indigestion, increases as workload is increased. it would 
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thus seem desireable to include an analysis of fatigue in the - 

man model so that both work task and workplace designs 

could be directed towards minimising fatigue. Unfortunately, 

not only is there a large number of factors to be considered, 

but because of the I whole system I nature of fatigue it is also 

impossible to separate the effects of individual factors in 

any quantitative way. However for the limited area of 

muscle fatigue, or as Chaffin (1969) calls it, thuman physical 

fatiguet , this constraint can be relaxed so that some kind 

of assessment of fatigue is possible. Hence Morioka et al. 

(1971) have established that for certain kinds of operations, 

muscle force is kept to within 10-20% of its maximum. Kroemer 

(1970) reports the work of Monod (1956), Rohmert (1960) 

and Caldwell (1964) which can be summarised by the curve 

shown as fig. 7.2. 

100 

percent of 
80 

strength 60 

40 

20 

0. 

minutes 

Fig. 7.2. Degradation of Strength with Time (Kroemer 1970 
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It can be seen that maximum strength (defined as the maximum 

force muscles can exert), can only be held for a few seconds, 

there being a gradual degradation with time until the point 

where if a force is required to be maintained for several 

minutes, it cannot exceed 20% of the maximum strength. 

The conclusion to. be drawn from- this is that the commonly 

accepted view that the forces required to operate controls 

need only be within the maximum limits, needs considerable 

modification when these forces have to be maintained for 

anything longer than a few seconds. 

Strenqth 

The situation where forces are only required for a 

few seconds, can however arise in many work tasks, and 

in this case it is useful to know the strength of the various 

muscle, groups used to apply the force. Then tasks can be 

designed so that the maximum force required does not for 

example exceed th& available to an operator with 5th per- 

centile strength. This would ensure that the majority of 

operators could perform the task, although it might be 

preferable to relate the task to strengths which can be 

attained without undue effort, rather than maximum effort. 

Chaffin (1969) states that the central nervous system contains 

a protective mechanism which prevents strain on the musculo- 

skeletal system exceeding certain Ilearnedt limits. Hence 



the body will normally only exert strength up to 80% of the 

value at which injury occurs. Chaffin however, goes on to 

say that this Ilearned' limit is not effective where 

the back is used in a lifting task 

(ii) very rapid jerky movements are used 

(iii) motivation such as fear causes maximum limits to 

be exceeded 

Ov) co-ordination has been lost due to muscle exhaustion. 

The need thus arises for a model capable of describing 

and analysing muscle strength, so that these various factors 

can be considered. 

Muscles 

The human body applies forces by the use of muscles, 

sometimes combined with the action of gravity. The detailed 

description of the physiology of muscles with their conversion 

of calorific energy into mechanical energy is not important 

here, it being sufficient to state that they are -apable of 

exerting forces by contraction. The manner in which these 

forces are transmitted to the skeletal frame is however of 

considerable interest, as it leads directly to a method of 

modelling some of the dynamic as well as static aspects of 

force exertion. 

Dynamic and Static Force Exertion 

Forces can be said to be applied statically, when very 
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slow movement, or no movement of the body results from 

the application. Typical of this kind of situation is the holding 

of a weight, where the muscles are doing work to maintain 

their contracted state against the effects of gravity (on the 

limbs as well as the weight), but no movement occurs. 

Dynamic forces result in movement of parts of the body, 

and therefore inertial forces also have to be supplied or 

withstood by the muscles. In addition static forces maintaining 

the postures of the non-moving parts of the body will almost 

always be present when dynamic forces are applied. 

In either case, muscle force is usually applied by the 

linear contraction of a muscle being utilised to give a torque 

about a joint. Hence muscles normally connect two adjacent 

body segments as depicted in fig. 7., 3. (from MacConaill and 

Basmajian 1969). 

Fi-q. 7.3-. Muscle Action (from MacConaill sInd Basm! aiian 1269) 
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The magnitude of the torque supplied is then dependent on 

(in the static situation) 

the amount of internal muscle force (F) 

(ii) the distance between the joint and the location of 

the muscle or tendon attatchment to the bone. 

i. e. the lever arm 

(iii) the pull angle between the vector of muscle force 

and the limb B 

Ov) the gravity force associated with the segment tending 

to be moved W. 

The dynamic situation where movement of body segments takes 

place, is further complicated by the inertial forces connected 

with the rotational acceleration and deceleration of segments. 

Hence fig. 7.4. from Plagenhoef (1971) shows the free-body 

diagram for two segments in motion. The additional forces 

present here are 

(v) tangential forces due to the angular acceleration 

of each segment 

(vi) radial forces due to the angular acceleration of 

each segment 

(vii) the Coriolis force 8ue to the rotation of 'a segment 

about an axis which is itself rotation. 

It can be seen then that the action of muscles is extremely 

complex, although the final result of any muscle contraction 

can be said to consist essentially of a' torque about a joint, 
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and a force across the joint. 

The force across the joint may tend to compress or 

pull apart the joint, but it has been shown (MacConaill and 

Basmajian 1969) that the muscle/joint system is so arranged 

that no internal muscle force can damage a joint. Joints 

can of course be damaged by separation due to the action 

of external forco. 5, but this need not concern us for the moment. 

The torques at the joints, provide us with essential inform- 

ation about the strength of the muscles, as the torque and 

strength are directly related. The nature of the relationship 

is however extremely difficult to derive, largely because of 

the complexity of the factors listed (i) - (vii) above. It 

is difficult for example to find the length of the lever arm in 

the human body. This is because the length of the lever 

arm is determined by the point of attatchment of the muscle 

to the bone, and most motions involve several groups of 

muscles depending on the geometry and mechanics of the 

situation. Hence Plagenhoef (1971) states that: - 

(a) * The total joint muscle action adjusts constantly 

during a motion, -attempting to maintain a stable joint (com- 

pressive rather than shearing action at the joint). 

(b) The muscles that have their long axes closest to 

the resialtant force vector direction are called on to the 

greatest extent. 

For these reasons the simple movement of flexing the 
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elbow could involve the use of the biceps, triceps and 

brachioradialis, the extent to which each individual muscle 

is used being very difficult to ascertain. Some useful 

indications -as to the likely ways in which muscles are used 

in a wide variety of movements is given by MacConaill and 

Basmaiian (1969) and Basmaiian (1959,1962), but such 

complicated analysis will not be attempted in the current 

model. 

Instead the resultant torques at the joints are used as 

indicators of strength. Experimental data concerning the 

maximum torque possible at each of the relevant joints can 

be compared with the torques required for a particular motion, 

so that feasibility can be assessed without direct reference 

to the action of the muscles which provide the torque. 

The validity of such an approach is dependant on satisfactory 

strength data being available, and the formulation of a model 

which adequately represents the mechanics of movement (i. e. 

the equations of motion for the limbs). The later requirement 

is met by the use of Plagenhoef Is (1969) method of obtaining 

kinetic data on human motions, (described later), but the 

provision of comparative data on torques at joints is fraught 

with all the usual difficulties encountered when dealing with 

anthropornetric and biornechanical data. 
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St. renqth Data 

The strength capabilities of human operators are sub- 

ject to similar variations to those found in anthropometry 

and joint range data. Strength will vary between different 

populations (defined in any of the nornial ways such as by 

nationality, age, sex, occupation etc) , and also between 

individuals within these populations. A more fundamental 

problem however, is concerned with the inconsistencies 

that exist in the literature, due presumeably to different 

experimental techniques, Thus Kroemer (1970) in reviewing 

some of the literature is Arawn to the conclusion that 'the 

scientific value of such (strength) tests is rather dubious I. 

This condemnation is based on inconsistencies such as 

i10,000 British workers exerted on the average 363 lb 

in static backliftl (cathcart 1935) 

while 1900 United States Air Force personnel exerted 

mean static pull-up force of 5201b in backlift I (Clarke 1945). 

Kroemer sees these inconsistencies to have arisen mainly out 

of the incorrect use of terminology in describing experimental 

conditions. Strength is defined (by Kroemer) as the fmaximal 

force muscles can exert isometrically in a single voluntary effort, 

meaning constant muscle length, and implying static force 

exertion. Difficulty often arises out of confusing this term with 

isotonic which implies that a muscle is under constant tension. 

A constant force exerted at some external point does not 
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necessarily mean that the muscles are . being used either 

isometrically or isotonically because body segments may be 

moving, in which case dynamic effort is being applied. 

A further complication arises out of the experimental 

technique involved in many studies. Clarke (1966) for 

L example, reports the strength of most segment movementss 

but omits to state the length of the lever arm involved. A 

tensiometer was used to find for example the strength of hip 

flexion, but the point of application to the thigh is unspecified 

making the result of a mean strength of 108.88 pounds 

rather meaningless. (fig. 7.5. ) 

Fig. 7.5 Clarke's Method for measurinc L- the Strenqth 
-o 

Hip- Flexion 
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The artifical nature of strength tests, such as those by 

Clarke, where force application is by one segment only, has 

led other investigators to publish data concerning functional 

force exertions. Hence Thordsen, Kroemer and Laubach 

(1972) have established force capabilities of U. S. Air Force 

personnel at a wide range of aircraft control locations. 

Chaffin (1971), using male and female industrial workers, has 

generalised this approach into force contours (e. g. Fig. 7.6. ), 

which allow the prediction of strength capabilities at any 

point in a specified three dimensional space. In producing 

these functional contours , Chaffin has established basic data 

concerning the maximum torque values at the mWor joints, 

(Tables IV and V), and it is suggested that these values 

are used for comparitive purposes in the current model. 

Tables IV and V refer to data collected from a sample 

of 100 men and women at the Western Electric Kansas City 

works, with the anthropometric -dimensions as shown, and 

with the following experimental conditions (Chaffin 1971) 

(a) both hands are equally loaded and in front of the 

body. 

the object is stationary or being moved very 

slowly (i. e. static force exertion) 

(c) the person is free to select body configuration 

(i. e. no obstructions) 

(d) the load is applied for a period of less than four 
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Table IV Male Torque Capabilities (From a survey of 

100 industrial workers at the Western Electric- 

Kansas City Works. D. B. Chaffin (1971). 

Percentile 

Torque (inch-pounds) 

95% 50% 5% 

Elbow Flexion 436.1 616.0 821.3 

Elbow Extension 281.5 379.5 491.3 

Shoulder Flexion 517.9 743.7 1001.3 

Shoulder Extension 521.0 738.2 986.1 

Hip Flexion 1029.1 1358.6 1734.4 

Hip Extension 1652.7 2988.7 4512.8 

Knee Flexion 354.9 455.7 570.7 

Knee Extension 1019.. 6 1614.3 2292.8 

Plantar Flexion 1118.5 1969.8 2941.0 
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Table V Female Torque Capabilities (From a survey of 

100 industrial 
_workers at the Western Electric - 

Kansas City Works. D. B. Chaffin (1971)) 

d ) T (i h 

Percentile 

-poun s orque nc 
9510 50% 5% 

Elbow Flexion 134.4 251.9 386.1 

Elbow Extension 85.9 132.3 185.3 

Shoulder Flexion 156.0 256.6 390.6 

Shoulder Extension 156.8 261.9 381.8 

Hip Flexion 274.2 417.9 581.8 

Hip Extension 433.7 918.1 1470.7 

Knee Flexion 108.5 195.8 295.4 

Knee Extension 300.9 704.6 1165.2 

Plantar Flexion 442.3 973.5 1579.6 
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seconds, and is repeated less frequently than every five 

minutes (i. e. no accumulated muscle fatigue) 

These stringent constraints on the suitability of this 

data for use in the biomechanical model are necessary if 

valid predictions of human strength are to be obtained. For 

this reason the mathematical model for obtaining the values 

of torque at the joints (described below), does not proceed 

as far as checking feasibility of a task, by the comparison 

of torques predicted by the model with known maximum torques. 

It is left for the designer to make manual comparisons with 

data known to suit the particular circumstances. The 

scarcity of such data however would probably lead to ChaffinIs 

data being deemed suitable for most static force exertion. 

Mathematical Model for Joint Torque Assessment. 

It has already' been indicated (e. g. fig. 7.4. (b) )- that 

the equations of motion of the body segments, while performing 

dynamic force exertions, can be, extremely complex. They 

are however comparable in every way to the equations 

governing the motion of mechanical equipment (so long as the 

assumptions and approximations implicit in the joint and link 

model are acceptable). It is therefore possible to build a 

mathematical model, able to quickly and accurately provide 

the requirdd torques at the joints which represent the dominant 

muscle forces. 
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Such a model has been built by Plagenhoef (1966) s 

and forms the' basis of the model used within the SAMMIE 

system. The model is capable of analysing static or dynamic 

situations, and provides information on the velocities and 

accelerations of body segments, and also the forces and 

torques at joints. 

Such a model were it to be considering the relative 

motion of five body segments, would involve the analysis of 

38 inertial forces, but this level of complexity is reduced 

in the current model by limiting the analysis to three moving 

segments only. This constraint, although desireable for 

practical purposes, is thought to be compatible with the likely 

requirements, allowing as it does, the consideration of move- 

ments involving the upper and lower arm and the spine, or 

alternatively movements by the foot, lower leg and thigh. 

The free-body diagrams for a three segment motion 

can be found in Plagenhoef (1971) and are similar to those 

for two segment motion (fig. 7.4. ). The relevant equations 

of motion are included in appendix V. 

Plagenhoef identifies seven essential steps for the analysis 

of joint torques. 

determine the length of each body segment 

(ii) determine the weight of each body segment 

(iii) photograph the desired motion 

(iv) make a composite tracing of the total movement 
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(v) locate the centre of gravity and *radius of gyration 

of each segment 

(vi) determine the instantaneous angular velocities 

and accelerations of each segment, the desired 

number of times during the whole movement. 

(vii) determine the joint forces and moments of force. 

The anthropometric and biornechanical model described 

N 

to date, if the assumptions and approximations it contains 'are 

acceptable, is suited to the provision of a mAjor part of 

this information. The lengths and weights of the body segments 

are already contained in the model as part of the data base. 

The need to photograph a movement is removed, as the 

movement can be simulated by the postural algorithm, or 

alternatively the man model can be manipulated into any of the 

required instantaneous postures. There is also no need to 

trace the movement as all the relevant parameters can be 

accumulated within the computer. The centres of gravity of 

the body segments and the moments of inertia (taken from 

Clauser et al. (1969) and Dempster 1955 respectively, see 

appendix III) have been made available as stored data. With 

this information, Plagenhoefts adapted model allows the deter- 

mination of the jotnt forces and joint moments of force and 

also the segment velocities and accelerations required for 

intermediate calculation. 
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The combined Plagenhoef and SAMMIE model i. 4. lacking 

in data in one area only. The current SAMMIE model has 

no time base, and it is a requirement of the Plagenhoef 

model (if used in dynamic mode) that the instantaneous body 

postures, which together constitute a description of the move- 

ment, should be taken at equal time intervals. Currently the 

man model assesses postures at. equal distance increments, so 

that a movement of 500 mm might involve five Iframest being 

displayed at 100* mm intervals. This is only consistent with 

motions performed with uniform velocity, which is a compar- 

atively rare situation in body movemcnts, as, it is more nort: nal 

for movements to go through the acceler ation- constant velocity- 

deceleration stages. Future developments will enable the mod- 

elling bf tredectories J)y time as well as displacement, but 

currently the torque model can only be used in static situations 

unless the posture information is obtained from sources other 

than the postural algorithm. 

Useful information concerning the time-dependency of 

motions, can be found in Bailey and Presgrave (1958), or 

relationships of the kind shown below might be of use. 

Time-displacement relationship due to Slote and Stone (1963) 

Dmax 2t2t D 
t2TT 

where Dt;, - Displacement in direction of moti8n at time t 

max 
= maximum displacement 

total time 

time 
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Further detailed description of the torque model is not 

considered appropriate here, as the many publications of 

Plagenhoef (1966,1968a, 1968b, 1971), provide an extensive 

explanation of all aspects of the model. It is clear however 

that the model which has primarily been used by Plagenhoef 

to analyse sporting activities , also has great potential in 

the industrial context, where there is a need to predict the 

likely strength requirements and fatigue involved in manual 

tasks. The absorbtion of the model into the SAMMIE system 

brings this goal nearer to fulfilment. 
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Centre of Gravity and Balance Assessment 

Interest in the location of the centres of gravity of the 

body segments has recently been revived with the need' to 

study the dynamics of the human body in various situations. 

Hence Hanavan (1964) studied. the inertial properties of the 

body in weightless conditions when considering the design of 

a Self-Manoeuvring Unit for manned space travel (appendix 

1) - Deprived of the use of gravity and friction forces., the 

human being is not well adapted for locomotion unless a 

directed external force is supplied. Analysis of the required 

d. irection and magnitude 6f that force requires a knowledge 

of the inertial properties of the body in any posiure, which 

leads directly to a requirement for information concerning 

the centres of gravity of all of the moveable segments of 

the body. 

Again the increased sophistication in prosthetic devices 

requires- a greater knowledge of the segment parameters. 

Modern devices are far removed from the 'wooden legl 

concept, where the main function was either simply to 

support the body or to provide some cosmetic treatment for 

a missing limb. Attempts are now made to substitute devices 

which are capable of reproducing many of the other functions 

of the limbs in -walking, applying forces and in manipulating 

tools (pens, cutlery etc). This usually requires that hitherto 

unused muscles are used to control an independant power 
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source which operates the prosthetic device. 

These two rather specialised uses of information regarding 

the body segment centres of gravity and other dynamic factorst 

are outside the present research activities of the SAMMIE 

system, but a third use is found in the assessment of 

balance resultant on particular postures. 

Many social and industrial situations can be found where 

balance of the body, perhaps while carrying a load, is of 

importance in the work task or workplace design problem. 

Industrially, quite considerable loads have to be lifted and 

positioned, when for, example bulky parts are taken from a 

store and placed onto a machine. It is quite possible that 

a combination of the anthropometry of the operator and 

spatial layout of the machinery -may make this a dangerous 

if not infeasible task, simply because it is not possible to 

maintain adequate balance. 

Study of the body segment parameters (weight-, volume, 

centre of gravity and moments of inertia) have taken three 

distinct forms. A considerable amount of effort has involved 

the dissection of cadavers with subsequent measurement of the 

relevant parameters. This method has been employed notably 

by Braune and Fischer (1887), Fischer (1906), Dempster 

(1955) 
, (re-analysed by Barter et at 1957), and Clauser, 

McConville and Young (1969), but is susceptible to the usual 

sources of error when cadavers are studied. (e. g. many 

143' 



cadavers will be considerably older than a normal population, 

will often be diseased, and some changes after death will 

almost certainly have occurred. ) 

The other main alternative of measuring the living has 6eev% 

adopted by Harless (1860), Bernstein (1931), Basler (1931), 

Cureton (1943) and Cleveland (1955), enabling much larger 

samples of a more representative nature to be analysed, 

but the practical problems involved can cast some doubt on 

the accuracy of such work. The techniques used are either 

hydrostatic weighing or the use of a Borelli platform to 

measure reaction change, but both are liable to errors due 

to incorrect or inconsistent positioning of the subject. 

Finally mathematical models have been used by Whitsett 

(1962), Hanavan (1964) and McHenry and Naab (1966), where 

the irregular shapes 13f the human body segments are repres- 

ented by geometric solids of uniform density. A fuller des- 

cription of - 
Hanavan Is model and its limitations is given in 

appendix 1. 

The foregoing description of the experimental work has 

been rather brief , but a more detailed survey of the methods 

and data can -be found in Clauser, McConville and Young (1969). 

Of the work mentioned above, the cadaver dissection 

of Clauser et al (1969), witli its careful selection of subjects 

according to age at death, overall physical appearance, 

evidence of disease or accident before death, body weight 

A 
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and stature, appears to be the most suitable of the recent 

studies, and this has been used as a basis for the SAMMIE 

model. 

Appendix 111(e) shows the ratio of segment weight to 

body weight, and the centre of mass to segment length ratio 

respectively (reproduced from Clauser et al (1969) ). The 

results from earlier studies are included for comparison 

purposes only, the data of Clauser et al being used exclusively. 

The information included in these two tables plus the data 

supplied by the anthropornetric model on the segment lengths 

and the body posture, when combined with a knowledge of 

the total body weight, are sufficient to locate the overall 

centre of gravity of the model. This is achieved by assuming 

the whole výeiqht of a s. egment to act at the segment centre 

of gravity, with simple moment equations enabling the overall 

centre of gravity to be located in any or all of the three 

orthogonal planes of the body (saggitat, transverse and coronal). 

Currently, location of the overall centre of gravity (and 

its display on the graphics screen) , is the end point of the 

analysis. No attempt has been made to assess whether a 

particular location implies that imbalance has occurred, as 

this is left for the designer to decide. A free-standing position 

would allow computer analysis of balance, as it could be 

assumed that the weight of the body has to act downwards 

through the feet for proper balance. However the mo5t 
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commonly met situations involve reaction forces at points 

other than the feet. Hence part of the body weight will often 

be supported by the arms (e. g. climbing a ladder), or the 

subject will be seated, making a balance analysis unnecessarily 

complicated when it can be more easily assessed visually 

from the screen. 

One particular exception to this exclusion of external 

(reaction) forces is that it is possible to apply vertical loads 

to one or both of the hands 
, so that a very simple load 

carrying operation can be simulated. Such loads are 

considered to be acting at the centre of gravity of the hand 

segment, and this can be very simply included in the moment 

equations. 

The modelling of the centre of gravity is thus a useful, 

if limited, addition to the b"mechanical model which facilitates 

the assessment of balance when carrying loads in an unconstr- 

ained posture, but it plays no part in the limb positioning 

algorithm. 

The biomechanical model described in the last three 

chapters simulates the important biomechanical features of the 

body, through the kinematic representation of movement, and 

the assessment of joint torques and balance, while fatigue and 

Scomfortt have been introduced indirectly. Hence the bio- 

mechanical features most likely to be useful for workplace 

and work task design are contained within the model) although 

other possibly useful criteria (e. g. energy expenditure) have 
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been left for future development. 
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been left for future development. 
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CHAPTER EIGHT 

VALIDATION. 



Validation of the anthropometric and biornechanical model 

is required at two levels i. e. 

(i) as part of a design tool 

as a representation of certain physical aspects of 

human beings. 

The first of these requirements sets the context for the 

second, as the man model is seen as an evaluative design 

tool, which has very little intrinsic value, outside of its. use 

in a design system. 

Validation as a Design Tool 

The complete SAMMIE system, including the workplace 

model, man model, and work task language is intended to 

assist the process of ergonomic design. The value of such 

a system is therefore dependant on the quality of resultant 

designs, and the economics. relative to other methods. Hence 

SAMMIE is likely to be useful where 

(a) cost savings in the design or operation of equipment 

can'be made. 

Cheaper design costs are likely to occur when the 

frequent desi! gn or re-design of equipment is undertaken. One 

such situation exists in the design of jigs and fixtures for the 

car industry, where several dozen slightly different designs 

might be in use. Small savings in unit cost of finished 

articles can give rise to considerable aggregate savings 

where mass production is concerned. Hence even if the 
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cost of using SAMMIE is high, this can be met by sPreading 

over a large volume of articles. Again where the initial 

cost of design is high or where design mistakes can be 

expensive, the use of computer techniques might be justified, 

(b) the human operator is the limiting factor in 

successful operation of the equipment. 

In many situations human factors take precedence over 

economics, and this well particularly be noticeable in military 

ok safety contexts. Hence SAMMIE is relevant to the design 

of equipm. ent such as aircraft cockpits where there are complex 

inter-relationships between the operator, and his equipment 

and where deficiency in the design can have disastrous 

consequences. 

Unfortunately it is difficult to ascertain whether or not 

SAMMIE meets these. two criteria of cost and design quality, 

becaupe at this development stage of the project, it has been 

impossible to tackle the complex problems which are typically 

found in industry. Added to this is the difficulty in assessing 

design costs and the set up and running costs of equipment 

designed either by SAMMIE or manual methods. 

An even more taxing problem is the evaluation of the 

quality of designs. Even if subjective opinion can be removed, 

there is no way of inter-relating those objective measures of 

effectiveness which do exist. Thus a manual design might 

satisfy production- criteria in a better way than the SAMMIE 
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system, whereas the reverse might be true for anthropometric 

. considerations. However the relative importance of anthro- 

pometricsand productivity can only be established subjectively 

and hence an overall objective assessment of the design is 

not obtainable. 

For these reasons the usefultness of the system can 

only be assessed in a subjective manner. Hence the con- 

siderable upsurge of interest in the SAMMIE type of modelling 

approach can be taken to indicate that industry sees that 

the demand for new methods of ergonomic design could be 

satisfied in this way. At present, the unproven economics 

has. resulted in most interest being found where the ergonomic 

quality of the design is the important criteria. Hence the 

other work in this field, described in appendix I is found to 

be concerned with military aircraft cockpit design (BOEMAN) 
, 

weightlessness in space travel (Hanavan) 
, prevention of 

industrial injuries (Chaffin), car-crash simulation (Cinci Kid) 

and only Kilpatrick's MTM Man is primarily concerned 

with the reduction of costs. (It attempts to improve industrial 

methods and times by the use of MTM analysis). 

Interest in the SAMMIE system has been shown inthe 

design of hospital bed areas, fork lift trucks, military equip- 

ment, welding equipment for car production, car seat design, 

layout of dental surgeries, and steel mill pulpits. Once again 

in all these areas it is the safety or efficiency of operation 
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which is of interest, rather than the reduction of costs by 

cheaper initial design, more efficient operation or improved 

methods. 

In conclusion then, the economic validity of the modelling 

approach is unproven, but a requirement for the inclusion 

of ergonomic factors in design appears to exist. The 

attempts of other researchers in the field, and the interest 

shown by potential users of SAMMIE, although mainly 

subjective in nature, indicates that the approach might well 

be valid from the aspect of the ergonomic quality of design. 

(ii) Validation of Man Model- 

At the second level of validation j it is necessary to 
I 

show that the anthropometric and biomechanical features of 

the model correspond closely to the same human attributes. 

However the use of the model must be borne in mind, as 

the accuracy required of this correspondence is determined 

by the nature of the design problem encountered (see Table 

II). Hence for example the description of joints, muscles 

and the skeletal frame needed for a model used to, investigate 

medical problems, would require much greater accuracy 

than that contained in the current model. 

Subjective assessments. indicate that many essential 

human attributes can be communicated to the designer via 

the display on the graphics terminal. Hence the symbolic 

representation of three-dimensional flesh is sufficient to convey 
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the impression of a human model, while the movement of 

limbs and the postures adopted appears reasonable. How- 

ever for the purpose of more objective evaluation of the 

model, four areas can be identified for which some kind of 

validation is required. 

i. e. (a) segment parameters (limb lengths, wbights, centres 

of gravity, moments of inertia) 

joint model 

(c) joint torque model 

postural algoritlim 

(a) Seqment Parameters. 

The segment parameters are all introduced to the 

model as input data, and therefore their validity is entirely 

dependant on the data source. As the model provides no 

data. of its own, but merely manipulates data with which it 

has been provided, it is the user that has to ensure that 

the data is reliable and co*rrect for the particular application. 

A great deal has already been said in earlier chapters about the 

inadequacies of anthropornetric and biornechanical data, and 

the necessity to clearly identify the user population being 

considered. Having regard for this problem, the sources of 

data which are considered to be the most reliable have been 

mentioned, and have been used for illustrative purposes in 

the development of the model, However the relevance of the 
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data available needs to be thought satisfactory or otherwise 

data will have to be supplied by the user. 

The link model into which limb length data is entered, 

makes several assumptions concerning the skeletal frame of 

the human body. These assumptions have been described 

earlier in chapter 4, but no evidence has so far been pro- 

duced which shows that the link lengths are compatible with 

the body dimensions which they represent. 

Dempster (1964), the originator of the concept of links 

to represent the mcdor dimensions of the human body, has, 

in recognition of this problem, investigated the correlation 

between the dimensions of the bones of the arms and legs, 

and their respective links. His re-analysis of the work of 

Trotter and Gleser' (1952,1958), provided the regression 

equations, contained in appendix III. The work of Trotter and 

Gleser is particularly notable as they Iw ere able . to correlate 

measurements Of stature made on military personnel, durinq 

life with measurements on dried skeletal bones of the same 

individuals 
-after 

death I. Dempster (1955,1964) gives 

sufficient detail of this work, and similar investigations' of his 

own, to indicate that the link system concept is valid, when 

used to represent certain anthropometric and biomechanic&l 

functions, and also that anthropometric data concerning external 

body dimensions 6ombined with regression equations, pan 

be used to accurately define the link system.. It should of 
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course be noted that these studies were concerned with 

young white and Negro American military personnel, and 

therefore the regression equations are likely to be suitable 

only for similar populations. However the likelihood is that 

the equations would be suitable approximations for most 

populations consisting of western races. Whether or not the 

regression equations can be related to other populations, 

they do show that in general internal link lengths can be 

accurately derived from external body dimensions. 

It should be noted however that this accuracy of repres- 

entation is only true of measurements concerned with the 

long dimensions of bones. For functional reach problems 

this is sufficient, but where the volumetric effects of the human 

body have to be considered, the model can only give. an 

indication of the situation. Hence the typical cockpit type of 

probleýn, where man also has to be able to fit into his work- 

place (e. g. car, fork lift, truck, aircraft cockpit) cannot be 

considered in its entirety. The Iflesh' surrounding the link 

structure of the model is currently designed to symbolically 

represent a person with a Inormall body shape. Hence no 

information can be derived concerning the problems which may 

be encountered by operators whose body shape differs from 

this norm. However future developments may include both 

more sophisticated graphical techniques for drawing realistic 

flesh contours, and variable flesh shape generated from 
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somatotype data. Some preparatory work for the inclusion 

of somatotype as a parameter of the nAan model, has been 

carried out by A. D. Parker under the supervision of the 

author, so that future versions of the model will be able to 

represent the degree of ectomorphy, mesomorphy, and 

endomorphy present in the man model, i. e. the degree of 

obesity, muscularity and thiness (for a description of somato- 

typing, see Sheldon (1940)). 

Joint Model 

Data concerning the range of motion available at joints 

is supplied by the user, and therefore its validity is once 

again dependant an the consideration given to the problem by 

the user. However unlike anthropometric data of which there 

an abundant supply, data on range of joint motion is 

severely limited. Fo'r this reason either new data must be 

collected for a particular application, or use must be made of 

the most reliable data currently available. 

The only satisfactory way out of this dilemma is for data 

to be collected on user populations before design work 

commences. However the tediousness of this'approach would 

probably make this impractical unless long term design 

studies were envisaged. . 
If it is considered to be impractical, 

then the alternative suggested is that the data of Barter 

Emmanual and Truett (1959) or Silnelikoff and Grigorwitsh 

(1931) be used. 
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Whichever source of data is used, its implementation 

into the joint model can only be made if certain assumptions 

can be shown to be valid. These assumptions can be found 

elsewhere . in this thesis, but the essential points are contained 

in fig. B. 1. Here the model Is constraint values for a joint 

with two degrees of freedom, are compared with experimental 

data from an early study by Braune and Fischer (1887). 

can be seen that the simple form of linear constraint found 

in the model, approximates very closely with experimental 

data, except where the joint is close to its maximum range 

in both directions (the trounded-cornerl effect). This 

suggests that the model may permit slight over-extension at 

a limited number of extreme positions. Joints with three 

'degrees of freedom show a similar close correspondance 

between the simple linear model constraints and the experimental 

curves. 

Although these experimental results show that the 

model's linear representation of the joints ranges is satis- 

factory, it mu. -A be remembered that this study of Braune 

and Fischer was based on the cadaver investigation of a 

very limited sample, and the numerical values may not be 

very reliable. 
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Fig. 8.1. Comparison of Modells Angle Constraints with 

Ex2erimental Data from Braune and Fischer-USE1. 
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(C) Joint Torque Model. 

The evaluation of torques at the joints can be considered 

to be Valid if the assumptions of the link model are valid. 

Hence acceptance of the link and joint model as a sufficiently 

good representation of the misjor features of the human 

skeletal frame, implies that the equations of motion derived 

from engineering mechanics can be applied to the model. 

The close analogy between mechanical systems and the link 

system implies that joint torques can be found, by well- 

proven mathematical techniques. 

The only area of contention might be in the assumption 

that these joint torques represent* the dominant muscle forces 

which are useful in predicting the feasibility of a task. Hence 

the assumption that fatique'and strength capability can be 

assessed by the comparison of predicted torques with 

experimentally derived maximum attainable torques, is once 

again dependent on the quality of data available. The problem 

lies in the fact that joint torque is dependant on joint posture, 

so any maximum torque measured at a joint will refer to one 

specific configuration of the muscles ibout the joint. This 

problem has been explained more fully in chapter 7 and in 

the references (Plagenhoef (1968), MacConaill and Basmajian 

(1969)). 

Evidence that the model's estimates of strength compare 

with experimental results is however available. Thordsen 
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Kroemer and Laubach (1972), have investigated the maximum 

isometric forces that male subjects could exert at six locations 

of hand operated aircraft controls. The vertical force that 

can be exerted on the control stick has been chosen for 

comparison with the SAMMIE model. The experimental 

situation is shown in fig. 8.2., along with the mqjor results. 

Fiq. 8.2. Investigation bf the Vertical Force that can be 

Exerted on a-Control Stick. (Thorsden. Kroemer 

and Laubach 1972). 

Reproducing this situation by using the- SAMMIE model to 

represent the anthropometry and posture, and the joint torque 

model to analyse the torques at the shoulder and elbow 

joints, reveals that: - 
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in exerting an upward force of 290.9 Newtons (the 

50th percentile maximum force from Thordsen et al. ) 

(i) the torque at the elbow = 600,000 gm-cm 

60 the torque at the shoulder = 832,000 gm-cm 

Chaffin and Baker (1970) have investigated the maximum 

voluntary torques available at various joints, for a small 

sample of 19 males and 5 females, and a summary of their 

conclusions is shown as table VI. (Later work by Chaffin 

(1971) with a samýle of 100 males and 100 females, has 

already been mentioned with a summary included in Tables 

IV and V). 

Table VI 

max. voluntary torque attest angle male (gm-cms) 

mean std. dev. 

elbow (90") 694000 172,000 

shoulder (+30") 836pOOO 2129000 

hip (90") 2,930,000 877pOOO 

knee (120*) 1,931,000 5869000 

ankle (90 ") 1,870,000 4469000 

If Chaffin1s data is used to predict the maximum possible 

torque at the elbow and shoulder, it can be seen that 

agreement with Thordsenis result is as close as 0.02 

standard deviations at the shoulder, and 0.55 standard 

deviations at the elbow. 
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Further corroboration is supplied by Chaffin and Baker, 

in their use of a model similar to Plagenhoef's (1966) (on 

which the SAMMIE joint torque model is based). Their 

investigation of male and female industrial workers performing 

lifting tasks, showed that link models using the classic 

equations of motion were able to accurately predict actual 

lifting capabilitY. Hence figure 8.3. (reproduced from 

Chaffin and Baker (1970)) shows the close relationship 

between experimental force capabilities, and those derived 

from a predictive model. 

Such depth of investigation has not been performed 

with the SAMMIE model, but the close agreement with 

Thordsen's experimental data, and the work of Chaffin and 

Baker using a very comparable model, are sufficient to 

shoW- the approach to be valid. 
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Fig. 8.3. Comi2arison of Experimentallv derived Force 

Capabilities, and those Predicted by a Mathematical Model. 

(Chaffin and -Baker--1970) 
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Postural Alqorithm 

The postural algorithm described in chapter six is 

intended to derive positions of the link model, which give a 

reasonable indication of postures that would be assumed 

when performing tasks. As explained in earlier chapters, 

the link system of the human body enables hand or foot 

positions to be reached with an infinite variety of postures. 

Hence for validation of this aspect of the model, necessarily 

constrained experimental conditions must be used for compar- 

ison purposes. Indeed highly constrained situations are usually 

the only ones that have been studied in any detail. Thus 

for example Bull(5. cik and Harley (1972), Kennedy (1972) 9 

and King, Morrow and Vollmer (1947), have all studied 

cockpit situations where much of the link system is constrained, 

so that only the arms (and occasionally shoulders) are, 

permitted to move.. - Additionally only extreme reach positions 

are investigated, as here the infihite posture variability 

problem is. avoided. That is to say that at the extreme' 

reach position, there is only one feasible posture that can 

be adopted. 

Hence the attempts to validate the postural algorithm 

have been restricted to comparison of computer derived 

Icontours of reacht , with those derived experimentally. 

The more general comparison of postures derived for points 

within the contour bf reach has not been investigated as: - 
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(i) The postures would be extremely task-dependant, 

and the model is not sufficiently well developed at this stage 

for meaningful results to be obtained. Hence the handling 

characteristics of tools, workplace components and work- 

pieces for example, have a profound effect on the postures 

adopted during a work task, whereas the model can only 

represent unconstrained movement. 

Extreme variability is found in the way in which 

different people perform the same task, making comparison 

with the computer model a difficult task. 

(iii) The experimental data available is very sparse, 

and usually related to specific tasks because of (i) above. 

, 
The experimental work of King, Morrow and Vollmer 

(1947) has been selected for the comparison of reach 

contours, although any other well-documented work would 

be equally suitable. The full description of their work can 

be found in the reference, but briefly they investigated the 

maximum extent of reach in areas to the front of the body, 

and at eleven different levels. A military population of 

139 subjects was used for the survey, and measurements 

were described in sufficient detail for input into the computer 

model. 

The experimental results at several different heights 

above the seat reference point are reproduced as figure 8.4., 

and the equivalent computer derived results are shown as an 
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overlay. The agreement between the two different sets of 

data varies depending on the region of comparison. Generally 

the two sets of curves appear to agree extremely well in 

regions to the right of the body centre-line, the maximum 

divergence being about 50 mm. However to the left of the 

centre-line the divergence can exceed 100 mm, and this is 

emphasised at the higher levels. A possible explanation for 

this is the difficulty in fully constraining the shoulder and 

spine in the experimental situations. The subjects 'sat in 

the pilot seat and secured their shoulder straps and lap 

safety belt ...... and (were) instructed to keep their backs 

against the seat cushion. I Hence it is possible that certain 

amounts of shoulder and trunk movement were present in 

the experimental situation that were not allowed in the computer 

evaluation. 

However even the extreme divergences of about 100 mm 

are not excessive in these conditions , as can be seen by 

figure 8.5. Here tile single value of reach at various points 

obtained by the computer model, are presented with the 

distributions of values obtained experimentally. It can be 

seen that presented in this way, the results using a computer 

model- based on the mean dimensions of the survey population 

fall close to the means of the experimental distributions. 

The computer model has thus been shown to give a 

sufficiently good agreement with the experimental evidence, 
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to show that the model is capable of dealing with these sit- 

uations. It must be recognised however that these constrained 

conditions are unlikely to be met in normal workplace design 

(except in cockpit design for cars, trucks and aircraft), 

and thus it is possible that in other situations the postural 

algorithm will not behave as well. 
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APPENDIX ONE 

PREVIOUS WORK 



Previous Work 

Kroemer (1973) has surveyed the field of man model- 

ling in recent years and concludes that there are two distinct 

classes of man model. The category described as texternal 

biodynamict 
, are those where the overall passive response 

of the body to certain external conditions is the prime concern. 

These are listed and briefly described in Von Gierke (1971). 

It can be seen that the models are usually developed to 

study the response of the human body to the application of 

large external forces which overwhelm the muscle strength 

of the human body (the I internal I forces), and therefore 

the models can be considered as being I external I. The 

inertial effects of the various parts of the body assume 

greater importance as the models are used for example to 

study the response to 'windblast and airstream following 

emergency escape I, Payne (1970), aircraft and car 

crashes, McHenry (1971), and other rapid deceleration 

or acceleration situations. In addition to these external 

force applications, models of the biodynamic type are also 

used to study the response of the body and its internal 

organs to varying levels of vibration and pressure which 

could lead to injury. 

The external biodynamic models are thus concerned 

primarily with extreme environmental conditionss which although 

important for the saf'ety of the 
. 
operator, do not relate to the 
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less critical but nevertheless important conditions which an 

operator would normally find at an industrial workplace. For 

this reason biodynamic models of this type are excluded from 

any further discussion, except that the work of Hanavan and 

Huston,, Hassel, and Passerello is described in a little more 

detail, to serve as examples of -this category of model. 

Kroemer's second category, is models of the linternall 

type, where the important features are the anthropometry, 

kinematics, dynamics and energy capabilities of the body. 

It is to this category that this author's work belongs, and 

hence some examples of tinternall models are described in 

this appendix. 

Within this group, the important differences which should 

be considered when comparing the various models are: - 

(a) Purpose of model. 

(b) Design of model. 

(C) Mode of implementation. 

The objectives of the models vary from the very specific 

Work Study application of MTM Man (Kilpatrick (1970)), to 

the more general approach of COMBIMAN (Kroemer (1973)), 

BOEMAN (Ryan 1971), and SAMMIE (Bonney et al. 1974), 

where workplace and task design, is studied in the context 

of human factors. 

The design of the model is obviously depend4nt on its 

purpose, but the essential differeniiaiing factors - are the 
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dimensionality (two or three dimensions), stick model or 

with flesh representation, static, kinematic or dynamic, and 

the method of posture prediction. 

Ryan (1970) suggests that there are three possible 

approaches to posture prediction 

Stored Data Model. 

This is the simplest approach in concept but is virtually 

impossible in practice. It depends on the collection and 

storing of an infinite amount of data which covers all feasible 

or likely movements. It can be useful however to store some 

such data so that an alsorittim can relate this data to specific 

circumstances (e. g. Evershed's 'natural planes'). 

(ii) Specific Algorithm Model. 

The specific algorithm approach is in common use in 

man models as it uses explicit mathematical procedures for 

moving the link system to perform a given task. Here the 

limbs are moved in prespecified ways which are relevant to 

the application envisageda 

NO The General Algorithm Model. 

In this case la general mathematical problem-solving 

technique, as opposed to specific link-system motion algorithm' 

is used. 

The mode of implementation is restricted here to computer 

applications, thus excluding physical models$ but within this 

constraint, the model may be under interactive controls where 
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the designer 'converses' with the computer, or it may be 

batch mode where the model is limited to evaluating predeter- 

mined situations. In addition the method of representation, can 

take the form of numerical tabular output, graphical output 

to a plotter, or presentation on a visual display terminal. 

Table VII, adapted from Kroemer (1973) shows how 

the various models described below fit into these categories. 

Table VII Model Characteristics 
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Chaffins 3 18 17 -xxxx 

SAMMIE 3 13 11 xxxx---XxX 
Prototype 

* Largely unimplemented at present. 
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BOEMAN 

BOEMAN is the name given to a man model developed 

by the Boeing Company under a contract for the Joint Army- 

Navy Aircraft Instrumentation Research Program (JANAIR), 

and as implied has been developed to assist in the evaluation 

of the cockpit design of military aircraft. 

Work be'ganon a projected six phase project in January 

1968, each phase being of one year's duration, but an 

additional seven month phase was introduced in 1970. This 

additional phase took the form of a period in which to consol- 

idate the previous achievements, and in the light of this to 

reassess the future program. 

In fact this reassessment resulted in the abandonment 

of the project by Boeing, the work to that date being trans- 

ferred to the Aerospace Medical Research Laboratories of 

the USAF (known as COMBIMAN) and to the U. S. Navy. 

Publications of the BOEMAN group give a good indication 
I 

of the ambitious nature of the project, and indeed it appears 

that it might have been the complexity of the proposed final 

model which led to its eventual abandonment. 

The work completed and published by Boeing provided 

a lbaseline' man-model with three-dimensional flesh contours 

added. Anthropometry was represented by rigid links forming 

the 23 major segments of the body, and an algorithm was 

available for posture prediction. The geometry of the 
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model's workspace (cockpit) could be input to the computer, 

enabling checks to be made for physical and visual inter- 

ference. 

The parts of the program not yet executed, include 

facilities to evaluate the effect of joint centre excursion, 

digit articulation, force capabilities, energy expenditure, and 

a flexible flesh description with interference analysis. The 

man model as it stands at the current stage of development, 

provides a useful insight into the building of an algorithm) 

which simulates to an adequate degree the motion patterns 

of humans. 

BOEMAN uses the General Algorithm approach to 

posture prediction, although certain elements of the other 

two approaches are used as well. The trajectory of the 

leading segment (e. g. hand or foot) is first defined, and 

then subdivided into motion steps. At each step the body 

configuration is derived from optimisation of the Euler angle 

problem. i. e. the final configuration is expressed in the form 

of Euler angles for each segment, the solution being the 

result of the minimisation of a non-linear objective function 

with non-linear constraints. The objective function is the 

amount of effort required to maintain a body configuration, 

while the constraints are the required positions of the leading 

segments, and the joint angles beyond which motion about 

the joint is impossible. In this way joint angles (Euler 
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angles) are maintained as close as passible to 1preferred 

angles I while still performing the task. 4 

This General Algorithm approach is the most satisfactory 

in many ways in that it is intuitively obvious that the body 

does in fact optimise some objective function while remaining 

within certain constraints. In the case of BOEMAN, the 

constraints are predominately physical in that they are the 

limits of angular movement at the joints, or objects to be 

avoided etc. This makes then relatively easy to define, 

although it must be remembered that there may well be intang- 

ible constraints such as motivation and intelligence. On the 

other hand, the objective function to be optimised may well 

be outside the domain of man modelling and more involved 

in artificial intelligence. However it may be that this is a 

necessary extension of the field of man modelling, as once 

the purely physical aspects of the body have been sufficiently 

well described, the methods by which these physical parts 

combine to perform operations in a workspace is the next 

logical requirement for improved representation of man's . 

movements. 

The current level of algorithm building as exemplified 

by BOEMAN's minimum effort algorithm and its extension in 

COMBIMAN may then be seen as a first step towards a 

more Icompletel man model. Unfortunately this ambitious 

approach in the context of current computer technology has 
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resulted in a model which is impractical as a design tool. 

The full BOEMAN model is reported as taking three minutes 

on a very powerful machine to evaluate just one position for 

the model. As the prime aim of a computer-aided design 

system is usually to allow the evaluation of a large number 

of possibilities, with the designer in interactive control of 

the outcome, this time figure is unacceptable. At the expense 

of reducing the scope of the algorithm (and hence drawing 

back from the long term objective of an ? intelligent' model), 

this evaluation time has been reduced to about nine seconds. 

However for a satisfactory dialogue between the designer 

and the computer, almost simultaneous response of less than 

a second is required. 
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MTM Kan 

As its name implies, MTM Man, developed at the, 

University of Michigan by K. E. Kilpatrick (1970), is a 

man model with the prime aim of assisting workplace design 

with respect to the methods and times taken for tasks per- 

formed. (MTM- Methods-Time Measurements is the name 

given to a pre-determined motion time system in common 

use in American and European industry (MTM Association 

for Standards Research 1964). 

MTM is itself suited primarily to industrial tasks where 

some degree of. skill has been attained and also where the 

work involves repetitive short cycles, with limb rather than 

body movements predominating. ý The ideal situation for an 

MTM analysis is therefore where a skilled operator is performing 

a well defined repetitive industrial task whilst sitting at a 

workbench. This is the type of design situation where 

Kilpatrick states that the 'large volume of designs makes 

the cost of small inefficiencies potentially costly' Contrasting 

with this is for example the small volume production of 

aircraft cockpit designs which however involve big costs 

in re-design or in operational failure. 

Kilpatrick's model with its high dePendance on motion 

times for its measures of design effectiveness is obviously 

intended mainly for industrial design, although it shares many 

of the capabilities of the military models such as BOEMAN 
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and COMBIMAN. The model consists of two parts, a Task 

Time Prediction Model (TTP) and a Biokinematic Model, 

the former providing the motion-time information consequent 

upon a work sequence executed by the Biokinematic Model. 

The TTP model will not be described here, a full description 

being available in IA model for the Design of Manual Work 

Stations'. K. E. Kilpatrick (1970). 

The Biokinematic or Man Model consists of twelve 

rigid links and eleven joints representing the upper half of 

a seated operator. This stick man or a model with flesh 

contours added can be viewed simultaneously in front or 

side elevation along with a description of the task being per- 

formed. The output medium can either be a graph plotter 

or a storage tube type of graphics terminal. 

Once again the interesting feature of this model is the 

manner in which the joint centres are located for various 

hand positions. Kilpatrick states that one objective is to 

produce an I economical interactive workplace design 

evaluation tool t, using I simple heuristics to locate joint 

centres I rather than 'time consuming iterative procedures I. 

To this end the mathematical minimisation approach of Boeing 

was rejected, and simpler Joint Excursion Envelopes 

developed. For each joint a geometric shape (e. g. an 

elliptical cone for the wrist)was generated which represented 

the maximum Inormall extent of available movement. Heur- 
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istic rules based on regression equations relating to 

experimental human body configurations, enable the body 

segments to assume positions which are within the feasible 

limits of the excursion envelopes. 

Orthogonal photogrammeLtry techniques wer'e used to 

colleot data and to validate the model, and although a very 

small sample was used, the results indicate that the model 

is able to represent body configurations to a degree of 

accuracy which is acceptable for most industrial design 

situations. 

The major limitations of the model are a result of its 

own limited objectives. Hence it is restricted to a seated 

operator. This may be sufficient for a large class of 

industrial design problemsp but would preclude a perhaps 

larger class where body movement is involved, resulting 

in greater interaction between man and his environment. 

The choice of MTM times as the mador measure of design 

effectiveneas covers a need in industry where this is a common 

method of assessing the work content of a task. However 

this is only one criterion of many, and although the biokinetic 

model also considers some aspects of static anthropometry, 

it is otherwise somewhat lacking in evaluative procedures. 

However the important objective of designing a simple 

model so that it can be used interactively appears to have 

been met very well. Although it is not made clear how the 
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task description is related to required hand positions, once 

such information is available to the computer, it is able to 

evaluate different body configurations at the rate of about 

one every two seconds. This compares Very favourably 

with'the much greater time taken by BOEMAN, even though 

less powerful equipment was used. 
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COMBIMAN 

COMBIMAN, (Kroemer (1973)), is a potentially far- 

reaching proposal by the USAF to develope a man model 

to be used in cockpit design. Currently only the software 

obtained from the BOEMAN project is available, but if the 

other proposals are implemented the ultimate result could 

be a model which would be very useful in many workplace 

design problems. 

Kroemer identifies the model as having three parts: - 

(i) a reservoir of body form information (Anthropo- 

metric Analog) 

(ii) a representation of body mechanics (Biomechanical 

Analog) 

an ergonomic model of man at his work station 

(Ergonomic Analog) 

The first of these the lanthropometric analog' is at 

present the most developed of the three parts. The reservoir 

of anthropometric data enables standard anthropometric 

data of nude subjects to be compiled, stores data on subjects 

wearing special equipment in common working positions, 

and calculates changes in anthropometric descriptors pro- 

duced by variations in posture, garments, equipment, task 

requirement or g-environments. Fast access to this data 

is provided for any specified population or sub-sample, the 

data being displayed an a CRT, or in the form of computer 

print-outs, drawings or tables. 
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The I biomechanical analog' is at present at the stage 

of planning, but some interesting thoughts on the method of 

approach have been accumulated. In common with most 

other investigators in this field, the need is recognised to 

model the link system, to incorporate data on the range of 

movement at the joints, and reach capabilities, and also to 

consider the segment weights. The major advance that 

COMBIMAN hopes to achieve is the combination of these 

factors, and information on the active dynamics O. e. muscle 

force, torque, energy and power capabilities) into an object- 

ive or 'driving' function. Ultimately it is hoped to produce 

an internally driven model such that the trajectories of, 

for example the arm, are derived by the model using 

algorithms based on the dynamic capabilities of man. To 

achieve this it is proposed that the model should initially 

be built with external driving functions, such as prespecified 

hand trajectories, allowing the model to derive the internal 

effects of this trqjectory on the body dynamics. Comparison 

with experimental data would then indicate the feasibility of 

such a movement. At a later stage of model development, 

this 'external-internalt model could be reversed into an 

I internal- external I model, so that body dynami6s become 

the driving function. 

The final part of COMBIMAN, the I ergonomic analog 

is designed to simulate man at his work-station. It is proposed 
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that the equipment is modelled using two-dimensional panels 

and three-dimensional blocks which could be varied in 

size. and location. These could be defined as rigid, deform- 

able, solid or penettrable, and any number of workplaces or 

items of equipment could be so described. A more difficult 

problem is seen to be the description and execution of a 

work-task at that workplace. To simulate how a task might 

be carried out implies a knowledge of the driving function 

for the lbiomechanical analo9t. Hence a reach motion 

might be driven for example by a minimum energy function, - 

or by a maximum comfort function. In general however the 

likelihood is that it will be an amalgam of many such functions. 

Furthermore this optimisation may have to be carried out 

over a whole series of movements, and not for each 

individual reach. To overcome this problem COMBIMAN 

proposes to use simple heuris. tic rules, allowing for the 

addition of more complex performunce criteria in the future 

as more experimental data becomes available. 

COMBIMAN then is planned as a far reaching devel- 

opment encompassing most other attempts in the field of man 

modelling. Its extension into the area of an internally driven 

model, will be its contribution to the science, as at present 

other man models have avoided this aspect as far as possible. 

The desireability of such an extension is self-evident, as it 

will -enable designers to have at hand a tool which could 
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quickly and accurately indicate future usage of his design. 

The practical difficulties to overcome before such a state 

is reached however may prove to be extremely arduous. 

The collection of the necessary data on dynamic movements 

of man may itself prove to be a very long process, while 

the relating of this data to human capabilities in the form of 

algorithms will at best only result in approximate solutionsq 

which consider only the major elements of the driving function. 

More fundamental perhaps is the implicit assumption that the 

human being is in some way predictable. It is true that in 

the limited sense of performing a well defined work-task, 

certain end points of movement can be precisely defined. 

However the many various intermediate postures may depend 

not only, or even primarily, on some optimum function of 

the dynamics of the human body, but may be concerned more 

with external conditions. This implies the necessity to model 

the human brain as well as the human body, thus imparting 

some artificial intelligence to the model. In this way it 

could for example move to avoid obstacles , 
dangerous 

situations and otherwise undesiroable body motion paths, 

could operate so as to maintain good vision, could model 

different motivation levels and so on, ultimately resulting in 

a complete human behavioural model. 
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This approach may well be possible and desireable in 

the future, but at present -appears to be a rather ambitious 

task. It should be added that this problem is recognised 

by the developers of COMBIMAN, and their phasing of the 

work ensures that this ideal and complete model is approached 

via simpler models using heuristic rules. 
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E. P. Hanavants 'Personalised modell 

This model developed by the United States Air Force, 

is an early attempt at modelling the inertial properties of 

the human body, to facilitate the design of a Self -Maneuverinýj 

Unit for manned space flight. To meet this objective it 

was considered necessary to have a knowledge of the 

follow i ng: - 

(a) the location of the centre of mass of the body. 

(b) the moments of inertia and the products of inertia 

about axes through the centre of mass. 

(c) the principal mornr. _nts of inertia about the principal 

axes through the centre of mass. 

the orientation of the principal axes. 

A torque about a principal axis will produce rotation 

only about that axis, while a torque about any other axis will 

produce rotation about more than one axis. In the context 

of a Self-Maneuvering Unit working in reduced g-conditions, 

rotation about axes other than the principal axes is wasteful 

on fuel and makes the maintenance of a stable body attitude 

more difficult. The location of the principal axes of the 

human body is then the major task to which the model 

directs itself. Secondary considerations essential to this 

primary aim, were the distribution of mass and the anthropo- 

metric data of the individual person. 
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Hence Hanavan constructed a mathematical model 

which represented a human being by a set of rigid bodies 

of simple geometric shape and uniform density. The mass 

of each segment was derived from the regression equations 

presented by Barter (1967). Each limb was allowed to 

rotate about fixed pivot joints, enabling the body to change 

position. 

The geometric shape usually chosen to represent a 

limb is a frustrum of a cone, or a right elliptical cylinder, 

the hands and head being the only exceptions. The dimensions 

of each of these shapes were defined with reference to anthro- 

pometric data derived by Santschi et al. (1963) and Hansen 

and Cornog (1958), although in actual use the model would 

require data for specific astronauts or for a limited popul- 

ation. With the constricted mobility caused by full pressure 

suits, the need for movement of the head and torso was not 

envisaged so that only 
f 
the limbs are allowed to change 

position. 

For each body segment, the simple geometric shape and 

the uniform density allows the centre of gravity and the 

moments of inertia of each individual segment to be calcul- 

ated from the straightforward equations of dynamics. The 

relative orientation of the segments. is specified by the use 

of two Euler angles for each moveable limb. The third 

Euler angle is unnecessary as all the limbs are represented 
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by solids of revolution, and are thus symetrical about their 

long axes. The Euler angles are used to relate the inertial 

properties of each segment to the body axes located at the 

centre of mass of the whole body. Hence the required 

principal moments of inertia about the principal axes and 

the orientation of those axes can be derived from the stand- 

ard methods of dynamics. 

The model was- compared with the experimental data 

of Santschi for a range of body configurations, and the 

predicted centre of gravity found to be within 18 mm, and 

the moment of inertia within 10%, of the experimental results. 

Although this study appears to give good comparison 

with a set of experimental data, it is limited in its application 

for several reasons. 

(a) It is essentially a static model, whereas the inter- 

esting and difficult problems in this field arc dynamict i-e* 

when the body is changing position while having the force 

of the S elf- Maneuvering Unit applied to it. 

(b) Only the limbs are allowed to change position, 

the head and torso must always remain stationary. The 

head and torso combined comprise almost 60% of the body's 

total mass (Clauser, McConville and Young (1969)), and 

hence any movement of these, even if only slight because of 

the constraining action of the pressure suit, would lead to 

significant changes in the inertial properties. 
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(c) The mathematical model itself needs some improve- 

ment to represent the human body in a more general form. 

The assumption that all the segments are symetrical solids 

of revolution, and the resulting insignificance of the third 

Euler angle, may be an adequate approximation for the 

static positions investigated in the study, but for any further 

development this would need improvement. It seems some- 

what unnecessary to use the geometrical representation 

with its consequent limitations, as it is only needed to 

derive centres of gravity and moments of inertia, which can 

quite adequately be obtained from various experimental data 

sources (e. g. 
. 
the cadaver dissection work of Dempster 

(1955) and the later work of Drillis and Contini (1966). 

Some of these limitations have been tackled by a group 

at the University of Cincinatti, where HanavanIs model has 

been extended. Known as UCIN the model is described 

below. 
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UCIN 

UCIN is aI three-dimensional, restrained human body 

dynamics model I developed at the University of Cincinnati 

by Huston, Hessel, and Passerello (1974). The model 

uses an extended version of Hanavan's model (described 

above) , which in addition to the considerations of force 

effects on the limbs, also includes the head and torso, 

resulting in a model with 31 degrees of freedom. The main 

areas of development have been in the mathematical implement- 

ation of the dynamics analysis, and in the production of a 

user-orientated' computer package. 

The mqdells environment (typically a car interior or 

an aircraft cockpit), is modelled only to the extent that it 

is assigned a reference set of axes, the motion of which % 
in. its six degrees of freedom, is usually known. The body 

segments are related to a reference set of axes in the lower 

torso. The objective of the model is then to be able to 

analyse the reaction of individual body segments to motion 

imparted by movement in one of the six degrees of freedom 

of the environment reference axes. This is an important 

addition to Hanavan's model which was only capable of 

assessing the effects of external forces on specific body 

configurations and not the dynamic effects of individual body 

segments. 

To achieve this, Hanavan's representation of the body 
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(in an extended form) is used in conjunction with a dynamical 

analysis based upon Lagrangets form of d'Alembertts 

Principle. This approach is necessary because of the 

complex nature of a system with 31 degrees of freedom. 

The traditional approach using Newton's Laws or Lagrange's 

Equations involve the calculation of a great deal of redundant 

information. A detailed description of the method can be 

found in Huston et al. (1974) where reference is also made 

to standard dynamics texts. 

In the context of providing a useable tool for studying 

the dynamic effects of forces applied to the human body, 

the UCIN package is designed to provide graphical output 

which completely describes the motion of the segments of the 

body. Hence a head-on car crash can be simulated with 

the occupant either restrained or unrestrained by seat belts. 

Given the deceleration of the vehicle, it is possible for example 

to plot curves showing acceleration, displacement and rotation 

of the head in three dimensions. This could be used to 

stitdy the effect of whiplash and the provision of seat belts. 

Hanavants model and the UCIN extension, are examples 

of a whole series -of models of the I external T type which 

study the effects of external forces on the whole body. 

These models are very often dynamic, and are usually 

directed at a specific problem, weightlessness and car crash 
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I simulation being the most common uses. The significance 

of these models to the building of an internal dynamic model 

is that they provide a framework within which the important 

muscle forces and speed of voluntary motion can be 

cOnsidered. 
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Chaffin's Biomechanical mociel 

The biomechanical model developed at the University 

of Michigan by D. B. Chaffin (1969) is primarily concerned 

with assessing whether a task is within an operator's 

physical capabilities. A gradual degradation of performance 

over time (fatigue) is not considered but rather the situation 

where 'a load is applied for less than four second's and 

repeated less frequently than every five minutes 6. c. no 

accumulated muscle fatigue) I. 

Currently the model, based on similar work by 

Plagenhoef (1968), consists of seven rigid links in the 

saggital plane. The type of force applications considered 

are thus limited to symmetrical two-handed situations such 

as lifting, pushing and pulling in the saggital plane. Further- 

more only static forces are ana. lysised, sothe force applic- 

ation must not result in movement, (br'very slow movement 

where acceleration effects become negligible are acceptible 

as an approximation. ) The aim of Chaffints work has been 

to compute torques at six of the -mcdor articulations of. the 

body, (wrist, shoulder, hip, knee, elbow and ankle), so 

that they can be compared with experimentally derived 

maximum values, to assess whether a task is within an 

operatorts 'abilities. 

In addition an assessment of spinal stress is included, 

as it is believed that this is an important contributor to the 
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problern of low-back injury. The' spine is represented by 

18 links after Fisher (1967) using the dimensions of Fick 

(1904) and Lanier (1939), the curvature being derived 

from the data of Dempster (1955). Intra-abdominal 

pressure contributes to relieving compression on the lumbar 

spine (Morris-, Lucas and Bresler (1961)), and the details 

of the way in which this was utilised can be found in the 

various works of Chaffin (1969a, 1969b, 1970). 

The experimental technique involved subjects in 

applying maximum voluntary articulation torques at the various 

joints, by applying push or pull forces against load cells. 

. 
In this way maximum torque limits were obtained at various 

joint angles for: - 

elbow flexion and extension 

(ii) shoulder flexion and extension # 

(iii) hip extension 

Uv) knee extension 

(v) ankle plantar flexion 

Using the model to predict the maximum lifting 

ability of a small sample provided some interesting results. 

Firstly it displayed graphically the effects of limb dimensions 

on the ability to perform a lift. Differences in limb dimens- 

ions require the adoption of different body configurations, 

and hence as muscle strength is a function of the geometrical 

manner in which the muscle acts*, lifting ability will be - 
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effected. Secondly it showed that the limit of lifting ability 

may be partially attributed to the subjects' sensing of 

imminent back irýury, rather than any exceeding of the 

individual muscle strengths. This is illustrated by the fact 

that knee extension torque ranged from 75% to 95% of its 

maximum, while hip extension torque reached only 18% 

to 75% of its maximum. 

The model has enabled the identification of values of 

spinal compressive forces, which should not be exceeded 

in lifting tasks, although the small sample employed means 

that they cannot be used as a performance limit. Further- 

more it has been found that these forces remain relatively 
I 

constant, subjects varying their postures and torques at 

joints so as to loptimisel the compressive forces in the 

spine. Differences are however noticed between subjects 

of different ages and sex. 

The model, although it only acts in two dimensions, 

thus giving an incomplete picture of the biomechanics of the 

human body, is useful as it demonstrates the necessity for 

a computer model where there is a wide range of variability 

in human capabilities. In an attempt to transfer some of this 

information into graphical form, Chaffin has published (1971) 

a series of force contours (e. g. fig. 7.6. ). The difficulty 

in doing so is shown by the large number of curves 

required, as a different family of curves is needed for 
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each sex, type of task and size of person. More approp- 

riate is a model of man in his working Position, where the 

individual muscle strength requirements and the effects of 

different limb lengths can be evaluated. 
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EvershedIs Man Model for the SAMMIE System 

The work of Evershed (1970) resulted in the prototype 

man model for the SAMMIE system. The current author's 

work has been to replace this model with a more realistic 

and usoable one, and this is described elsewhere in this 

thesis. The prototype is of interest here as it provided 

the groundwork for the current developments embodied in 

the current authorts work. 

Evershed's model considers man as a system of rigid 

linkages (after Dempster (1955)), recognising that an 

assumption of straight rigid links is only an approximation, 

but nevertheless an adequate one for the applications 

envisaged. Links of this kind are used to represent the 

upper half of the body. by a rigid spine, upper and lower 

arms, and the shoulders, with five further links for the 

upper and lower legs and a I-igid pelvis. The head is 

included as a rigid extension of the spine, 
_ 

making a thirteen 

link ten joint model. The joints themselves are depicted 

as being the centrbs of rotation for the adjacent limbs, the 

implicit assumption being that this instantaneous - ccntre does 

not move during rotation of a limb. This assumption is 

seen as being acceptable at certain joints such as the knee 

and elbow, but is only an approximation at such complex 

joints as the hip and shoulder. 
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Flesh contours are added to the basic stick and joint 

assembly so that a more realistic three-dimensional display 

of the model can be obtained on a visual display screen. The 

flesh shape is defined as polygon-faced prisms, which 

approximate to the shape of a 50th percentile male of 

Inormall shape. 

As in all man models the makjor difficulty is in deciding 

which of an infinite number of possible body configurations 

is a representative one for a specified task. The approach 

adopted is to specify a sequential introduction of links, with 

algorithms and stored data determining the resultant joint 

and -limb positions. The introduction of limbs is based on 

the work-study principle of motion economy proposed by 

Barnes (1967), where movement was classified as follows: - 

hand 

(ii) hand and forearm 

(iii) hand forearm, -and upper arm 

Ov) hand forearm 
, upper arm and shoulder 

(v) hand, forearm, upper arm, shoulder and trunk. 

The principle -implies that the lowest order of classification 

feasible should be used for a body movement. Hence the 

model (as it has no separate hand), first assesses whether 

reach with the arm alone is feasible. - Movement of the 

shoulder and then the spine, would be included only should 

it prove necessary. In this way the problem of calculating 
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the joint positions is reduced to a two link system, as all 

distal limbs must be fully extended. Both extremity coord- 

inates (distal and proximal) of the two link system are known 

leaving only the intermediate joint coordinates to evaluate. This 

evaluation of intermediate joint positions is taken up again 

later when discussing the I Natural Planes I algorithm. 

/ 
Evershed admits that this sequential introduction of 

limbs is somewhat unsatisfactory, as it requires that peri- 

pheral limbs must be fully extended before inner ones are 

introduced, whereas the natural and more comfortable 

configuration may for example call for earlier trunk move- 

ment. In addition it is possible to exceed maximum joint 

angle constraints, if the constraint is passed before a two 

link system is fully extended. This means that some 

infeasible body configurations are presented because of the 

limitations of the link introduction decision model. An 

obvious example of these limitations appears when the cirm 

alone is unable to reach a specified position, and the shoulder 

is required to move. In this situation itis probable that 

humans would in fact move the spine in preference to 

shoulder movement alone. However the model will not 

allow the spine to move until the shoulder and arm are fully 

extended. As a consequence the model will sometimes take 

up infeasible positions, for example when reaching to the 

left with the right arm, the shoulder will rotate up to 180 
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degrees before spine movement is introduced. 

One further complication arises when the required 

positions of both hands would imply that spine movement 

is necessary. This is known as the tripod situation and 

is the one exception to the two link method of solution. In 

this case, the position of the 'intermediate' joint (the top 

of the spine) is considered to be the point of intersection of 

the three spheres: - 

(i) centre left hand; radius left lowQr and upper arms. 

(ii) centre right hand; radius right lower and upper arms. 

NO centre base of spine; radius spine. 

The solution to the two link system has similarities 

in that the locus of possible positions for the intermediate 

joints is represented by the intersection of two spheres. 

The spheres are of radius equal to the length of the two 

links, with centres at the distal and proximal ends of the 

two link system. This locus is a circle, any of an infinite 

number of positions on its circumference being mathematically 

a -feasible solution. Some of these positions would be outside 

the r'ange permitted by limb mobility at the joints, but the 

problem remains to find one solution which is representative 

of a normal human posture. 

This problem of selecting the most likely solution from 

an infinite choice is inherent in most methods of mathematical 

representation and as mentioned earlier, there are in general 
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three approaches used to arrive at a solution. 

(a) stored data 

specific algorithms 

(c) general algorithms 

The approach taken is to combine the stored data and 

algcTrithmic methods, resulting in the tnatural planesi algorithm. 

This method 'defines 'natural planest in which the linkage 

system should lie for the hand in a particular volume in 

spacel . 
The plane cuts the locus of -possible solution in 

two places, and further tests have to be carried out to 

establish which is the preferable joint position. 

Considering again the example of the arm, where it 

is required to find the elbow position, the coordinates of 

the hand and shoulder are known, so that if the tnatural 

planet is defined by data, the elbow Position can be found by 

simple mathematical techniques (Evershed (1970) appendix 

two). 
The t natural planes I data has been collected for reach 

requiring two, three, or four limbs, by dividing the models 

environment into one foot cubes, for each of which a 

natural plane number , 
is stored. The hand position is 

itself a parameter of the I natural plane I, so the equation of 

the plane varies within each cube even though the natural 

plane number remains constant. 
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Evershed recognises the difficulty in obtaining I natural 

planel data from large populations, and also that it will 

have many more parameters than just hand position. Some 

other possible variables are considered to be: - 

(a) the weight of the arm 

(b) the weight held in the hand 

(c) the speed and direction of movement 

the resistance to motion 

the required hand orientation 

restrictive clothing 

(9) restrictions imposed by the surroundings 

Also the possibility of impvoving the model by reducing 

the size of the cubes is recognised, but, the associated data 

collection problems are considered to outweight any improve- 

ments in accuracy obtained. A worthwhile improvmcnt 

however is envisaged if a mathematical function could be 

fitted to the natural planes data so that: - 

(a) more parameters could be introduced (see above) 

(b) the discontinuity of the boundary between two 

natural planes cubes could be eliminated, 

(c) computer storage of data could be vastly reduced. 

The mador inadequacies of the model stem from the 

limitations imposed by the tnatural planes' approach to finding 
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joint positions coordinates. 'Natural planes' is only applicable 

in the two link context, as three or more links would imply 

that the link system is located in a three-dimensional volume 

rather than in a plane. This limitation leads directly to the 

limb introduction model described above, resulting not only 

in an unrealistic movement pattern, but also. allo-wing infeasible 

positions to be taken up by the model. Movement may be 

impossible due to bony stops on the joints, muscle and ligament 

constraints, or interference with adjacent limbs, but this 

aspect is not modelled. The only exception in this respect 

is that the twist in the upper arm is compared with constraint 

values to assist in selecting the best solution from the two 

possible solutions supplied bythe 'natural planes' algorithm. 

However section 4.1. of Evershed's thesis refers to 

angle constraints expressed in the form of spherical polar 

coordinates. He states that these are I angles which can 

readily be measured for limits of movementl . This is 

obviously untrue because as fig. 4.5. (a) shows, a. is a 

function of 9 and *, and is thus extremely difficult to measure 

in any comprehen'sive way. Indeed this is born out by the 

fact that virtuallY all the researchers in this field (e. g. Barter, 

Emmanuel and Truett, Dempsterp Glanville and Kreezer) 

have chosen to relate angular mobility to an orthogonal set 

of axes. This allows angles to be more easily defined and 

expressed in familar terms such as the extent of abduction, 
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adduction, flexion and extension. The source quoted for 

Evershed's spherical polar coordinates is Barter, Emmanuel 

and TrueU (1957), but on examination it is clear that this 

contains only values for * for the upper arms, all other 

data being expressed in th6 form of orthogcLnal angles. 

It is necessary therefore for each limb to have its 

own orthoganal axis system with the origin at the proximal 

end of the limb, so that the limb angles can be compared ' 

with constraints. Furthermore it is also necessary to 

relate each limb to the other limbs in the link structure so 

that the total body configuration can be defined. To do this 

an Eulerian system of angles such as an extended spherical 

polar coordinates system similar to that mentioned above must 

be used. 

The total incompatibility of the use of angle constraints 

with the Inatural planest algorithm, casts some doubt on 

the validation of the model by the use of contours of 

reach. It will be noticed that the contours of reach presented 

in figures 12-20 of Evershed's thesis represent the very 

constrained conditions of arm movement only, with the 

shoulder and spine not allowed to move. Hence the man 

model is reduced to an arm model'which can more reason- 

ably be considered as -a two link system (assuming the 

hand to be a rigid extension of the lower arm). This 

situation corresponds quite closely to the constrained 
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conditions in an aircraft cockpit, which was the situation 

being investigated by King, Morrow and Vollmer (1947) 

ývith whose experimental data Evershed compared the models 

capabilities). However for use in 'w6rkspace assessment' , 

such constraints would seem unrealistic, and the shoulder 

and spine should be allowed to move. As previously 

explained this would result in either 

(a) the 'natural planest algorithm being unuseable 

because of the three dimensional link system. 

or (b) the exclusion of angle constraints at the joints so 

that multi-link systems can be reduced to a two link system. 

Alternative (a) implies that the natural planes alg6rithm 

would have to be abandoned. Alternative (b) results in 

an unrealistic model where the locus of reach for the hand 

is merely a sphere of radius equal to the sum of the lengths 

of the upper and lower arms, the shoulder and the spine, 

with centre at the base of the spine. In addition intermediate 

joint positions in certain circumstances could bear little 

relation to any realistic postures* adopted by human beings. 

It appears that alternative (b) was the one chosen by 

Evershed for the implementation of his man model. This 

is borne out by the-fact that inspection of the model in 

action on the visual display screen amply illustrates the lack 

of angle constraints. In addition, closer investigation into 

the derivation of the contours of reach (Evershed figs. 12-20) , 
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reveals that the envelope of reach for one hand is depandant 

on four major factors: - 

(i) the mathematical resilience of the model 

(ii) the position of the other hand 

Gii). the natural planes algorithm 

Ov) the limb dimensions 

Re-analysing the model in an attempt to reproduce 

the contours of reach shows that the above four factors are 

all active. 

It was shown that 38% of the positions deemed to be 

infeasible, are a result of mathematical inconsistencies 

within the model. These usually take the form of complex 

roots to equations. 

A further 40% of infeasible positions were due to the 

position of the other hand. The position of the other hand 

cannot be ignored by the model, as it is one of the factors 

included in the link introduction decision model. Hence for 

the purposes of obtaining the reach contours the other hand 

has been made to perform the- mirror image of the movements 

required of the hand under test. As a consequence while 

.. the left hand moves away from the body to the left, the right 

hand moves away to the right, and vice-versa. This 

results in some very strange test positions where for 

example the arms are crossed with the hands attempting to 

reach in the opposite direction to that which would normally 
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be expected. It is not surprising that many such positions 

were infeasible. 

The third category of infeasible positions, those relating 

to the natural planes algorithm, and representing 11% of the 

total, arise from the solution selection by reference to the 

angle of twist in the upper arm. Some of these might 

represent truly infeasible positions, where the hand position 

requires an angle bf twist which is outside obtainablo limits. 

However in most cases it merely reflects the inadequacy of 

the natural planes algorithm to arrive at reasonable solutions. 

The final category which accounts for 11% of the totals 

represent positions which are outside the geometric capabilities 

bf the limbs i. e. the position is out of reach because the 

I total length of arm shoulder and spine is insufficient. 

It can be seen then that the contours of reach bear 

little relationship to the capabilities of the model (because of 

the inadequate control of the other hand p'Osition) , and far 

less to the capabilities of a human being. 

It is for these reasons of fundamental faults in the 

original model, plus the desire to extend the scope and 

useability of the model which have resulted in the current 

authorts attempts at man m6dblling. 
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APPENDIX TWO 

LINK DEFINITIONS 



Link Definitions 

Chapter 4 has defined links as being the straight line 

between adjacent joint centres. The joint centres are internal 

to the body and thus generally inaccessable for measurement 

purposes. Nominal joint centre positions have however 

been defined by Dempster (1955) which allow measurement 

from surface landmarks, and these are reproduced below: - 

Sternoclavicular joint-center. - Midpoint position of the palpable 

junction between the proximal end of the clavicle and the 

sternum at the upper border (jugular notch) of the sternum. 

Claviscapular joint centor, Mid point of a line between the 

coracoid tuberosity of the clavicle (at the posterior border 

of the bone) and the acromioclavicular articulation (or the 

tubercle) at the lateral end of the clavicle); the point, however 

should be visualized as on the undorside of tho claviclo. 

Claviculqrýlink. - The direct distance between the two joint 

centers listed above, 

Glenohum-eral Wint center. - Midregion of tho palpable bony 

mass of the head and tuberosities of tho humerus; with 

the arm abducted about 45", relative- to the vartebrhl margin 

of the scapula; a line dropped perpendicular to the long axis 

of the arm from the outermost margin of tho acromion will 

approximately bisect the joint. 

ScaRular link. - The distance between the centers of the 

foregoing mean clavicapular and glenohumeral joints - an 
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unsatisfactory measurement - approximately 3.5 cm. 

Elbow 
-ioint-center. - Midpoint -of a line between (1) the 

lowest palapble point of the medial cpicondylc of the humerus, 

and (2) a point 8 mm above the radialc (radio-humeral 

junction) . 

Hume-ral link - The distance between the glenohurneral 

and elbow joint centers. 

Wrist ioint center - On the palmar side of the hand, the 

distal wrist crease at the palmaris longus tcndon, or the 

midpoint of a line between the radial styloid and the center 

of the pisiform bone; on the dorsal side of the hand, the 

palpable groove between the lunatc and capitate bones, on 

a line with metacarpal bone 111. 

Radi. gll lij2bk. - The spanning distance betwocn the wrist and 

elbow'joint centers. 

Center of gravity of the hand (vosition of rost) .-A point 

on the skin surface midway in the angle, between tho proximal 

transverse palmar crease and the radial longitudinal croaso in 

line with the third digit; flattening or cupping the hand changes 

the relative location of this point very little, except to change 

the position normal to the skin surface. 

Hand link. - The slightly oblique line from the wrist cantor 

to the center of gravity of the hand. 

Hin ioint center. - (Lateral aspect of the hip). A point at 

the tip of the femoral trochanter 0.4 inch anterior to the most 
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laterally projecting part of the femoral trochanter. 

Knee ioint, 
-center. - Midpoint of a line between the centers 

of the posterior convexities of the femoral condyles. 

Femoral link. - Distance between the foregoing centers. 

Ankle joint center. - Level of a line between the tip of the 

lateral malleolus of the fibula and a point 5 mm distal to the 

tibial malleolus. 

Leg link. - The distance behveen knee and ankle centcrs. 

Center of -gravity of the foot, - Halfway along an oblique line 

between the ankle joint center and the ball of the foot, at the 

head of metatarsal 11. 

Foot link. - The distance between the ankle joint center and 

the center of gravity of the foot. 
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APPENDIX THREE 

ANTHROPOMETRIC AND 

BIOMECHANICAL DATA 



Anthropornetric and Biomechanical Dnta 

(a) Regression Equations for the Determination of Link Lengths 

In chapter 4, a link model was described, which 

enabled the building of an anthropornetric model. Link length 

is defined as the straight line distance between two adjacent 

centres of rotation. As these centres of rotation are 

generally located internal to the body, the relationships 

between links and externally palpable points needs to be 

derived so that the introduction to the model of anthropometric 

data is facilitated. Dempster (1964) has however derived 

a set of regression equations which are capable of providing 

this informationo and they are presented below. 

Standard Correlation 
Error of coefficient 
Estimate 

Ulna length 23.7922 + 4.58 . 94 (0.9810 x Radius length) 

Humerus length = 64.4829 + 9.97 . 81 (0.9683 x Radius length) 

Forearm-link length = 1.0709 x 
Radius Length* 

Arm-link length = 58.0752 + 8.92 . 94 (0.9646 x Radius length) 

Radius Leng th = 7.9728 + 4*39 . 94 (0.9002 x Ulna length) 

Humerus length, = 74.0856 + 11.07 . 76 (0.9688 x Ulna length) 

Forearm-link length = 0.9870 x 
Ulna length 
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Arm-link length = 66.2621 + 90 9 94 (0.8665 x Ulna length) . . 

Femur length 125.6879 + 39 18 73 (0.9067 x Tibia length) . . 

Fibula length 31.3653 + 28 5 97 (0.9252 x Tibia length) . . 

Shank-link length 1.0776 x Tibia 
Length 

k length 132.8253 + Thigh-lin 16 57 73 
. (0.8172 x Tibia length) * . 

Femur length = 101.8815 + 45 11 87 (0.9629 x Fibula length) . . 

Tibia length = 8.6266 + (1.0119 x 53 5 97 
Fibula length) . 9 

Shank-link length 8.2184 + (1.0904 x 5.95 
th) l l Fib . 97 

eng u a 

Thigh-link length 92.0397 + (0.8699 x 10 34 . 87 
Fibula length) . 

* Derived from ratios of link length of bone. lenjth as below. 

Ratio of lengths cadaver maan standard 
sample size deviation 

Arm-link/humerus 32 89.44 1.59 

Forearm -link/ulna 32 98.70 2.66 

Forearm -link/ radius 26 107.09 3.53 

Thigh-link/femur 32 90.34 0.88 

Shank-link/tibia 33 107.76 1.81 

From: - Conversion Scales for Estimating Humeral and Femoral 

Lengths and the Lengths of Functional Segments in the Limbs 

of American Causosoid Males. 

W. T. Dempster. L. A. Sherr. J. E. Priest (1964) 
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(b) 
-Derivation_ 

of Link Demensions from External Dimensions. 

Section (a) of this appendix has already described one 

way in which link dimensions can be derived from external 

measurement-s. When entering data via the facility illustrated 

in figure 4.4. a slightly different approach is used to define 

the link lengths. Relationships between external- functional 

measurements and link lengths have been derived from tho 

data of Dreyfuss (1967), and these ai-c reproduced below. 

Spine-Link = Sitting Height x 0.50 

Shoulder Link = Bideltoid Distance x 0.40 

Upper Arm Link = Anterior Arm Reach x 0.34 

Forearm Link = Anterior Arm Reach x 0.52 

Pelvis Link = Hip Width x 0.35 

Thigh Link = Knee-Buttock Length x 0.71 

Lower Leg Link = Knee-Floor Height x 0.91 

From: - The Measure of Man. H. Dreyfuss 3rd Edition 1967. 
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(c) Formation of a Normal Distribution for Percentiles 

Chapter 4 describes how anthropometric data can be 

described in terms of percentiles. The user of the system 

merely has to state which percentile is required, and supply 

the mean dimension, andthen the program is able to derive the 

dimension of the link. Hence if the user were to ask for 

the upper arm length of the model to be changed to the 

97.5 percentile value, he would simply input the mean 

value of this dimension a.! s say 280 mm, and the 97.5 

percentile value of 305 mm would be computed. Computation 

is by way of a normal distribution which can be defined in 

terms of the mean and the standard deviation. The mean is 

supplied by the user, and the standard deviation is stored 

data which has been derived from Dreyfuss (1967). 

For convenience the distribution for each dimension, are 

all related to one master distribution shown in fig. A. 1. 

(Defines percentiles in terms of the number of standard 

deviations from the mean). 
loo 

Dercentile 75 

50 

25 

0 
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Ficf. A21. Master Normal Distribution, 
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The individual dimensions are derived from this distribution 

from the relationships shown below. 

Spine Link =ms+ SD c 0.068 

Upper Arm Link =mu+ SD x 0.034 

Lower Arm Link = m. + SD x 0.051 
I 

Shoulder Link = m* sh 
+ SD x 0.065 

Head Link =m+ SD x 0.017 
n 

Thigh Link = -m t+ 
SD x 0.047 

Lower Leg Link =m la + SD x 0.068 

Pelvic Link =mp+ SD x 0.054 

where ms- mean spine length etc. 

SD - No. of standard dev- 

iations requircd for 

percentile. 

Derived from: - The Measure of Man H. Drayfuss 

3rd Edition (1967). 
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(d) Joint Range Data 

The data below is from a re-analysis of data published 

by Dempster (1955). 

Leading characteristics of the sample population are: - 

samPle size 39 College Students 

mean standard deviation 

age: 2 1.1 yrs 3.3 

w eight: 169.7 lbs 36.3 

stature: 70.5 inches 2.8 

Joint and type 
of movement 

mean 
(degrees) 

standard 
dcvintion 

Wrist 
flexion 90 12 

extension 99 13 

abduction 27 9 

adduction 47 7 

Forearm 

supination 113 22 

pronation 77 24 

Elbow 

flexion 142 10 

Shoulder 

flexion 188 12 

extension 61 14 

abduction 134 17 
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adduction 48 9 

medial rotation 97 22 

lateral rotation 34 13 

Hip 

flexion 113 13 

abduction 53 12 

adduction 31 12 

medial rotation 39 10 

lateral rotation 34 10 

Knee 

flexion 125 10 

medial rotation 35 12 

lateral rotation 43 12 

Ankle 

flexion 35 7 

extension 38 12 

Foot 

inversion 24 9 

eversion 23 7 

From: - A Statistical Evaluation of Joint Range Data 

J. T. Barter. 1. Emanuel. B. Truett (1957) 
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(e) Segment Parameters- Weights and Centres of Mass 

Segmental Weight / Body Weight Ratios. 

(from various cadaver studies) 

source Harless 
(1860) 

Braune and 
Fischer(I. 889) 

Fischer 
(1906) 

Dempster 
(1955) 

Clauseretal. 
(1969) 

sample 2 3 1 8 13 
size 

Head 7.6% 7.0% 8.8% 7.9% 7.3% 

Trunk 44.2 46.1 45.2 48.6 50.7 
Upper 3.2 3.3 2.8 2.7 2.6 

arm 
Forearm 1.7 . 2.1 - 1.6 1.6 

Hand 0.9 0.8 - o. 6 0.7 

T. high 11.9 10.7 11.0 9.7 10.3 

Calf 4.6 4.8 4.5 4.5 4.3 

Foot 2.0 1.7 2.1 1.4 1.5 

First four columns for comparison only 

From C. E. Clauser et al. (1969) 
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Centre of Mass I Segment Length Ratios 

(from various cadaver studies) 

source Harless 
(1860) 

Braune and 
Fischer(1889) 

Fischer 
(1906) 

Dempster 
(1955) 

Clauser et al. 
(1969) 

Head 36.2% - 43.3% 46.6% 

Trunk 44.8 38.0* 

Upper 47.0 45.0 43.6 51.3 
arm 

Forearm 42.0 42.1 - 43.0 39.0 

Hand 39.7 49.4 18,0* 

Thigh 48.9 44.0 43.6 43.3 37.2* 

Calf 43.3 42.0 43.3 43.3 37.1 

Foot 44.4 44.4 - 42.9 44.9 

"Variation in definition of segment length. 

All ratios fi-om- distal end of segment. 

From: - Clauser et al. (1969) 
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Moments of Inertia Ab out the Centre of Grqviýy (I 
C Gj- 

of Body Seqments 

A full set of data from the study of eight cadavers is 

available in Dempster (1955). Only a representative sample 

is given here. 

I 
CG 

Arm . 112 x 10 
6 

Forearm . 050 6 
x 10 

Hand . 003 x 10 6 

Thigh . 610 x 10 6 

Leg ý340 x 10 6 

Foot 0.33 x 10 6 

From W. T. Dempster (1955). 
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APPENDTX FOUR 

THE POSTURAL, ALGORITHM 



The t Postural I Alqorithm 

The objectives of the 'postural' algorithm have been 

described in chabter 6 and the logic included in a flow diagram 

(fig. 6.3. ). A more detailed step-by-step dc3cription is 

given here. 

General 
_ princij2le 

The algorithm attempts to predict a posture which is a 

reasonable representation of human movement. This is 

achieved by the sequential introduction of links, and the use 

of angle constraints. Hence the algorithm is designed to 

keep the'angles at all joints as close as possible to the rest 

position, and within normal rather Ihan absolute constraints. 

Deita 

Each degree of freedom at a joint has four constraint 

values associated w. ith it (fig. 6.2. ), which are contained 

in the program as store*d data. The user will not normnlly 

be required to supply this data, unless a special population 

or a special condition such as arthritis, is being considered. 

The position of the man model relative to the workplace 

model is assumed fixed at the current stage of developmant 

(i. e. the base of the spine, as the reference point of the 

man modell cannot move relative to the workplace model). 

Hence action such as walking to another point in the work- 

place, cannot be initiated from within the postural algorithm, 

and is only possible before use of the algorithm. This 
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situation may change with the implementation of the new work 

sequence language. 

The only information which the user of the system has 

to supply, is the required hand position. This may be 

achieved in one of two ways. 

(i) by use of the work sequence language. 

Movement commands emanating from the work sequence 

la'nguage pre-specify the end point of a movement (the 

Itouchpointl ) and intermediate evaluation points on tho 

hand trajectory. 

(ii) by menu control 

Incremental movement along specified axes can be per- 

formed by the use of menu commands. Henco cither 

hand (or foot) can be instructed to move by a pro-set 

distance along any one of three orthoganal axes (i. c. 

forwards-backwards, right-left, and upwards-downwards 

with respect to the front-facing position of tho man). 

The link lengths will have been specified, in one of the i 

several ways'mentioned in chapter 4, so that data base if 

complete, and a description of the algorithm now follows. 

The alqorithm 

(i) Test overall reach ability. The distancc betwcon 

the required hand position and the base of spine is compared 

with the sum of the relevant link lengths. 
a 
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e. g. if this distance is greater than the sum of the lengths 

of the hand, arm, shoulder and spine, the position is considered 

to be out of reach and posture prediction is not nttcmpted. 

(ii) Test reach ability with hand alone. If the hand 

position can be reached by movement of the hand alone, 

without violating the normal range of movement at the wrist, 

then this wrist posture is used with the rest of the body 

maintaining its current posture. 

(iii) If step (ii) does not result in a solution, then the 

hand is assumed to become a rigid extension of the forearm, 

the wrist joint is set at its neutral position. 

Ov) Movement of the forearm (with the hand extension), 

is not considered to occur solely about the elbow joint. As 

the elbow joint has only one degree of freedom (flexion), 

forearm movement can only result in hand movemant in ona 

plane, i. e-. the. hand can only move through a circular arc. 

Thi. 4 is unlikely to provide a solution, so movement about 

the elbow is only considered in conjunction with movement at 

the shoulder. 

(v) Set elbow angle of flexion to give correct hand to 

shoulder distance. 

i. e. elbow angle = cos-1 ( ((upper arm length) 2+ (forearm 

- ((xx-x) 2+ (yy-y) 2+ (zz-z) 2)) /2 x upper arm x 

forearm) 

(xx, yy, zz) = required hand position. (x, y, z) - shoulder 

position. (cosine rule) 

223 



(vi) Test this angle against angle constraints. If th e 

normal angle is exceeded, spine movement is necessary, so 

proceed to step (viii) 
. 

(vii) Determine angles at shoulder which together with 

the angle of flexion at the elbow define an arm posture which 

gives correct, hand position. This is an indeterminate 

situation as the three degrees of freedom available at the 

shoulder jointp allow the correct hand and shoulder positions 

to be maintained while the elbow takes up any number of 

positions on a circular are. Abduction- adductio n and 

flexion- extension at the shoulder joint are normally used 

to position the arm, the ability to rotate the arm medially 

and laterally usually being reserved for special purpose 

motions such as the use of a screwdriver. Hance an 

attempt is made to find angles of abduction- add uctio n and 

flexion- extension, which are within the normal range of 

motion, and Which represent a realisti, c -and not only feasible 

location of the elbow joint. This is best approached using 

Euler angles, rather than the orthogonal angles. Hence 

the problem is- to find the Euler angles cp and 0 for the 

upper arm (fig 
- 4.5. ). 

The basic equation relating required hand position 

(xx, yy, zz) to the Euler angles is: - 
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equation A 

xx 00 

yy RM 1-2 
0+ RM 1-2 

RM 
1-1 0 +RM 1-2 

RM 
1-1 RM 

110 
zz -L 1-2 L 

1-1 L 
1. 

0-01 

where RM Iý rotation matrix for joint I 

length of Link I 

hand 

1-1 = forearm 

1-2 upper arm 

Where arm movement is. 'used, the hand is a rigid extension 

of the forearm, and hence: - 

RM =I (identity niatrix) 

and equation A becomes 

equation B 

xx 00 
yy RM 

1-2 
0+ RM 0 

zz -L 1-2_ 

RMI_j is constant for a given elbow angle, sucli t1lat 

in general 
c0 scp 1-1 cose 1-1 sityp 1-1 

-, i,, p 1-1c, sli-i cos(p 1-1 

-sinO 1-1 9 

by definition of the elbow joint 

Hence 

RM 1-1 

0 

-Cosa 

-sine 

I 

0 

0 

cmdp 1-1 sino 

-sincp 1-1 sino 

cosp 1-1 

1-1 = 900 

0 

-sinG 

cose 
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in equation B put 

00 XP 

0 +RM 1-1 
0 yp 

ZP 

hence 
XP Xx 

yy RM yp equation C 
1-2 j 

zz zP 
LJLJ 

assuming 1-2 
0 and expanding C 

xx = coscp 1-2 Cos 0 1-2 
XP +. sincp 1-2yp + cosv 1-2 sino 1-2 ZP 

YY = -sinýp 1-2cos 0 1-2 
XP + cosýo 1-2 YP - sinv 1-2 sine 1-2ZP 

ZZ - -sino -2 
XP + coso 1-2' 

ZP NO 

putting 1-2 =T and 1-2 ýP 

then 

ZZ . --= -XP. sin (T) + ZP. cos (T) 

(i) 

(ii) 

now II 

a Cos +b sin k sin(-q+x where k=+ (a 2 
+b 

2 

- tan- 
1 (a/b) 

221 zp 
hence ZZ (XP +ZP. ) sin(O +tan- ( 

-XP 

o= sin- 
1 (ZZ/N(XP 2 +ZP 2))- 

tan- 
1 (a/b) 

Two values of 0 are found, the correct value being found 

by back- substitution in (iii) 

9 is found using a similar technique on equation 
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i. 

put A =XPcose 1-2 B= yp C= ZPsine 
1-2 

in 

XX - A. cos (P) + B. sin (P) + C. cos (P) 

XX =IN((A+C) 
2 +B 

2 )sin(p +ýtan-l ((A+C)/B)) 

cp sin -1 (XX/N ((A+C) 2+B2 )) -tan- 
1 ((A+C)/B) 

back substitution in M finds correct value for cp 

Hence the Euler angles for the upper arm are found, and 

the orthoganal angles of abduction- adduction and flexion- 

extension can be derived from Elie two equations below. (with 

certain qualifiers to ensure that the correct octant is chosen). 

tan -1 ((-sin 0 sinýp )/cosO 

tan- 
1( (cosýp sin 0) /cos 0 

Angles ot and 8 are checked against constraint values, and 

if the normal constraints are exceeded then spine movement 

has to be introduced. 

(viii) Spine movement. The objective of the spine location 

procedures is to locate the position of the spine in such a 

way that the required hand position is reached by the combined 

movement of the spine, upper arm and the forearm. The 

hand remains rigidly fixed to the forearm, and tho shouldor 

is not permitted to move at this stage. 

Once again the problem is to determine two Euler 

angles, this time for the spine. cP is found by the projection 
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of a straight line between the base of the spim) and the 

hand position onto the horizontal plane, with due consideration 

being given to which quadrant it lies in. The hand position 

(XX, YY, ZZ) relative to a set of axes which have been 

rotated through an angle cp is then found. 

e. AX cosp -sincp 0 xx 

AY sin p cosp 0 YY 

A 0 01 zz 

Figure A. 2. illustrates a projection of the link system onto 

the 9 -plane. 

zz 

Fig. A. 2. 
_ 

Determination of, Euler An_qles in Soine Movement. 
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To find - 0, BY and BZ are first determined by the inter- 

section of the two circles 

radius: PAR centre: (AY, AZ) 

radius: spine length centre: (0.0) 

i. e. (BY-AY) 2+ (BZ-AZ) 2= PAR 2W 

2*22 BY + BZ = (spine length) 00 

from W and '(ii) the qýadratic 

N. BZ 2+P. BZ +0-. - 0 is obtained 

where N= -4AY 
2_ 4AZ 2 

P= -4AZ. M 

22 0= 4AY . 
(spine length) -M 

Of the two. solutions available from the quadratic, the one 

implying the most upright spine is chosen.. 

is then given by 

0- =t. an -1 (BY/BZ) having due regard to which quadrant 

it lies in. The orthoganal angles are found as before from 

,p and 0, and compared with constraint vCtlues. If within 

normal constraints, the shoulder angles are determined as 

in stage (vii), and provided they are within normal range, 

the solution is found. 

iX ( ') If the spine location described ab ova results in either 

the shoulder joint or spine being out of the normal range of 

movement then the algorithm becomes an iterative one, 

returning to stage (v) 
, but this time extending the degree 

of elbow flexion into the normal to maximum range. 
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(x) If extension of the elbow joint still does not allow a 

solution to be found, then the angles at the shoulder joint 

are allowed to exceed their normal constraints and the 

process repeated. 

(xi) With elbow and shoulder joints fully extended , the spine 

is permitted to move into its maximum range of movement. 

a solution is not possible at the full extent of elbow . 

shoulder and spine extension, then the required hand Position 

is deemed to be out of reach. 

The above description of the 1posturall algorithm is of 

necessity very brief, but it is mainly intended to convey tile 

general principles and some of the mathematical techniques, 

and is not intended as a detailed technical report. 
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APPENDIX FIVE_ 

EQUATIONS OF MOTION 



Equations of Motion 

Chapter 7 discussed the use of Plagenhoef Is (1966) 

model for the determination of joint moments. The equations 

of motion used in that model for a three clegment motion, 

are presented here. 

Segment I is rotating about a fixed point, and segments 2 

and 3 are rotating about moving axes. 

The force and moment equations are as follows 

Segment 3 

F -WT +m r +m rw sine -m R& cos(p + 
y3 33 3CYO-cýo 333333111 

mRw2 sin +m Ra cos(180*-9 )+m Rw2 sin(180 0 
311 91 3222322 

+m 3 
(2w 

Iv2 +2w Iv3 +2w Iw3r3 
)sino 

3 -m2w 2v3 sino 3 

.1 

22 
F 

x3 = -M 3r 30'3 sine 3 +m 3r3w3 COSO 3 +m 3 Rlalsinpl+ m, Rlw 
1 COSCP 

+m R ce sin(180"-v )-in Rw2 cos(180*-9 32223222 

+m 3 
(2w 

Iv2 +2w Iv3 +2w 1w2r3 
)COSO 

3 -m, 2w2V3c'oso3 

M- WTcos0 r +m'k 2 
oe +m Rw2 sin(9 -0 )r m 

o3 3 3.3 3331113 3- 3R ", c'03('p1-03 

+m 3 P, 2w2 sin ('p 
2 _E) 3 

)r 
3-M3 R 222c"Ds(cp2-03 )r 

3 'mo 

Segment 2 

F -WT +rn ra cos(180"-o )+m w2 sin(180"- y2 2222222 02 
112.1- 

-rn 2R1 ci 1c0 sýP 1+m2R1w1 siricp 1 m2V 2w1 sin(180*-o 2 
)+F 

y3 

=+M21.1 F 
x2 2r22 sin(180"-o 2 

)-m 
2r2w 2cos(180'-02 

)+ m2R, 7, sinep, 

+M P, w2 cbscp 
1 

+m2V w )+F 21112 cos(1800-02 
x3 

231 



m+ WT cos(1800-0 )r k 2a 
mR1w2 sin (0 1)r 

02 22 2-m2 2 2- 211 2-ýPj 2 

-m R Clicos(e 
I )r +F (cosl80*-G 

2 2-cý, 2 Y312 2 

+F 
x3 

12 (sin180"-O 2 
)_m 

03 = 

Segment 1 

F= -WT-m r? cosO +m rw2 sin +F 
Y1 111111 Y2 

F =+m roe sino+m rw 
2 

cose +F 
X1 11111111 X2 

M 
01 --W-T1 coso 1r i-rn 1k1 ci 1 +F 

Y2 
11 (coso 

1 
)+F 

-x 211 
(sino 

1 
)_m 

02 - 
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APPENDIX SIX 

GLOSSARY OF TERMS 



Glossarv of Term-, 

Computer and SAMMIE system term. s 

SAMMIE 

- An acronym, fystern for Aiding Man-Machine 

Interaction Evaluation, used to identify the suite of 

computer-aided design programs developed at 

Nottingham University. 

Interactive Graphics 

A terminal attached to a computer that enablus the 

operator to Ic9nversel with the computer through 

the medium of graphical in addition to alplia-nuineric 

information. 

Lightpen 

A device attatched to the graphics terminal , whicl, 

allows the identification of specific points on tile scroon. 

Modules 

The basic 'building blocks' of the environment model. 

A set of 3-D shapes from which a wide range of 

items can be built up. 

Natural Planes Algorithm 

A mathematical method of obtaining coordinate Positions 

of joints. Used in the prototype SAMMIE model, but 

now abandoned. 
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Touchpoints 

Identified points within the workplace model, to which 

the mah model may be required to reach. 

Work Task Language 

A means of specifying the actions of the model. 

Anthro]2ometric Terms 

Abduction 

Movement of a limb away from the body centroline. 

Adduction 

Movement of a limb towards the body contreline. 

Flexion 

Bending or decreasing the angle of a joint. 

Extension 

Straightening, or increasing the angle of a jojilt. 

Hyperextension 

A continuation of extension backwards. 

Pronation 

Movement (of the hand) into the (palm) downward 

position. 

Supination 

Movement (of the hand) into the (palm) upwards 

position. 

Medial Rotation 

Turning toward the midline of the body. 
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Lateral Rotation 

Turning away from the midline of the body. 

E version 

Turning outward 

Inversion 

Turning in-ward 

Saggital Plane 

Vertical longitudinal plane dividing the human into 

right and left halves. 

Transverse Plane 

Vertical latitudinal plane dividing the human into 

front and back halves. 

CQronal Plane 

The horizontal plane forming a mutually porpendicular 

set of axes with the above two. 

Distal 

The end of a limb furthest away from tho trunk. 

Proximal 

The end of a limb closest to the trunk. 

Goniom; ater 

An angle measuring device. 
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