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SUMMARY

A study is made of the muscular strength of able-bodied people, 
as a basis for the comparison with the strength of disabled subjects. 
From the study, the ratio of the strengths of different muscle groups 
is found, and an empirical equation is derived, linking muscular 
strength with the general physique of the subject.

Two unenergised orthotic aids are then examined, and their 
effects on the performance of disabled subjects are assessed.

Finally, the muscular strength is expressed logarithmically in 
decibel units; enabling a more meaningful and direct comparison of 
the results obtained in the thesis, by means of a logarithmic scale, 
on which the muscular strengths ftre displayed visually#



I

INDEX

Chapter

1 Nomenclature

1 INTRODUCTION .

2 MUSCLE STRENGTH TESTING

1.2. Outline of the tests.
1.J. Position of the subject in the tests*
1.A. ' The testing apparatus.
1*5* The force measurement.
1.6. Analysis of the population tested
1.7. The testing procedure.
1.8. The strength ratios of the muscle groups.
2.1. The strength equation.
2.2. Synthesis of the strength equation.
2.3. Analysis of the population tested.
2.»k* The strength equation In its tShtaASveform.
2.3* Application of the strength equation to the

estimation of residual strengths of pathological 
subjects.

2.6. Suggested further work.

3 TESTS ON THE FLOATING ARM SUPPORT

2.1. Assessing the biomechanical effect of the floating 
arm support on the arm.

3.1* The arm support test apparatus.
3.2. Measurement of the hand force.
3.3* Measurement of the hand position.
3.̂ . AdaptdfcionSof the apparatus for the tests.
A.1, The testing procedure.
5-1. An outline of the purpose of each set of tests,

and the preliminary findings.
6*1. Conclusions drawn from the results of the two sets 

of arm support tests.
7.1. An explanation for the results.

Page

1

k

6
7
8
9
10
10
11
12
13

1*f
17

17
18

19

20 
21

22
?3
23
25
26 
27

29

30



Chapter

7.2. A reference to the functional anatomy of the 
upper limb.

7.3* The biomechanics of the arm, with and without the 
arm support in use.

7.A. Conclusions*
8.1. Tests to gauge the effectiveness of the floating 

arm support, as used therepeutically in the 
treatment of hemiplegia.

8.2. Results of the tests so far,
8.3 . Recommendations for the continuation of the arm 

support tests.

A UNAIDED RISING

1.2. The biomechanics of unaided rising.
2.1. Unaided rising without using the arms.
3*1* Unaided rising with the use of the arms.

3 THE CHAIR AID TO RISING
2.1. Modifications to the chair aid.
3*1* Adaptafetiyiof the chair for testing.
3*2. The seat dynamometer.
3*3* The footrest dynamometers*
3*A. The seat hinge torque dynamometers.
3*3* Photographic recording of the tests.
A.1. The mechanics of the use of the chair*
A. 2. Analysis of the mode of application of the force

to parts of the chair.
4.3* The footrest function.
A.A. The kneerest, seat, backrest, and handrest

functions.
r A,3* The complete seat hinge torque function.

3*1* Energy losses in the chair aid.
3-2. Friction in the chair mechanism.
5*3* Energy losses in the body,
5.A. Losses due to interference between the subject

and the chair.
5.3* The deadweight tests.

Page

30

30

33
33

33
33

36

36
38

39

A3
AA
A5
A6
A?
A8
A9
30

30

31
51

52
32
52
53 
5̂

55



Chapter

5
3.6. Summary of the spring adjustment. 36

3*7* The footrest height adjustment. 57
5.8. Kinematic energy losses# 58

PERFORMANCE OF THE SUBJECT ON THE CHAIR AID 59
2.1. Biomechanics of the use of the chair aid. 39
2.2. Preliminary tests. 61

3.1. The chair aid tests on disabled subjects. 63

A • 1. The testing procedure. 63

3-1. The results of the chair tests. 6A
3.2. Able-bodied strength of the group. 67
3.3. Maximum measured strength of the group. 67
3.A. Unaided rising strength requirements for group. 68
3.3. Strength requirements for the chair aid. 68
5*6. Comparison of the strength requirements. 69

THE LOGARITHMIC STRENGTH SCALE 70
2.1. The muscular strength of able-bodied subjects. 72
3.1. Tests on the floating arm support. 73
A.1. Tests on the arm support as used therepeutically. 73
5.1. Unaided rising, and rising in the chair aid. 7A
6 .1. Conclusion. 7A

APPENDIX
Section

1 Muscle strength testing.
2 Synthesis of the strength equation.
5 Statistical analysis of the preliminary arm support tests.
A The functional anatomy of the upper limte.

5 Unaided rising without the use of the arms.
6 Analysis of unaided rising with the use of the arms.
7 Calibration of the chair seat dynamometer.

8 A biomechanical analysis of the modes of rising.



Section
9 Calculations and results of the preliminary chair aid tests.
10 Physical data on the fifty percentile subject.



LIST OF DIAGRAMS

Figure

1.
2.
3.
A.

3.
7.

9*
10.
11.
12.
13.

1A.

13.
16.

17.
18. 

19#

20.
21.
22.
23.
2A,

23-
26.

Muscle Testing Apparatus - Neck flexion*

Muscle Testing Apparatus ~ Hip extension.
Muscle Testing Apparatus - Knee extension.
Muscle Testing Apparatus - Shoulder horizontal 
adduction*
Muscle Testing Apparatus - Elbow extension.
The Sheldon Triangle.
Histogram of Muscle Group strength ratios.
The form of the age function used in the 
strength equation.
The strength equation:- measured v calculated 
values of the muscular strength.

The arm support test apparatus*
The co-ordinate system on the chair, as 
used in the floating arm support tests.
Co-ordinate hand dial circuit.

Support force against arm support angle.
A typical arm support trace.

Arm support tests: a typical results graph*
Plan view of the floating arm support*
Muscular moments required at the shoulder 
joint in using the floating arm support.

Muscular moments required at the shoulder 
joint unaided.

Tests on the therepeutic effect of the 
floating arm support.
Graphs of unaided rising without using the arms 
Unaided rising with use of the arms.
The chair aid to rising.
The locking arrangement on the chair aid.

The force system acting on a subject seated in 
the chair aid

Page
72

73 o- 
73 *

73 c? 
73 ct 
7A ̂

75 c\
76

77

78

79

79
80

81

82 

83

83a

8A

85

86 

87

88-89
90

91



Figure _____   Page

27* The seat pressure gauges. 92-93

28# The chair aid testing apparatus 105
30. Functions of the geometry of the chair aid 9̂ -95

mechanism and the link angles.
31* Forces acting on the chair aid mechanism in 96

generating a seat hinge torque.

32, Hysteresis loop of empty chair* 97
33* Internal body fraction in using the chair aid. 98

A. deadweight test curve* 99
35* The spring arrangement on the chair aid. 100

36. Adjustment of secondary spring B* 101

37* Adjustment of primary spring A* 102
38* Progressive adjustment of chair deadweight 103

characteristics.
39• Adjustment of the footrest height. 10A
Ao« The footrest adjustment scale* 10*4-
*1-1* Photographic results from the chair aid tests* 105

42* Results of the preliminary chair aid tests. 106
A3* The effectiveness of the modes of rising in 107

the preliminary chair aid tests.
AA* The chair aid test result* 108-123
*4-5* The effectiveness of the modes of rising 12A-125

in the chair aid tests*
A6. The logarithmic strength scale. 126
7̂* Strength requirements at the shoulder joint in 127

exerting a vertical force at the hand*
A8. Landmarks on the logarithmic strength scale. 128
50. Unaided rising without the use of the arms. 129

51. Gauge response across the chair seat. 93
52. Seat dynamometer calibration. 130
53* Knee extension. 131
5̂ . Hip extension using handrest. 131



Figure

55* Hip extension using backrest. 131
56* Upper body flexion* 131
57* fests on the therepeutic effects of the 132

floating arm support expressed logarithmically.



Nomenclature.

B -------------------------  A. function of the somatotype of the
subject,-..

cl-------- ---- ----------- - The length of the thigh link*

e ------------------   — The length of the lower leg link.

h  ----------------------  The index of the function of the
height.or stature of the subject.

H ------------------------  The height of the subject.

l^jl^il^--------- :--- ------ The distances of the centres of
gravity of the upper body from the 
hip joint, of the thigh from the hip 
joint, and of the lower leg from the 
knee joint.

-------------- ---------  A backrest dimension on the chair aid
shown in Figure (3̂ )•

L^2’L^V"4l5--- ------------  The perpendicular distance from hip
joint to the reactions normal to the 
chair seat and normal and tangential 
to the footrest.

L^,L^, ------------------  The perpendicular distances from the
knee joint to the reactions normal and 
tangential to the footrest.

M(̂ ) --------------------- The sum of the maximum muscular moments
(as specified in Chapter 2) exerted 
at five body joints.

m n ,m h ,mk ’
Mg,Mg

The muscular moments exerted at the 
neck, hip, knee, shoulder, and elbow 
joints respectively.



r Tii© co-ordinate of rotundity on the 
Sheldon Triangle.

2

Rjj ---■—   *—  The force acting bet ween the hands and
the handrest.

 • —    The fore® acting between the feet and
the footrest.

RjjH» % j y  The horizontal and vertical components
of

R^H» ^tyy   The horizontal and vertical components
of R ^ . ♦

S   The muscular moments expressed
logarithmically in decibels,

t ------    —  The co-ordinate of thinness on the
Sheldon Triangle.

w ---  The index of the function of body weight
of the subject.

¥  -------------- The body weight,

 ------  The body weight minus the weight of the
f eet.

W i ,¥2 ,W3 ------  The weight of the component segments of
Wj^,W^,Wg the body, i.e. the upper body, the thighs,
¥p the lower legs, the feet, the upper arm,

the forearm and the hand.

& C ,  The angle of the backrest of the chair,
2 The angle of the seat of the chair.

The angles of the respective body links
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The additional "non-equilibrium” force,
A  — /\ - • ■ • acting between the chair mechanism and the

f > respective body segment.
f

The standard deviations of the values
j  ̂ , of the muscular moments at the neck, hip,
rr-' ....... ‘ knee, shoulder and elbow joints.s j u g

Functions of the kinematics of the chair
/\ /\fir A;-* ■ • mechanism, used to calculate the moment ofF x j ) a force acting on the footrest.

A k £ ' ■ A similar function, used for the kneerest .

A  nr hti . Similar functions, used for the handrest.

e The angles of the forces

The seat hinge torque.



Chapter 1
Introduction

The work carried out in this thesis is based on relatively
accurate measurement of data, relevant to the performance of
able-bodied and disabled subjects in carrying out certain physical tasks;
and the effects of unenergised orthotic aids on their performance.
With the accumulation of enough data, certain trends and correlations
emerge, from which information on the use, the design, and the
effectiveness of these aids is derived. As a spin-off from the research

hon this limited application to two ortjptic aids, there is an 
accumulation of more general data and techniques which can and, it is 
hoped, will be expanded, refined, and used, not only in assessing 
the performance of other aids, but in other fields altogether.

The thesis is split into four sections. Firstly there is an 
analysis of muscular strength, based on measurements taken on able-bodied 
subjects, of their strength in five major muscle groups. From these 
measurements, the ratio of the strengths of the muscle groups is 
found; and an equation is synthesized, relating the muscular strength 
to the physique of the subject.

In the second section, the effect is studied of an orthqtie aid', 
to help restore normal function to the arms of partially paralysed subjects. 
The effect is studied of the aid, as used therepeutieally for hemiplegics* 
Here the aid gives the arm mobility, enabling a patient to exercise on 
his own. Also, the effect of the aid is studied on the ability of 
a subject to lift an object up to his mouth. The latter movement is 
regarded as being the most important function of the arm.

The third section is a study of rising, and sitting down in a 
chair; and the effectiveness of an aid to rising and sitting down is 
examined. In this section, an analysis is carried out firstly of 
unaided rising, and secondly of rising in the chair aid; and the 
two strength requirements are compared.

The final section is devoted to a new method of expression of
muscular strengths: as a logarithmic function. This is in a 

similar manner to the expression of the loudness of a sound in the
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field of accoustics. The muscular strength scale is graded in 
decibels, and has the advantage over other quantitative ways of 
expressing muscular strength in that it magnifies the spectrum 
of the lower range of strength values, enabling them to be expressed 
in greater detail; and minifies the upper range of strength values, 
allowing them to be expressed in a better perspective*

The first and last sections of the thesis in particular 
are promising for wider application, and it is hoped that further 
work will be continued along these lines*



6.

Chapter 2 
Muscle Strength Testing*

2*1*1. Voluntary muscular strength will depend, by its very nature,
not only on physical parameters of the subject, which may be 
measured, but also on unpredictable psychological factors which 
will control the degree of effort the subject puts into a voluntary 
muscle contraction.

In the following chapter, an account is given of an attempt 
to measure objectively the strengths of different muscle groups of 
a number of subjects by minimising as far as possible variations 
in the measurements due to psychological factors, and by treating 
the measurements statistically. Provided that there is not too 
great a scatter in these results, it should be possible to use 
tkem, for example, to deduce a figure for the percentage residual
strength 0f a. partially paralysed subject by measuring the 
strength of a muscle group, and comparing it with the expected 
strength of a healthy subject of the same physique.

In measuring the isometric force applied in a given direction
by a subject at a point along one of the body links, the force
will probably be dependent on a number of factors:

1* The physique of the subject.
2. The geometry of the body link and of the muscle group applying

the force.
3* The position along the link at which the force is applied.
A. The ratio of the strength of this muscle group to the general

strength of the body.
3* The age of the subject, his state of health, and the presence

of any muscular fatigun.
6. The method of measurement of the applied force.
7* Any psychological effects*

A series of tests Wfeuse carried out on able-bodied subjects, simply 
to measure the maximum force which they were capable of exerting 
at points on various body links. The tests were carried out. using 
a fixed procedure, to minimise psychological effects, and to standardize tiie-



method of measurement, and the direction and manner of application 
of the force; and this includes the geometry of the body link 
under test, and the support given to other parts of the body affected 
by the force.

As other influences have been minimised, the magnitude of 
the force exerted will now be a function of the physical parameters 
of the subject, i.e. the height, weight, build, and age of the 
subject. Having tested a large number of subjects, the results, 
providing that they are fairly repeatable, may be expected to 
give two useful end products:-

The ratio of the strengths of different muscle groups may 
be found.

An equation may be synthesised by which the strength of a 
subject may be determined from his age and physique.

Using these, it should be possible to predict in any subject 
the expected strength of a given muscle group. The residual 
strength of partially paralysed subjects may be found by comparing 
directly his expected strength with his measured strength.

The results of these tests will be in statistical form; 
given by an average figure with a standard deviation. The success 
of this technique will depend on whether this deviation is too 
large to allow the residual strength to be quoted with an accuracy 
greater than the subjective measurement techniques that are used 
at present.

Outline Of The Tests.

It is not practicable to measure the strength of every muscle 
group in the body. Five major muscle groups were tested. They 
were those causing:- 

Neck flexion 
Hip extension 
Knee extension
Shoulder horizontal adduction 
Elbow extension
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In each case, the force exerted by the muscle group was 
measured vertically or horizontally at a point along the link, 
perpendicular to the axis of the link, and in the direction of 
the attempted movement. All the movements tested were simple 
link rotations about a fixed joint, with the exception of neck 
flexion; and. so for each test the distance of the force from the 
joint centre was measured, and the results were expressed as the 
moment of the force about the joint. Neck flexion is a more complex 
motion, involving flexion of the cervical region of the spine 
and forward rotation of the skull. The link length was simplified here 
to the vertical distance from the upper surface of the shoulders, 
at a fixed width, to the point of application Qf the force. As 
most of this force is supplied by the sternocleidomastoid muscles, 
which flex the cervical verte^bral column, the upper surface of 
the shoulders is a good approximation to the centre of rotation.
Neck flexion was chosen to be tested in view of the fact that 
the muscles of the neck are usually affected less severely than the 
other muscle groups by paralysing diseases.

2,1,3* Position Qf The Subject In The Tests.

A standard/position was fixed for each body link during 
the tests. The subject was seated in an upright posture, with the 
thigh link horizontal and the leg link vertical. Shoulder horizontal 
adduction was carried out with the whole arm held straight out 
in frontof the shoulders, and level with the shoulder joint*
Elbow extension was measured with the upper arm vertical, and the
forearm horizontal, its axis in the sagittal plane. The force
in each case was measured perpendicular to the link axis, at a point
near the end of the link. This will keep the magnitude of the
force to a minimum, and reduce any discomfort caused by its application.

The subject was strapped into the chair during the tests to 
.support his body as he was exerting a large force at one point.
The chair itself comprised a short horizontal seat, supporting 
the buttocks, and a vertical backrest reaching to the shoulders.
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TA lap strap held the pelvis firmly in the seat, while not impeding 
thigh movements, and a chest strap held the trunk against the 
backrest* '

The strap from the hip-extension dynamometer also serves 
as a constraint for the thigh during knee extensibn. (A large 
horizontal force at the bottom of the leg would require hip 
flexion forces to maintain equilibrium. This effectively is 
supplied by the thigh constraint)* During elbow extension, the 
upper arm is strapped to the back of the chair, to relieve the 
shoulder of the need to apply extension forces; and during 
shoulder horizontal adduction,̂ .a symmetrical reaction to the 
forces set up is provided simply by applying a similar force 
with the other arm. -These arrangements can be seen in Figures 
(1) to (5).

The Testing Apparatus.

The apparatus itself is a rigid box-like structure of Dexion, 
approximately cubic, of side seven feet wide (Figure CHS)).
In the centre, attached rigidly to the rest of the framework, 
is the chair. This has a short seat to allow free movement of 
the thigh, and long legs so that the feet of the subject clear 
the ground. On the-outside framework are dynamometer attachment 
points. The dynamometers used are circular spring balances.
These have a relatively low extension rate, and thus the muscular 
contraction will be close to isometric. The dynamometers are 
attached to the frame by a universal joint, and between the 
dynamometer and the body link is a flexible strap. This arrangement 
eliminates lateral forces on the dynamometer* Different sizes 
of subject are allowed for by adjusting the length of the straps, 
and by attaching them to the limb of the subject at a point 
along its length perpendicularly opposite the dynamometer 
attachment point.
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2.1.5. The Force Measurement,

Two methods were considered for force application: either 
by resistance of the muscle group to a force acting on the 
limb, or by application of a force by the muscle group. The 
former would be carried out by applying a steadily increasing 
force to the end of the body link, the subject resisting any 
motion and thus applying an equal and opposite force. When 
the subject is unable to resist any further, the maximum force 
is recorded automatically. This method has its disadvantages; 
firstly in that the measuring apparatus will be complicated. 
Secondly we are more interested in the active force which can 
be applied, rather than the passive resistive force; so it 
was decided to allow the subject simply to apply the force 
himself.

Another important variable will affect the force applied
- the psychological parameter. It was found during trial tests
that merely by altering the tone of voice, or the wording used
in asking the subject to apply a force, or even by allipwing him
to see the face of the dynamometer so that he knows how much
force he is applying, it is possible to double the maximum force
exerted. Throughout the tests, it was necessary to adopt the
same tone of voice and wording in instructing the subject; 
this presented a particularly great difficulty when the 

understanding of the instructions by the subject seemed inadequate,

2.1.6. Analysis Of The Population Tested.

The subjects who volunteered for the tests were of two 
main groups*, students at the University of Manchester Institute 
of Science and Technology, the majority of whom were aged between 
eighteen and twenty-five; and technicians from the Institute, 
who were mainly middle-aged. Twenty-eight males and one female 
were tested. But apart from these obvious weaknesses in the 
sample, there was a fair distribution of weaknesses and strengths 
among the subjects tested.
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2.1.7* The Testing Procedure

Firstly a record of the weight, height, age, and
somatotype was taken; whether the subject was left or
right handed, and left or right footed* (If he were
left handed, tests were carried out on his left arm, etc.).
His prof ession or occupation and any physical pursuits
he followed were also recorded. His somatotype was
assessed on the Sheldon Triangle, which splits physique
into three trends:- muscular, rotund, and thin. As 
shown in Figure (7), five increments were used between
each extreme of build, so a subject classed as SJ-jT̂  will
be extremely rotund, whereas one classed as K^T^ will
be of average build with a slight tendency towards
muscularity.

Having completed the record, the subject was 
strapped into the chair, and the neck flexion strap 
was placed around his forehead. The vertical distance 
from the strap to the shoulders was then measured with 
the device shown in Figure (I). This device incorporates 
two prongs, nine inches apart, which are placed on the 
shoulders. A pointer is located to the centre of the 
forehead strap; a scale along which pointer slides
indicates the vertical distance of the shoulders to the 
forehead strap, and a plumbline ensures that the device 
is vertical. The subject was then asked to push forward 
as hard as possible against the strap. This he was 
asked to repeat until a fairly consistent maximum force 
value was obtained. The maximum force was judged to be 
that force which could be maintained for approximately 
two seconds i.e. a steady force and not a $erk.

Measurements were taken, as shown in Figures (l) 
to (5)» for the other muscle groups. Link lengths were 
measured from the centre of the strap to the joint centre. 
These were located from landmarks in the bone. Those 
used were:-

Heck Flexion IHpper surface of the shoulders
at a width of nine inches.
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Hip Joint A point at the tip of the femoral 
trochanter 0.^ inches anterior to 
the most laterally projecting part 
of the femoral trochanter.

Knee Joint Mid-point of a line between the centres 
of the posterior convexities of the 
femoral condyles.

Glenohumeral Joint:- Mid-region of the palpable bony mass
of the head and tuberosities of the 
humerus.

For measurements of vertically applied forces i.e. 
hip extension and elbow extension, the subject was asked 
to relax the limb prior to the force application in order 
to measure the force at the dynamometer due to the weight 
of the limb. This force was subtracted from the force 
applied. All measurements were taken in pounds force 
and inches, and the joint moment for each muscle group 
was calculated simply by multiplication of force 
applied at tlie point along the link by the distance of 
the point of application:of the force from the appropriate 
joint centre.

The moments exerted by the five muscle groups were 
summed to give an indication of the total strength of 
the subject, and the ratios of the strengths of the 
muscle groups were obtained by dividing the moment of 
each individual muscle group by the total strength.
The figures obtained from the tests are given in the 
appendix (section (l) ). The results are shown graphically
in Figure (9) in the form of a histogram, each point 
representing an individual muscle group ratio. Thirty-two 
sets of results are plotted; those being the twenty-nine 
subjects tested, plus a repeat of the tests on the first 
three subjects.

Elbow Joint The lowest palpable point of the 
mediallepicondyle of the humerus

2.1.8. The Strength Ratios of the Muscle Groups
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It was found that each set of muscle group ratios 

is similar to a normal distribution about the arithmetic 
mean- The three weaker muscle groups (neck flexion, 
shoulder horizontal adduction, and elbow extension) 
have smaller mean deviations and ranges, but greater 
percentage deviations and ranges. The arithmetic mearas, 
mean and percentage deviations and other data, are given 
in section (1) of the appendix.

The intention of these tests is to utilize these 
figures for predicting the strengths of other muscle 
groups and multiplying by the strength ratio. This will 
give a figure for the residual strength of the muscle 
group, with a standard deviation which may also be 
calculated. The usefulness of these figures will depend 
on the magnitude of this deviation.

In the appendix (section l) an analysis is carried 
out to find the magnitude of the standard deviation in 
the percentage residual strength of the knee in applying 
an extension moment. The strength of the knee is compared 
with that of the hip, elbow, shoulder, and neck, assuming 

.these latter to be unaffected by any paralysis.

It is found that from these measurements the 
residual strength at the knee, expressed as a value R$ 
can be given to an accuracy of - 0.27R i.e. for a subject 
with a residual strength measured by this technique as 
20$, this figure may be quoted as 20 ~ 6$.

2.2.1 The Strength Equation

We have data for 29 subjects on their general 
physical strength, as given by thesura of the strengths 
of five muscle groups. We also have a record of the 
physical parameters for each subject i.e. the body height, 
weight, build, and age. It is reasonable to assume that 
these parameters will affect the physical strength to a 
greater or lesser extent, and that given the conditions 
of the tests - that all the subjects are able-bodied, 
and that psychological factors are minimised; we can 
assume further that it will be possible to synthesize
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an equation giving the strength^of the subject as a 
function of these four parameters.

Synthesis of the strength equation

We cah write an equation linking the strength with 
the physical parameters in the forra:-

M(5)i _ r
-----  ~ ~Wi

•f2
Hi"1

3 1 — ’ { k
r iYi
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M(5)i is the strength of the subject in the five 
s£>ecified muscle groups.

M*f5) is the average strength of the population.
is a function of the body weight of the 
subject divided by the average body weight 
of the population.
is a function of the height of the subject 
divided by the average height of the 
population•
is a function of the build of the subject 
divided by the average build of the 
population♦
is a function of the age of the subject 
divided bythe average age of the population.

The equation will be empirical, and will be 
synthesized by giving each function a basic form, then 
finding the value of the function and its associated 
constants which give the closest fit to the experimental 
data. Unfortunately there will be a fairly larjge 
indigenous error present, due simply to the psychology, 
of the subjects i.e. how much effort they put into
exerting the forces. However, the larger the number of
subjects^tested, the better will be the average of the 
results, and the more accurately will the parameters of
the strength equation be calculated.

Let.us look firstly at the body weight function
Wi
W

We must synthesize an expression which is likely
toLexpress the effect of the body weight on the muscular 
strength; and then solve the numerical constants of the 
expression from the data.
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One factor determining muscular strength is the 
number of muscle fibres in each muscle: the greater the 
number, the greater is the strength of the muscle. Also, 
the greater the number, the greater is the weight of 
the muscle. This implies that as the muscle weight 
increases, so will the muscular strength; and that as 
a large proportion of the body consists of muscle, it 
seems probable that the muscular strength is proportional 
to some power of body weight, at least in I'lealBi.

i.e. M ( 5) i fwi W
m T5) [5^

where w is the body weight index.

Xt is not clear however, at first sight, w|?ich way 
the body weight, height, build, and age will affect the 
muscular strength. If one were to correlate the strength 
of the subjects with any one of these parameters, one 
would probably be able to predict, for example, that the 
strength would be directly proportional to the body weight 
However, as we are taking into account all the parameters 
simultaneously, this need not be the case. At the moment 
this is not important, for even if the muscular strength 
decreases as the body weight increases, the value of w

will stillwiW
tf

tirill become negative, and the expression 
be adequate.

A similar form of function may be used for the effect 
of the height of the subject on the strength:

i.e. M(5)
Ml5)

where h is the height index
“  [SrT

The next function to be synthesized is the build 
of the subject. As mentioned, each subject is assessed 
on a Sheldon Triangle (Figure and is given two
numbers to represent his build; the first showing his 
tendency towards rotundity, and the second showing his 
tendency towards thinness. The two numbers together will 
show his tendency t-owards muscularity. The first number 
will be between 1 and 5: 1 showing the greatest tendency 
towards rotundity, and 5 showing the least. Representing 
this number by r , we can say that his rotundity is



16

proportional to (5 - r) . Similarly, representing &he 
second number by t, his thinness will be proportional 
to (5 - t), and his muscularity by (r + t - 6), The 
function representing build may be adequately represented 
by: R(5 - r^) + T(5 - t^) + M( r^ + - 6)

R( 5 - r ) + T( 5 - *E) + M(r + ^ - 6)
where R, T, and M are constants which will be found

from the data. It will be expected that M will have
the largest value - subjects with the highest value of 
(r + t - 6) having the highest proportion of muscle in 
the body, R and T will be lower. Subjects with a high: . 
value of (5 - r) will have a high proportion of fatty 
tissue in the body; while those with a high value of 
(5 - t) will have a high proportion of bone and other 
organs.

Finally, a function expressing the effect of age 
on strength must be synthesized, figure (10) shows the 
form the function is expected to take.. We can expect 
the strength to be small at bifcth, increasing quickly 
to a steady maximum, and dropping off at old age. The 
function Jbe represented by two portions of a sine curve, 
the first lying between the age of 0 and the age of 
maximum strength Ym, and the second between the maximum 
strength age, Ym, and 100 (100 being taken as anl 
arbitrary upper age limit).

The function is written sin^/Ym - Yi\ for values
Ym

of Y less than Ym, and sin^YlOO - Yi\for values of Y
VlOO -Yin)

greater than Ym. The function is given an index, y; 
the higher is the value of y, the sharper will be the 
maximum peak; while for low values of y, the plateau of 
maximum strength will extend over a large number of 
years.

The full equation now becomes:- 
Mil5)i = / W i y Y g i V 1 R <5 - I*) + T(5 - q )  + M( - 6)
W 3 )  1 ' H / R(5 - r ) + T(5 - t ) +MM(r + t - 6 }

x / sin(F(Yi) )\y where F( Yi) = Ym - Yi when Yi <[ Ym
xUin(F(Y) ) / Ym

and - 100 - Yi when Yi ^>Ym
100 - Ym
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and F(Y) is the same function with Y substituted for Y i .

The equation is solved by computer. The technique 
used, and the full computer programme are given in the 
appendix (Section 2}t together with a sample of the 
results obtained.

2.2.3* Analysis of the Population Tested

The ideal population to test would be a cross-section 
of humanity, with proportional representation of all 
races, sexes, ages, and occupations. Unfortunately, 
most of the subjects tested were male Caucasians, most 
of whom were between the ages of 18 and 25» and were 
students by occupation. This imbalance in the population 
makes it impossible to include a sex factor into the 
equation; and also the age factor is unreliable, as it 
is based on too few subjects at either end of thle age 
spectrum.

The population includes, however, a good range and 
distribution of the height, weight, and build of the 
subjects; so the full effect of these parameters on the 
strength equation constants will be manifest.

2.2.4. The Strength Equation In Itsl^foxfek Form

The equation, found from the data of the 29 subjects 
tested was as follows

M(5) » W “°*2 .H1 *-5(4.44^ + 4.60t - 11.75) 
where M (5) is the strength of the five muscle groups 
specified in in-lb£.

W is the body weight in lb^.
H is the body height in inches, 

and r and t are co-ordinates of the build, as given on 
a five point Sheldon Triangle.

The absence of the age function should be noted.
The optimum value of the index of the function y, is 
found to be aero. This in effect means that the strength 
of those subjects tested is unaffected by their age.
As mentioned previously, the range of ages tested is
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not good; and the absence of an age function will be 
true for this particular group tested, but is not 
necessarily true for humanity as a whole. Also there 
is no account of the sex of the subject. There is no 
reason, however, whylbike height, weight and build functions 
should not be a good representation of their effect on 
the strength of the subject, and the equation will be 
valid for calculating the expected strength of a subject*,

Figure (11) shows the values of the strengths of 
the 29 subjects tested, as calculated from the strength 
equation, plotted against their measured strengths.
The standard deviation of the calculated values from the 
measured values of the strength was found to be 15*5$*
This error will probably be close to the indigenous error, 
mentioned previously, that will be present no matter how 
large p, >population is tested.

2.2.5. Application of the Strength Equation to the Estimation 
of Residual Strengths of Pathological Subjects.

In the appendix (Section l), a technique is used 
for calculating the expected strength of an individual 
muscle group from the data obtained in the first part 
of the muscle strength tests. The strength equation may 
now be used to simplify this technique, and enable us 
to gauge the able-bodied strength of a muscle group of 
a subject to approximately the same accuracy of 2?fo 
standard deviation (i.e. the strengths of approximately 
2/3 of all subjects will lie within .2 7fo of the calculated 
value). The advantage will be that no actual measurements 
of the strength will be required, j.. e . knowing the height, 
weight, and build (and also the age and sex) of a subject, 
the healthy strength of a muscle group may be calculated, 
and may then be compared directly with the residual 
strength of the muscle group, which may be simply measured.

This technique is also far better in the case of 
subjects partially paralysed in more than just one 
muscle group, as is so often the case. The estimation 
of the residual strength will be independent of any 
measurements on the rest of the body.
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2,2.6 Suggested Further Work
 ......  mi iiiHi m ■ i w h i b i " ■■ ian h i  wimmiipi 11 ■ iw  i n  ■ *  it■

It is possible that this equation and technique 
could be of some use in the fields of bioengineering, 
medicine, or physio therepy. Before the results are 
used, however, it is suggested that the muscle tests are 
continued for a far larger number of subjects; and more 
important, for a broader rahge of types of subjects.
This should be extended to cover all the major muscle 
groups, which would increase the usefulness of the 
technique. Should there be any demand for the use of 
this technique, the equation could even be expressed 
as a set of tables.

Finally, the magnitude of the indigenous error 
should be gauged, by repeatedly testing a few subjects, 
and observing how the results vary with each subject 
over a period of time.
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Chapter 3 
Tests On The Floating Arm Support
ni«»wrwinini fn ■nim̂fw ir~tn nm~mr *wiwth bhpum mmmff pn niampw ihtit  him npi 11 mTi — h— hi 

The floating arm support (References2, 5, 13) is 
a device designed to supply a vertical and near constant 
force to the forearm, while allowing at the same time 
free movement of the arm.

The device was designed for people suffering from 
multiple sclerosis and similar crippling diseases, whose 
arms are not strong enough to function normally, and 
who are either too weak to lift small objects, or cannot 
even support their own arm weight. The device is 
attached to a wheelchair, and is thus used in a seated 
position. The principle on which it works is to convert 
the potential evergy of the arm as it moves down into 
strain energy in a set of springs in the mechanism.
Here the energy is stored until the arm is raised, 
whereupon the strain energy of the springs is returned to 
the arm, increasing its potential energy. In effect, 
the only work required to raise and lower the arm is a 
very small amount needed to overcome friction losses in 
the system. The effect of the device on the arm is to 
produce a feeling of floating.

The device as yet has had limited general use, and 
has received a mixed reception from the partially 
paralysed people who have so far used it. The feeling 
expressed most often is that the arm supports are good, 
but that the person himself would not want to use them 
(Reference 5)* This may be partly due to psychological 
reasons, but it was also thought possible that this 
lack of acceptance was due to some biomkchanical reason 
for which the aid does not in fact live up to its 
expectations.

A more promising use for the device is as an aid 
to physiotherapy in rehabilitating patients suffering 
from hemiplegia. In hemiplegia, half of the body, 
either the left or the right side, becomes almost totally 
paralysed. The degree of recovery and the speed of 
recovery are both affected by the amount of physiotherapy 
in the form of passive and active movements of the muscles
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which can be given to the patient. Xn the initial stages 
of recovery the patient is usually too weak to carry out 
significant movements of the upper limbs unaided; so a 
physiotherapist is required to move the weak arm for 
the patient. With the arm support the weight of the 
arm is supported, and the patient now requires very 
little strength to move the arm in three dimensional 
motion. The patient can thus be left on his own to 
exercise himself, saving the time of the physiotherapist, 
and increasing the time which he receives 
physiotherapeutic treatment. Initial trials with the 
floating arm support have proved to be very encouraging. 
What is now required is concrete evidence in the form 
of a controlled experiment to show whether therapy 
using the arm support does in fact increase the speed 
and degree of recovery as compared to orthodox 
therepeutic techniques.

Thus we wish to make objective measurements of the 
recovery of power in the arm using the aid therepeutically, 
and also to examine the effect of the aid on the 
biomechanical performance of the arm when in everyday 
use. To assess these, we would like to measure the 
position of the arm and the magnitude of the maximum 
vertical force applied by some point on the arm.

3.2.1. Assessing the Biomechanical Effect of the Arm 
Support on the Arm.

In everyday use, the arm support will be required 
to increase the mobility of the arm, increase the control 
which the user has over h&e arm, and increase the lifting 
power of the arm. Increased mobility of the arm will 
be required for increasing the range of the hand, 
increased control over the arm for better control of 
movements at the hand, and for increased lifting power 
as applied by the hand. The latter is regarded as the 
most important benefit brought about by the arm support, 
and so apparatus was designed primarily to measure this, 
but also to be capable of assessing the mobility and the 
degree of voluntary control. By far the most common 
movement carried out by the hand is in lifting objects
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from just above the thighs up to the mouth, as used for 
example when eating. This will be referred to as the 
"hand to mouth movement", and the path taken referred 
to as "the hand to mouth path".

3-3•1 • The Arm Support Test Apparatus

The test apparatus should be capable of measuring 
the vertical isometric fore© applied by the hand, and 
at the same time be free to move in any direction so 
that the subject may select his own hand to mouth path..
To allow the hand free vertical movement and also to be 
able to measure the vertical force, it is necessary to 
be able to lock the measuring device in the vertical 
direction, and thus to measure the force at integral 
points along the hand to mouth path rather than 
continuously measuring this force.

At the beginning of the hand to mouth path, the 
hand is close to the top of the thighs. This makes it 
difficult to accomodate a dynamometer beneath the hand 
under test. To avoid this a compressive dynamometer was 
used, placed above the hand. As we wish to measure the 
isometric force at the hand, a deflection-free dynamometer 
is required. A piezo-electric dynamometer rather than 
a spring balance was therefore used. This also has 
other advantages. For exasiple, it is possible to feed 
the results automatically on to a permanent record, 
which will introduce other interesting parameters into 
the results; the force will now be plotted against the 
time, and this will show whether any long term effects 
of the force on the time are present due to fatigue, 
and short term effects due to muscular tremor.

To allow movements of the hand in the x, y, and z 
direction, the mechanism shown in Figure (12) was 
constructed. This consists of two freely jointed links 
attached to a fixed support. This arrangement allows 
the point A to move over the whole horizontal range of 
motion required. A telescopic rod is attached to the 
free end of the links to allow vertical movements.
The rod can be locked in a rigid position during actual 
measurement of the force, and unlocked to allow free
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movement of the hand. It is made from aluminium channel 
sections for lightness, and the locking device is a 
friction pad in each section, which may be operated by 
levers attached to the rods, or by remote control by 
brake handles connected to the rod by Bowdon cables.
This is used when it is required that the tester should
not affect or influence the hand to mouth path.

3■3•2. Measurement of the Hand Force

The dynamometer is fixed above the teleseopic rod
as it isnecessary to have as little movement as possible 
of the output wire. It is of a piezo-electric type; a 
static charge being generated proportional to the load 
applied between the end faces. A screened lead connects 
the dynamometer to a high impedance D.C. amplifier which 
amplifies the signal. The output from this is recorded 
on a U.V. recorder. As the output from the dynamometer
is a minute D.C. charge of the order of a few micro-amps,
the output lead from it is a heavily insulated, oil
filled coaxial cable, and the impedance of the amplifier 
is very high, to minimise leakage of the charge. Even 
so there is some leakage, shown by a slow drift of the 
output reading. Prior to each force measurement, the 
dynamometer must be grounded. This eliminates any charge 
which has built up due to drift.

3.3*3* Measu rement of the Hand Position

It is desirable to make the system of measurement 
of the hand co-ordinates as simple as possible, at the 
same time, however, bearing in mind the practical difficultie 
of measurement. We should like to locate the co-ordinate 
system to a point on the body of the subject under test.
This would make the test independent of the apparatus, 
and it would produce slightly more meaningful results. 
However, the practical difficulties involved in fixing 
i?he co-ordinate system to the body are too great. The 
co-ordinates would need to be adjusted for each subject, 
and possibly even for each force measurement. A 
compromise is used in which the co-ordinate system is 
fixed relative to the chair, while as far as possible 
the position of the subject in the chair is also fixed.
We cannot constrain the subject in any way, for example
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tfith belts, as this would probably affect his 
biomechanical performance. However, as the most 
important part of the body to fix to the reference 
co-ordinates is the head, a headrest is provided (shown 
in Figure(12)). This was adjusted for each subject to 
be comfortable in a relaxed sitting position. The 
co-ordinates were not fixed with the headrest as a 
reference, as again this would mean adjusting the 
apparatus for each subject. The headrest served, 
however, to locate the head in a consistent position 
during the testing. The actual reference co-ordinates 
were taken from the frame of the chair.

Measurement of the x, y, and z co-ordinates present 
a difficult problem. As the force output is being 
recorded on a UUV. recorder, it is desirable to record 
the co-ordinates of the hand on the same output. Due 
to difficulties involved in getting a direct electrical 
output of the hand position, the co-ordinates are 
indicated visually, and are transferred to the recorder 
by the tester, who dials the co-ordinates on a hand 
dial (shown in Figure (12) ), which produces a permanent
record on the U.V. output. Cartesian co-ordinates are 
used rather than polar co-ordinates, as they will be more 
meaningful during analysis of the results. An x - y 
co-ordinate scale was drawn out and was fixed to lie 
above the free links. A pointer attached to point A 
indicates the x and y co-ordinate readings (as shown in 
Figure (12) ). The z co-ordinates are marked on a scale 
alongside the telescopic rod, and a pointer indicates 
on the scale, the z co-ordinateiof the highest point 
of the hand. The scales are all marked in inches.
Figure (13) shows the reference points of the co-ordinates. 
The x-axis lies across the seat, with x « 0 the centre 
line of the seat. The y-axis lies along the seat with 
y = 0 at the line of intersection of the wheelchair 
seat and the backrest; and the z-axis is vertical with 
the origin again at the line of intersection of the 
wheelchair seat with the backrest.

The co-ordinate hand dial circuit is shown in 
Figure (1^). In the hand dial itself are the rheostat, 
the resistor, the battery and the switch. The face of
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the dial itself is marked out in the co-ordinate numbers. 
The tester moves a pointer round to the number to be 
read in, and then presses the switch. The rhejbstat is 
connected to the pointer, and thus a current, dependent 
in magnitude on the position of the pointer, runs through 
the circuit. This produces an output on the U.V. recorder.

Two perspex scales were made to simplify reading 
the U&V. recordings: one for measuring the magnitude of 
the force output. This was calibrated to read directly 
in pounds force. The other, for measuring the co-ordinates 
of the hand, was calibrated to read in inches. This 
speeded up analysis of the results considerably,enabling 
direct measurements of the force and co-ordinates of the 
hand position to be taken from the output trace.

3*3*^. Adapt&bwwsof the Apparatus for the Tests    f"..T - r— |-||„M|||„ m, — .........    I _ If ■ 11 c  in 11 n—11 11 n ... in nir~i '-i m  i i ■......

In the first series of tests we wish to measure the 
maximum lifting force of the hands. Some sort of hand 
gi'ip is required at the end of the telescopic rod for 
the subject to push up against. However, we do not want 
the results to be affected by the ability of the subject 
to grip, as the strength in his hand may be considerably 
reduued. To overcome this, a mushroom attachment (shown 
in figure (12) ) was fitted to the end of the telescopic
rod, allowing the subjeict to hold the stem of the 
mushroom with his hand, and to apply a force to the 
underside of the dome of the mushroom. This also has 
the advantage of fixing the z co-ordinate of the hand 
with respect to the fixed frame of reference of the 
co-ordinate system: in the tests the z co-ordinate was 
measured to the underside of the dome of the mushroom.
In later tests, the force was applied at a point on the 
arm. To allow this, the stem of the mushroom, was removed 
and the force was applied to the dome of the mushroom.

In the second series of tests, the apparatus was 
to be used in t^o hospitals, transported weekly from one 
to the other, and8erected and used by physiotherapists 
and doctors who, one muist assume, will be ^hgifted in 
the use «©f the screwdriver, soldering iron, and spanner. 
The apparatus was thus made as light and as easy to
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dismantle and erect as possible; and only onee connection 
was required to complete the electrical circuit on erecting 
the apparatus.

3 • 1 • The Testing Procedure

The apparatus is erected with the telescopic rod 
vertical, and the x, y, co-ordinate canopy horizontal.
The z co-ordinate scale is prefixed, but the x and y 
co-ordinates must be adjusted to the required position.
A plumbline is provided for this purpose. It is first 
suspended fi^om the point (x •■= 0, y ss 0) on the scale to 
adjust x = 0 to the centre line of the wheelchair. A 
wooden lathe is then laid across the seat of the chair, 
and the plumbling is suspended firstly from the point B, 
and then from point C, whereby the scale can be adjusted, 
using markings on the lathe as a reference, to bring the 
x and y axes of the scale parallel to the chair frame, 
and to locate the line y = 0.

The subject is noxf seated in the chair, and is asked 
to sit in a normal, upright, relaxed posture. The 
headrest is adjusted for comfort in this position. The 
arm supports are than -a-djus-todr adjusted to supplyylOO^ 
of the force required to support the arm at the mid-point 
of the hand tfe moutEnbpath; the support force dropping 
off slightly as the arm is raised or lowered. A preliminary 
adjustment is made by weighing the arm on scales, and 
fixing the number and position of the springs from the 
arm support calibration graph (Figure (15) )• The final 
adjustment is done by placing the subject’s arm in the 
support, asking him to relax, and it can be seen if too 
much or too little force is supplied from whether the 
arm rises or falls. The test is then explained to the 
subject as follows:-

’’Imagine you are picking up an object, for example 
a cup of tea from a table in front of you, and 

s,;£?:are lifting it up to your mouth. Grip the handle 
of the mushroom, and starting from a position as 
if it were on a table, bring it up to your mouth.
While you are doing this, I will stop you five times 
along the hand to mouth path, and will ask you to 
push up as hard as you can.”
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Where possible, the positions at which the fore© is 
measured are the starting position, with the hand on an 
imaginary table; the final position with the hand at the 
the mouth; and three evenly spaced intermediate positions. 
Just before the measurement of the force at each position, 
the subject is asked to release the mushroom and the 
dynamometer is grounded.

Two people are required to carry out the tests: one to 
instruct the subject, and to operate the brakes on the 
telescopic rod and the other to operate the U.V. recorder 
and amplifier, and also the co-ordinate hand dial. While 
the subject is applying the force he dials the x, y, and 
z co-ordinates, in that order.

Figure (l6) shows a typical trace obtained during an 
actual test. One can see a straight portion of the curve 
where the dynamometer is being grounded. Moving from 
right to left, there follows the application of the force 
by the subject and the three lines representing the x, y, 
and z co-ordinates. Negative values of x (on the left 
side of the chair)are indicated by the tester by moving 
the pointer round the dial and back to zero before 
dialling in the x co-ordinate. This produces an inverted 
V on the trace. After the application of the force and 
the co-ordinate lines, there is a period of irregular 
forces before the next grounding while the subject moves 
his hand to a new position. This can be ignored. It is 
important at the beginning and end of each trace to record 
a baseline for the force and for the co-ordinates, so 
that they may be subsequently measured easily.

3*5•1• An Outline of the Purpose of Each Set 
of Tests and the Preliminary Findings

The first series of tests was carried out at the Frank 
Taylor Centre For The Disabled, This is a day centre for 
the disabled to which people of all ages and disabilities 
come. A total of sixteen subjects were tested here on 
the apparatus. The first nine subjects were tested for 
their ability to apply a force with the hand on the hand 
to mouth path. The last six subjects were also tested 
with the stem removed from the mushroom, applying a force
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on the underside of the dome of the mushroom with the 
wrist, the forearm being held in mid range of pronation- 
supination. Two subjects were also tested over the whole 
range of arm motion. The latter test was found to be too 
lengthy to carry out on every subject, so it was discontinued.

Figure (17) shows a typical trace obtained from these 
tests; one graph showing the hand to mouth path viewed 
from the side; the y co-ordinates being plotted against 
the z co-ordinates. Beneath that is shown the force 
applied by the subject plotted against the distancejfrom 
the mouth. The first nine tests were carried out both 
with and without the arm supports. On subjectsswith two
weak arms, the order of testing was: -

1. Left arm with arm support.
2. Right arm without arm support.
3. Left arm without arm support.

Right arm with arm support.

This order of testing would reveal any noticeable 
increase or decrease in the applied force during testing.
In fact it can be seen that there is no significant 
differencesin the force over the duration of the tests.

One immediate and unexpected observation that became 
apparent from the first set of tests, was that the arm 
support caused no consistent increase Ban the applied force.
At first sight it would appear that if the subject were 
capable of applying unaided a force F^ with his hand, and 
the arm support were supplying a foi'ce F^, then the total 
force he could exert using the arm support %ouid be 
F^ + Fg. It is not valid to quote numerical comparisons 
between individual tests because of the large variation 
in individual results. It can be seen, however, that the 
force applied by the subject using the arm support is 
not consistently greater than the force applied unaided.

The only notable exception to this is with very weak 
subjects who are totally unable to raise their arm without 
the arm support, and are thus unable to supply a vertical 
force unaided, but were capable;of exerting a force when 
th.e arm support was used. Therdi were at first thought to 
be two explanations possible for these findings. The first
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involves the muscles of the shoulder joint, which are thought 
to be critical in applying a force at the hand; the hypothesis 
being that the force exerted by the hand is in general controlled 
by the strength of the muscles at the shoulder joint and ©Ibow, 
and that the muscles relieved by the arm support will be different 
to those used to apply a force at the hand. The biomechanics 
of this will be examined in detail later in the chapter.

The second explanation could be that a limit is imposed 
on the force applied by.the hand due to comparative weakness 
in wrist abduction. This is to say' that although the arm is 
capable of applying more force; were it to do so, the wrist 
would simply a&duct, and no extra force would be applied at the 
hand. If this were so, then in measuring the force exerted at 
a point on the end of the forearm link, just behind the wrist 
joint, we should find that the arm support causes a substantial 
increase in the force*

A second series of tests wois? carried out to test the latter 
theory. Measurements of the force were now taken as follows:-

1. Measurement at the hand with the arm support.
2, Measurement at the wrist with the arm support.
'3* Measurement at the wrist without the arm support.

Measurement at the hand without the arm support.

FoaF subjects with two weak arms, tests were also alternated 
between the arms. Six subjects were tested in this manner.
The results taken, are analysed in the appendix (Section 3).

3*6.1. Conclusions Drawn From The Results Of
The Two Sets Of Arm Support Tests.

1. The arm support does not significantly increase the maximum 
vertical force which can be applied by the hand, in subjects strong 
enough to support the weight of their own arm, in fact it would 
appear to reduce it slightly.

2. The maximum force applied at the wrist is significantly
lower than the force applied at the hand; indicating that 
the strength of the wrist is not the limiting factor in
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application of the force.
3.v Force application appears to be a minimum when the hand, 

is close to the mouth. This factor could be considered 
in the adjustment of the spring characteristics to raise 
the position of the maximum support force.

A statistical analysis of the results of the arm support 
tests which led to these conclusions is given in the 
appendix (section 3)•

3*7.1. An Explanation For The Results.

In applying a vertical force at the hand on the hand 
to mouth path, with or without using the floating arm 
support, complicated muscular anatomy and biomechanics 
are involved.. A large number of muscles are associated 
with the shoulder girdle and arm, all of which may affect 
the force at the hand to a greater or lesser extent.
Section 3*7*2. deals with the function of the muscles in 
the use of the arm. In section 3*7*3* *foe biomechanics 
of the arm in applying a force at the hand is analysed, 
with the arm support in use, and by two methods without 
the arm support. From this final analysis, an explanation 
emerges for the limitations of the arm support in increasing 
the force at the hand.
A Reference To

3*7*2. The Functional Anatomy of the Upper Limb.

This is based on a summary of electromyographical 
studies of the upper limb over the past two decades 

(Reference l); and is given in the appendix (section 4).

3*7-3. The Biomechanics of the Arm With And 
Without the Arm Support in Use.

Figure (19) shows a plan view of a subject using the 
arm support, his hand midway along the nhand to mouth path1', 
The arm support exerts a single vertical.force at a 
point on the forearm, usually at about one third its length 
from the elbow joint. An imaginary object being lifted 
to the mouth (in the analysis this is assumed to be a 
British Standard eup of tea of weight 1 lb£) exerts a 
downwards vertical force at the hand. Figure (-1.$) shows 
the arrangement diagrammatically.
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A value for the weight of each link is now 
calculated using the figures given in the appendix 
(section 10), and the centres of gravity of the arm, 
forearm, and hand links are marked on the diagram as W^,
Wg, and W^, respectively. The moment about the shoulder 
joint of each link is now calculated, and a moment vector 
polygon is constructed as .shown. The resultant moment 
about the shoulder joint;5-;4s found to lie almost exactly 
on the same line as the moment exerted by the arm support 
force about the shoulder, , and to be equivalent to a 
force of 4.8 lb* acting at the point of support of the arm 
support. We can assume thus that with the arm support in 
use, and adjusted correctly, the weight of the whole arm 
will be supported, and may be ignored. The only other 
force acting here will be the force at the hand. This 
is assumed to be of magnitude 1 lb£, and the moment 
produced by this at the shoulder joint, is marked on
the diagram.

To apply this force, it is necessary to exert a 
moment at the shoulder of 14.8 in-lbji. in shoulder external 
rotation, and of 4.5 in-lbji. in shoulder < f lexion/adduc tion .

With this configuration of the arm, -but without the 
arm support, moments at the shoulder due to the arm segment 
weights will be acting, in addition to the moment due to 
the force at the hand, giving the moment vector polygon 
shown. How it will be necessary to apply 31*5 in-lbji. 
external rotation moment, and in-lb^. flexion/adduction
moment to exert this force at the hand. This is far 
larger than the moment required with the arm support in 
use.

In observing people drinking tea, particularly 
disabled people, it can be seen that they do not, in 
general, pick up a cup of tea with the forearm nearly 
horizontal, as is necessary when using the arm support.
The arm will usually be held as in Figure (20), with the 
upper arm nearly vertical, and the elbow held against the 
side of the body. A moment vector polygon ijs constructed, 
as before, to find the resultant moment at the shoulder 
idien a vertical force of 1 lbj? is applied at the hand.
As can be seen, a shoulder external rotational moment of
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1^.3 in-lb^. , and a shoulder flexion moment of 2+0.6 in-lb£. 
is required. In pathological cases, where the arm is ^ 
nreak, the need to exert the flexion moment can be overcome 
by holding the arm against the body. The frictional 
force between the arm and the side t°£_' the body will now 
supply some, or even all of this moment. The rest of the 
moment at the shoulder, that of adduction, is comparable 
in magnitude with that required in external rotation, 
when using iLhfe.arm support. In addition, there will be 
an elbow flexion moment acting of approximately 28 in-lbji. 
This may affect the ability of the subject to apply a 
force when muscles controlling the elbow joint are 
severely affected. However, as the average subject is 
stronger in elbow flexion, as is required. when the elbow 
is held against theside of the body, than in shoulder 
external rotation, which is required when the arm support 
is in use; this moment at the elbow will probably not 
limit the force applied at the hand to any great extent. 
This explains the findings of the testsj that the arm 
support does not increase the vertical force that can be 
applied at the hand.

At first, the findings of the second part of the 
tests were completely inexplicable: that the force exerted 
at the wrist is significantly lower than that exerted at 
the hand. It would appear from simple kinematics that 
this force should be either equal to, or slightly larger 
than the force exerted at the hand. The explanation for 
this phenomenon (having caused the author several sleepless 
nights) now becomes obvious; for it is for the same reason 
that the arm support doe® not increase the force at the 
hand - one could even aay it verifies this explanation.

In applying a force at the wrist, the stem of the 
mushroom, used as a handgrip, is removed; and the force 
is applied to the underside of the dome of the mushroom.
To do this, it is necessary to hold the forearm horizontal, 
or to suffer the extreme discomfort of applying a force 
to the edge of the mushroom. This will explain the 
figures calculated in section (3) of the appendix: that 
in using the arm support, 22fo more force is exerted at 
the hand than at the wrist, and that without using the 
arm support, where we are comparing the most natural with
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the most artificial arm configuration, more force will
be exerted, at the hand than at the wrist,

3 * 7 »̂ • Conclusions.

The floating arm support is an excellent device for
giving support to the free arm; and as such is especially
suitable for exercising the arm in the treatment of 
certain pathological conditions such as hemiplegia, where 
the arm is not capable of supporting its own weight against 
gravity. It can also be used in picking up light objects 
and for giving mobility to subjects with weak arms.
However, for partially paralysed subjects who are able 
to raise their arm against gravity, the arm support tends
to impede rather than help them, as it forces the arm
into an unnatural position for lifting objects.

More promising from this point of view is the "close 
fitting" arm support, at present being developed (Reference 

(14) , which does not restrict the user to keeping his forearm 
nearly horizontal; and allows a complete range of movement, 
not only of the hand, as ttfith the floating arm support, 
but of the whole arm.

3.8.1. Tests to Gauge The Effectiveness of the Floating Arm
BiTf am .jpi.ma jki nijipii n* i»i».i mat M u m a tlaBl»>aa«>aa»Maa»aa»hm— m »mi".i|Ha*ai irm-ri irmin iii1mi>,H W W»|nimni'w^mmnii ■ ■■■ i   hi iinlg5\w w ^gaaama

Support As Used Therepeutically in The Treatment of HemiplegiW*r̂n»n'iTiiuiiV i I mu   n wmwhmii mil uhaa laiMi 11 Hlna   jfcm i (I'I i ill* "W 11 I mil »i ■.nâri'miT*'*' ■mm ii i Hi1  11 »immi ■ i mhiwii i.i.ii ■■■ii Illai 'I I ffr<  .. m.mnmm ■urgmtv u mm jiu KTnlAI

The floating arm support has been used for some time 
at Oldham and Distric General Hospital, where its effect 
on the recovery of patients suffering from hemiplegia has 
been very promising. Tests were ^Organizedr-d to produce 
objective measurements on the rate of improvement of the 
patients. cs>-operating in the tests were Clatterbridge 
Hospital, who also adopted the arm support for therepeutic 
use. It was decided to test approximately fifty patients 
at the two hospitals. About one half at each hospital 
would act as a control group, who would receive orthodox 
therepeutic treatment; and the other half would receive 
treatment on the floating arm support. The patients 
would be channeled into control or test group on admission 
to the hospital,' based on the month of bii?th. Each patient 
is tested fortnightly on the arm support apparatus, to 
measure his strength in applying a vertical force at the
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forearm, while his hand traces the "hand to mouth" path.
The test apparatus is taken from one hospital to the 
other each week, and the tests are carried out by- 
physio therepists, and occupational therepists at each 
hospital during the week.

The arm support is useful in therepy while the 
patient has insufficient strength to raise the affected 
arm unaided. As soon as he l'ecovers sufficient power to
do this, the arm support is no longer required. We are
therefore interested in measuring, not the force applied 
at the hand by the patient, but at a point on the forearm
at which, by application of a single vertical force, the
whole arm may be supported. This point is also the point 
at which the arm support acts. The force is thus measured 
on the forearm above the arm support pan pivot, and this 
force is assumed to be a direct measurement of the 
ability of the patient to raise his arm.

As with preceding tests, the arm support is adjusted 
for each patient, to support the arm at the mid point of 
the "hand to mouth" path, and to exert a maximum force here. 
The same adjustment parameters are used over* the whole 
period of the tests for each patient. There will be a 
slight drop off in the arm support ftrce to either side 
of this mid range position; but as the primary object of 
the tests is to measure the progress of the patient, a 
consistent arm support adjustment will enable us to 
compare the fortnightly measurements directly.

Testing of the patient requires a fair de^ree Qf 
comprehension and co-operation on the part of the patient. 
He is also required to maintain an erect sitting posture; 
during the test. Involvement of the parietal lobe of 
hemiplegic patients often produces characteristic 
syndromes (Reference 7), dependent on whether the 
dominshull or subordinate brain hemisphere is affected.
On admission of each patient, a series of tests is 
carried out to assess any parietal lobe involvement; 
and only if the patient is free of any involvement will 
he take part in the tests.
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3.8,2, Results Of The Tests So Far.

A number of1 patients have been tested at each 
hospital. Unfortunately, for various reasons, a 
disappointingly small number (four) were tested over a 
long enough period to produce any meaningful results.

The results of these four are shown in Figure (21). 
Subjects A, B, C, and D are in the control group, using 
orthodox physiotherepeutic techniques. It is too early 
at present to comment further on the results.

3 -8 *3• Recommendations For The Continuation Of The Arm Support Tests

Based on experience of the progress of the tests so 
far, the author wishes to make the following recommendations 
as to the future of the tests.

1. The experiment should, if possible, be extended to
other hospitals who are willing to participate, to 
increase the sample available.

2. The experiment should be limited to in-patients.
3 . One set of testing apparatus should be lent to each

hospital.
4. The measurement of the position of the hand should

be excluded from the tests, or greatly simplified.
5- The use of the floating arm support is not required

during the tests, and the apparatus should be redesigned 
to exclude it.
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Chapter 4 
Unaided Rising

4.1.1. Unaided rising, like most biomechanieal movements,
is an individualistic function, varying from person to 
person. It will be affected by the chair in which one 
is sitting, the floor surface, and even more subjective 
variables such as the surroundings in which one is sitting, 
the reason for rising, and one's state of mind and body.
To cite two extremes; one would use a different mode of 
rising from relaxing in an armchair than one would use 
in rising from a train seat in the rush hour.

Before we analyse unaided rising, we must therefore 
examine for what purpose the analysis is carried out, 
and thus what mode is likely to be employed. The analysis 
is to be carried out for disabled people and it is 
assumed that either the effective strength of the muscles 
will be reduced due to loss of power in the muscles or 
due to stiffnessj;in the muscles or joints; or that excess 
pressures in the joints and stresses in the muscles will 
cause pain, which will inhibit rising.

To standardize the degree of disability, we will 
take the most pessimistic case of unaided rising - one 
in which the subjeot has just enough total residual 
strength to enable him to rise;; and with any less he 
would not be able to do so. This will be a critical point 
as it may mean the difference between being "independent 
ambulatory" and "confined to a wheelchair"..

The purpose of the analysis is to find in quant it ataVS 
terms the strength requirements for rising with the help 
of the chair aid. We will then be able to find exactly 
how much help the aid is giving, and assess its suitability 
for different disabilities.

4.1.2. The Biomechanics of Unaided Rising.

In general, normal unaided rising will take place 
in three stages. Starting in a normal sitting position, 
the subject will move into a position suitable for rising; 
usually moving the feet back, to transfer the line of
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action of the reaction at the floor closer to the centre 
of gravity of the body, and will place the hands on the 
armrest, if there is one on the chair. He will then 
rotate the upper body forward, keeping the thighs in 
contact with the seat. Finally, applying a fore© to the 
armrest, and if possible using the momentum of his upper 
body, he will extend the knees until the leg and thigh 
ai,e vertical. While the thigh is rotating, the hands 
lose contact with the armrest, and the hip extends to 
bring the upper body back into a vertical position.

Essentially, rising from a seated position is a 
rotation of the thigh link from the horizontal to the 
vertical. The other body links, except perhaps the 
forearm and hand, will be at the same angle at the beginning 
and end of the cycle; in the seated and standing position. 
However, to achieve this thigh rotation, especially the 
initial rotation when the thigh is raised from the seat, 
movements of the leg and upper body and arm forces must 
be introduced to achieve and maintain equilibrium.

In normal rising dynamic effects are present, 
especially in the upper body. It has been found, however, 
that dynamic effects will on the whole increase the force 
requirements of the subject in rising.^It will be 
assumed therefore that rising takes place slowly, and 
that the subject will be in "quasi-static" equilibrium 
throughout the rise. This is in fact borne out in 
practice when one observes that most disabled people with 
barely enough strength to rise unaided will stand up 
slowly. It is also assumed that maximum forces will 
occur at the point in the cycle when the thigh loses 
contact with the seat. That is to say that in the 
position of maximum forces, the thigh link is still 
horizontal, but the body is only supported by the feet 
and hands, or even by the feet alone.

As can be seen, the emphasis so far in the analysis
has been on the muscular forces required to rise, rather
than on the energy or the power requirements. The reason
for this is that rising from?a seated to a standing
position is a fast process never taking more than a few

bh ts .seconds to complete. It is unlikely that in short space
7^  i *5*
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of time muscular fatigue will affect the subject. Thus 
we can say that the most important requirement to be 
fulfilled on rising will be the force requirement.

In rising, a person will reach, at some point along 
the cycle, a position of greatest difficulty, or maximum 
force requirements. If he has enough muscular strength 
to carry on rising past this position, we may assume that 
he is able to complete the cycle, "fhls position of 
greatest difficulty will be a function of several factors. 
Firstly there will be static forces due to gravity 
acting on the subject. Also in some subjects increased 
muscle tone, and pain or stiffness in the joints may alter 
the critical position. In addition to this the effective 
torque^about a joint exerted by a muscle will vary over 
the range of movement of the joint. It will be assumed, 
however, for the analysis that the position in the 
rising cycle at which maximum forces are required is 
the position at which the thighs lose contact with the 
seat, and also that this is the position of maximum 
difficulty. If the subject can meet the muscle force 
requirements in this position, it will be assumed that 
he is able to reach a standing position, and then sit 
down again.

4.2.1. Unaided Rising Without Using The Arms.

The essence of this mode of rising is to transfer 
the centre of gravity of the body vertically above the 
floor reaction at the feet. The subject will do this by 
flexing the knee to move the feet (and thus the reaction 
at the feet) backwards. He will also flex the hip and 
spine, to rotate the upper body forward. This will cause 
the centre of gravity of the whole body to move forward. 
When the centre of gravity is vertically above the foot 
reaction, he will extend the knee and hip to bring himself 
to an erect position. The critical position of maximum 
forces is that at which the centre of gravity is 
vertically above the reaction at the feet and he has 
applied sufficient muscular forces in knee extension that 
the reaction between his thigh and the seat is zero.

If the feet are placed far back, the subject will 
require to lean forward less; so the knee extension moment
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will be large, and the hip extension moment small. If the 
feet are placed farther forward, more hip flexion, and 
hence a greater hip extension moment will be required. 
These two interrelated variables will control the mode 
of rising.

The body angles in the critical position will thus 
depend on the ratio of the moment at the hip to the 
moment at the lcnee as applied by the subject. In the able 
bodied subject, where the moments used are small compared 
to those available, the body angles will vary a great 
deal. However, in the disabled, where the maximum hip 
and knee moments will be substantially reduced, the actual 
mode of rising used will depend a great deal on the ratio 
of the maximum hip and knee moments, and will be much 
more pronounced. In the extreme case of a subject having 
only just sufficient muscular forces to rise, he will 
succeed in rising only in one well defined critical 
movement.

In the appendix (Section 5) an analysis is carried 
out of unaided rising without use of the arms; and 
numerical results are calculated for a fifty percentile 
subject. Figure (22) shows how the parameters ^ the 
trunk angle, M̂ . the knee extension moment, and the 
hip extension moment, will vary xvith the angle of the 
lower leg initial rising position. It can be
seen that is plotted over a large range of values.
In practice only the middle values of the range will 
occur. Large values of °nly be used by limbo
dancers,

If. 3 • 1 • Unaided rising With Use Of The Arms.

This is a far more realistic method of rising when 
applied to the physically handicapped than rising Without 
the use of the arms. In the tests carried out on 
disabled people, they were found, without exception, to 
use the arms in attempting to rise, even though the arm 
muscles in some cases were reduced in strength due to 
their disability. It is difficult to predict the best 
mode of rising for any given subject. This will depend 
on the position the subject wishes to adopt as he is
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about to rise. Having selected this initial position, he 
is still able to vary the forces he applied; applying a 
greater force at the hands will relieve the force at the 
feet, and vice versa.

Analysis of unaided rising is carried out here 
primarily as a direct comparison with rising on the chair 
aid. The same subjects who participated in tests on the 
chair aid to rising are used in the analysis of unaided 
rising, enabling a direct comparison to be made between 
the two, and to thus gauge the effect of the chair^aid on 
the muscular forces required for rising.

The basic analysis, however, is simple and is applicable 
to any mode of unaided rising, restrictions only being 
added later to produce numerical results. Figure (23) 
shows a seated subject about to rise into a standing 
position. The same conditions apply to this analysis as 
to the previous analysis (without using the arms); that 
the rising cycle is too short for fatigue to have any 
effect, and the critical factor distinguishing success 
from failure in rising will be whether the subject can 
supply enough muscular forces to rise. Furthermore, as 
was shown before, the position in the cycle at which the 
greatest forces are required is at the beginning of the 
cycle, just as the thigh has lost contact with the seat, 
but as it is still (assumed to be) horizontal.

The body is simply acted on by three external forces: 
the reaction at the hand with horizontal and vertical 
components and respectively, and R^, the reaction
at the feet, R ^  and R^. again the horizontal and vertical 
components. Also there are gravitational forces acting 
on each segment of the body, the resultant, passes 
through the centre of gravity of the whole body. If we 
look at the three resultant forces R^, R^, and it
can be seen that they form a very simple kinematic force 
system. Xt is however, an indeterminate system: the lines 
of antion of the forces R^ and may cross anywhere on 
the line of action of To carry out an analysis of
this system, one restriction must be imposed on it.

The human body, being basically lazy and well/.
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equipped to carry out tasks in the easiest possible manner, 
particularly when physically disabled or weakened, will 
automatically find the easiest mode of rising. In 
pathological rising, this will be the mode requiring the 
smallest muscular forces. The one restriction we can 
place on the rising analysis will be that it will thus 
be the mode requiring the least muscular forces.

The only difficulty now is to decide which muscular 
forces shall be taken into account and which shall be 
ignored. As a subject rises, a large number of muscles 
and muscle groups will take part,. However, only four 
muscle groups are considered to be critical in rising.
Those are the muscle groups controlling:-

a) Extension of the hip joint.(or flexion)
b) Extension of the knee joint.(or flexion)
c) Adduction/Flexion of the shoulder joint.
d) Extension of the elbow joint.

As they are not considered critical in rising, and 
need not be used at all in applying a force, any muscular 
forces at the wrist joint and the ankle joint are ignored.
If either of these are used to any extent in applying a 
force, the effect is simply to decrease the sum of the 
moments in the other joints, while the total muscular 
moment exerted remains approximately the same.

Another factor to take into {.consideration is the 
relative strength inherent in the muscle group, and the 
degree of paralysis present. The muscle groups associated 
with the hip joint, for example, are stronger than those 
of the elbow joint. To keep the analysis straightforward, 
however, the muscular moments at each of the four joints 
are simply summed; and the mode of rising giving the 
smallest sum is assumed to be that used by the subject.

Figure (23) shows a subject in the critical initial 
position of the rising cycle. Three equations may be 
obtained by resolving the forces vertically and horizontally, 
and by taking moments about a convenient point. Numerical 
values of the constants are measured from disabled 
subjects tested on the chair aid to rising. The subjects 
were asked to treat the chair aid as an ordinary chair,
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and. to attempt to rise unassisted. None of the subjects 
were in fact able to rise* but each attempt was photographed, 
and the relevant data was measured from each photograph.

In order to select the optimum mode for each subject, 
the moment at each joint is divided by the ratio of the 
strength in the joint (as found in Chapter 2), and these 
figures are summed. The smallest value will give an 
indication of the best mode. This will ensure that the 
moment exerted at each joint is not out of proportion to 
the strength, inherent in the muscle group controlling 
the joint. In the appendix (Section 6), there is a full 
analysis of the kinematics of figure (23)* Also the 
computer program, and the results obtained from it, are 
given.
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Chapter 5III III B ■ IM«lfe*LJI Ba m w M M s w

The Chair Aid To Rising.

5*1.1. A device has been designed, and a protype built as
an aid for people suffering from multiple sclerosis and 
similar crippling diseases, to rise from a seated 
position, and to sit down from a standing position.
(Reference 11). It is of the form of a chair (Figure 2 k ), 
having a seat, a backrest, a footrest, a knee constraint, 
and a handrest. All these parts move during the rising 
cycle, and are connected to each other in the form of a 
one degree of freedom linkage system. A moving point on 
the mechanism is connected to earth (i.e. to the base of 
the chair) by a set of springs in such a way that the 
total energy of the system is constant over the 
rising-sitting down cycle. The potential energy of the 
subject and chair mechanism is converted to strain energy 
in the springs as the subject sits down, and is converted 
back to potential energy as the subject rises. The 
subject nedds only to supply a comparatively small amount 
of additional energy to overcome losses in the system, 
and will thus need a relatively small degree of strength 
to rise and sit down.

We wish to examine these losses, and if possible to 
minimise them. Also we wish to examine how much strength 
is required to use the aid, which muscle groups are 
involved, and thus to deduce the effects of the aid on 
the biomechanics of rising by comparing the strength 
requirements of rising unaided with rising on the chair 
aid. This will give for different subjects tested, the 
direct effect of the aid on rising, the suitability of 
the aid for different disabilities, and the effectiveness 
of using different muscle groups to supply the extra 
energy requirements.

It is expected that the chair will have different 
uses for different disabilities. In the case of progressively 
deteriorating paralyses, such as multiple sclerosis, it 
will enable the subject to rise and sit down independantly 
long after he is too weak to do this unaided. For 
paralysing disabilities from which there is progressive 
recovery, such as hemiplegia, the aid will probably



44

increase the speed and the degree of recovery, using it
in a similar manner to the arm support; making more
effective therapy possible at an earlier point of
treatment of the disease. Lastly, for disabilities from
which there is no effective recovery or deterioration, 
such as paraplegia, use of the aid will, in some cases, 
mean the difference between the subject being able to 
rise on h±4 own, and being unable to move from the 
seated position.

To study the effect of this device, the prototype 
was improved and modified for safety in use with disabled 
subjects. Dynamometers and other measuring devices were 
added to monitor the forces acting between the chair and 
the subject. These forces are caused by voluntary 
muscular contractions in the subject. The magnitude of 
these contractions can be most:,easily expressed as a 
torque about each joint caused by the muscle groups 
affecting the joint. from the forces measured by the 
dynamometers, the torques about the body joints exerted 
by the muscle groups may be found; and the effectiveness 
of these forces in causing the chair and subject to 
rise may be assessed.

,5.2.1. Modifications To The Chair Aid

A locking device is required to hold the chair in
the seated position. It should be strong enough to hold
the chair safely even if the subject were to stand on
the footrest with the chair in the seated position; and
it should be possible to release it only when it is 
safe to do so (i.e. when the subject is seated in the 
dhair and is in equilibrium with the spring forces).

A simple arrangement was designed to fulfil these 
conditions (Figure (25) ). Two interlocking, wedge-shaped 
components fit together to form the catch, one rigidly 
attached to the seat and the other hinged to the base 
of the chair, and able to rotate enough to disengage.
As the seat descends, the sloping surface XX7T! of the 
wedges meet, and the lower wedge rotates until it engages 
in the locked position, pulled by the spring shown. The 
catch is released by pulling the hand lever which
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transmits a force to the hinged wedge through a Bowdon 
Cable, The force required to disengage the wedges is 
proportional to the normal force acting between them.
This fact was used to design a safety device or "fuse" 
to prevent the catch disengaging when it is not safe to 
do so; A pretensioned spring was attached between the 
hand lever and the Bowdon Cable. Xf the subject is not 
seated in a safe position for rising and the operating 
lever is pulled, the force required to open the catch 
will be greater than the pretension in the spring and the 
spring will extend leaving the catch locked.

Belts were attached to the seat and the backrest 
to strap those subjects into the chair who felt unsafe. 
However, there is no real need for the straps as i. the 
subject is always held securely in the chair by the 
lcneerest; but on occasion they provided reassurance to 
the subject, and so were sometimes used. Paradoxically 
it was found necessary during tests on stronger subjects 
to use the lap strap to prevent them from lifting f.-rom 
the seat.

One other weakness in the design was corrected - 
this being the knee constraint catch, which was found 
on occasion too burst open. A simple safety catch was 
added here to eliminate this danger. In proper use, the 
chair was now considered to be free of any forseeable 
hazard,

5*3-1- Adapt&ithpnQf The Chair For Testing.

In the use of the chair aid to rising by the subject, 
we can assume that the chair is adjusted properly. The 
mechanism and subject will now be in equilibrium and 
the seat link torque at the seat hinge will be zero. 

f Any attempt the subject makes to rise will set up additional
forces between the subject and the chair mechanism, and 
between the mechanism and the chair base. This force 
system is shown in Figure (2 6 ). There may be additional 
forces acting on the backrest, seat, handrest, footrest, 
and kneerest, and also a torque at the seat hinge between 
the seat link and the base of the chair (ground). These
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forces are due to contact between the subject and the 
chair surfaces and arise from the exertion of muscular 
forces by the subject. To measure all the forces acting 
on the chair surfaces, their magnitudes, positions and 
directions, would require about thirty dynamometers.
It would be necessary, because of their sheer numbers, 
to use electronic dynamometers « each requiring an 
amplifier and recorder. Also, major alterations to the 
chair would be necessary to accomodate this instrumentation. 
The work and cost involved in this is prohibitive, so 
the testing was simplified.

By measuring only the forces on the footrest and 
chair seat, a fairly accurate picture of the biomechanical 
force system can be drawn. Moments of the muscular 
forces about the knee and the hip joints, and under 
certain conditions the shoulder and elbow joints, can 
be calculated from the measurements of the seat and 
footrest forces. The geometry of the subject must also 
be measured for calculation of these muscular moments.
In general, forces on the handrest and backrest can now 
be calculated by an analysis of the forces on the subject. 
Knowing all the forces acting on the chair mechanism, a 
value for the seat hinge moment can now be calculated.
This was used in the preliminary tests as a check on the 
measurement apparatus, and the biomechanical theory on 
which the tests are based. If the calculated seat hinge 
moment were not equal to the value of the seat hinge 
moment obtained by direct measurement, this would 
indicate a fault, either in the measuring apparatus or 
in the method of analysis.

5*3*2. The Seat Dynamometer.

In measuring the resultant force on the seat, it is 
important to find also its position along the seat, or 
the distance from the seat hinge at which it acts. The 
dynamometer used should allow little deflection of the 
seat, but should give an easily visible reading of the 
force and its position. A hydraulic arrangement was 
used measuring the seat reaction, at two points on
the ehair seat (arranged as shown in Figure (27) ).
From these measurements both the magnitude and the 
position of the resultant force can be calculated.
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The gauges are water-filled rubber tubing, sandwiched 
under a hinged flap on which the chair seat rests. The 
pressure in the tube is measured by a mercury manometer.
Any force on the seat will be transferred to a hinged 
flap, which will increase the pressure in the rubber 
tubing. This increase will be registered by the manometer. 
Foura* such gauges are used as shown in Figure (27) • One 
manometer monitors the front gauges, and the other, the 
rear. It was found in testing that they gave consistent 
readings over 55$ of the seat width. This is adequate, 
even for the most eccentric sitter. Calibration of the 
seat gauges is given in the appendix (Section 7)• 
Unfortunately the gauges are not free from dynamic errors. 
Application of a sudden force on the seat produces a 
vibrational response in the mercury manometers. Some 
damping is provided by friction of the liquid in the 
narrow bore tubing. Even so during testing great care 
was taken to ensure that only static loads were measured. 
To do this the subject was required for each measurement 
to apply a constant force for a few seconds to allow the 
mercury level in the manometers to become stationary.
This will also ensure that it is the maximum cpnstant 
force that is measured, and not the instantaneous peak 
force.

5.3*3- The Footrest dynamometers.

Measurement of the forces on the footrest, R̂ . and 
Rgsr, is comparatively simpler than measurement of the 
seat forces, as the position of the resultant can be 
located visually. It is assumed that the muscles 
controlling the ankle joint are relaxed and that the 
footrest reaction passes through the ankle joint. By 
projecting the resultant footrest reaction through the 
ankle onto the plane of the footrest, its position is 
located.

The force is measured in components parallel and 
perpendicular to the plane of the footrest. The 
arrangement for measurement is shown in Figure (28).
For simplicity, bathroom scales are used to measure the 
perpendicular force component. The scales are fitted 
with a small wheel at each corner to roll on an
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aluminium track along the length, of the footrest. The 
scales are constrained from moving freely along the 
tracks by a dynamometer measuring the 
component :df force, This, as shown, is a circular 
spring balance mounted vertically on the chair frame, 
and attached to the footrest scales by a nylon cord 
passing over a pulley. By this arrangement, only the 
force acting away from the chair can be measured.
However, on rising the subject always applies a force in 
this direction, so the apparatus is adequate for these 
tests.

5.3.4. The Seat Hinge Torque Dynamometers.

The seat hinge torque measured by the moment about
the seat hinge of a force acting on the seat link, is
the torque exerted by the subject in applying forces on
various parts of the mechanism. The balancing force
acts on a rigid extension to the seat link, 24 inches
long and at 45° to the line of the seat link, (shown in
figure (20) ). Measurement of the seat hinge torque is
required in carrying out two of the tests; one requiring
static measurements of relatively high torques, and the
other for measuring smaller torques as the chair is in
motion, for the former, an arrangement is used, similar
to measurement of the force R_,; a circular spring5
balance is mounted vertically on the chair frame (shown 
in figure (28) ). The scale is attached to the seat
moment arm by a nylon cord which passes over a pulley.
The length of the cord is adjusted with a block and 
tackle, so that the chair can be raised and lowered.
In spite of the high forces required to adjust the chair, 
the pulley system allows this to be done quite easily by 
hand,

The other test carried out, in which the seat hinge 
moment is to be measured is referred to as the ’’deadweight" 
t&s.t. • The subject sits relaxed in the chair, while the 
seat hinge moment, required to raise the subject and 
chair to a standing position, is measured continuously 
as a function of the seat angle. The cycle is completed 
by measuring the moment as the chair is lowered to the
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seated position. This measurement is to be continuous 
and the moments may be either positive or negative, 
although any dynamic forces present should be small.
It is preferable in this case to measure and record the 
seat hinge moment and the seat angle electronically so 
that a permanent and continuous record can be taken of 
the readings.

A piezo-electric dynamometer is attached to the 
seat moment arm, at right angles to it. The output from 
the dynamometer passes through a charge amplifier and is 
recorded as the Y-coordinates on an X.^Y plotter. A handle 
is attached to the dynamometer. The tester is required 
to apply a force to the handle necessary to raise and 
lower the chair and subject slowly. Readings of the 
seat angle are fed into the X-Y plotter as the X-coordinate. 
A simple circuit is used for this: the seat angle itself
being measured by a goniometer, attached between the 
chair base and the seat link. The response of the 
plotter is adjustable, and the X-output is calibrated to 
give a pen deflection of l8cms between the seated and 
erect positions of the chair, i.e. for a 90° seat link 
rotation. The output of the goniometer circuit is a 
linear function of the seat angle; so that intermediate 
angles of the seat may be marked at regular intervals 
along the X-axis. The dynamometer circuit is adjusted 
to give a seat hinge moment output of ^8 inch-lb^ per cm. 
pen deflection along the Y-axis, and is capable of 
measuring positive or negative values of the moment.

A small amount of drift is present in the dynamometer: 
approximately 0.5 to 1*5 cins. over the whole cycle. This 
is taken into account in analysing the results. The 
dynamometer is grounded before each cycle to earth any 
charges built up in the circuit.

5 ■ 3 • 5 • Photographic Recording Of The Tests.

It is important that recording of all the scale 
and gauge readings is carried out simultaneously, as 
well as measurement of the geometry of the subject and 
the chair mechanism, A photographic record of each test 
was taken. This gives an instantaneous and permanent 
record of all the readings. As we wish to measure the
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geometry of the chair and subject, it is necessary to 
photograph the apparatus from a distance to minimise 
angular distortions due to parallax. Using a camera 
fitted with a telephoto lens, the image of the apparatus 
filled the photograph at a distance of approximately 70 
feet. Due to limitations of space, and the convenience 
of having the camera next to the apparatus, a large 
mirror was used to reflect the image of the chair. The 
camera was situated next to the chair, and a plane mirror 
measuring 5 feet x 4 feet was placed approximately 55 feet 
away. With this arrangement all the dynamometer readings 
are visible, with the exception of the footrest scale, 
as this faces upwards. Xt is necessary to use two small 
auxiliary mirrors to reflect the image of the scale into 
the camera, A camera timing of l/8 second at F . 6 .5 , was 
uded throughout the tests, and two mercury vapour 
floodlights were used to illuminate the apparatus.

5*^.1. The Mechanics Of The Use Of The Chair.

The chair has now been modified and calibrated for 
testing. For the subsequent analysis of the mechanics 
of the subject, and also the mechanics of the interaction 
between the subject and the chair, tests were carried 
out with the help of healthy subjects. The subject will 
affect the mechanics of the chair in three ways:-

Applying gravitational forces to the chair.
Causing energy losses due to friction.
Applying an energy input to work the chair mechanism. 

This is in the form of muscular forces applied to the 
cha i r .

5*^-2. Analysis of the Mode of Application 
of Forces to Farts of the Chair.

The chair is a fairly complicated mechanism. If a 
force is applied to any point on the mechanism, e.g. at 
a point of contact between the chair and the subject, a 
complicated system of forces and torques will be set up 
in the links of the mechanism. We are interested in 
the torque generated about the seat hinge. A set of ;

a)
b)
c)
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functions is now derived to express the seat hinge torque 
in terms of the magnitude and direction of a force 
applied at a point in the chair mechanism, and of the 
position of the mechanism in the rising cycle*

Expressed analytically, these functions are too 
complicated for repeated calculation. Each function is 
therefore plotted graphically, to enable the value of 

. , the seat hinge torque to be found easily; knowing the 
magnitude, direction, and position of the force, and the 
angle of the seat link. (The seat link angle oC 2 Is 
used as a measure of the position in the rising cycle 
of the mechanism.).

5♦^ ■3• The Footrest Function.

Two forces act on the foptrest, as shown in Figure 
(3&) • These are components of the force on the foot, 
normal and tangential to the footrestv|p^ and<A^. An 
expression for the forces transmitted through GJ and BI 
is firstly derived, and then an expression for the 
moment of the forces in these two links about the seat 
hinge A is derived* Eliminating betx$een these two 
expressions gives an equation of the seat hinge torque 
as a function of the magnitude and position of the forces 
on the footrest, and of the mechanism link angles.
These latter are functions of the seat angle .

The equation expressing the seat hinge torque as a 
function of the forces on the footrest, is given by:-

=A5\i +/V  K tx'™ +/W if)
where a positive value of the seat hinge torque 
indicates a torque tending to cause the chair to rise. 
'Where and A*. are -the normal and tangential forces on
the footrest; , Mid A w r - - - are functions of theFI 1 Fili
geometry of the chair mechanism, as given in Figure (30), 
and JF and IF are as marked on Figure (31)*

5 * ̂ . ̂  * * The Kneerest, Seat, Backrest, and I-Iandrest Functions.
These expressions are all derived in a similar 

manner to the footrest function.
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5•^ •5• The Complete Seat Hinge Torque Function.

The moment about the seat hinge of the individual 
forces applied by the subject (due to his muscular 
exertion) on different parts of the chair, can now be 
summed to give the total effective moment. This will be 
given by:-
S2-- A 2(AU) - sin(«f? -6^) - I^sinC (5^ - ^ )d<~̂  1)

d <<2
+ (z k l ) + ̂ \(
+ A 7< Ajjj.sinfXPft) “ Ajjgin(XPR) )  S'.).

where the forces, linear dimensions, and angles are as 
shown in Figure (31), and the calculated functions of 
the geometry of the linkage are given in Figure (30).
These latter functions are characteristic of the chair, 
and will remain consistent, regardless of the test being 
performed on the chair.

5-5.1* Energy Losses in the Chair A id.

Energy losses in the chair aid occuring when the 
subject rises or sits down in the chair, can take any 
one of four forms. Firstly there will be friction in the 
chair mechanism, probably in the joints connecting the 
links. Secondly, friction in the subject due to stiffness 
in the joints, muscle tone resistance, and also passive 
resistance of the body tissue. Thirdly there will be 
friction between the subject and the chair. This will 
be caused by variations in the physique of different 
subjects introducing a discrepancy between the motions 
of the mechanism and the subject. A slight sliding 
effect will then be introduced which will cause frictional 
resistance to the motion. The fourth energy loss will 
be due to the dynamic effects of initiating and stopping 
the motion. These are usually minimal as the subject, 
in general, rises and sits down slowly.

5-5.2. Friction in the Chair Mechanism.

It is difficult to measure friction in the chair 
mechanism experimentally; for to do so, the chair should 
be loaded as if it were occupied. This requires realistic 
loading not only of the seat, but also of the backrest,
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footrest, kneerest, and handrest. At the same time, 
the loading should not interfere in any other way with 
the free movement of the chair mechanism. The difficulties 
involved are too great to warrant carrying out the test; 
however, for some idea of the magnitude of the frictional 
forces involved, a simplified measurement can be made..
The chair springs are adjusted as for an average subject.
A force is applied to the seat moment arm which will 
just raise the chair from the seated to a standing 
position. The magnitude of the force is measured by the 
piezo-electric dynamometer, and is recorded on the X-Y 
plotter. Figure (32) shows the seat hinge torque J^.as 
applied to the seat moment arm plotted as a function of 
the seat link angle • The resulting curve is a narrow 
hysteresis loop which shows an energy loss just over 2fo 
of the total energy supplied by the chair aid to the 
subject over the rising-sitting down cycle. It is 
expected that if. the chair were loaded realistically, as 
if occupied by the subject, the energy loss would have 
been higher. Even so the losses are comparatively small; 
the same effective seat hinge torque can be applied by 
the subject merely by moving forward in the seat 
approximately one tenth of an inch.

5*5*3* Energy Losses in the Body.

In a healthy subject there will be little internal 
resistance to motion in the body. With certain disabilities, 
however, this resistance to motion may increase to a 
significant level. In chronic rheumatoid and osteo-arthritis 
the affected joints themselves deteriorate and this may 
cause a frictional torque opposing motion in the joint. 
Another cause of internal body resistance is due to 
stiffness in the muscles. This is often a side effect 
of paralysing disabilities such as multiple sclerosis 
and hemiplegia.

It was found while testing disabled subjects that 
increased muscle tone usually caused a resistance to 
limb movements greater in one direction than the other.
For example, the knee extensors were found in general to 
exert a more powerful involuntary force than the flexors 
when affected by increased muscle tone. The effect of
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this is that the knee joint tends to extend and the leg 
straightens out. In sitting down in the ©hair, the knee 
joint is required to rotate from a fully extended to a 
flexed position. Extra work must be supplied by the subject
to flex the knee. An indication of the magnitude of the
additional work requirements can be seen in the "deadweight" 
tests, where the hysteresis curves for subjects with 
stiff muscles can be compared to those unaffected by 
stiffness, (figure (3 3 ) )■ The tests are analysed in 
greater detail in the following chapter.

Muscular stiffness was found to vary a great deal 
during the tests, increasing after the affected muscle 
had been used to apply a large force, or when the
subject was in a state of excitement or fear, and to
decrease when the subject was calm. Because of this, 
the subject was allowed to relax in the chair for several 
minutes before any tests were carried out when any 
stiffness was present in the muscles,

5 .5 *k , Losses Due To Interference Between The Subject And Chair.

The chair was designed for a person of average 
height and build, with adjustments, where possible, to 
allow both large and small people to use it. The chair 
has two such adjustments: the spring adjustments to 
accomodate people of different weights and weight 
distributions; and the footrest height adjustment. The 
latter is necessary because the position on the knee at 
which the kneerest acts is critical to the kinematics of 
the chair-subject system. If the kneerest is not in 
proper adjustment, the subject will tend either to be 
Pushed back along the seat or to slide forward during 
the motion. Either will require an additional work 
input from the subject to overcome the losses. This 
adjustment will allow for variations in the distance 
from the sole of the foot to the point on the patellar 
ligament on which the kneerest acts.

One other dimension is of importance: the length 
of the thigh. The position of the thigh on the seat is 
fixed during the motion by the kneerest. A subject with
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short thighs will sit farther forward on the seat than 
one with long thighs. Extremely long limbed subjects will 
tend to be M sandwiched" between the kneerest and backrest 
on rising, while extremely short limbed people will be 
unable to keep comfortably in contact with the backrest.
To remedy this it is not possible simply to move the 
backrest backwards or forwards, as the kinematics of the 
mechanism will be altered. To alter the seat length it 
would be necessary to scale down each member of the 
backrest linkage. As this affected only a small 
proportion of subjects, no linkage adjustments were 
included.

5*5*5* The Deadweight Tests.
Tests were now carried out to measure the effect of 

the spring adjustment and the footrest adjustment on the 
kinematics of the chair aid and subject. The "deadweight" 
test apparatus is used. It is designed to plot the seat 
hinge moment applied by the tester against the angle of 
the chair seat link.

Figure (3 *0 shows a typical trace obtained from 
this test. It takes the form of a complete cycle, from 
sitting to standing and back to sitting. Positive 
readings on the vertical axis show a moment applied to 
the seat link tending to make the chair rise; whilb 
negative readings show a moment tppding to m&ke'sth© *. 
chair fall. The area enclosed by the curves is equal to 
the work lost in friction over the cycle. Ideally the 
curve should take the form of two superimposed straight 
lines along the x-axis. The purpose of these tests is 
to reach as closely as possible, this ideal by adjustment 
of the spring configuration and the footrest height.

A subject of average size was used as the "deadweight',1 

and was instructed to sit comfortably in the chair, and 
to relax completely while the tests were being carried 
out. Figure (35) shows the spring arrangement. In the 
original chair design, the geometry of the springs was 
intended to be kept constant, adjustment being made by 
moving all the spring attachment points an equal distance 
along the spring adjustment arms. In testing a variety
of people on the chair it became apparent that the required 
spring characteristics vary from person to person, and
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as such the spring configuration should be altered to 
suit each subject.

Figure (36) shows the effect of varying the 
configuration of spring B by moving the attachment point 
Z along the adjustment arm. This spring exerts a force 
over the first part of the rising motion. As the spring 

attachment point Z is shifted down the arm, the spring 
can be seen to exert a greater force over a larger part 
of the rising motion.

Figure (37) shows the effect on the characteristics 
of varying the configuration of the primary spring A by 
moving the attachment point Y down its adjustment arm 
while moving attachment point X up its adjustment arm.
The seat hinge moment in the seated position vrill stay 
constant, while in the erect position it will increase.
The reverse effect will occur if the spring attachment 
points are moved in the opposite direction. Using a 
combination of these adjustments, most spring requirements 
may be catered for. No quantitative measurements were 
made of the spring forces and the effects of spring 
adjustments on the seat hinge moment as it was felt that 
these were unnecessary, and would only complicate 
adjustment of the chair.

5.5*6. Summary Of T he Spring Adjustment.

1. To increase the seat hinge moment supplied by the
springs near the seated end of the cycle; move attachment 
point Z of spring B down the adjustment arm.

2. To increase the seat hinge moment supplied by the
springsn:ear the standing end of the cycle: move the 
attachment point Y of spring A down the adjustment arm.

3 . To increase the seat hinge moment supplied by the
springs over the middle of the rising cycle: move the 
attachment point X of the two springs down the adjustment 
a r m .

The effects of these adjustments are in fact complex 
and have been simplified here to provide a general guide 
to adjustment of the chair springs.
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In testing subjects on the chair, the technique 
used for the spring adjustments was to adjust the springs 
to be in equilibrium in the seated position, and then to 
take a deadweight trace. Figure (38) is a typical trace.. 
The first deadweight trace shows that far too much force 
is supplied at the seated position, and far too little 
at the standing position. The improvement in the 
characteristics can be seen as the springs are adjusted. 
Curve as close as could be approached to the ideal
for this subject.

5•5•7 * The Footrest Height Adjustment .

In curve.Ill, 'there is still a large amount of 
hysteresis and a pronounced jump in the curve between 
Ĉ 2 ® ^5° and 70°. This is the point at which the 
kneerest contacts the knee. It is no ticeable i.that on 
sitting down the kneerest loses contact approximately 5° 
later in the cycle. This would indicate that the subject 
slides forward in the seat slightly, due to incorrect 
adjustment of the footrest heiglhti This sliding will 
cause a wastage of energy, shown by increased hysteresis 
in the deadweight curve.

Tests were now carried out to examine the effects 
of the footrest height adjustment on the energy losses, 
and to calibrate the footrest height scale to give 
minimum losses for different leg lengths of the subject. 
Deadweight tests were carried out on the same subject 
as used in the previous tests, using the spring 
adjustment found to give the best deadweight curve.

The footrest slides up and down in grooves. The 
zero on the scale is l 6 .5 inches vertically below the 
seat hinge. Starting with the footrest at-0.5 inches, 
which was uncomfortably high for the subject, it was 
lowered in increments to-2.6 inches, which was noticeably 
too low. A deadweight trace was taken at each footrest 
height. Figure (39) shows the traces obtained. These 
show the hysteresis losses to decrease significantly as 
the footrest is lowered, although the curves keep a very 
characteristic shape. In the last test, (curve TV), the
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subject experienced discomfort as the kneerest, which 
was intended to act on the patellar ligament was now 
acting on the kneecap. A kneerest height of -1.8 inches 
gave the least hysteresis while not causing discomfort 
to the subject. The total energy loss over the cycle 
amounts to 2$0 in-lbj»., which is approximately 13*5% of 
the total energy required to rise unaided.

It is desirable to adjust the footrest before the 
subject gets into the chair. To do this a graph was 
drawn correlating the footrest height with a well defined 
dimension on the lower leg. The dimension used was the 
distance between the ground and the tuberosity of the 
tibia; this being easy to locate and close to the point 
at which the kneerest acts. Figure (^0) of lower leg 
length against footrest height based on the measurement 
of several subjects.

5 - 5 . Kinetic Bnergy Losses.

If the subject develops too much speed by the end 
of the cycle, kinetic energy will be lost in bringing the 
chair to rest. It is unrealistic to suppose, however, 
that if the chair were properly adjusted, a heavily 
disabled person would be able to develop any appreciable 
amount of kinetic energy. As this form of energy loss 
is voluntary and not inherent in the system, it is not 
necessary to carry out an analysis of it. During tests 
on disabled subjects it was seen that the chair was in 
fact used slowly, especially when, in the case of heavily 
disabled subjects, the energy losses were critical.
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Chapter 6
Performance Of The Subject On The Chair Aid.

6.1.1. In the previous chapter, the mechanics of the chair
aid with the subject seated passively in it, were
examined. The following chapter is an analysis of the 
performance of the subject in using the chair aid, 
including the biomechanics involved, a series of tests 
carried out on disabled people, and a comparison with 
unaided rising, to determine objectively the effect of 
the aid on the biomechanics of rising.

6.2.1. Biomechanics Of The Use Of The Chair Aid.

Mechanically the chair aid can be regarded as a 
chain of rigid links, arranged as a one degree of freedom 
linkage system. The human subject may also be treated 
mechanically as a chain of rigid links. When the subject 
is seated passively in the chair, the chair and subject 
become one linkage system; the points of contact between 
the subject and chair being complex joints. During the 
rising cycle the effective position of these joints may 
change; for example, the position of the resultant force 
between the thigh and the chair seat may move towards 
the knee, as the subject exerts muscular forces, or as 
the chair rises and the geometry of the system changes.

As the subject applies muscular forces, this will 
have the effect of producing a torque about one or more 
of the body joints. For the chair-subject system, this 
will be an internally applied force which will set up 
internal forces through the rest of the linkage, and will 
be balanced either by an external force, such as a torque 
about the seat hinge, or will accelerate or retard the 
rising motion of the mechanism and subject. (As this 
motion has effectively one degree of freedom, a muscular 
force applied by the subject will cause the chair to 
either rise or fall). An analysis is now carried out of 
the effect on the seat hinge torque produced by the 
application of combinations of muscular forces..

There were found to be four basically different
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methods of causing the chair to rise from the seated 
position.

1. Extension of the knee joint, caused by contraction
of the quadriceps femoris. This will cause a
redistribution of the forces on the footrest and seat; 
increasing the vertical force on the footrest, and 
reducing the force on the seat. As a result, a torque 
will be generated at the seat hinge, tending to make the 
chair ri s e .

2. Extension of the hip joint, causing contraction of 
the gluteus maxijnus and the hamstring muscles of the thigh; 
equilibrium of the upper body being maintained by pushing 
back against the backrest. The force on the backrest 
itself will tend to make the chair fall; however, the 
resultant torque at the seat hinge will be such as to 
cause the chair to rise.

3. Similar to the previous method, but forces maintaining 
equilibrium of the upper body are in this case applied
at the handrest. This introduces the us© of the muscles 
of the shoulder joint, and of the upper arm in flexing 
the elbow joint.

k . Upper body movements carried out by flexion of the
hip joint and spine. This causes the reaction on the seat 
to be shifted forwards, producing a positive seat hinge 
torque.

Tor each mode, different sets of muscle groups are 
used. A subject attempting to rise will probably use a 
combination of these modes. To understand the effectiveness 
of each mode, to be able to calculate the moment of the 
muscle groups about each joint, and to be able to analyse 
which modes are being used, a biomechanical analysis is 
carried out of the internal and external forces acting 
on the subject as he applies muscular forces to rise in 
the chair.

W.e are interested in the strength required to carry 
out the different modes of rising, with a view to comparing 
these requirements with those of unaided rising. The 
same conditions will apply as with unaided rising i.e. it 
is the force input to the system, and not the work or
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energy input that we are really interested in. In the 
unaided rising analysis the arms play a critical role; 
and the muscular moment at the joints of the upper limbs 
are regarded as equally important as the muscular 
moments at the joints of the lower limbs . In musing 
the chair aid, however, although the arms are invariably 
used in the free mode of rising, it will be shown that 
the use of the arms is not critical, and that much the 
same seat hinge torque is generated when the arms are not 
in use and other modes of rising are employed. The subject 
in using the chair will thus use some or all of the 
strength in his arms to rise, but it will not affect the 
seat hinge torque generated. We can thus say that the 
critical muscular moments will be required only at the 
hip and knee joints, and the total strength required will 
thus be equivalent to the sum of these two moments.

The body is assumed to be a two-dimensional chain 
of rigid links, freely jointed together. Muscle forces 
are assumed to produce pure torques at the joints, which 
are transferred to the chair mechanism, causing a seat 
hinge torque. A full analysis of the four modes of rising 
and the seat hinge torques produced is given in the 
appendix (Section 8)..

6.2.2. Preliminary Tests.

The first tests were now carried out on able bodied 
subjects to become familiarized with the measuring 
apparatus and technique, and to test the validity of the 
analysis. As mentioned in the previous chapter, there 
is provision on the chair for measurement of the seat 
hinge torque. This provides a check on the biomechanical 
theories that have been applied. If any of the modes 
show a consistent difference between the calculated and 
the measured readings of the seat hinge torques, there 
will be some false assumptions in the method of calculation 
for that mode.

Figure (If-1) sho w$#<x sub ject relaxed in the chair (A), 
and applying a knee extension moment (B), in attempting 
to rise. In order to use the equations given in the
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appendix ((Section 8),, it is first necessary to find the magnitude 
of the forces applied by*the subject to the chair* This is 
simply done by subtracting the forces shown on the dynamometers 
as the subject is relaxed, from the forces shown as he attempts 
to rise*.

In the appendix (Section 9)» on@ set of results for each mode 
is calculated! in full* Twenty seven results are calculated for two 
positions of the chair; in, the sitting position, and at approximately 
one third of the way to the standing position* Eleven results were 
taken of the knee extension mode, five of hip extension with use of 
the backrest, five of hip extension with use of the handrest, and 
six of the trunk bending mode*

Figure (̂ 2) shows these results, with calculated values of the seat 
hinge torque plotted against the measured values, for different values 
of each mode of rising* As the calculated seat hinge torque should 
be equal to the measured seat hinge torque, all the points should 
lie on the line XX* As can be seen, the points are in fact scattered 
on either side of this line. There are no large, or visually 
consistent deviations of the points of any of the modes* It cam 
be assumed that the scatter will be due to cumulative experimental 
errors, and that the theory on which the results are based is valid* 
These results show a standard deviation of 109*5 in-lbjj»., which is an 
error of 17*H$#

From the measurements it is also possible to calculate the 
effective moment about the body joints of the muscle groups involved 
in working the chair* Figure (V5) shows the joint moments of the muscle 
groups plotted against the seat hinge moment* The muscular moment at 
the knee joint, and that at the hip joint are separated on the diagram* 
It can be seen how the knee extension mode requires a comparatively 
large knee extension moment, while upper body flexion is carried out 
using a large hip extension moment* Although there is a fairly large 
scatter in the results, the points at both cĉ = 90° and oĉ = 60° 
appear to lie on a straight line of estimated gradient approximately 
equal to one* This is to be expected when one examines the mechanics 
of the chair/subject system* In rising from the seated to the erect 
position, the angle of the i-inks at the three joints at which critical



torques are generated (the knee joint, the hip joint, and the seat 
hinge on the chair) all rotate through approximately 90°• The energy 
input (the product of the torque and the angle of rotation) which 
occurs at the knee and hip joint, will be approximately equal to the 
energy output at the seat hinge. The sum of the torques applied at the 
hip and knee joints will thus equal the torque generated at the seat 
hinge. In practice there is no energy output. The energy input is 
used to overcome energy losses within the system, (see sections 5 *5*2 

- 5*5*8*)• But as we have expressed these losses in terms of the 
seat hinge torque, and we can now express the muscular moment input 
in the same manner, we are now able to express directly the muscular 
moments required to rise in the chair aid, i.e. those required to 
overcome the losses in the system.

The Ghair Aid Tests On Disabled Subjects.

Since the construction of the prototype of the chair aid, six v..,. . 
disabled subjects have tried it out. Observations made on these 
initial trials were completely subjective, but were extremely useful 
in enabling the design of the chair to be improved. Many of the small 
additions and improvements were the direct result of these trials.
The main observations based on the initial trials were as follows:-

The chair aid works.

In addition to aiding subjects in rising and sitting down, it 
also, holds them securely intxan erect position. Several disabled subjects 
commented on this, as it was a new experience for them to be able to 
stand erect but relaxed.

The large amount of mechanical linkage and clutter attached to 
the chair makes getting into and leaving the chair a difficult and 
often hazardous process for both the subject and those who are helping*

The chair aid and measuring apparatus, as used in the preliminary 
testsi was now taken to the Frank Taylor Centre for the disabled. Here 
eight subjects were tested on the chair, all of whom were suffering 
from partial paralysis of the lower limbs, and some also from partial 
paralysis of other parts of the body* None of the subjects were able 
to rise unaided from a chair.

The Testing Procedure.

Before the testing begins, a short questionnaire is completed
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to record the disability of the subject, the presence of any stiffness 
in the limb joints, the weight of the subject, and some relevent 
link dimensions. The footrest height is then adjusted from the 
footrest graph, and the springs are adjusted approximately. The 
subject is now transferred to the chair aid. This is generally 
achieved as follows* with the chair in the standing position, the subject 
is pushed up a specially constructed ramp ±n his wheelchair. This 
brings his feet to the level of the footrest on the aid. With one 
helper on either side of the subject to provide support, he is now 
turned around and moved back against the erect chair aid. The kneerest 
is now closed and locked into position, and the subject is now fully 
supported in the chair,

A. deadweight test (see section 5*5*5*) is carried out, firstly 
to check whether the footrest is adjusted properly, and to enable fine 
adjustment of the springs to be made. Tests are now carried put 
similar to the preliminary tests, in which the subject is asked to 
exert the maximum force in each of the four modes of rising. The 
results as before are recorded photographically. As a fifth mode, the 
subject is asked to attempt to rise in any manner he choses. This is 
called the free mode, and is usually a blend of the fixed modes that 
is most suitable to the subject in view of his disability. The chair 
is now locked in the seated position, and the subject is asked to 
attempt to rise as if he were seated in an ordinary chair. At the point
of failure in the attempt to rise (i.e. the point at which a subject
would normally lose contact with the seat, called in Chapter  ̂the 
critical position), the subject is photographed. This photograph is 
used in the analysis of unaided rising, and will be compared later in 
the chapter directly with rising in the chair aid. Finally all 
restraints on the chair are removed, and the subject is asked to rise 
and sit down in the chair, while a record is made of the success or 
failure of the attempt, and of his comments.

6.5*1* Results Of The Chair Tests.

Figure (Mt) shows the results of the tests. For each subject the 
muscle forces in the hip and knee joints are shown both diagrammatically, 
and as plotted on a graph against the seat hinge torque generated. The 
deadweight test graph is also shown. As only eight subjects have been 
tested objectively, conclusions are difficult to draw from the results. 
We are able to examine the results as a whole, and draw conclusions
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as to the average, or general effect of the chair aid on the group, 
and we can also examine the results separately to explain individual 
measurements and observations. Unfortunately there are not enough 
results to divide the subjects into subgroups; for example into groups 
according to their disability. There follows, however, observations 
made on the results.

As estimation of the maximum seat hinge requirements in rising is 
made, based on the deadweight test graphs, and on the actual performance 
of the subject on the aid. Of the eight subjects tested, four (subjects 
TF, E£» and 5CH) experienced no difficulty in rising and sitting 
down in the aid. The other four were all able to rise, but were unable 
to sit down. Of these twoCsubjects 33: and St), it is estimated, would 
have been able both to rise and sit down had the chair been in better 
adjustment. Of the other two subjects; subject I, it should be noted, 
was a somewhat plump lady* The main restriction on her rising over 
the last half of the cycle seemed to be a "sandwiching" effect between 
the chair seat and the kneerest. The only other subjects on which anything 
similar to this phenomenon was observed was on tall, well built subjects, 
who tended to be "sandwiched" between the chair backrest and kneerest*
The remedy in both cases would simply be to move the kneerest away from 
the seat*

the.
Finally there is subject who is^subject tested, for whom the 

chair is judged unsuitable. This subject is suffering from multiple 
sclerosis, and although he has a fair degree of residual strength, he 
has severe spasticity in the lower limbs. The knees tend to be held 
in a fully extended position, and a large external force is required 
to flex them. Perhaps a modified chair aid with restraints on the 
footrest which would force the knee to flex, would be good as a 
therepeutic aid; but as simply an aid to rising, this subject would 
probably find a simpler aid more effective; for example, one in which 
jghe seat only tips up. Using this he could keep the knee joint extended.

Of the free modes for rising selected by the subjects, on average 
most appear to have selected a more effective method of rising than any 
of the fixed modes. Figure (45) shows the muscular moments required 
for each mode, plotted against the seat hinge torque generated. It can 
be seen that both of the hip extension modes and the knee extension mode 
are of equal effectiveness; the upper body flexion mode is the most 
efficient of all; i.e* the seat hinge torque generated requires the
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smallest muscular forces of any mode. The free mode* on examination, 
fell into two distinct groups: four of the subjects used a form of 
upper body flexion in the free mode, using the handrest to provide support* 
This is a very effective method of rising in the aid, and is in fact 
imitating to a certain extent natural unaided rising#

The other four subjects used a mode that appeared to be a 
combination of knee extension, and hip extension with the handrest and 
backrest. This is more in keeping with the kinematics of the chair aid; 
and it was more the intention that the chair should be operated in 
this manner. This mode is recommended for subjects with weak arms, for 
if the subject leans forward without being able to support his upper 
body with his arms, he could lose control of the motion of the chair.

As a final test of the effectiveness of the chair aid, we can now
compare the strength requirements of rising unaided with the strength 
requirements of rising in the chair aid. Before any numerical 
comparisons are made, the differences between the derivations of the 
figures for aided rising and for unaided rising should be listed.

1# The unaided rising figure is the sum of the muscular moments at
the knee, hip, shoulder, and elbow joints; whereas in aided rising, 
the figure is the sum of the knee and hip joint moments only. The 
moments about the joints of the upper limbs are regarded as superfluous,

2. The unaided rising analysis is theoretical, taking no account of
any internal body resistance in the subject. The analysis In using 
the chair aid is experimental, and many of the subjects tested had a 
large degree of spasticity or occasionally stiffness due to deterioration 
of the joints, which increases the strength requirements for rising.

3* Tn the unaided rising analysis, no account is taken of sitting
down. In theory, sitting down is as simple as falling off a log, and 
requires no strength. But in pathological subjects this is often not 
the case, and sitting down presents almost as many problems as rising. 
Sitting down in the chair aid however, is an integral part of the cycle; 
and the chair can be adjusted to make rising easier and sitting dov/n 
more difficult, or vice versa. In the analysis, the strength requirements 
for rising only, are considered; at the sqme time ensuring that the 
subject has sufficient strength to sit down in the chair aid (i.e. that 
the level of adjustment of the springs is not too great).
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On the results sheet for each subject, the minimum moment required 
to rise for each subject is shown for unaided rising, and for rising 
in the chair aid. The ratio of the muscular moment requirements are 
seen to be fairly consistent.

We can now compare the average strength requirements in risingtimt'dei 
and in rising in the chair aid for the group as a whole. To make the 
results more meaningful, we can also calculate the able-bodied strength 
of the group from the strength equation in Chapter 2. We can also 
calculate from the tests the average residual strength of the group, 
and can thus find the percentage of the able-bodied strength required 
to rise unaided, and in the chair aid, and also the average residual 
strength of the group.

6.5.2. Able-bodied Strength Of The Group.

The average body weight, height, and build of the test group are 
now calculated (W = 152 lbj»., H = 65.2 ins., r = 3*75» t = 3.875) » and 
are substituted into the strength equation in Chapter 2 to find the 
average muscular strength of the group.

We have:-
M(5) = W"0#2H1#5(zf.Hr + *f.60t - 11.73) 

giving M(5) = ^380 in-lbj».

This figure represents the average for the group of the sum of the 
maximum strengths at five specified joints. Using the muscle group 
strength ratios from Chapter 2, we can predict the healthy strength in 
the muscles applying moments in knee extension, hip extension, shoulder 
horizontal adduction, and elbow extension. These will be:-

^  = 1820 in-lb^ at each hip joint,
Mg =5 1350 in-lbj> at each knee joint,
Mg - 53*f in-lbj» at each shoulder joint,

and Mg ~ ^07 in-lb^ at each elbow joint.

6.5 .3. Maximum Measured Strength Of Group.

In the chair aid tests, the subjects were asked to exert as great 
a force as possible in the different modes. We can thus use the 
largest calculated value of the muscular moment exerted at the hip
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and knee joint as the maximum strength of each subject at these joints; 
and can calculate the maximum, or residual strength of the group.

My = *+86 in-lbj* at both hip joints,
and My = 330 in-lb^ at both knee joints.

This gives values for the average residual strength of the group
as:-

13.4% in hip extension 
and 12,2% in knee extension.

6.5*4. Unaided Rising Strength Requirements For Group.

The average strength required to rise unaided is found from the
appendix (Section 6). Unaided rising requires a combination of hip,
knee, and elbow extension, and shoulder adduction/flexion. (The 
latter is assumed to be approximately equal in «iugnitude to the 
shoulder horizontal adduction, measured in the muscle strength tests).

The average for the group, of minimum strength requirements can 
be given as:-

My + My + Ms + Mg = 1571 in-lb^ for both limbs.
The expected able-bodied strength in both arms and both legs is found 
from the calculation of the able-bodied strength in section 6.5*2., 
and from the muscle group ratios in Chapter 2; and is given by:-

My + My + Mg + My = (0.415 + 0.308 + 0.122 + 0.093) X 4,380 x 2
= 8222 in-lbj.

This gives a value for the average percentage strength required for 
unaided rising as 19%*

6.5.5. Strength Requirements For The Chair Aid. \

The average for the group of the maximum seat hinge torque, required
•in the rising cycle is 4-96 in-lb̂ . This is said to be numerically 
equal to the sum of the hip and knee moments required to rise in the 
chair aid.

i.e. My + My * 496 in-lb^ in both limbs.

The average for the group of the full strength at the knee and 
hip joints is 6340 in-lb̂ . Thus the strength required to rise in the 
chair aid can be given as 7*8% of the able-bodied strength.
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6.5*6* Comparison Of The Strength Requirements.

The average residual strength of the group (12.8%) lies between 
the strength requirements for aided (7*8%) and unaided (19* 1%>) rising. 
The implications of these figures were seen to be true in practice 
in that none of the members of the group were able to rise unaided, 
but most could rise in the chair aid.

One surprising aspect, revealed by these figures, is the low 
percentage strength requirements for rising from a chair. This 
figure of 19*1% is not surprising however, when one considers that 
most healthy people are capable of rising fairly easily, using just 
one leg (although very few people will normally do this)• The strength 
requirements of the chair aid (7*8% of the full strength) are 
approximately kO}o of the strength requirements for unaided rising.

From the findings of the tests, it would seem desirable 
to have some adjustment of the seat length and its associated 
linkage, to cater for extremes of physique of subjects.
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Chapter 7
7*1*1* The Logarithmic Strength Scale.

Physical strength, and the ability of a person to perform a task 
requiring physical strength, has been expressed in a number of different 
ways. In the field of sport, an athelete is either timed in his speed 
of perfox-mance of a task, or is measured in the distance he can throw 
or jump* As a test of pure strength he can lift weights; his strength 
being gauged as the heaviest weight he can raise above his head. This 
measurement is simple and practical, and measures the strength at the 
four main limb joints in knee, hip, and elbow extension, and in 
shoulder flexion/abduction# However, it does not differentiate 
between the muscle groups, and is only suitable for able-bodied people.

For disabled people, the main techniques used to express physical 
strength are as follows. Firstly there is a subjective notation, developed 
for use by physiotherapists and doctors to assess the strength of a 
patient in his muscle groups. The strength of the muscle group is 
placed in one of six catagories, and is graded from 0 to 5*

3 ....... .......... . normal*
 4................ . good, but with reduced strength.

3  ........... *...... fair.
2 ...... *..............able to lift limb against gravity.
1  ................Trace of movement in muscles.
0  ... ........... . No trace of muscular activity.

This scale is useful for measuring the progress of, or recovery 
from, paralysing diseases; but cannot be extended to measurement of 
strength in able-bodied people. Also, in being subjective, this 
technique is not accurate enough to be applied to the measurement of 
the effectiveness of an aid, or to measure the suitability of a subject 
for a particular aid.

Another scale, used mainly for multiple sclerotics, evaluates the 
disability by an overall function, based on the ability of the patient 
to carry out common activities of daily life, 78 activities are 
listed; a score of 1 is given for each success, and 0 for failure in 
each activity. The degree of severity in terms of the overall ability 
is loosely grouped into four catagories
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1* Confined to bed,

2* Restricted to wheelchair,
3* Ambulatory with aids.

Independent ambulatory.

Lastly we have the technique used throughout this thesis so far, 
in which the strength is expressed as a torque about a body joint.
This scale of measurement is suitable for both able-bodied, and disabled 
subjects, and is ideal for use in carrying out calculations; its main 
disadvantage however is its non-descriptiveness. A' scale is required 
which magnifies low strength values and where the numbers used are of 
reasonable size at the upper end of the strength spectrum. Such a 
scale is the logarithmic, or decibfel scale. After due consideration 
and trials, the best form of the scale was found to be based on the 
ratio of the muscular moment generated at the body joint, to an arbitrary 
base value of the muscular moment, taken as T in-lb£. It is desirable 
that, when used here, the decibel unit should be consistent with its 
use in other fields, where it is given as ten times the logarithem of 
the ratio of energy, work, or power levels, When such quantities as 
force, pressure, or moment are involved, the square of the ratio is 
used. To simplify this, the decibel unit is given as twenty times the 
logarithem of the ratio of such units as force, pressure, or moment.

We thus have the strength in decibels given by:-
S = 2 0  log

1 Mo
where M is the muscular moment exerted about a joint (or the sum 

about several joints); and M = 1 in-in-lbi,J
Thus £ = 20 log^Q M

where M is in in-in-lbj.
Figure (̂+6) shows the muscular moment in in~lb̂ . plotted against the 
logarithmic strength in decibels.

We can now apply the logarithmic scale to the results obtained so 
far in this thesis.
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The Muscular Strength Of Able-bodied Subjects.

The strength equation, synthesized in Chapter 2 gives the muscular 
moment at five specific body link joints by:-

The logarithmic strength in decibels may now be given by:-

& =  30 log^H - k log V̂if + 20 log^CA.^r + *f.60t - 11.75)

In the muscle strength tests, the strengths recorded ranged from

10,26 dB. This range is a measure, not of the numerical difference 
between-the muscular moments, but of the ratio of the moments. The 
standard deviation is 1.26 dB,

We also have the ratio of the strength inherent in the five joints 
tested, given by average values for the group of:-

66.02 dB in hip extension.

55*38 dB in shoulder horizontal abduction.
53*0^ dB in elbow extension, 

and ^9*64 dB in neck flexion.

Also the average for the group of the total strength in the five 
joints is given by:-

We can now give the ratio of the strengths in each muscle group to 
the total strength. We have the ratio of the strength in hip extension 
to the total strength as 7*6^ dB.

M(5) « W“°*2H1*5 (A.̂ -r + A.60t 11.75)

67.86 dB(2^73 in-lb^.) up to 78.12 dB(80^9 in-lbiji.); a difference of

63.^ dB in knee extension.

S = 73.66 dB.

Also the ratio in knee extension s: 10.22 dB
the ratio in shoulder horizontal adduction ~ 18.28 dB
the ratio in elbow extension = 20.62 dB
the ratio in neck flexion = 2^.02 dB
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7*3«1* Tests On The Floating Arm Support.

In the first part of the tests, the effect has been found of the 
arm support on the ability of the subject to hold the arm against gravity, 
and to apply a vertical force at the hand* The experimental results 
of the tests themselves are used to find statistically the effect of 
the arm support on the function of the partially paralysed arm; and 
the reasons for this effect. This is reported and explained in 
Chapter 3* Also in Chapter 3, the muscular moment at the shoulder is 
calculated, in applying a force of 1 Ibji at the hand, with the arm 
support and unaided (Figures (19) and (20) )•

We can now expand this to plot graphically the strength requirements 
at the shoulder in decibels, as the force at the hand is varied; and 
the effect of the arm support on these requirements. Figure (A7) shows 
this. As can be seen, the arm support is only effective for applying 
a force of less than 1 lb^, and is most effective when used to support 
the arm only*

7*A*1* Tests On The Arm Support As Used Therepeutically.

The results as given in Figure (21) can now be translated into 
the decibel strength scale. In these tests, the force exerted by the 
patient is measured at the forearm in a number of positions as the 
hand travels along the "hand to mouth” path* An average is then taken 
of all these measurements* Tests are repeated fortnightly. The 
muscular moments required at the joints to exert this force (particularly 
at the shoulder joint) will be the product of the force and some 
distance, (for example, the distance from the point of application of 
the force, to the shoulder joint). However, the average of this distance 
will be constant for each fortnightly test. In expressing the strength 
requirement on the decibel strength scale, this unknown distance is 
irrelevant, as its effect will only be to shift all the points on the 
graph for each subject, an equal distance up the axis* As the choice 
of numbers on this axis is arbitrary, and as we are only interested in 
the gradient of a line drawn through the points, (i.e. the speed of 
recovery), we can express the force exerted logarithmically, and take 
measurements from this.

It is expected that in hemiplegia, the patient will increase in 
strength steadily over the initial stages of recovery, and that this
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increase will diminish as the patient nears complete recovery. These 
tests take place over the initial stages of recovery; and thus it will 
be assumed that the logarithmic strength will increase linearly. The 
gradient of a straight line through the points will give the rate of 
recovery in decibels, which will be the average ratio of the forces 
exerted in each test. Figure (57) shows the results for four patients 
taking part in the experiment. A straight line, estimated to be the 
best fit, is drawn through the points for each patient. The gradient 
of the line, or the rate of recovery of the patient, is shown on the 
diagram.

7*!?*'I* Unaided Rising, and Rising In The Chair Aid.

In Chapter 6 , a fairly comprehensive analysis of these results are 
given* On the results sheet for each subject (Figure (4*0 ), a scale 
is included showing the strength requirements in decibels for rising 
in the chair aid, for rising unaided, and for the maximum strength of 
the subject in knee extension plus hip extension. In fact it is not 
entirely valid to compare this maximum strength with the strength 
requirements for unaided rising, because the latter includes the strength 
at the shoulder and elbow joints. If the percentage residual strength 
of the arms of the subjects tested were equal to that of their legs, 
the total strength of the subjects, as used for comparison with unaided 
rising, would increase by approximately 2 dB.

Most of the subjects require approximately 10 dB more strength to 
rise unaided than in the chair aid; and in most cases, the strength of 
the subject lies between the two. Whereas both of the strength requirements 
(in aided and unaided) for rising will be fairly constant, the strength 
of the subject will probably be a function of time; depending on the 
nature of his disability. The usefulness of the aid will cover the 
time during which the strength of the subject, in moving up or down the 
scale, passes through this band between the strength requirements for 
aided and unaided rising.

7.6.1, Conclusion.

The author should like to conclude this thesis with a tasty 
diagram (Figure (48) ), which shows all the major results in this thesis, 
presented on one logarithmic scale.



T H E  S H E L D O N  T R I A N G L E  

for
somatatype classification

[m u s c u l a r ]
[X - t j



7S,

o-so-

0.10

*
— —  

aos

o

Figure 9

X*

HISTOGRAM OF 
MUSCLE GROUP STRENGTH RATIOS

* ‘bobiuJt 
**- feoth&t R (f̂ eoV)

+ <T . I ' - 0/ )

a.ri.(o

*  sokecir €>
**

suL>'(ccir (\ x 
. _

.m.fo'so&j

ttJP
^a.

neck

■9/)
•(0 063)rn

(o i22)a.m.

# * a - —  <j 3-gr-__
.+■*.

h ip k n e e

*
XX

i.m.(oc63).
— of

sh o u ld er e lb o w
flexion extension extension horiz. add. extension



Figure 10

THE FORM OF THE AGE FUNCTION 

USED IN THE STRENGTH EQUATION

<>

<co mBusjis

age
 

(y
ea

rs
>



8000-

7000-

0000-

5 0 0 0 -

\I
4000-

3000-

2000-

1000-

7?
Figure 11_

THE STRENGTH. EQUATION 
MEASURED v CALCULATED V A lU  ES OF  

M U SCULAR STRENGTH

1000 2 0 0 0  3000 405o 5000 6000 7000 8000

M ( s )  measured (in-Ibjl)



F i G U R b  I Z

(\Rr\ ‘S u p p o r t  I e z t  A pparpttuS



1°)

z
iu

m>“
<o

<
Z
Q
Qi
Ooo
UJXH

12o
&

igyre 13

LUX

z
yj

QLU
CO3

CO<

<X
o
LiJX

lure 14

t3

>. 8) D "P
«.£sb9C ft)
1* toCf?
o ? (s 8 > -a



support 
Force 

(lbs)

So

3 Springs 
2 
1

II H

60 100 no<1080

A r m  Support- Angle 8*

Support- Force against- Arm Support* Angle.

FIG 15



FIGURE 16
ATYPICAL A R M  SUPPORT T R A C E

i -M

O - Q

— if



FIGURE 17 

ARM SUPPORTTESTS:
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The X-coordinate is small (of average value less than 2 inches) 
compared to the Y and Z-coordinates (average value greater than 
12 inches). The difference in the distance from the mouth, in 

talcing the X dimension into account, will be approximately 
0.1 inches. This is far smaller than the accuracy of measurement 
of the coordinates, and it was thus ignored.
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Figure 22

UNAIDED RISING WITHOUT USING THE ARMS 
for a f i f t y  percentile subject
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UNAIDED RISING 
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Figure 24

THE MECHANIS M  OF THE CHAIR AID TO RISING 
shown in three positions in the rising cycle
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Figure 26

THE FORCE SYSTEM ACTING O N  
SEATED IN THE CHAIR AID

SUBJECT
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Figure 30
FUNCTIONS OF THE GEOMETRY OF THE CHAIR AID
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Figure 3 0

LINK ANGLES OF THE CHAIR AID
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Figure 31

FORCES ACTING ON THE CHAIR AID MECHANISM 
IN GENERATING A SEAT HINGE TORQUE
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FIGURE 34 

A DEADWEIGHT TEST CURVE
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Figure 35
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Figure 42

RESULTS OF PRELIMINARY CHAIR AID TESTS
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FIGURE 43 

PRELIMINARY CHAIR AID TESTS: 
EFFECTIVENESS OF THE MODES OF
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Figure 46
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figure 47

STRENGTH REQUIREMENTS AT THE SHOULDER JOINT 

IN EXERTING A VERTICAL FORCE AT THE HAND

12i

(>i

T5

vertical force at hand



FtQure 48

LANDMARKS O N  THE LOGARITHMIC 
STRENGTH SCALE

-  tcfcJ eJj^th»V2aSdred. in m uscL  te&ts(cit

—  Q tr^ogtU  tlie, a-utbor. (oJc,

_ LpwfCst to ta l stre^opti^ rvTGaSurcJ m  mu9c

ci>le, - ia J ie c f 1V1 tex2& ■

f \* * *  of ckUJ ftuUchj b ^ f^ .-p  j ^ a‘r J
. i t o  ^ L o u U ^ r / l 0 ^ 2 ! ^ ^ c J ( X O c lo i C l  lO lA  1 . J  I P  \

A Tfe,fctfg-rtcti> +4QrUt/gcPjo/' /-‘<S<n<3 in  £be, c /a ir Oucl(\vi0aSu>€acubjprxw* KnegSj. 
a-blfi - bcoli'ed <obewxt̂  «v\

iif5)
■ f t 2  ? W i  tV» I ^ < 2 * U » ^ c f s u t j

J  J J J (Laknees,)

S^tLnctii re^t^>v(Cvis cjtth& sfcuioL/jOi^^i*"! iciJ cn^ a. cup oC tiQCL uucu u
• S t / € v ^ > ~ i  ( ^ C U l f ' S ^ c W s  c x  t  th& 'zbv ld& r  i o m t « V i  ho(di*\<j a  c ^ p o £ t j e a .

j  7  , , ;( > x h J  U  J
• S tnE x i^ ttv  /^u + tQ ynQ v its  A .t t h d  ^ [* }u (o k ^ © tV \k ’c«n' t o  Id vn ^ b in£  ^>*^1 a j^ W Z V

fZ\ , ana. M u, ; a n a



Fiqure 50  _

W ithout use o f a r m s



12©

11©

100

90

80

70

6©

50

40

30

20

10

0

^30
Fjcjure b2

SEAT DYNAMOMETER CALIBRATION

manometer reading (ins Hg)



Figure 53
KNEE EXTEN SIO N

Figure 54

y
y

H IP
E X TE N S IO N

using 
hand rest

/  /  .7 / T / ' / y  

Figure 55
Figure 56 

UPPER BODY FLEXIO N



>32
Figure 57

TESTS ON THE THEREPEUTIC EFFECT O F
THE FLOATING ARM SUPPORT

- CO

<  CD O  O

- (O

- m

(•qa> M)6U3J)S 0iiuq»!Jc60|

JC
.SPc

oc
(0Q>



A.1 .1

APPENDIX SECTION- 1

Muscle Strength Testing

For each subject a results sheet was filled in, as shown

at the end of this section. Measurements were taken of the force
exerted at a point on the body link, the length of the link to the 
jSoint of application of the force, and where necessary the weight 
of the limb as measured at that point. The limb weight was 

subtracted from the value of the measured force to give the force 

applied by the subject. The product of the link length and the 

applied force gave the moment about the joint exerted by the muscle 
group. The sum of the moments about the five joints tested gave 
the total moment exerted; and the moment at each joint divided by 

the total moment gave the strength ratio of each muscle group. A 
complete list of this data for all the subjects tested is given in 
the computer program.

Figure (9) is a histogram of these results, showing the

arithmetic mean and standard deviation of each muscle group. The
results are assumed to take the form of a normal distribution.

A.1.2 An Estimation of the Magnitude of the Error in using the 
Statistical Results to calculate the Residual Strength 
of a Muscle Group

Let us suppose a subject is being tested whose legs are 
partially paralysed at the knee. His strength in knee extension 

is measured as SK in lbs; while the strengths of his unaffected 

elbow, shoulder, neck,and hip joints are found to be Mg, Mg, M̂ , 

and respectively.



A. 1.2

We can now say that the expected strength of a healthy 

subject in knee flexion, M̂ , will be;

1V1K = + MS + MW i ST + g ) R
.......  A.1.1

where E ^  ^  , a n d ^  are the standard deviations of

Mg, M̂ , M̂ , Mjj, and respectively; and R is the ratio of M^ to

(Mg + Mg + M̂ j + Mg.) as taken from the experimental results.

We now have, for the greatest error, and substitutingC.̂ x) 

for (Mg + Mg + Mg + Mg)Rthe mean value of M̂ ,

A
(o'b +CS^ +C5h  ̂R +<̂ K    Atl“

Now the data obtained from the statistical results gives:

0.093
0.308’
0.122
0.308

0.063
0.308

0.413

ctK “ 0.101

cf E * 0.213 "e and - ̂  ■
ch 3 = 0.154 Ms and Ms = \  •

0.229 and mn = MK •

ckH - 0.130 “h and “h = M j j  .

also R = 0.308
1-0.308

- 0.445

Substituting these figures in equation A.1.2 we now have,

(°-0̂  x °-215 + 0.122 x 0.154 + 0.063 x 0.229 + 0.415x0.130)

*§35! + °-101 K  - & ) s °-255 W



A.1.3

where ! 

and.

Now the residual strength is given by

100 S
$ R.S. = — jj   ............. A.I.3

TK

1_ is the measured strength of the subject at the knee joint, h
is the expected strength of a healthy subject.

Substituting for in eqn. A.1.3 we have

100 Sg.
% R.S. =

0 . 2 5 ^ ^

s
—  (100 t 27)



A.1.4

MUSCLE. TESTING RESULTS SHEET

Subject No. 14 

Age 21

Weight 152 lb| 

Somatotype

Name Date
Sex M

R. Handed 
R. Footed

Occupation Student
Physical pursuits Rowing 
Comments

Height 73 ins

Neck flexion length 8 .0 ins Neck flexion moment == 336 in lb£
Neck flexion force 42 lb̂ rneck 0 .064

Thigh length 

Thigh wt.

16.2 ins 

22 lbJj
Hip = 2413 in
Extension moment

Ibji

Hip Extn.Force 171 Ibi Rrip = 0.458

Lower leg length
w

1 6 .0 ins Knee - 1456 in 
Extension moment

lbj

Knee extn. force 91 lb£ ^KNEE = 0,276

Upper arm length 11 .9 ins Shoulder Horiz. 
Adduction moment

= 642 in.lbji

Shoulder Horiz, add. 
force

54 lbji ^SHOULDER 0.122

Forearm length 11 .0 ins Elbow extension 
moment

= 423 in lb̂ .

Forearm wt. 2 .5 ibj
^ELBOW 0.080

Elbow extn.force 4 4-0 (b§

Total Moment = 5272 in.lb,
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APPENDIX SECTION 2 

SYNTHESIS OF THE STRENGTH EQUATION -

We wish to solve the equation:

= p f  f e f  [ R(5~rî  + T (5-y + M + t.-6))rsin f (Y±)j y
M(5) (w j (h* ) V R(5“̂ ) + T (5-t ) + M (r + t-6) j^Sin E (Y) j

Y - Y.
where F (Y.) =  — when Y ">* Y.' 1 Y m ̂  im

100 - Y.
and F (Y.) = 7777;-- when Y .<" Y.2/ 100 « Y m 1m

and F (Y) is the same function with Y substituted for Y. .1

The following is a list of symbols used in the text, with the 
equivalent as used in the program.

Text Program

M(5)± S(I) The strength of the subject In inch poungls as 
given in the text in chapter 2 .

M(5) 4814.0 The average strength of the population tested

W.1 W(I) The body weight of each subject in inch pounds

W 162.0 The average body weight of the population tested

w EW The body weight index

H.1 H(I) The height of each subject in inches

H 69 .6 The average height of the population tested.
i

h EH The height index

R ER The rotundity coefficient

h R(I) The somatotype cooitktfcelst- of rotundity (see 
Figure 7)

T ET The thinness coefficient.
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Text Program

t̂  T(l) The somatatype coordinate of thinness

M A The muscularity coefficient
r 4.000 The average somatatype coordinate of rotundity

of the population tested.

t 5*655 The average somatatype coordinate of thinness
of the population tested.

y EY The index of the age function

Y^ EZ The age of maximum strength

Y^ f(l) The age,in years, of each subject

Y X(l) An abbreviation for the age function
(see previous page)

Y EX The average age of the population tested
(21.55)
EA The standard deviation of the calculated strengths

from the measured strengths.

PI Tt

All other letters used in the program are there for programming 

convenience, and are not otherwise of importance.
The program itself is a paragon of simplicity. Each unknwwn 

parameter in the equation is given an initial value, the strength is 
computed from the strength equation, and the standard deviation of the 

calculated strengths from the measured strengths, for all 29 subjects 

is then calculated. The computer then returns to the beginning of 

the program, where it recomputes the equation using a different value 

of one of the parameters. Whenever the standard deviation falls below 
a specified value, the computer prints out the value of the parameters 

it has just used. The computer continues to cycle the parameters, 
until it has gone through the whole range of each.

In cycling the six parameters, care must be taken to restrict the 

range and interval of the value of each parameter as it is cycled; or



A.2.5

the number of cycles to be carried out soon becomes astronomical.
In practice, a large interval was used for each cycle at first, with 

a large specified value for the standard deviation. It is possible, 

by running the program several times, narrowing down the range and 

interval of the parameters each time, to "home In” on their best values.

On the following page is a sample of the results printed out 
by the computer. It can be seen how the results with the lowest 
standard deviation are grouped around a narrow set of values of the 
parameters.

It is also interesting to see how Individual values of the 
calculated strength vary, as the parameters vary.

The results given by the optimum set of parameters are plotted

in figure (ll); and the strength equation is given in the completed

form in chapter 2 of the text.
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THE STRENGTH EQUATION SYNTHESIS PROGRAM

DIMENSION W (29) ,S(29) ,H(29) ,R(29) ,T(29) ,Y(29) ,X(29)
READ (1,101) (W(I),S(I),H(I),R(I),T(I),Y(I),1-1,29)

101 FORMAT (6F8.1)
L=0
E0=1000000.0 
E—0.0
PI=5.14159
A=100.0
DO 1 J2=7,21,2
EY=0.05*FL0AT(J2-11)
DO 1 Jl=l,5,l 
EZ—FLOAT(Jl-5)
DO 1 J5-19,4l,2 
EH=0.05*FL0AT(J5-1)
DO 1 J4=1,1552 
EW=0.05*FL0AT(J4-11)
DO 1 J5=19,51A  
ET-FLOAT(J5+19)
DO 1 J6=19,51,1 
ER=FL0AT(J6p24)

2 DO 5 1=1,29
IF (Y(l)-25.0) 4,4,5

4 x(i)=y(i)/ (2 5.0+Ez)
EX= (21. 5>EZ)/ (25. Of EZ)
GO fO 6

5 X (I)*(100.0~Y (I))/ (75,0-EZ)
EX=49.085/ (7 5.0-EZ)

6 ES=((W(I)/162.0)**EW-*KH(I)/59.6)**EH*((5.0-R(I))*ER+(5.0~T(I))*ET
1 + (R (I )-f T (I) -6 .0) *A)/ (ER+1.545*ET+1.655*A) * (SIN(X (I) *Pl/l8o. 0)
1 /SIN (EX*Pl/l80.0))**EY)*48l4.0
E=SQRT(E*Ef (ES-S(I))**2)
IF (L.EQ.l) WRITE (2,20l) ES,S(l)

201 FORMAT (1H, 2F8.1)
5 CONTINUE

L=0
EA=E/5.5852)
IF (EA.GT.759) GO TO 1
WRITE (2,202) EW,EH,ER,ET,EY,EZ,EA

202 FORMAT (1H, 7F8.1)
IF (EO.IE.E) GO TO 1 
EO=E
L=1
GO TO 2 

1 E=0
CONTINUE
STOP
END
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DATA

W M(5) H r t Y
(lbji) (in-lbj) (ins) (years)

147 4920 70 4 3 22

155 4856 69 3 4 30
170 4922 67 2 5 47
161 5257 72 5 3 22

186 6288 72 5 5 24

205 7845 76 5 4 24
196 4279 71 3 4 62

150 5592 65 4 4 24
161 5691 63 4 3 58

124 3748 62 4 3 48

165 4528 68 3 5 50

168 4528 68 4 3 52

152 5272 73 5 3 21

156 5373 71 4 4 51

147 3769 67 5 3 25!
188 3759 71 3 5 51
168 3307 70 3 4 58
164 8o49 72 4 5 19
168 5938 74 5 3 19
147 4646 69 5 2 20

96 2473 60 5 1 19
140 3539 74 5 2 20

140 5108 71 5 2 23
155 5650 - 70 4 4 23
176 4l84 68 3 5 34
154 4564 72 5 3 18

224 3671 74 2 5 20

158 4730 71 4 4 23
207 5337 69 3 5 48
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RESULTS OP THE STRENGTH EQUATION SYNTHESIS PROGRAM.

w h r
- . 2 1.4 46.0
- . 2 1.4 45.0
- . 2 1.4 46.0

M(5) M(5)
Calculated Measured

4277.5 4920.0
4183.4 4856.0
3974.6 4922.0
5377-7 5237.0
7256.4 6288.0
6614.5 7845.0
4154.5 4279.0
4759.5 5392.0
3624.3 3691.0
3734.0 3748.0
5020.6 4528.0
3999.1 4520.0
5545.9 5272.0
5343.6 5373.0
4951.5 3769.0
5183.4 3759-0
4200.4 3307.0
6436.8 8049.0
5540.6 5938.0
4156.4 4646.0
2823.4 2473.0
4629.0 3539.0
4368.4 5108.0
5408.4 5650.0
4944.2 4184.0
5425.7 4564.0
4322.7 3671.0
5330.0 4730.0
4885.1 5337.0

- . 2 1.4 46.0
- . 2 1.-4 47.0
- . 2 1.4 47.0
- . 2 1.5 46.0
- . 2 1.5 45.0
- . 2 1.5 46.0

4279.9 4920.0
4179-8 4856.0
3959-5 4922.0
5395-9 5237.0
7281.1 6288.0
6673.0 7845-0
4162.8 4279.0
4727.0 5392.0

_ ~ ($ + 27) S.D.

43.0 0 .0 -2 .0 758.9
44.0 0 .0 -2 .0 759.0
44.0 0 .0 -2 .0 758.7

44.0 0 .0 -2 .0 758.7
44.0 0 .0 -2 .0 758.8
45.0 0 .0 -2 .0 758.9
43.0 0 .0 -2 .0 758.9
44.0 0 .0 -2 .0 759.0
44.0 0 .0 -2 .0 758.5
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RESULTS OF THE STRENGTH EQUATION SYNTHESIS PROGRAM (Contd)

w h r t y $  + 27) S.D.

M(5) MB)
Calculated Measured

5588.A 3691.0
3691.1 37A8.0
5009.0 A528.0
3989.8 A520.0
5572.5 5272.0
535A.3 5573.0
A932.6 3769.0
5195.7 3759-0
A202.8 3307.0
6A58.7 80A9.0
557A.6 5938.0
A152.8 A6A6.0
2781.8 2A73.0
A657.5 3539.0
A377.1 5108.0
5A11.5 5650.0
A932.7 A18A.O
5AAA.1 A56A.O
A3A9.2 3671.0
53A0.6 A730.0
A880.9 5337.0

-.2 1.5 A6.0 AA.O 0.0 “2.0 758.5
-.2 1.5  A7.0 AA.O 0.0 “2.0 758. A

A282.A A920.0
A199.7 A855.0
399A.6 A922.0
5576.1 5237.0
725A.5 6288.0
66A8.A 78A5.0
A182.6 A279.0
A725.9 5392.0
5590.5 3691.0
5695-2 37A8.0
502A.7 A528.0
5992.2 A520.0
5552.0 5272.0
5552.9 5373.0 .
A91A.5 3769.0
5210.0 3759.0
A222.8 3307.0
6A53.5 80A9.0
555A.1 5938.0
A157.5 A6A6.0
2771.6 2A73-0
A6A0.3 3539.0
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RESULTS OF THE STRENGTH EQUATION SYNTHESIS PROGRAM (Contd)

h r t y ($ + 27) S.D.

M(5) M(5)
Calculated Measured

4361.0 5108.0
5410.1 5650.0
4948.2 4184.0
5424.1 4564.0
4387.9 3671.0
5339.3 4730.0
4896.3 5337.0

- .2 1.5 47.0
- .2 1.5 48.0
- . 2 1.5 46.0
- . 2 1.5 47.0
- .2 1.5 48.0
“ .2 1.5 48.0
- . 2 1 .6 46.0
- . 2 1 .6 47.0
- . 2 1 .6 48.0
- . 2 1 .6 47.0
- . 2 1 .6 48.0
- . 2 1 .6 49.0
- . 2 1 .6 48.0
- . 2 1 .6 48.0

44.0 0 .0 -2 .0 758.4
44.0 0 .0 -270 758.8
45.0 0 .0 -2 .0 758.7
45.0 0 .0 -2 .0 758.4
45.0 0 .0 -2 .0 758.5
46.0 0 .0 -2 .0 758.9
44.0 0 .0 -2 .0 759.0
44.0 0 .0 -2 .0 758.8
44.0 0 .0 -2 .0 759.0
45.0 0 .0 -2 .0 758.6
45.0 0 .0 -2 .0 758.6
45.0 0 .0 -2 .0 759.0
46.0 0 .0 -2 .0 758.8
46.0 .1 0 .0 759.0
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APPENDIX SECTION 3 

STATISTICAL ANALYSIS OF PRELIMINARY ARM SUPPORT TESTS

G-iven a set of data from the preliminary arm support tests * 

we wish to answer the following questions statistically (Reference 8).

1 . Does the floating arm support significantly increase 
the maximum force applied at the hand ?

2 . Is the maximum force applied at the wist significantly
greater than the force applied at the hand ,
a. With the arm support in use ?
b. Without the arm support ?

j5. Is the force applied at the final position (at the mouth), on

the "hand to mouth" path, smaller than at the other positions 

on the path* with the arm support in use ?

For 1 and 2 the same method is used. The results are of the 
form of sets of measurements of the applied force (usually of about 

A measurements per set). All the sets of results tested in the same 

manner., go together to form a group of results (e.g. the results of 

the force measured at the hand with the arm support in use comprise 

one group).
Firstly sets of data are discarded which do not have a 

corresponding set,, measured on the same subject to compare directly 

e.g. if a subject was too weak to carry out the tests without the 

arm support., the results taken in using the arm support are not 
included in the comparison of the results without the arm support.

From the results that remain., the arithmetic mean of each 
group of sets was calculated. We now wish to examine whether the 

difference between the means can be explained by the scatter in the

results. The arithmetic mean of each set in the group is now
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calculated., and the individual measurements are scaled to make the 

mean of each set equal to the mean of the whole group.

i.e. For three subjects, we have for example, measurements at 
the hand with the arm support in use of;

^11* X21* ^51J X4l̂  ' X̂12’ X22J ^32  ̂ J
(x̂ ., X53  ̂* ® ie arithmetic mean of the group will be

x. .  «̂rL» ■ ■ X J
G N

where N is the number of results in the group. The arithmetic mean , 
for example of set 2 will be;

21*12A. = J n

where n is the number of results in the set. The measurements are 
now scaled to the mean.

A q
Thus x.. becomes x.. --r—  ij ij A

Using these figures, the standard deviation of the group can now be
  —  g

calculated. { A
y  (A r " • a ‘ r~This will be S.D. = / ^- J j

N

This standard deviation gives an indication of the scatter of 

individual results within a group. We wish to compare the scatter 

of the groups. This will be given by the standard error of the 

group, which will be considerably lower than the standard deviation.
S DThe standard error, S.E. = — *■7F

Also comparing the standard errors of the two groups (S.E.)̂  

and (S.E.)̂ , we can say that the combined error will be;

/(S.E, + (S~E/)
2
2
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We can now compare this directly with the difference between

the arithmetic mean of the groups, e.g. If the error is equal to the 

difference in arithmetic means, there is a 68$ probability that there 
is a systematic difference between the two groups of results.
If the error is twice the difference, the probability is 95$> and if 

the error is three times the difference, the probability is 9 9*73$* 

which is highly significant.

results. Taking the first subject; his measurements without the arm 
support of the force in pounds exerted at the hand are:

arithmetic mean of the whole group of results of the force exerted at

7 .2 7 .8 6 .8 5 .8

The deviations from the mean of the group will be,

0 .3 0 .9 0 .1 1 .1

and the squares of the deviations will be
0 .0 9 0 .8l 0.01 1.21

Thus sum of the squares for the whole set Is now calculated (for 

79 results in 19 sets) this is:

Using this technique we can now commence calculating the

9.1 9-9 8.6 7*^
The arithmetic mean of this set is 8.75 lk̂ * Now the

the hand, without the arm support is: 6 .9 lb£.
We thus scale his results down, multiplying each result

They now become

D2 198.51

D,2thus 2.513 where N is the number of results.
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Thus the standard deviation = 2.513

1.58 lbj
and the standard error = I .58

/T9

0.178 lbj

Now the standard error of the corresponding group of results, with the 

arm support in use is O.I58 lbJji.
The standard error between the two groups of results is thus:

0 .1782 + 0.1582 

0.238 lbj

The difference between the means, however, is 0.97 lb̂  . 
Therefore the difference between the means is four times the standard 

error. The difference can thus be said to be statistically highly 

significant, i.e. The difference is too great to be accounted for 

by the scatter of the results.
The following are the statistical results calculated.

1. Comparison of the maximum force at the hand using the arm 

support with the force when not using the arm support.
Arithmetic mean of the force with the arm support in use = 5*98 lb£.

Arithmetic mean of the force without the arm support = 6 .91 lb£.
Standard error between the two groups = O .238 lbji.

.’. Difference in means = 4 x S.E.

This is a highly significant difference of 13$.

2a Results using the arm support, applying the force at the hand, 
compared with the force applied at the wrist are:
Arithmetic mean of force at hand = 7.88 lb£
Arithmetic mean of force at wrist = 6.12 lb£

Standard error between two groups = 0.51 lbj
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Difference in means = 5 .5 x S.E.

This is a highly significant difference of 22$.

2Tb. Results in applying the force at the hand, compared with 
the force applied at the wrist, without the use of the 

arm support are:

Arithmetic mean of the force at the hand = 9*96 lb̂i

Arithmetic mean of force at the wrist = 6.05 lhji

Standard error between two groups = 0.4-9 lh£
Difference in means = 8 x S.E.
This is a highly significant difference of 40$.

j5. Comparison of the force in the final position (at the mouth) 
on the "hand to mouth" path with the force exerted at the 

other positions gives:
Arithmetic mean of force exerted at the mouth = 4.70 lb£
Arithmetic mean of force exerted at the other
positions on the "hand to mouth" path = 6 .56

This is a 26$ decrease. (It is felt that calculation of the

standard error is not required here).

fr
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APPEHDIX SECTION A

THE FUNCTIONAL ANATOMY OF THE UPPER LIMB
\

This section is based on reference (l)* which is a report on 

electromyographical studies of the upper limb over the two previous 

decades. Commentry on arm movements irrelevant to this thesis have 
been omitted* and relevant comments have been added.

The Shoulder Girdle
I

In static loading of the shoulder girdle* the upper fibres of 

the trapezius 1fplay no active part in the support of the shoulder girdle 

in the relaxed* upright posture" (Bearn 1961). One can only surmise 

that the clavicle is then suspended by the first rib and ligaments at 

the sternoclavicular joint* all these being passive structures.
Muscular activity in the shoulder girdle is thus voluntary.

If the subject wishes while applying a force at the hand with the arm 
slightly abducted (less than 90°), he may relax the shoulder girdle.

It will now be supported as a structure* with no muscular involvement.
Sometimes shoulder girdle rotation (i.e. upward rotation of 

the glenoid cavity) does take place. In general this is a small*
JT \natural movement* associated with lifting objects with the hands.

However in pathological cases of subjects with very weak arms* in 

applying a force at the hand* many will use "trick movements" of the 
shoulder girdle. This is done by "stiffening" the arm* and rotating 
the shoulder girdle. A small force will then be applied at the hand.

Shoulder Girdle Elevation with Upward Rotation of the Glenoid Cavity 

In this movement the acr&miiGtofl* rises* the superior angle of 

the scapula descends* and the inferior angle swings laterally. It is 

almost always part of a larger movement involving either abduction or
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flexion of the shoulder joint* as when the hand reaches for some 
object above the head.

The upper part of the trapezius* the levator scapulae and 

the upper digits of serratus anterior constitute a unit which acts 

as the upper component of a force couple that rotates the scapula.
The lower part of the trapezius* and the lower half or more of the 

Serratus anterior constitute the lower component of the scapular 

rotatory force couple. They act with increasing vigour through
elevation of the arm. The lower part of the trapezius is the more
active during abduction* but in flexion is less active than the 
serratus anterior* apparently because the scapula must be pulled 

forward during flexion. In general* the middle part of the trapezius 
serves to fix the scapula/* but must relax to allow the scapula to 

slide forward during the early part of flexion. (Luman* 1944).

Sfoouldeff Joint Abduction

The obvious activity in the deltoid increases progressively* 

and becomes greatest between 90° and l80° of elevation. The activity 
of the supraspinatus also increases progressively. Thus it is not 

simply an initiator of abduction. No part of the pectoralis major 
is active during abduction. The biceps also do not contribute to 

abduction when the arm is medially rotated and the forearm prone.

(This probably would also apply to the position of the arm on the 

"hand to mouth" path used in the arm support tests).

Shoulder Joint Flexion
The clavicular head of the pectoralis major* along with the 

anterior fibres of the deltoid* are the chief flexors* the former 
reaching its maximum activity at 115° of flexion. Both heads of the 

biceps brachii are active in flexion of the shoulder joint* the long 

head being the more active.
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Elbow Flexion
Although they can be felt quite easily, the biceps brachii,

- . .  ^  _
as far as their integrated functions are concerned. In the movements

produced by the flexors, there is a fine interplay between them, and a
wide range of response from person to person. Ihere is therefore
no unanimity of action. For example, the brachialis is generally

active during quick flexion of the supine forearm, but occasionally

it is completely inactive. There is also no set pattern in the
sequence of appearance and disappearance of activity in these muscles.

There is little difference in the activity of the long head

and the short head of the biceps during isometric contraction. The

more prone is the forearm, the less the activity of the biceps. The

brachialis is also a flexor of the semiprone forearm, and sppplies
\a more constant force than the biceps in all positions of the forearm. 

The brachioradialis was found to be inactive during isometric 

contraction, and is only active during quick flexions of the elbow.

Pronato^eres contributes to elbowi'flexion when resistance 

is offered to the movement.

Wrist Abduction

In abduction, the flexor carpi radial<ts, and the extensor 

carpi radial^s (longus and brevis) act reciprocally, the antagonistic 

muscles relaxing. Extensor digitorum contracts during abduction, but 

this contraction is not limited to the radial part of the muscle, and 
the flexor digitorum superficialis may be active tpo. Apparently 
this type of activity has a synergistic function.
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APPENDIX SECTION 5 

UNAIDED RISING WITHOUT THE USE OF THE ARMS

Figure (50) shows a subject about to rise in the critical position* 
with the thigh link horizontal* and having just lost contact with the 

seat. The body is simply divided into three links: the lower leg

link* the thigh link* and the upper body link. The latter includes 
the arms. The feet are treated as an extension of the floor* with 
the floor reaction R^ acting at the ankle joint. A muscular moment*
M̂.* acts at the knee joint* and aomoment* M̂.* acts at the hip joint.

The values of M̂ * M̂.* and * the angle of the upper body link*

are now expressed in terms of the lower leg angle.

We have* resolving vertically for the whole body*

WT - R^ - 0 ................  A.5.1

where is the body weight minus the weight of the feet.

Taking moments about the knee joint for the lower leg* we have*

Mg - R^e-siu/3 ^ + W s i n  = 0 .....  A.5 .2

and taking moments about the hip joint for the lower leg and thigh gives

R4 (a - es in^ ) - w (a - t  siny^-j) - v2 £2 - a.5.3

Finally* taking moments about the hip joint for the upper body* 
we have

- Wi^i S i n = 0 .............  A.5.4

Eliminating 1YL. between A.5 .5 and A.5- ĵ and re-arranging* we have
r i

in
(WT - w ) a ~ W2 -Cg + (w A  - W T &  ) sm/3 

SinP- =  -̂--------- jj---------------------
W. I1 ^ 1

  ......  A.5 .5
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Eliminating R^ between A.5.1 and A.5.2* we have,

= (WT sin ........ A.5 .6

and eliminating R^ between A,5*1 and A. 5 *5 gives

Mg = WTd - W^d “ W2 £2 + (Ŵ  ^  e.) siny/S^ ^  A.5 .7

Figures for a fifty percentile subject (as given in the 

appendix section 10) are now substituted into equations A.5*5#

A.5*6 and A.5*7* where and ̂  are found as a function ofjS>y
Figure (22) shows these functions plotted over a range of values

of f h y
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APPENDIX SECTION 6

ANALYSIS OF UNAIDED RISING WITH USE OF THE ARMS

Figure (23) shows a subject in the critical position to be 
analysed, about to rise. For purposes of the analysis, the body is 

divided into seven links.

1 . The head, shoulders, and trunk link
2 . The thigh link

5 . The lower leg link

A. The foot link

5. The upper arm link

#. The forearm link

7- The hand link
Firstly the joint centres of the links are

photograph of each subject, and the centreline of each link is marked 

(with the exception of the foot link which is ignored altogether, and 

is regarded as an extension of the floorj and the hand link, the 
centre of gravity of which is assumed to be at the centre of the 

handgrip).

Using figures given by Dempster (Reference 3)j which are 

reproduced in the appendix (Section 10), the centre of gravity of each 
link is located. A vertical line XX is now marked, passing for 
convenience through the ankle joint. The horizontal distance is now 

measured of the centre of gravity of each body segment (given by 
Dempster as a proportion of the link length) from the line XX, and 

these distances are called X^ to X̂ .
The weight of each body segment is now found. It is assumed 

that the weights will be proportional to those given by Dempster for a
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fifty percentile subject, corrected for each subject here by 

multiplying the ratio of the link lengths of the subject to the link 
lengths of a fifty percentile subject. The calculated segmental 
weights are finally scaled, to add up to the total body weight of the 
subject, andare referred to as to Ŵ . We wish to find the position 

of the centre of gravity of the body. This is simply located by taking 
moments about the line XX for all the body segments. This gives:

= w1x1 + w2x2 + + W^X^ + w6x6 + ..... A.6.1

where W^ is the weight of the body minus that of the feet, and X is

the distance of the centre of gravity of the whole body from XX.

The three basic equations for the analysis may now be written. 
Resolving horizontally for the forces in Figure (23) we have:

A h  " A h  “  0 ............................. A-6-2
and resolving vertically,

Av + Av ~ A  “ 0   A-6-3

Taking moments about the ankle joint A, we have:

V L i  -  R ' y s l n ^  -  R,-„y 0 0 S ^T' EBY " ^HH = 0 ....  A.6 . A

In addition to these equations, it is necessary to give a
value to one of the variables, in this case the angle of the reaction

at the hand, 0TT. This gives as a fourth equation: n

A h  " A v t a “  ° H = °    A-6-5

Substituting for R ^  from equation A.6 .5 into equation 

A.6 .3* we now have;



A. 6*3

Ŵ jc - (ysln fi + yoos ,0 tan 0 ) = 0

or R ^  = / (Ysin + ycos tan0H ) A .6 .6

The moment of the muscle groups about each joint is assumed 

to be equal and opposite to the moments of the forces about that joint. 
Thus to calculate the moment of the muscle groups* we simply take

  A.6 .7
Taking moments about the hip joint for the leg and thigh* we have:

the two dimensional plane of the rest of the body links* in certain 

cases the plane formed by the arm and forearm links is perpendicular 

to the plane of the rest of the body links. This is taken into 
account in the measurement of the angles and lengths of the links 

of the upper limb.

moments about the joints for all external forces acting. About the'
knee joint for the lower leg we have.,

+

Mh = R4v (d- £ siny^) - R ^  ̂ .0os ̂  - W^d- ^  sin^ ̂  )

A.6 .8

The links of the upper limb will not necessarily lie in

We can now write the moment at the shoulder joint as:

A.6 .9

Finally the moment at the elbow joint will be :

... A.6.10
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These equations are now solved on a computer for the eight

subjects tested, over a range of values of 0 , the angle of theH
handiest force.

A.6 .2 The Unaided Rising Computer Program
This is a very simple program in which a large number of 

lengthy,, but straightforward calculations are carried out. At the 

start of program the data for the first subject is read into the 
computer. It then calculates the position of the centre of gravity 

of the subject from equation A.6.1. In the heart of the program is a 
group of linear equations to be solved. These are within a !,D0 LOOP,t 
which cycles the value of the handrest force angle (labelled R in the 

program) over its entire range, The^ program then goes on to calculate 
and print out all the data of interest, and is then returned to the 
beginning where the data is read in for the next subject. The program 
is written in Fortran and is given at the end of this section. For 

various reasons, when compiling the program it was necessary to change 

some of the symbols used in the analysis. These are as follows:

(see Figure (2j5) ).
Program Analysis
X x

R 0̂.
TH 

PI I \

Z1 . 0H
Z2 0A

A3 3̂
RS r_.

PS

kLE ^ Q
A6 

PE &
E



A.6.5

A.6 .3 Results of the Unaided Rising Program
vAt the end of this section the. results are given, as 

printed out by the computer. The results .are selected using the 

last two columns of figures. The first of these gives the sum of 

the moments in the four body joints (on both sides of the body, 

this will in fact be eight joints). The second gives the value 
of the moment at each joint, divided by the ratio of its inherent 

strength to the total strength of the subject (as found in chapter 2). 
The resulting figures are summed for the whole body. This gives a 

good indication of the best mode for risingj or the mode in which 
the lowest muscular moments are required, taking into account the 

inherent strength of each muscle group. Having located this 
model, the simple sum of the muscular moments only, is used for 

subsequent comparisons with rising in the chair aid.
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THE UNAIDED RISING PROGRAM

READ L,L2,L3,LE,MH,MK,MS,ME 
2 READ (1,101) N

101 FORMAT (12)
READ (1,102) NT, D, E,L,VS,YE,A1,A3,X1,X2,X3,X5,X6,X7,TH,Y,RS,LE, 

1 W1,W2^3,W4,W5,W6,W7,G,F,A5,A6,HS,HE
102 FORMAT (10F7.1)

READ (1,101) M 
WRITE (2,201)

201 FORMAT (1H ,///)
PI=3. 14159 
L2=D£0.433 
L3=E*0.433
X= (Wl*Xl4-W2*X2+W3*X3+W5*X3hW6*X6+W7*X7 )/WT 
DO 1 1=1,121,2 
R=FLOAT(1-31)
RHV=WT*X/ (Y"X'SIN (TH'x'Pl/l80.0) +Y*TAN (R*Pl/l80.0) *

1 C0S(TH*Pl/l80.0))
KHH=RHV*TAN(R*Pl/l80.0)
RFH=RHH
RFV=WT-RHV
RH=SQRT (RHV+RHH*RHH)
R4=SQRT(RFHtRFV*RFV)
Zl=l80. 0*ATAN2 (RHH ,RHV) /PI 
Z2=l80. 0YATAN2 (RFH,RFV)/PI
MH=RPV* (D-E*SIN(A3*Pl/l80.0) ) -RFH*E*COS (A3*Pl/l80.0) - 

1 W3* (D-LS*SIN (A3*Pl/l80.0) ) -W2*L2
M=KFV*E*SIN(A3*Pl/l80.0)+RFH*E*COS (A3*PI/l80. 0) - 

1 W3*L3*SIN (A3*PI/180.0)
MS=RS*(RHV-W7) *SIN(VS*Pl/l80.0)+RHH*ES*SIN(HS*Pl/l8o. 0) - 

1 W5*G*0 .436*SIN (A5*Pl/l8o . 0) -W6* (G*SIN (A5*Pl/l8 0.0) -
1 F*0.430*SIN(A6*PI/180.0))
ME=IE* (RHV-W7) *SIN (W P I / 180.0) +1E*RHH*SIN (HE*Pl/l8 0.0) - 

1 W6*F*0.430*SIN(A6*Pl/l80.0)
Z3=ABS (MH)-hABS (MX)+ABS (MS)+ABS (ME)
Z 4-=ABS ( 0.24l*MH) -t-ABS ( 0.324*MK) +ABS (0.820*MS) +ABS (l. 075*ME)

2:2 WRITE (2,202) RH,Z1,R4,Z2,MH,MK,MS,ME,Z3,Z4
202 FORMAT (1H0,F6,1,F7,1,F8,1,F7,1,5F7,0,F8,2)

1 CONTINUE
IF (M.EQ.O) GO TO 2
STOP
END
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A.7.1

APPENDIX SECTION- 7 

CALIBRATION OF THE CHAIR SEAT DYNAMOMETER

Figure (27) shows a plan view of the position on the seat of 

the pressure gauges. Gauges F^ and F̂  are interconnected, and record 

the force acting along the line F̂  F̂ j while and B,_>, also being 

interconnected, record the force along the line B^ B̂ .

The calibration.iof the gauges is divided into three sections:

(a) To measure the response of the gauges as a point load is moved 

along the lines F̂  and B^ B^
(b) To measure the response of the gauges as a point load is moved 

along the line FB

(c) To measure the response of the gauges for a range of values of a

point load acting at B, and at F.

(a) Response of the Gauges across the Seat
This is to examine whether the gauge readings are consistent 

across the width of the seat, as a precaution against false readings 

caused by the subjectisitting eccentrically on the seat. As a 

preliminary test, a subject was seated on the chair, and was asked 

to sit as far to one side as possible, while still remaining comfortable. 
It was found to be fairly noticeable when the subject was 1 inch off 

the centre line, and the maximum shift possible was found to be 4 inches 

off the centre line.

A point ldcJl of 75 . was applied to the seat at positions

along F̂  Fg and B^ B̂ . Figure (51) is a graph of the results. It

can be seen that there is no significant variation in the gauge readings 

as the load is applied up to 5 inches eccentrically.
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(b) The Response of the Dynamometer along the Seat
The chair seat can be regarded in two dimensions as a rigid 

beam supported at two points along its length; with a resultant point 

load acting at a third point along its length. As the point load 

moves from one support to the other (from F to B), the magnitude of 

the support forces in gauges F and B should theoretically vary 
according to the laws of simple statics. Measurements were carried 

out to verify this.
A point load of 75 lb̂ . was applied to the centre line of 

the seat at positions along the line FB. Gauge readings were taken, 
and using the calibration curves for the gauges (Figure 52)), the 

readings were plotted as values of the support force at each gauge, 

from which the magnitude and position of the load were calculated and 

compared to their true values. From these results it can be said 

that an applied load of 75 lb̂ . can be measured to an accuracy of 
t o.8 ibj. and its position can be determined to - 0 .2 ins.

(c) The Dynamometer Calibration
A point load was applied to the chair seat, firstly at B, 

and then at F. The load was increased from 0 to 125 bb̂ t. in increments,

and then back to zero. Figure (52) shows the calibration curves.

These are used throughout the subsequent experiments in the form shown.
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APPENDIX SECTION 8

A.8.1 A Biomechanioal Analysis of the Modes of Rising on 
the Ghair Aid

There are basically four distinct modes of rising on the 
chair aid. The following is an analysis of the biomechanics of the 

modes. Throughout the analysis, the body is simplified to a two- 
dimensional chain of rigid links. Muscle forces are assumed to cause 

a torque about their respective joint centres. In each chair 

position analysed, the mechanism is correctly adjusted, and when 
the subject is relaxed, the torque about the seat hinge is zero.
In the analysis, the equilibrium forces throughout the system are 

ignored. Only additional forces and torques, due to the disturbance 
of the equilibrium by muscle forces applied by the subject, are 
analysed.

A.8 .2 Application of a Knee Extension Moment

Figure (55) shows the force system generated as a muscular 

moment is applied at the knee. We are interested in finding the 
applied muscular moment in terms of the measurable forces between 
the subject and the chair, and in terms of the geometry of the system.

We are also interested in the seat hinge torque, generated by these 
muscular moments. There are two unknowns in the force system to be 

resolved before any equations can be written. Firstly the position 

of the footrest force, and secondly the point of action of the resultant 

of the force parallel to the chair seat. Firstly the resultant force 

at the footrest is assumed to pass through the ankle joint. This is 

the same assumption as was made in the unaided rising analysis, and it 

eliminates muscular moments at the ankle joint. The components of 
force parallel to the chair seat is assumed for large values of oC >̂  bo
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be supplied by the lower part of the backrest, and for smaller values 

of by the knee-rest. (it can be easily seen in -practice, 

whether the knee-rest is acting during a test).
In carrying out the chair tests, the subject is asked to 

lean forward slightly from the backrest. This will eliminate any 

backrest forces, apart from the force at' the buttocks). Any hip 

moment will be applied by moving the upper body slightly forward.
Only a small movement is required here for the small hip moments 
generated in this mode. This will tend to shift the seat reaction 

f{2 slightly forward.

From equation 5.1 in section 5*̂ *5 of the text, we have the 
seat hinge torque given by,

SL - Ag (AU ) - A$V)sin («?2 - ep + Lx sin ^  )

+ A  (A - + ^ Fn£ A5 A fi f+ • A k - sin-(ZKL)i4 FiL ' L
..........  A.8.1

where the dimensions and angles are given in Figure (31); and the

values for the mechanism geometry functions, A  * are given in Figure (50) .
The moments of the muscle groups about the body link joints 

are assumed to be equal and opposite to the moments of the forces about 

the joints. For the knee joint, summing the forces in the lower leg, 
we have,

\ = L k4 + A 5 ^ 5  a.8.2

where and L̂. are the perpendicular distances of their respective 

forces to the knee joint; and is the moment in knee extension.
Similarly for the hip joint,

I

Mej = A 2 lR2 + - A ^  A.8 .5
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where ar>e PerPerî cû ar distances of the forces
from the joint., and is the hip flexion moment.

A.8 ,3 Application of a Hip Extension Moment using the Handrest

Figure (54-) shows the force system generated as a muscular 
moment is applied at the hip. In testing subjects, it is ensured 
that the main muscular forces will be applied at the hip by removing 
the tangential component of the footrest force simply by removing

the footrest tangential force dynamometer. (This was only done in 

testing healthy subjects, due to the difficulties and dangers of 

applying a force like this. Disabled subjects were just asked to 
press straight down with the feet, and any measurable value of A  ̂5
was included in the calculations).

In the system there are two unknown parameters: and 0TJr.
( &

These are found graphically, by drawing a force triangle A g,
and (or a force quadrilateral if A  ia acting) .

We can now write an equation for the seat hinge torque 

generated by this mode,

.Q_ = A,k2 ( a u  ) + A 4 ( A Pn.+ A p c  . ( j r ) ) — a 7 ( A ,

A jjjj. ■ S in  (XPQ) ) + A 5 /\5

HI

‘FI

sin (XPR) 

A.8 .4

and can write expressions for the moments about the body link joints: 

about the knee joint for knee extension

+ A A.8 .5

and about the hip joint for hip extension:-

J
A.8 .6
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In chapter 6, section 6.2.1. of the text, an explanation is 

given for the need to find only the muscular moments at the hip and 

knee joints, and not in the upper limbs or in the trunk.

This mode (figure 55) is similar to the previous mode, except 

that the moment applied at the hip is balanced for the upper body by 

forces on the backrest, instead of at the hands. The one difference 

is that the position of the force is at present unknown. This can be 
T'oundi fairly easily.

As before the magnitude and direction of the force is found 

graphically. The position of the force at the backrest is found by 

taking moments about the hip joint for forces acting on the subject.

Knowing the magnitude and direction of the force the length L^,

the position of the force is easily located.
We can now write an equation to give the magnitude of the seat 

hinge torque generated in this mode:

and in the same manner as with the previous mode, the moments at the 

knee and hip joints will be given by:

A.8 .4 Application of a Hip Extension Moment using the Backrest

This gives,

^ 1  LH1 + Aj. ^  " ^ 2  ^ 2  0 A.8 .7

  A.8 .8

A.8.9
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where is the moment in Imee extension, and - A^

"  ^ 5  LH5
where IYL. is the moment in hip extension. Jri

A.8 .10

A.8 .5 Upper Body Flexion (Figure 56)

Analytically this is the simplest mode, in which the subject 
flexes the hip joint, and the spine, to tilt the upper body forward.

The main effect of this mode on the kinematics of the system will be 

to move the seat reaction forwards. A secondary effect will be to 
generate forces and on the footrest.

The seat hinge torque generated by this mode will be;

S L  -  a 2 m  ) + a 4 ( A Fff m  + A Fro dp) ) + k 5 A PI

.......  A.8 .11

and the muscular moment required at the knee will be given by:

”k “ A 4 ^ 4  + A s A c s  ...........A-8'12

where is the knee extension moment.

Lastly we have,

\  = A  4 Lh4 " A  g Ljjg ■ .......  a.8.13
where is the hip extension moment.
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APPENDIX SECTION 9

A.9*1 Calculations and Results of the Preliminary Chair Aid Tests 

Preliminary tests were carried out on healthy subjects to 

verify the biomechanical theory given in the previous section of the 
appendix. Pour modes of rising are analysed in section 8 of the

appendix; and in this section, calculations are performed on one set
of results for each mode to give values for the seat hinge torque

generated, and the muscular moments applied at the hip and knee joints.

A.9-2 Knee Extension (Figure 53)
Prom section 8 of the appendix, the seat hinge torque 

generated is given by

a ^-i= A 2 (A(J) - (d sin (dxl̂  - ©1) - Sin (©^ ~[̂ r~

+ A 4 < A Fd:'(JP) + ' W 1*) > + A PI ...... A.8.1

We can now use figures obtained in the preliminary tests.

When the subject is sitting relaxed in the chair, we have the normal 

force on the seat,
Rg = 108.8 lb^

also the force normal to the footrest,

R4 = 32 lbj
As a knee extension moment is applied, the following measurements are 

taken from the photographic record of the tests;

X  2 = 8 5*5° f\U = 10.4 ins. R^ = 91 lb£
JF = 2.6 ins IP - 5.4 ins. R,_ = 2 5.0 lb£

Subtracting the forces from those measured in the relaxed position,
we have*.
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A 2 = 55.6 lb^ A   ̂ =* 59.0 lb̂  and A ^  = 25.O lbji.

A vector quadrilateral is now constructed of sides j A ^  and A,_.
The fourth side will give the magnitude and direction of A
( A x = 3 8 .8 lbji).

We nan now find^2 - (= 6.9°) and 0  ̂ (= 86.1°)
and TD $ = 3*4 inŝ . From figure (30), values can be found for

(= 0.685), A  pI (= 0 .7 0), A F[r (=0.41), and (= 0.44).

These numerical values are now substituted into equation A.8.1,
giving

55.6 X 10.4 - 38.8 (18,0 sin (6.9) + 3 .4 x 0.685)
+ 59 (0.41 x 2.6 + 0.44 x 5.4) + 25 x 0.70

= 576 - 174 + 204 + 17

= 623 In.lb^.

This compares with the value of the seat hinge torque,

measured directly, of 630 in.lb̂ .
The perpendicular distances from the knee joint to the lines

of action of the forces A  and A  _ are now measured to find the4 5

muscular moment exerted at the knee joint.

» A   ̂x 1.9 + A  x 18.2

= 567 in.lbî . in knee extension
and the perpendicular distances from the hip joint for the forces 
A  A  A  2 are measured to find the muscular moment exerted
at the hip.

= A ^  x 16.9 - A  x 22.1 - A £ x 5.35

= 149 in.lbji in hip extension
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A.9*3 Hip Extension using the Handrest (Figure 54)

As in the previous section, measurements are taken from idle 
photographic record of the test. These give:

£*4 = 8 5.5° R2 = 24.9 lbj AU = 11.8 ins. R^ = 98 lb

JF = 5 .3 ins. IF = 2.7 ins. R,_ = 0 lbj.

and subtracting the forces from those measured in the relaxed position 
we have

A p  = 83 .9 lbji , and A ^  = 66 lbj

A force triangle is now constructed to find the force vector 

at the handrest. This gives:

A 7 =* 27.8 lbj

We also have ^XPR = - 17-5°. = 18.2° A pn; = 0.41,

0•2|'i,', ^ H I  = and A hET “ 2^*8.
Substituting these figures Into equation A.8.4, we have,

J A  = 83.9 x 11.8 + 66 (5-3 x 0.41 + 2.7 x 0.44) 
- 27.8 (23.4 sin (18.2°) + 27.8 sin (17-5°) ) 

= 989 + 222 - 437 

= 774 in.lbji.

This compares with a directly measured value of 985 in.lb̂ .
The muscular moment exerted at the knee is given by:

\  = A 4 *5.3

= 550 In.lbf. in knee extension; and the

muScula© moment at the hip joint is given by:
mr = A ^  x 13.6 - A p  x 3.4

895 - 285
= 610 in.lbji. in hip extension.
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A.9.4 Hip Extension using the Backrest (Figure (55))

As in the previous two sections, measurements are taken 
from the photographic record of the test. These give 

= 59.5° , A  2 = 112-3 It>j* AU = 10.6 ins,

A   ̂= 100 lbji. JF = 9 .9 ins, IF = 1.9 ins, and A   ̂= 2 5 .0 Ibj.

A force quadrilateral is constructed from the forces 

A  A,-, and A  l°'u-rl l |L sihe of the quadrilateral gives
A  in magnitude and direction.

The point of action of <-1 on the backrest is critical,A

and is found by taking moments about the hip joint for the four forces 
acting on the subject. This gives the distance of the force
from the hip joint along the centre line of the trunk link.

x A 1 sin 8 7.9° - A  x 9 .61 + A p  x 5 .25 = 0

giving = 5.52 ins.

By constructing the force vector at the appropriate position on the 

photograph, TD is found.

TD = 7.28 ins.
d^i

From figure (30), values are found for (- 0.27) ,
2

{- O.36) and /\ „  (= 0.4-1)/ \ ^ 1 Fiii

These numerical figures are now substituted into 

equation A.8.8, giving

X L  = 112.3 x 10.6 + 67.2 (18 sin (29°) + 7.28 sin (88.6) x 0.27)
+ 100 (9.9 x 0.36 - 1.9 x 0.41)
=* 1190 - 717 + 278 
= 751 in.lbj.

This compares with a directly measured value of 683 in.lbj.
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The muscular moment exerted at the knee is given by:

x 5.45

= 545 In.lfoj. in knee extension

and x 9 .6l - x 5-25

“ 371 in.lbj. In hip extension

A.9.5 Upper Body Flexion (Figure 56)
We have for this mode, from the photographic record of the

test;

= 85.5° , A 2 = 37.7 lbj, 8U = 17 .8 ins.

A 4 = 37 Ibj. J F  = 7*2 ins , I F  = 0.8 ins.

X fiT = 0.41 and A  = o.44F m
Substituting these values into equation A.8 .11, we have:

S I  = 37.7 x 17 .8 + 37 (0.41 x 7 .2 + 0.44 x 0 .8)
672 + 122 

= 794 in.lbj.
This compares with a directly measured value of 876 In.lbj.

The muscular moment exerted at the knee Is given by:

%  = x 6.4
= 237 in.lbji. in knee extension,

and at the hip,
x 10 .6 - A 2 x (- 4-J8)

= 573 in.lbj. in hip extension
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A.9-6 Results of the Preliminary Tests
Figure (42) shows the results of the preliminary chair tests; 

given as the measured value of the seat hinge torque, plotted against 

the calculated value for the different modes (as given by the key).

There is a standard deviation of YJ ,2% between the measured 

and the calculated results, but errors of this magnitude are to be 
expected in a complex system involving the human body such as this.

It would thus appear that the results verify the biomechanical theory 

used in analysing the subject/chair aid interaction.
The values of the muscular moments exerted at the knee and 

hip joint are plotted against the measured value of the seat hinge 

torque generated by them, in figure (43)•



A.10.1

APPENDIX SECTION 10

PHYSICAL DATA ON THE FIFTY PERCENTILE 
SUBJECT

The data on the fifty percentile subject (a subject of 
average height, weight, and build) used throughout this thesis is 
based on the findings of W.T. Dempster (referenceb$4). Those 
parts of the report used are;

(a) The mass of the body parts expressed as a percentage
of the body weight

Trunk, head, and neck ... 61.3$
Upper arms ... 5*0$

Forearms ... 2.9$

Hands ... 1.1$
Thighs ... 18.4$
Lower legs ... 8 .6$
Feet ... 2.7$

(b) The body link lengths

Hip to apex of head ... 33•0 ins
Upper arm link ... 11.9 ins

Forearm link ... 10.7 ins
Thigh link ... 17.1 ins
Lower leg link ... 16.1 ins

(c) The position of the centre of gravity of each link, 
expressed as a percentage of its length

Head, neck, and trunk ... 39*6$

Upper arm ... 43-6$

Forearm ... 43.0$

Thigh ... 43*3$
Lower leg ... 43*3$
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(d) The average body weight 

131 .5 lbj.
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