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SUMMARY

This thesis describes an anthropometric and biomechanical
computer model of man which is an integral part of the

SAMMIE workplace and work tasl; design system.,

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.
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INTRODUCTION



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 'design process!, 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 ergonomics 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.



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 avatlable.

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 fatigue, strength and balance. A method of comparing
the torques at joints due to muscle force exertion, with maximum

attainable torques is discussed, thus enabling some estimation
of the physical feasibility of a work task. The repercussions

i

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 fecasible 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.



CHAPTER ONE

GENERAL DESCRIPTION OF THE

SAMMIE_SYSTEM




General Description of the SAMMIE System.

The anthropometric 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 (System
for Aiding Man-Machine Interaction Evaluation). The comple?.e
system consists of three inter-related parts: -

(a) a three dimensional workplace modelling system.

(b) a language to specify the operators! task.

(c) an anthropometric and biomechanical model of operators.

The aim of SAMMIE, is the provision of a tool which
1s useful in the consideration of human fac:tor‘sJ in the design of
workplaces and erk tasks. To implement this system, the
medium of interactive computer graphics has been chosen
because: ~

(i) 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),

(ii) The need for sophisticated mock-ups can be reduced

if not eliminated entirely.

(iii) The interactive nature 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



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.

(a) Workplace Model

The workplace model enables the designer to build up and
modify a graphical representation of the operators! workplace,
so that various 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
preparation 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 representation 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 this'solidity! 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 ény r'eqﬁir'ed position and
orientation, along with any other items so produced. Thus
the table described above might be combin_ed 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
1S trans{ierr*ed 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 offide, 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 descripti6n of the workplace modelling

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

Kennedy (1973).

(b) Work task lanquage

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, all;awing
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 wéy some
'pseudo-~-dynamic! 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
operaior 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:
(i) There should be a good representation of the paths

taken by moving limbs, and also by the body when performing

10



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
'work 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
workplace component to which the man may be required to
reach, _These 'touch points' 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
point language'! might be of the form PEDAL*RF%*, 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, but it does impose certain limitations. The rigid.

11



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 SHEILF are inadmiss&ble, 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 explicitly 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 language
i1s 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 éan 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

12



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

'touch point! 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 1970), 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 trajectory. A critical analysis of this prototype model 1S

given in appendix I, the full description being available in

13



Evershed (1970).

For the reasons outlined in appendix I, 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 (i.e. the 'natural

planes' 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.
(i) Anthropometrics: -
(a) reach
(b) fit
(ii) Biomechanics: -
(a) motion paths of limbs
(b) extent of movement at joints ('comfort!)

(c) strength

(d) bélance

14



Development in these three main areas of workplace
modelling, work task language and man modelling is continuing,
along \fvith ti'le 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.

15



CHAPTER TWO

THE DESIGN PROCESS




The exact nature of the 'design process! 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, $o that assistance can be
given by the computer in appropriate areas. Hence this
chapter investigates the work of several authors concerned
with the 'design process!, 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
'de-structuring the original brief while identifying those features
of the design situation that will permit a valuable and feasible
degree of change'!. This is the 'brain-storming! 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

16



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
dgsign 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
impo?tant 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' horizons in
search of relevant information. The possibility of re-integrating
the design process 'through tﬁe medium of on-line computing
using graphical interfaces to speed up man-computer exchanges
to the pace of thinking and conversation', 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-

17



ation, analysis, experimentation, and solution, with a network
of interacting feedback loops. (fig. 2.1)

Problem identification involves the defining of the problem
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 tbat 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 Chill:or; mention checklists,
value analysis, systematic search of design parameters, brain-
storming, and synectics.

Simulation 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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the models correspond to their real life sub-problem 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 a;sumptions. 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 1s an itergtive 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

20



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 rand possible solutions, externalising and testing
this model, and then developing a set of instructions by which

the model may be translated into real-world terms'?,

A clear distinction must be drawn at each stage between

reality and the designers!' perception of that reality. Thus a
model is a representation of the designer's 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 whatever.
A 'problem-sclution couple! exists, and it is the purpose
of a design methodology to iteratively change, test and evaluate

this couple until the 'misfit, malfunction or omission which con-
stitutes the problem! is reduced to an acceptable level. Both
sides of the couple make use of models, so it can be seer-l that
models and human cognition comprise the essential features of
the design process. In these terms the design process is

described as: -~

21



(a) perception of reality
(b) models of reality

(c) perception of problems
(d) models of problems

(e) perception of problem model

(f ) concepts for solution

(g) models for solution concept

(h) perception of solution model

(i ) outcome

(; ) models of outcome

These three approaches to the description of the design
process appear superficially to be considerakbly different, but
certain features can be seen to be common to all three, and to
most other theories of the design process,

(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,i the other aspects being
subsi_diar'y in that they exist to enable creativity to take place.

(ii) The 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-

able of consideration by current methods, as well as being

outside the mental capacity of the designer.
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(iii) Data collection and manipulation of this data in the
form of a model.

(iv) 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.

f 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-

lary considerations numbered (ii) to (v) above. These are
the functions which enable creativity to exist, but also tend to
stifle 1and constrain i:hat 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 applicatinn of ergpnomic principles to workplace
design. Implicit in this is that SAMMIE is only useful where
human operators form part of a man-miachine 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 pracess
in the four areas mentioned above. 1i.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

major 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, a computer system
may be able to obtain an optimum solution. It is more likely
however that a computer system, because of the infinite var-
ety of possible solutions, will also only be abls 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 aimedr at being at a midway position between a: manual 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 'administ-
ration! 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 'creativity!, as this must involve either !'brute
force! 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 designer'!s ability to use his creativity,
experience, and ability to manipulate qgalitative rather than

'quantitative 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 1t 1s
perhaps useful to consider the feedback loops as the major cost
penalty, in that backiracking implies that cost and time penalties
have been incurred. One view of the design process might

be. that final solution selection occurs whenthe cost/time 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 better

designs to be evaluated.

In area (b), SAMMIE provides a facility for manipulating
data for the complete man/machine system. Three-dimensional
information aboutthe 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 js the application of this human factors
data to a particular design situation which can be time-consuming