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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 are dlsplayed visually.
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Chapter 1
Introduction

The work carried out in this thesis is based on relati§ely
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
on this limited appkication to two or%@tic aids, there is an
accunulation 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 orthgtie aid-

to help restore normal function to the arms of partially paralysed subjects.

The effect is studied of the ald, as used therepeutically 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 1lift 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




field of accoustics. The muscular strength scale is graded in
decibels, and has the advantage over other quantitati¥e 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 linese.
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Chapter 2
Muscle Strength Testing.

Voluntary muscular strength will depend, by its very nature,
not only on physical parameters of the subject, which may be
measured, but alse 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
‘them. for example, to dedgce a figure for the percentage residual S

strength of s partially paralysed subject by measuring the

strengﬁh of a muscle group, and comparing it with the expected
th Oi 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
wiil probably be dependent on a number of factors:

The physique of the subject.

The geometry of the body link and of the muscle group applying
the force.

The position along the link at which the force is applied.

The ratio of the strength of this muscle group to the general
strength of the body.

The age of the subject, his state of health, and the presence
of any nmuscular fatigue.

The method of measurement of the applied force.

Any psychological effects.

A series of tests wase: 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 g@ggdardize tLo
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method of measurement, and the direction and manner of application

of the forcej 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 nmay
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.

OQutline 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




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 exceptiom of neck
flexionj 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 of the force. As
most of this force is supplied by the sternockidomastoid musclés,
which flex the cervical vertefbral 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.

2e1¢3. Position Of The Subject In The Tests.

A standard?position was fixed for each body link during
the tests. The subject was seated im 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
foresrm horizontal, its axis in the sagittal plene. 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 tesis 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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A 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 étrap from the hip-extension dynamometer alsoc serves
as a constraint for the thigh during knee exténsibn. (A iérge
horizontal force at the bottom of the leg would require hip
flexion forces to maintain equilibrium. This effectiﬁely is

supplied by the thigh constraint). During elbow extension, the

| upper arm is strapped to the back of the chair, to relieve the
shbuldef of the need to appily extension forcesj; and during
shoulder horizontal adduction, a symmetrical reaction to the
forces set up is provided simply by aﬁplying a similar force
with the other arm. -These arrangements can be seen in Figures

(1) to (5).

2.1.4. The Testing Apparatus.

The apparatus itself is a rigid box-like structure of Dexion,
approximately cubic, of side seven feet wide (Figure (5)).
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 muscuilar
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 alliowed 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 dynsmometer

attachment point.
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2.17.5, Theé 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 meximum 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 forcej; 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 allpwing 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 v01ce and wording in instructing the subgect

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 technicilans from the Institute,
who were mainly middle-aged. Twentyueight 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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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 occcupation and any physical pursults
he followed were also recorded. His somatotype was
assessed on the Sheldon Triangle, which splits physique

into three trends:~ muscular, retund, and thin. As
shown in Figure (7), five increments were used between

each extreme of build, so a subject classed as EiTS will
be extremely rotund, whereas one classed as R#Tu will

be of average build with a slight tendency towards
muscularityi

Having completed the record, the subject was
strapped inte the chair, and the neck flexioen strap
was placed around his forehead. The wvertical distance
from the strap to the shoulders was then measured with
the device shown in Figure (| ). This device incorporates
two prongs, nine inches apart, which are placed on the
shoulders. A pointer is located teo the centre of the
forehead strap; a scale along whieh ¥ 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 censistant 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 net a Jerk.

Measurements were taken, as shown in Pigures (1)
to (5), for the other muscle groups. Link lengths were
measured from the centre of the strap to the joint contre.
These were located from landmarks in the bone. Those
used were:-

Neck Flexion :~ Hpper surface of the shoulders

at a width of nine inches.
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Hip Joint := A point at the tip of the femoral
troechanter 0.4 inches anterilor %o
the most laterally projecting part
of the femoral trochanterx.

Knee Jeint t= Mid-point of a line between the centres
of the posterior convexities of the

femoral condyles.

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

Elbew Joint := The lowest palpable peint of the

mediallepicondyle 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 te 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 the point along the link by the distance of

the point of application.of the force from the appropriate
joint centre.

The Strength Ratios of the Muscle Groups

The moments exerted by the five muscle groups were
sﬁmmed 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 (1) ). 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.
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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 means,
mean and percentage deviations and other data, ape given
in section (1) of the appendix.

The intentieﬁ of these tegfs is to utilize these
figures for predicting the strengthé'of other muscle
groups and multiplying by the strength ratio. This will
give a figure for the residual strength of the muscle
gfoup,ywith a standard deviation which may also be
caleculated. The usefulness of these figures will depend
on the magnitude of this deviation.

In the appendix (section 1) 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 mement. 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 acouracy of & 0.27R i.e. for a subject
with a residual strength measured by this teclhmique as

20%, this figure may be quoted as 20 = 6%.

The Strength Equation

We have data for 29 subjects on their general
physical strength, as given by thesum 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 synth@size
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an equation giving the strengthwof the subject as a
function of these four parameters.

Synthesis of the strength equation

We cam write an equation linking the strength with
the physical parameters in the form:-
M(5): _ o |Wi

. Hit . Bij. Yi
—— = f1|—| 2] —| T3] fy |~
M(5) W H B Y

where M(5)i is the strength of the subject in the five

specified muscle groups.

M( 5) is the average strength of the population.

fl[:i is a function of the body weight of the
subject divided by the average body weight
of the population,
fz{E?% is a function of the height of the subject
(H divided by the average height of the
population.
£ rﬁi\ is a function of the build of the subject
BLE_ divided by the average build of the
] : population,
fg Ei is a function of the age of the subject
LY | divided bythe average age of the populatiom,

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. Unfoertunately there will be‘a fairly large
indigenous error present, due simply to the psychology.
of the subjeets i1.e. how much effort they put into
exerting the forces. However, the larger the number of
subjectsitested, the better will be the average of the
resulté, and the more accurately will the parameters of
the strength equation be calculated.

lLet us look firstly at the body weight function

LGB

fl{Ei . We must synthesize an expression which is likely

W
to‘express 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 sitrengbth is proportional
to some power of body weight, at‘east W1%ma&%.

i.e. M(5)i wil ¥

M(5) W

where w is the body weight. index.

It is not clear however, at first sisght, which way
the'bedy weight, height, build, and age will affect the
muscular strength. If one were to cé&alate the strength
of the subjects with any one of these parameters, one
would probably be able %o predict, for example, that the

strength would be directly propertional to the body weight.

However, as we are taking inte account all the parame ters
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

. . . ALY
will become negative, and the e;pre551on %% will still

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)i i) P
H(5) dKﬁ}

where h is the height index.

The next function to be synthesizéd is the build
of the subject. As mentiened, each subject is assgssed
on a Sheldon Triangle (Figure “#), and is given two
numbers to represent his build; the first showing his
tendency towands rotundity, and the second showing his
tendency towards thinness. The two numbers together will
show his tendency twowards 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
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proportional to (5 - r). Similarly, representing ihe
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 - ri) + T(S - ti) + M(I‘i + ti - 6)

R(5 -7 ) +T(5=T) +MT +TFT - 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 ﬁith the highest value of
(r + t -~ 6) having the highest proportion of muscle in
the body., R and T will be lowexr. Subjeets with a high=:
value of (5 - r) will have a high proportion of fafty
tissue in the body; while those with a high value of

(5 = t) will have a high proportion of bone and other
organs. )

Tinally, a funcition expressing the effect of age
on strength must be synthesized. Iigure (10) shows the
form the function is expected to take.. We can expect
the strength to be small at bikth, increasing quickly

. to a Sﬁ?ﬁ?y maximum, and dropping off at old age. The
function be represented by two portiens 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 and:
arbitrary upper age limit).

The function is written siny(Ym - Yié for values
Ym

of Y less than Ym, and sin’ /100 - Yi}for values of Y
100 = Ym
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 wvalues of y, the plateau of

maximum strength will extend over a large number of
years.

The full equation now becomes: -~
 1\1<5)1 (m) H1> R(5 - r;) + T(5 - ;) + M(r; + &, - 6)
R(3 -7 ) +T(5 =T ) +MM(T + T - 6)

x (sin(F(Yi) )\Y where F(Yi) = ¥Ym - Yi when Yi < Ym
sin(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 Yi.
The equation is solved by computer. The technigue
used, and the full computer programme are given in the
appendix (Section 2), together with a sample of the

results obtained.

Analysis of the Population Tested

The ideal population to test would be a cross-section
of humanity, with propoftional representation of all
rqces, sexes, ages, and occupations. Unfortunately,
moest ofAthé 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 the age
spectrum.

7 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.

The Strength Equation In ItsTenkalive Form

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

M(5) = w02 mh S (L. b 4 60t - 11.75)
where M(5) is the strength of the five muscle groups
specified in in-1bk.

W is the body weight in 1§§.

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 zero. 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
nsceé§arily true for huManity as a whole. Also there

is no account of the sex of the subject. There is no
reason, however, whyﬁie 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 wvalues 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 a population is tested.

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

In the appendix (Section 1), 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 strengfh of a muscle group of
a subject to approximately the same accuracy of 27%
standard deviation (i.e. the strengths of approximately
2/3 of all subjects will lie within 27% of thelcalculated
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 techniqgue 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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Suggested Turther Work

It is possible that this equation and technique
could be of some use in the fields of bioengineering,
medieine, or physiotherepy. 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 raimge 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 teohnique, the eguation 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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Jests On The Fleating Arm Su

R T G R et e e LY = Tl v-'“w'va.u-

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 orippling diseases, whose
arms are net strong enough to function normally, and
who are either too weak to 1ift 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 ewmergy of the springs is returned to
the arm, increasing its potential emergy. In effect,

the only werk 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 biombehamical reason
for which the aid does noet 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. In 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
pPhysiotherapeutic 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
positien of the arm and the magnitude of the maximum
vertical force applied by some point on the arm.

Assessing the Biomechanical Effect of the Arm
Support on the Arm,

In everyday use, the arm support will be regquired
to increase the mobility of the arm, increase the control
which the user has over his arm, and increase the lifting
power of the arm. Increased mobility of the arm will
be required fer 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 1lifting 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".

The Arm Support Test Apparatus

The test apparatus should be capable of measuring
the vertical isometric force 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 meuth 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 example, it is possible to feed
the results automatically on te 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 leng term effects
of the force on the time are present due to fatigue,
and short term effects due to muscular tremor.

To allow mevements 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 o 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 loocking device is a
frietion 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.

Measurement of the Hand Force

The dynamometer is fixed above the telescopic rod
as it isnecessary to have as little movement as possible
of the output wire. It is of a piezco-~electric type; a
static charge being ggnerated proportional te the load
applied between the end faces. A screened lead connects
the dynamometer to a high impedance D.{. 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 heawily insulated, oil
filled coaxial cable, and the impedance of the amplifier
is very high, to minimise leakage of the charge. Bven
so there is some leakage, shown by a slow drift of the
output reading. Prior to each force measurement, the
dynamometer must be greunded. This eliminates any charge
which has built up due to drift.

Measurement 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
4he 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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with belts, as this would probably affect his
biomechanical performance. However, as the most
important part of the body te 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,
ﬁowever, 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 U4V, 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, Aﬁ X - ¥
co-ordinate scale was drawn out and was fixed to lie
above the free links. A pointexr 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-ordinate:of 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

wheelchalr 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 rhebstat is
connected to the pointer, and thus a current, dependent
in magnitude on the position of the pointer, runs through

the eircuit. This produces an output on the U.V. recorder.

Two perspex scales were made to simplify reading
the ULV, recordings: ome for measuring the magnitude of
the force eutput. This was ealibrated to read directly
in pounds force. The other, for measuring the coe-~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 cogordiﬁates of the
hand position to be taken from the output trace.

Adaptdbioms of the Apparatus for the Tests

In the first series of tests we wish to measure the
maximum lifting force of the hands. Some sort of hand
grip 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
reduced. To overcome this, a mushroom attachment (shown
in Figure (12) ) was fitted to the end of the telescopic
rod, allowing the subjeet to hold the stem of the
mushroom with his hand, and to apply a forcé 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 sgstem: 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 tWo hospitals, transported weekly from one
to the other, and, erected amd used by physiotherdpists

and doctors who, one must assume, will be ghgifted in
the use of the screwdriver, soldering iron, and spanner.

The apparatus was thus made as 1ight and as easy to
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dismantle and erect as possible; and only one connection

was required to complete the electrical cecircuit on erecting
the apparatus.

®

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 posifion.
A plumbline is provided for this purpose. It is first
siispended ffom the point (x = 0, y = 0) on the scale %to
adjust x = O 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 frem 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 now seated in the chair, and is asked
to sit in a normal, upright, relaxed posture., The
headrest is adjusted for comfert in this position. The
arm supports are than -adjusted adjusted to supplyv100%
of the force required to support the arm at the mid-point
of the hand tb meuthipath; the support force dropping
of f slightly as the arm is raised or lewered. A preliminary
adjustmont 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 dome 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 supplized 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 fromt of you, and
sevare 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 wil; 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 force 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 esach position,
the subject is asked to release the mushroom and the

dynamemeter 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 bhand dial. While
the subject is applying the force he dials the x, vy, and
z co~ordinates, in that order.

Tigure (16) 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 preduces 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.

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 Tor 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 ﬁqre élso tested

with the stem remdéved fmom 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 distancgjfrom

the mouth. The first nine tests were carriedAout bo th

with and without the arm supports. On subjects:zwith two
weak arms, the order of testing was:-

Left arm with arm support.
Right arm without arm support.
Left arm without arm support.

Right arm with arm support.

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

differencesin the force>ovér the duration of the tests.

One immediate and unexpected observation that became
apparent from the firsbt sét of tests, was that the arm
support caused no eonsistent increase ikn the applied force.
At first sight it would appear that if the subject were
capable of applying unaided a force Fl with his hand, and
the arm support were supplying a force Fz, then the total

force he could exert using the arm support dould be

Fl + Fz. It is not valid to guote 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 umable 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

the arm support was used. Therd: 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 by5the hand is in general controlled
b the strenéth of the muscles at the shoulder joint and glbow,

-and that the nuscles 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 agduct, 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 forces

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

Measurement at the hand with the arm support.

Measurement at the wrist with the arm support.

Measurement at the wrist without the arm support.

Megsurement at the hand without the arm support.

Fog subjeéts 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).

Conclusions Drawn From The Results Of

The Two Sets Of Arm Suppert Tests.

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

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.« 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).

An Expllanation 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 iarge number of muscles are associated
with the sho&lder 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. the 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. TFrom this final analysis, an explanation
emerges for the limitations of the arm support in increasing
the force at the hand.

A Reference To
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 1); and is given in the appendix (section 4).

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 "hand to mouth path".
The arm support exerts a single vertical. force RASat 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 19}) exexrts a
downwards vertical force at the hand. Tigure (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 1inks are marked on the diagram as WS’
ws, and'ﬁ7, 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.:s found to lie almost exactly
on the same line a&s the moment exerted by the arm support
force about the'shoulder, MRA’ 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 onlf other
force acting here will be the force at the hand. This
is assumed to be of magnitude 1 1@}, and the moment .
produced by this at the shoulder joint, NEH’ is marked on
the diagram.

To apply this force, it is necessary to exert a
moment at the shoulder of 14.8 ih-l?f. in shoulder external
rotation, and of 4.5 in-lgf. in shoulder:flexion/adduction.

With this configuration of the arm, but without the
arm support, mements 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. Now it will be netessary to apply 31.5 in—lﬁf.
external rotation moment, and ¥7u0 in-l?}. 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 pelygon }ﬁsf constructed,
as before, to find the resultant moment at ithe shoulder
when a vertical foree of 1 1bf is applied at the hand.

As can be seen, a shoulder external rotational moment of
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14.3 in-lbf., and a shoulder flexion moment of 40.6 in-;bf.
is required. 1In pathalogical cases, where the arm is
weak, 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 (9f' the body will now
supply some, or ewen all of this moment. The rest of the
moment at the shoulder, that of adduction, is cowmparable
in magnitude with that required in external rotation.

when using dhé.arm support. In addition, there will be

an elitow flexion moment acting of approximately 28 in-1b#.
- This méy affeet 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
exfernal rotation, which is reguired when the arm Support
is in use; this moment at the elbow will probably not
limit the force applied at the hand to ény great extent.
This explains the findings of the tests: that the arm
support does not inerease 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 phenomenpm (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 a&ay 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 mecessary to hold the forearm horizontal,
or to suffer the extreme discemfort of applying a force
to the edge of the mushroom. This will explain the
figures calculated in section (3) of the appéndix: that
in using the arm support, 22% 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, 40% more force will
be exerted at the hand than at the wrist.

3.7.4. 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 pathélogical 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 éravity,'the arm support tends
to impede rather than help ﬁhem, as it forces the arm
into an unnatural rosition for 1ifting objects.

More promising from this point'of view is the "close
fitting" arm suppdrt,ﬁat present being developed (Reference
ﬁ&?; which does not restrict the user to keeping his forearm
nearly horizontal; and allows a com?lete range of movement,

not only of the hand, as with the floating arm support,
but of the whole arm.

3.8.1. Tests to Gauge The Effectiveness of the Floating Arm

Support As Used Therepeutically in The Treatment of Hemiplegia

The floating arm support has been used for some time
at 0Oldham and Distric General Hospital, where its effect
on the recovery of patients suffering from hemiplegia has
been very promising. Tests were jpovganizédc.l to produce
objective meashrements on the bate of improvement of the
patients. (9-~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 bikth. Each patient
is tested fortnightly on the arm support apparatus, to
measure his strength in applying a vertical ferce 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
physiotherepists, and occupational therepists at each
hospital during the weel, A

The arm support is useful in therepy while the
patient has insufficient strength to raise the affected
arm unaided. As soon as he recovers sufficient power to
do this, the arm support is no longer required. TWe 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 pivet, and this
force is assumed to be a direct measurement of the

ability of the patient to raise his arm.

As with preceding tesits, 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 oveyd the whole
period of the tests for each patient. There will be a
slight drop off in the arm support fprce 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 degree of

comprehension and co-operation on the part of the patient.
He is also required to maintain an erect sitting posiuare:
during the test. Involvement of the parietal lobe of
hemiplegic patients often produces characteristic
syndromes (Reference 7), dependent on whether the
domina® OT gyhordinate 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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Results O0f The Tests So Tar.

A number of patients have been tested at each

hospital. Unfortunately, for wvarious 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.

Recommendations For The Continuation O0f The Arm Support Tests

far,

Based on experience of the progress of the tests so

the author wishes to make the following recommendations

as to the future of the tests.

The experiment should, if possible, be extended to

other hospitals who are willing to participate, to
increase the sample available.

The experiment should be limited to in-patients.

One set of testing apparatus should be lent to each

hospital.

The measurement of the pesition of the hand should

be excluded from the tests, or greatly simplified.

The use of the floating arm support is not reguired

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

Unaided rising, like mest biomechanical 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 eite 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 teo loss of power in the muscles or
due to stiffnesssin the muscles or joints; or thal 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 subject has just eneugh 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 "econfined to a wheelchair"..

The purpose of the analysis is to find in gquantitative
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.

The Biomechanics of Unaided Rising.

In gemeral, normal unaided rising will take place
in three stages. Starting in a normal sitting position,
the subject will move inte a position suitable for rising;

usually wmoving the feet back, te 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. TFinally, applying a force to the
armrest, and if possible using the momentum of his upper
body, he will extend the knees until the leg and thigh
are 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 pfesent,
especially in the upper body. It has been found, however,
that dynami¢ 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
.8lowly. 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 er the power rqquirements. The reason
for this is that rising from:a seated to a standing
position is a fast process never taling more than a few

1S
seconds to complete. It is unlikely that in%short space

K Reference 157
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of time muscular fatigune 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. 7TFhis 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
mascle tone, and pain or stiffness in the joints may alter
the critical position. 1In addition to this the effective
torguesabout 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.

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 hiﬁ 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 thef“
feet are placed farther forward, more hip flexion, and >
hence a greater hip extension moment will be required. \
These two interrelated variables will centrol 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 knee 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. 1In 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 A% the

1

trunk angle, MK the knee extension moment, and MH the

hip extension moment, will vary with the angle of the

seen that /63 is plotted over a large range of values.
In pgactice only the middle values of ithe range will

eccur. Large values of /SB will only be used by limbo
dancers.

Unaided rising With Use Of The Arms.

This is a far more realistic methed 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, evién though the arm
muscles in some cases were reduced in strengith 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 applies; 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. Tigure (23)
shows a seated subject about to rise into a standing
position. The same conditions apply to this aﬁalysis 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. Turthermore, as
was shown before, the position in the cycle at which the
greatest forces are required is at the beginning of the
cycle, Jjust 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 RH with horizontal and vertical

q and RHV respectively, and RM' the reaction
at the feet, RMH and th again the herizontal and vertical

components RH

components, Also there are gravitational forces acting

on each segment of the body, the resultant, WT passes
through the centre of gravity of the whole body. If we
look at the three resultant forces RH' R#’ and NT, it

can be seen that they form a very simple kinematic force
system. It is however, an indeterminate system: the lines
of agtion of the forces Rh and RH may cross anywhere on
the line of action of WT. 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 easieést possible manner,
particularly when physically disabled or weakened, will
automatically find the easiest mode of rising. In
pathalogical 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: -

Extension of the hip joint.(or flexion)

Extension of the knee joint.(or flexion)

Adduction/Flexion of the shoulder joint.

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 fonsideration is the
relative strength inherent in the muscle group, and the
degree of paralysis pwxesent. 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 Jjoints
are simply summed; and the mode eof 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 mede 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 mede. This-will ensure that the
moment exerted at each jJoint is not out of proportion to
the strength, inherent in the muscle group contrelling
the joint. 1In 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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aid., This will give for different subjects tested, the

"energy requirements.

b3

The Chair Aid To Rising.

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 24),
having a seat, a backr;st, a footrest, a knee constraint,
and a handrest. All these parts move during the rising
cycle, and are comnected to each other in the form of a
one degree of fresdom 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 nedads 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

regquirements of rising unaided with rising on the chair

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

It is expected that the chair will have different
uses for different disabilities. 1In the case of progressivel§
deteriorating paralyses, such as multiple sclerosis, it
will enable the subject to rise and sit down independently
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
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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, feor disabilities from
which there is no effective recovery or deterioration,
such as paraplkegia, use of the aid will, in some cases,
mean the difference between the subject being able to
rise on hi&s 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. Trom the forces measured by the
dynamometers, the torques about the body joints exerted
by the muscle groups may be found; and the effectivenass
of these forces in causing the chair and subject to
rise may be assessed.

Modifications To The Chair Aid

A locking device is required te 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

Shair and is in equilibrium with the spring forces).

A simple arrangement was designed te fulfil: these

‘conditions (Figure (25) ). Two interlocking, wedge-shaped

components it together to form the catech, 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 XX 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 bhand lever which
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transmits a force to the hinged wedge through a Bowdon
Cable. The force reguired 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 whenm it is not safe to
do so. A pretensioned spring was attached between the
hand lever and the Bewdon Cable. If 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 stfaps as.ithe
subject is always held securely in the chair by the
kneerest; 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 from
the seat. _

One other weakness in the design was corrected -
this being the knee constraint catch, which was found
on occasion te burst open. A simple safety cétch was
added here to eliminate this danger. 1In proper use, the

chair was now considered to be free of any forseeable
hazard.

Adaptabion0f 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.

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 (26). 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 exerbion 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 instrumenitation.
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. DMoments of the muscular
forces about the knee and the hip jeints, 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 thé 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.

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 shair 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.
Four such gauges are used as shown in Figure (27). One
manometer monitors the front gaﬁges, 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).

P Unfortunately the gauges are not free from dynamic errors.

v o Application of a sudden force on the seat produces a

o ‘ . 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 constant
force that is measured, and not the instantan¢ous peak
force.

5.3.3. The Tootrest Dynamometers,

Measurement of the forces on the footrest, th and
RS%’ 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 fo 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 dynamemeter measuring the E@@ﬁm&hﬁbl
component ¢f 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 ever a pulley. By this arrangement, only the
force aoting awvay from the chair can be measured.
However, on rising the subject always applies a force in

this direction, se 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
Tigure (28) ). 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 R5; a circular spring
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 bleck 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 eout, in which the seat hinge
moment is to be measured is referred to as the "deadweight"
t¥st. The subject sits relaxed in the chair, while the

seat hinge moment, regquired 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 dypnamemeter 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 18cms 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 U8 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 cms. 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.

Photographic Recording O0f 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 bto 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 35 feet
away. With this arrangement all the dynamometer readings
are visible, with the exception of the footrest scale,

as this faces upwards. It is necessary to use two small
auxiliary mirrors to reflect the image of the scale into
the cémera. A camera timing of 1/8 second at F.6.5. was
used thrdughout‘the tests, and two mercury vapour
floodlights were used to illuminate the apparatus.

The Mechanics Of The Use Of The Chair.

The chair has now been modified and calibrated for
testing. TFor the subsequeént analysis of the mechanics
of the subject, and also the mechanics of the interéction
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
chair.

Analysis of the Mode of Application
of Forces to Parts 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 7
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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 peint &n the chair mechanism, and of the

positien of the mechanism in the rising cycle.

Expressed analytically, these functions are too
complicated for repeated calculation. FEach function is

therefore plotted graphically, to enable the value of

. the seat hinge torque to be found easily; knowing the

5»’4‘-3-.

5.4.4.,

"the footrest

magnitude, direction, and position of the force, and the

angle of the seat link. (The seat link angle(oﬁz is
used as a measure of the position in the rising cycle

of the medhénism.).

"The Footrest Function.

Two forces act on the fegtrest, as shown in Figure
Qﬁ). These are components of the force on the foob,
normal and tangential to the footresty f” and/\ An

expression for the forces transmitted through CJ 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 between these two
expressions gives an equation of the seat hinge torque

as a function of the magnitude and position of the forces
onn the footrest, and of the mechanism link angles.

These latter are functions of the seat angle&(z

The equation expressing the seat hinge torque as a

function of the forces on the footrest, is given by:-

QA /\rx AN /\ g9+ /\y . 17)

where a p051t1ve value of the seat hinge torque

indicates a torque tending to cause the chair to rise.

‘WhereZXM and.fk are the normal and tangential forces on
rx.zﬁmr,¢ﬂnﬁ/\Em:are functions of the

geometry of the chair mechanism, as given in Figure (30),

and JF and IF are as marked on Figure (31).

The Kneerest, Seat, Backrest, and Handrest Functions.
These expressions are all derived in a similar
manner to the footrest function.
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The Complete Seat Hinge Torgue 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:-

2= A,(80) - & (d sin(x, -6,) - L;sin(O, -dl)d‘xl)

+ AB/\KRsin (ZKL) 4“{5&( /\FéJF) -b/\Fm(IF) ) *AB/\E‘I
v A Ngpsin(xea) -Agginxer) ) .0 oL LS

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 consist@nt, regardless of the test being
performed on the chair.

5

Energy Losses in the Ghair Aid.

Energy losses in the chair aid occuring when the
subject rises or sits down in the chair, can take any
one of four forms. TFirstly 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 ¢f 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 intwreducing a discrepancy bé¢tween the motions
of the mechanism and the subject. A slight sliding
effect will then be introduced which will cause frictional
resistance to the metion. 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.

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.ohair mechanism. The difficulties
involved are too great to warrant carrying out the test;
however, for some idea of the magnitude of the fricbional
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, andeis recorded on the XY
plotter. TFigure (32) shows the seat hinge torque (Qas
applied to the seat moment arm plotted as a function of
the seat link ang1e9<2. The resulting curve is a narrow
hysteresis loop which shows an energy loss just over 2%
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 werxe loaded realistically, as
if occupied by the subject, the energy loss would have
been higher. ©Even se¢ the losses are comparatively small;

the same effective seat hinge torgue can be applied by

“the subject merely by moving forward in the seat

approximately one tenth of an inch.

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 o a
significant level. TIn 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 greateyr in one direction than the other.
For example, the knee extensors were found in general to
exert a more powerful inveluntary 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 chair, the Kknee
joint is required to rotate from a fully eoxtended 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 (33) ). 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 %o
decrease when the subject was calm, Because of this,
the subject was allowed to relax in the c¢hair for several
minutes before any tests were carried out wheh any

stiffness was present in the muscles.

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 eof
the chair-subject system. If the kneerest is not in
proper adjustment, the subject will tend either %o 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 impertance: 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 "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 linkamge adjustments were
included.

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 "Headweight"
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.

Tigure (34%) 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; whilbk
negative readings show a moment dending to wmakesthe .. -
chair ffallk. The area enclesed by the ecurwves is equal to
the work leost in friction ever the cycle. Ideally the
curve should take the form of two superimposed sitraight
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!

and was instructed to sit comfortably in the chair, and

to relax completely while the tests were being carried

out. Tigure (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
sult 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.

Rigure (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 will 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.

Summary 0f The Spring Adjustment.

To increase the seat hinge moment supplied by the
springs near the seated end of the cycle: move attachment
roint Z of spring B down the adjustment arm,

Toe increase the seat hinge moment supplied by the
springSnnar«ﬁhe standing end of the cycle: move the

attachment point Y of spring A down the adjustment arm.

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
arm.

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. Tigure (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 T 3% as close as could be approached to the ideal
for this subject.

The Tootrest Height Adjustment.

'

In curve 1L %Here is still a large amount of
hysteresis and a pronounced jump in the curve between
K, = §5° and 70°. This is the point at which the
kneerest contacts the knee. It is noticeablewvthat on
sitting down the kneerest loses contact approximately 50
later in the cycle. This would indicate that the subject
slides forward in the seat slightly, due to incorrect
adjustment of the footrest height. 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 16.5 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. Tigure (39) shows the traces obtained. These
show the hysterésis losses to decrease significantly as
the footrest is lowered, although the curves keep a very

characteristic shape. In the last test, (curve IV), 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 250 in-l?f., which is approximately 13.5% of
the total energy required to rise unaided.

It is desirable to adjust the foetrest before the
subject gets into the chair. Te¢ do this a graph was
drawn correlating the footrest height with a well defined
dimensien 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 kneérest acts. TFigure (L40) of lower leg
length against footrest height based on the measurement

of several subjects.

Kinetic Energy 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 %o suppose, however,

that if the ochair 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 veluntary and not inherent in the system, iv is not
necessary to carry out an analysis of i1t. 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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i Chapter 6
Performance 0f The Subgect On The Chair Aid.

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 subjett 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.

Biomechanics Of The Use 0f 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. Tor the chair-subject system, this
will be an internally applied force which will se®t 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 te rise from the seated
position,

Extension of the knee joint, caused by contraction
of the quadriceps =k 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 rise.

Extension of the hip joint, causing contraction of
the gluteus maxipus 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 risé.

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

Upper body movements carried out by flexion of the
hip Jjoint 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 forcés acting

on the subject as he applies muscular forces to rise in
the chair.

Weé 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




61

enexrgy input that we are really interested in. 1In the
unaided rising anélysis the arms play a critical role;
and the muscular moment at the joints of the upper limbs
are regarded as equally impertant as the muscular
moments at the joints.of the lower limbs. In :using

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 britical, and that much the
same seat hinge torque is generated when the arms are not
in use and other modes of rising are emploved. 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)..

Preliminary Tests.

The first tests were now carried out on able bodied

subjects to become familiarized with the measuring

apparatus and technigue, and to test the validity of the

analysis. As m€ntioned 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 (41) showsmasubject 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 subtractiﬁg the forces shown on the dynamometens
as the subject is relaxed, from the forces shown as he attempts

to risee..

In the appendix (Section 9), on€ set of results for each mode
is ?alculatediin fulls TDwenty seven results are calculated for two
positions of the chairj intthe sitting position, and at approximately
ene third of the way to the standing positions Bleven 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 (42) 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
congistent deviations of the points of any of the modes. It cam
be assumed that the scatter will be due to cumulative experimental
errérs, and that the theory on which the results are based is valid.
Thése resualts show a standard deviation of 105.5 in—lpf., which is an
error of 17.2%.

From the measurements it is also possible te amlculate the
effective moment about the body joints of the muscle groups invelved
in working the chair. Figure (43) shows the joint moments of the muscle
groups plotted against the seat hinge moment. The muscular moment at
the knee joint, énd 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 a, = 90° and o, = 60°

2
appear to lie on a straight line of estimated gradient appreoximately
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 finks at the three joints at which critical
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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 6utput 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 bthese losses in terms of the
seat hinge %orque, 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.es those required to

overcome the losses in the system.

The Chair Aid Tests On Disabled Subiects.

Since the construc?icn of the prototype of the chair aid, six .. -
disabled subjectis havewkried 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 workse

In addition to aiding subjects in rising and sitting dowh, it
also holds them securely invan 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 ald and measuring apparatus, as used in the preliminary
tests;, 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.

Phe 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 Jjoints, 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 in 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 properiy, and to enable fine
adjustment of the springs to be made. Tests are now carried out
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 weré 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 4 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.

Results Of The Chair Tests.

Figure (44) 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 eigh% subjects have heen
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
IV, ¥, YI, and YII) éxperienced 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 two(subjects IE and I¥), 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 ladys. 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 phenomenum 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 ony
Finally there is subject I¥ who is“subject tested, for whom the

chiair 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 ferce is required
to flex them. Perbhaps 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 effectivej for example, one in which

bhe seat only tips up. Using this he could keep the knee Jjoint 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 allj; 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 menner. 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 motien 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.

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.

The unaided rising analysis is theoreticél, 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.

In 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 psrt of the cyclej
and the chair can be adjusted to make rising easier and sitting down
more difficult, or vice versae. In the analysis, the strength requirements
for rising only, are considered; at the sgme 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 1ls 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 risinguvaqu
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 1??., H = 65.2 insey, r = 3.75, t = 3.875), and
are substituted into the strength equation in Cheapter 2 to find the

average muscular strength of the group.

We have:-

M(5) = WO (ke 4 460t - 11475)
4380 in-1bk,

H

giving M(5)

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:-

My
M

11

1820 in~1b§ at each hip joint,

i}

1350 in—1b§ at each knee joint,

MS = 534 in—l?f at each shoulder joint,
and My = Loy in-lyf at each elbow joint.

6.5.3, Maximum Measured Strength Of Groupe.

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 Jjoints;

and can calculate the maximum, or residual strength of the group.

My

*#86 in-1bj* at both hip joints,

and My 330 in-1b” at both knee Jjoints.

This gives values for the average residual strength of the group

13.4% 1in 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 foundfrom the
appendix (Section 6). Unaided rising requires a combination ofhip,
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-1b”" 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 4,380x 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% in-1b”. 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-1b” in both limbs.

The average for the group of the full strength at the knee and
hip joints is 6340 in-1b”. 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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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 chalr aid (7.8% of the full strength) are
approximately 40% of the strength requirements for unaided rising.

From the-findings of theAtests, 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
Zelele 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 performance of a task, or is measured in the distance he can throw
or jump. As a test of pure strength he can lift weightsj 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 physiotherepists 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 O to 5.
D teeseressenssansensassnase NOTMAl,
L iieeeeecrsnsascssscsnnss good, but with reduced strength.
3 .......;................. fair.
2 eessssesscsvansrsvesesses able to 1ift limb against gravity.
T csseeesseescansencscceese Irace of movement in muscles.

O sevesnsascrssnscanssecass No trace of muscular activity.

This scale is useful for measuring the progress of, or recovery
ffom, paralysing diseases; but cannot be extended to measurement of
strength in able-bodied people. Alsc, 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 abilify 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 O for failure in
each activity. The degree of severity in terms of the overall ability

is loosely grouped into four catagories:-




71

T« Confined to bed,
2. Restricted to wheelchair.
3. Ambulatory with aids.

4. Independent ambulatory.

Lestly 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 sultable 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 decibgd 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 bedy joint, to an arbitrary
base value of the muscular moment, taken as 1 in-lbl. 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 = 20 log M_
10 5
0
where M is the muscular moment exerted about a joint (or the sum
about several joints); and Moo= 1 in-l?f.

Thus S5 = 20 1og;10 M
where M is in in-lbm.
Figure (46) shows the muscular moment in inwléf. 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 eguation, synthesized in Chapter 2 gives the muscular

moment at five specific body link joints by:-

M(5) = WO PR (4 by 4+ 4,60t - 11.75)

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

S = 30 log,H - 4 log1OW'+ 20 logqo(M.hﬁr + 4,60t = 11.75)

In the muscle strencth tests. the strensths recorded rancred from

67 67.86 dB(2473 in-lbs.) up to 78.12 aB(8049 in—l?f.); a difference of
oJ

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.
63.44 9B in knee extension.
55438 dB in shoulder horizontal abduction.
53,04 dB in elbow extension.

and U49.64 @B in neck flexion.

Also the average for the group of the total strength in the five

joints is given by:-
S = ?3.66 d.BO

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 7.64 dB,

Also the ratio in knee extension = 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 24,02 aB
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Tests On The Floating Arm Supporte.

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 armj; and
the reasons for this effect. This is reported and explained in
Chapter %. A¥so in Chapter 3, the muscular moment at the shoulder is
calculated, in applying a force of 1 l?f 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. TFigure (47) shows
this. As can be seen, the arm support is only effective for applyiung v
a force of less than 1 1?5, and is most effective when used to support

the arm only.

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 shoudder joint). However, the average of this distance
wlll 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. A4s 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.

7ebele 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 (4k4) ), 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 meximum strength with the stremgth
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 bétween the two. Whereas both of thie strength requirements
(in aided and unaided) for rising will be fairly constant, the strength
of the subject will probably be a funciion 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.
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Figure 10

THE FORM OF THE AGE FUNCTION
USED IN THE STRENGTH EQUATION
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Figure 11

THE STRENGTH EQUATION
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FIGURE 17

ARM SUPPORTTESTS:

A _TYPICAL RESULTS GRAPH
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12 inches), The difference in the distance from the mouth, in

taking 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 19
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Figure_ 20
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Figure 24

THE MECHANISM OF THE CHAIR AID TO RISING

shown in three positions in the rising cycle
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Figure 26

THE FORCE SYSTEM ACTING ON SUBJECT
SEATED IN THE CHAIR AID
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FUNCTIONS OF THE GEOMETRY OF THE CHAIR AID
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Figure 30

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 32

HYSTERESIS LOOP OF EMPTY CHAIR
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Figure 33
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FIGURE 34

A _DEADWEIGHT TEST CURVE
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Figure 35

seat hinge

adjustment arms

THE SFKING ARRANGEMENT ON THE CHAIR AID
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FIGURE 38

'PROGRESSIVE ADJUSTMENT OF CHAIR
DEADWEIGHT CHARACTERISTICS
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Figure 42

RESULTS OF PRELIMINARY CHAIR AID TESTS
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Figure 46
THE LOGARITHMIC __ STRENGTH SCALE
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Figure 52

SEAT DYNAMOMETER CALIBRATION

120-

110 ;

100

90

80

70

50 |

force (ibf)

30 4

20 -

10 1

manometer reading (ins Hg)
0 2 4 6 8 10 42 14 16 18 20 22 24 26 28




Figure 53 Figure 54 HIP

KNEE EXTENSION EXTENSION
using
handrest
y
y

Il 71 TI'ly

Figure 56
Figure 55

UPPER BODY FLEXION



>
Figure 57

TESTS ON THE THEREPEUTIC EFFECT OF
THE FLOATING ARM SUPPORT

(*qa> MAU3J)S Oiiug»!Jc60|



A1

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 liuk, the length of the link to the
point of applioation 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.l.2 An Estimation of the Magnitude of the Error in using the
Statistical Resulbts 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. Hisg 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 ME’ M » MN’

and MH respectively.
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We can now say that the expected strength of a healihy

subject in kmee flexion, M., will be:

MK toTg = (MEtg’E+Méio/{S+MN t6/N+MH “—LO/M)R

cesenaess AJLL
where O/ 5 ,ojs ’O/N ’C{H s andc{K are the standard deviations of
lVJE, M, MN’ MH, and I\rlK respectively; and R is the ratio of MK To
(ME + MS + MN + MH) as taken from the experimental results.

We now have, for the greatest error, and substituting(-mw)

for (ME + My o+ M+ MH)R,the mean value of M,
A
Mﬁ(ﬂgi g +5% toy o ) R +C{;{ ........ A.l.2

Now the data obfc.a.ined from the statistical results gives:
g = 0.101 M |
0.0
g * 0.213 M and My =M. 6—3%5'

(g = 0.15% Mg emd My=M . 555

0.0
({N - 0.229 My and My =M . 5%

O/H = 0.130 Ny end Mg =DM . F5A3

0.3%08
1-0.3%08

also R =

~ 0,45

Substituting these figures in equation A.l.2 we now have,

A . .
M;; {Mx)i (0.09% x 0.21% + 0.122 x 0.154 + 0.063 x 0.229 + 0.415x0,130)

0.445

XG5+ 0.0 o, ﬁqK =@K) L o.255 ('1\51{)
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Now the residual strength is given by

100 &,
% R.8. = —= e A,1.3

My

where SK is the measured strength of the subject at the knee joint,

and.MK is the expected strength of a healthy subject.

Substituting for MK in eqn. A.l.35 we have

100 SK : .
(¥ 02K

% R.8. =

= Sk +
£ (oot 21 %

(i)
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MUSCLE TESTING RESULTS SHEET

Subject No. 14 NAME teevwenonnronann Date veveveenes
Age 21 Sex M Height 73 ins
Weight 152 lbf R. Handed
R. Footed
Somatotype F_T
573
Occupation Student
Physical pursuits Rowing
Comments
Neck flexion length 8.0 ins Neck flexion moment = 330 in lb&
Neck flexion force 42 lbj RNECK = 0.064
Thigh length 16.2 ins Hip = 2113 in l??
Thigh wt. 0 1b§ Extension moment
= L 458
mip Extn.Force 171 ibk Ryrp 0.45
Lower leg length 16.0 ins Knee = 1456 in l?f.
Extension moment
Knee extn. force 91 1b§ Rogge = 0-276
Upper arm length 11.9 ins Shoulder Horiz., = ©O42 in.lb?
Adduction moment
Shoulder Horiz. add. 5k lbf RapOULDER = 0.122
force
Forearm length 11.0 ins Elbow extension = 423 in 1bf.
moment
Forearm wt. 2.5 1b _
é Rermow = 0.030
Elbow extn.force 4%p()fb§

Total Moment =

5272 in.lbi.
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APPENDIX SECTICN 2

SYNTHESTS OF THE STRENGTH EQUATION

We wish to solve the equation:

H(s), iWijw Eﬁf {R(5-rig e (57 Ly * t‘i-6)2 (sin ¥ (v,)) 7

1(5) T) (F) (RGBF +T (5T ) + M (F + T-6) j@in F (E’()j
. Y =Y '
xtvhere F (Y]._) = T when Y > ¥,
100 - ¥,
and i (Yi) = W when Ym < Yi

and F (Y¥) is the same function with ¥ substituted for ¥,

-

The following is a list of symbols used in the text, with the

equivalent as used in the program.

Text Program
M(B)i 8(T) T@e st?ength of thg subject in inch pounds as
. given in the text in chapter 2.
ﬁz;) 41814.0 The average strength of the population tested
W, W(I) The body weight of each subject in inch pounds
W 162.0 ihe average body weight of the population tested
w EW The body weiéht index
H, H(I) The height of each subject in inches
2] 69.6 The average height of the population tested.
/
h EH The height index
R ER The rotundity coefficient
B, R(I) The somatotype coof%ﬁu«wbe»of rotundity (see

Figure 7)

T BT The thinness coefficient.
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Text Program
ti T(T) The somatatype coordinate of thinness
M A The muscularity coefficient
T 4,000 The average somatatype coordinate of rotundity
of the population tested.
% %.655 The average somatatype coordinate of thinness
of the population tested.
v EY The index of the age function
Yﬁ EZ The age of maximum strength
Y, Y(I) The age,in years, of each subject
Y X(1) An abbreviation for the age function
(see previous page)
¥ EX The average age of the population tested
(21.53)
EA The standard deviation of the calculated strengths
from the measured strengths.
PL Ay

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 unknawn
parameter in the eguation is given an initial wvalue, 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 compuber 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 1t 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.2.3

the number of cycles to be carried out soon becomes astronomical.
In practice, a large interval was used for each cyele 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 wvalues of the
parameters.

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

The results given by the optimum set of parameters are plotted
in figure (11); and the strength equation is given in the completed

form in chapter 2 of the text.




A2

THE STRENGTH EQUATION SYNTHESIS PROGRAM

DIMENSION W(29),8(29),H(29),R(29),T(29),Y(R9),X(29)
READ (lJlOl) (W(I),S(I),H(I),R(I),T(I),Y(I),I=l,29)
101  FORMAT (6F8.1)
L=0
E0=1000000.0
E=0.0
PI=3%.14159
A=100.0
DO 1 J2=7,21,2
EY=0.05*FLOAT (JR2~11)
DO 1 J1=1,3,1
EZ=FLOAT (J1-3)
DO 1 J3=19,41,2
EH=0.05%FLOAT (J3-1)
DO 1 Ji=1,13,2
EW=0.05¥FLOAT (J4-11)
DO 1 J5=19,31,1
ET=FLOAT (J5+19)
DO 1 J6=19,31,1
ER=FLOAT (J6+214)
2 DO 3 I=1,29
IF (Y(I)-25.0) 4,4,5
4 X(I)=Y(I)/(25.0+Ez)
EX=(21.5%+EZ)/ (25.0+E7)
Go TO 6
5  X(I)%(100.0~¥(I))/(75,0-EZ)
EX=U49.083/(75.0~EZ)
6  ES=((W(I)/162,0)**EW*(H(I)/59.6)**EH* ((5.0-R(I))*ER+(5.0-T(T) )*ET
1 +(R(L)+T(T)=6.0)*A)/ (ER+1. BUS*ETH+1, 655%A) * (SIN(X(I)*P1/180.0)
1 /SIN(EX*PI/180.0) ) **EY)*481L,0
E=SQRT (EXE+ (ES-S(I))**2)
IF (L.EQ.1l) WRITE (2,201) ES,s(IL)
201 FORMAT (iH, 2F8.1)
%  CONTINUE
=0
EA=E/5.3852)
IF (FA.GT.759) GO TO 1
WRITE (2,202) EW,EH,ER,ET,EY,EZ,EA
202 FORMAT (1H, TF8.1)
IF (EO.LE.E) GO TO 1
EO=E
L=1
G0 TO 2
1  E=0
CONTINUE
STOP
END




DATA
W M(5) H T t Y

(lb?) (in-lbj) (ins) (years)
ihy 4920 70 ) 3 22
155 4856 69 3 4 30
170 4922 67 2 5 b7
161 5237 72 5 3 22
186 6288 72 5 5 24
20% 7845 76 5 h 24
196 4279 71 3 4 62
150 5392 65 4 4 24
161 %691 63 4 3 58
124 3748 62 4 3 48
163 4528 68 ) 5 50
168 4528 638 L 3 52
152 572 > 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 8049 72 2y 5 19
168 5938 T4 5 ) 19
147 Lel6 69 5 2 20

96 2473 60 5 1 19
140 3539 T4 5 2 20
140 5108 71 5 2 23
133 5650 . 70 4 4 23
176 1184 68 % 5 34
154 46k 72 5 3 18
22U 3671 T4 2 5 20
158 4730 71 4 4 23
207 53357 69 3 5 43

A.2.5
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RESULTS OF THE STRENGTH EQUATTION SYNTHESIS PROGRAM.

W h T t ¥ (§' + 27) 3.D.
-.2 1.4 46,0 43,0 0.0 -2.,0 758.9
-2 1.4 45.0 4,0 0.0 -2.0 759.0
-.2 1.4 46,0 4.0 0.0 -2.,0 758.7
M(5) M(5)
Calculated Measured,
4277.5 4920.0
41834 4856.0
3974.6 4922,0
5377-7 5237.0
7256 .4 6288.0
6614.5 7845.0
W15k, 5 4279.0
k759.5 5392.0
3624.3 3691.0
3734.0 F748.0
5020.6 4528.,0
3999.1 4520.0
5545.9 B272.0
5343.6 537%.0
4on1.5 3769.0
5183.4 3759.0
L4200.4 3307 .0
647%6.8 8049.0
5540 .6 59%8.0
4156.4 4646.0
28234 2473.0
4629.,0 3539.0
L1368.4 51.08.0
5408 . 4 5650.0
4ol 2 4184.0
5425.7 4564.0
45227 3671.0
5330.0 47%0.0
4885,1 .0
?.2 553{.4 46.0 4.0 0.0 -2.0 758.7
-.2 1.4 47,0 4.0 0.0 -2.0 758.8
-2 1.4 47.0 45.0 0.0 2.0 758.9
-.2 1.5 46.0 43,0 0.0 -2,0 758.9
-.2 1.5 45,0 4,0 0.0 -2.0 759.0
-.2 1.5 46.0 4y o 0.0 -2.0 758.5
4279.9 4920.0
4179.8 4856.0
3959.5 4o22.0
5395.9 H257.0
7281.1 6288.0
6673.0 7845.0
1162,8 4279.0
0

4727.0 5302,
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RESULTS OF THE STRENGTH EQUATION SYNTHESIS PROGRAM (Contd)

W h T t (? + 27) 3.D.
M(5) M{5)
Calculated Measured
35884 3691.0
369L.1 37h8.0
5009.0 4528.0
3989.8 4520.0
557=2.5 5272.0
5354.3 5373.0
1932.,6 3769.0
5193.7 3759.0
4202.8 3307.0
6458.7 8049.0
5574.6 5938.0
4152.8 4646.0
2781..8 2473.0
4657.5 3539.0
4E7T7 .1 5108.0
5411.5 5650.0
4ozx2.,7 4184.0
544k, 1 4564.,0
4349,2 3671..0
5340.6 4730.0
4880.9 5337.0

~.2 1.5 46.0 4o 0.0 -2.0 758.5
-.2 1.5 k7.0 44,0 0.0 -2.0 758.4
4282, 4 4920.0
4199.7 4855.0
3994.6 4922.,0
5376.1 5237.0
7254.3 6288.0
6648.4 7845.0
4182.6 4279.0
4725.9 5292.0
3590.5 3691.0
369%.2 3748.0
5024 .7 4528.0
3992.2 4520.0
5552.0 5272.0
5352.9 5372.0
hoil.5 3769.0
5218.0 3759.0
y222.8 3%07.0
645%.5 8049.0
5554.1 5938.0
4137.5 4646.0
2771.6 2473.0
4640.3 3539.0
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RESULTS OF THE STRENGTH EQUATION SYNTHESIS PROGRAM (Contd)

8

w h T t v (Q + 27) 3.D.
M(5) M(5)
Calculated Measured
4361..0 5108.0
5410.1 5650.0
4olB.2 4184.0
542k 1 4564.0
4337.9 3671.0
5339.3 4730.0
4896.3 5327.0
-.2 1.5 47.0 44,0 0.0 -2.0 758.4
-.2 1.5 48.0 ¥INNe) 0.0 -2720 758.8
-.2 1.5 46.0 45.0 0.0 -2.0 758.7
-2 1.5 7.0 45,0 0.0 -2.0 758.4
-2 1.5 48.0 45,0 0.0 -2.0 758.5
-.2 1.5 48.0 46.0 0.0 -2.0 758.9
-.2 1.6 46.0 Lo 0.0 =240 759.0
-.2 1.6 47,0 4.0 0.0 -2.0 758.8
-.2 1.6 48.0 4.0 0.0 -2.0 759.0
-.2 1.6 47.0 45.0 0.0 -2.0 758.6
-.2 1.6 48.0 45.0 0.0 2.0 758.6
-.2 1.6 49.0 45.0 0.0 ~2.0 759.0
-.2 1.6 48.0 46.0 0.0 -2.0 758.8
-.2 1.6 48.0 16.0 .1 0.0 759.0
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APPENDIX SECTION 3

STATISTICAT, ANALYSTS OF PRELIMINARY ARM SUPPORT TESTS

Given 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 wrist significantly
greater than the force applied at the hand ,
a. With the arm support in use ?
b. Without the arm support ?
B Is the force applied at the final position (at the mouth), on
the Mand 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
L 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 Loo 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:

(205 %90 K50 Xy9) 5 (x50 Hpos %2) s

(XlB’ Fogs Fopge Kyyo x53)' The arithmetic mean of the group will be
S~ %5
A, = =3
G N

where N is the number of results in the group. The arithmetic mean ,

for example of set 2 will be:

> %o

A, =
J n
where n is the number of results in the set. The measgurements are
now scaled to the mean.
AG
Thus x.. becomes x., ——
iJd 1 Aj

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

2

G

calculated. A
&, - x, ., .-—->
This will be  S.D. = 2.6 T Ay

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.D.

SN

Also comparing the standard errors of the two groups (S.E.)1

The standard error, S.E.

IH

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

U

2 2
/(S'E'>l + (S.E.)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 resulis.

If the error is twice the difference, the probability is 95%; and if
the error is three times the difference, the probability is 99.73%,
which 1s highly significant.

Using this technique we can now commence calculating the
results. Taking the first subject; his measurements without the arm
support of the force in pounds exerted at the hand are:

9.1 9.9 8.6 7.4
The arithmetic mean of this set is 8.75 1b§.  Now the

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

the hand, without the arm support is: 6.9 l?&.
We thus scale his results down, multiplying each result
609
by 8.75 They now become:

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
0.09 0.81L 0.0L 1.21
Thus sum of the squares for the whole set is now calculated (for

79 results in 19 sets) this is:

D2 = 198.51
D2
thus _— = 2.b1% where N is the number of results.
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Thus the standard deviation = 2.513

and the standard ervor = 1.58

il

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

arm support in use is 0.158 lpf.

The standard error between the two groups of results is thus:

m 0.158°
= 0.2%8 1b§

The difference between the means, however, is 0.97 lbg.

Therefore the difference between the means is four times the standard
error. The difference can thus be said to be statistically highly
significant. di.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 1b§.

Arithmetic mean of the force without the arm support = 6.91 1bf.

Standard error between the two groups

0.238 lb&.

. Difference in means = 4 x B8.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 1p§

Arithmetic mean of force at wrist

il

6.12 1b§

Standard error between two groups = 0.51 lb§
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Difference in means = 3.5 x 8.E,

This is a highly significant difference of 22%.

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 1k
Avithmetic mean of force at the wrist = 6.05 1bf
Standard error between two groups = 0.49 lb§
Difference in means = 8 x S.E,

This is a highly significant difference of 40%.

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 1b§
Arithmetic mean of force exerted at the other
positions on the "iand to mouth" path = 6.36

This is a 20% decrease. (It is felt that calculation of the

standard error is not required here).

A.3.5
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APPENDIX SECTTON 4

I

THE FUNCTLONAL ANATCMY OF THE UPPER LIMB

\

This section is based on veference (1), 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

In static loading of the shoulder girdle, the upper fibres of
the trapezius "play no active part in the suppdrt 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 wvoluntary.

If the subject wishes while applying a force at the hand with the arm
slightly abducted (less than 900), 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,
naﬁaral 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 Elevatlon with Upward Rotation of the (#flenoid Cavity
In this movement the acrimi@Qum 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
obJject above the head.

The upper part of the trapezius, the levator scapulae and
the upper digits of serratus anterlor 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 wvigour through
elevation of the amm. 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 tc fix the scapulaf, but must relax to allow the scapula to

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

Shoulde# Joint Abduction

The obvious activity in the deltoid increases progressively,
and becomes greatest between 90O and 1800 of elevation. The activity
of the supraspinatus also increases progressively. Thus it is not
gimply an initiator of abduction. No part of the pectoralis major
ig8 aective 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 115O of flexion. Both heads of the
biceps brachil 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,
the brachiéﬁis, and the brachioradialis have not been fully understood
as far as their integrated functions are concerned. In the movements
produced by the flexors, there 1s a fine interplay between them, and a
wide range of response from person to persoi. There is therefore
no unanimity of action. For example, the brachialis is geperally
active during quick flexion of the supine forearm, but occasiocnally
it is completely inactive. There is also no set pattern in the
sequence of appearance and disappearance of activity in these muscles.

There is 1little 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 supplies
a more constant force than the biceps in all pa;itions of the forearm.
The brachioradlalis was found to be inactive during isometric
contraction, and is only active during quick flexions of the elbow.

Pronatoy%éres contributes to elbowiflexion when resistance

is offered to the movement.

Wrist Abduction

In abduction, the flexor carpi radialés, and the extensor
carpi radialés (Longus and brevis) act reciprocally, the antagonistic
muscles relaxing. FExtensor digitorum contracts during abductlon, but
this contraction is not limited to the radial part of the muscle, and
the flexor digitorum superficialis may be active tpo. Apparently

Tthis type of activity has a synergistic function.
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APPENDIX SECTION 5

UNAIDED RTSING 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 34 acting at the ankle Jjoint. A muscular moment,
MK’ acts at the knee joint, and aomement, MH, acts at the hip joint.

The values of MK’ MH, and f?l s the angle of the upper body link,
are now expressed in terms af/gﬁ, the lower leg angle.

We have, resolving vertically for the whole body,

W -~ RLI- = 0 nnnnn s e s e s s e st eV A05.l
where WT is the body weilght minus the weight of the feet.

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

IVJK—RLLQ,s:m/g’5 + waff’ sinﬂ3 - 0 A.5.2

and taking moments about the hip Jjoint for the lower leg and thigh gives
- i - - i - - =.... A.5.
Ry, (a 851n/33) W5 (a é; $1n/g3) Wg_f% My @) 5.3

Finally, taking moments about the hip joint for the upper body,

we have

M, - W1£1 Singl -~ 0 e, . A.5.4

Eliminating MH between A.5.3 and A.5.4, and re-arranging, we have

Sinﬁl _ (i, = W) dmwafg + (w3,£3 “ g &) smﬁ3

Wl 1
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Eliminating R4 between A.5.1 and A.5.2, we have,

MK = (WT e - W3 {23) sin./gg teeeenes.. ARG

and eliminating R)+ between A,5.1 and A.5.3 gives

MH = WTd - Wjd - W2 5 F (W3 Jé; - WT 2.) sin 3 ... AT

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 0 M, and M, are found as a function oﬁ/ﬁ’B.

Figure (22) shows these functions plotted over a range of‘values

of/éﬁﬁ.
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APPENDTX SECTION 6

ANAT.YSIS OF UNATDED RTISING 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

3. The lower leg link

k. The foob link

h. The upper arm link

6. 'The forearm link

7. The hand link

Firgtly the joint centres of the links are located on the
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 floor; 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 %), 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 Jjoint. 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 Xl to XT'

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
welghts are finally scaled, to add up to the total body weight of the

subject, andare referrved to as Wl to W We wish to find the position

7
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:
WTX = lel + W2X2 + W3X3 + W5X5 + W6X6 + WTXY cesun A.6.2

where WT is the weight of the body minus that of the feet, and % 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:

RHH - R4H = 0 eeesetaacasee . A.b.2

and resolving vertically,

RHV' + R4V - WT = 0 ctieenaesanas .. A.6.3

Taking moments about the ankle joint A, we have:

2 _ysin @ _ycos B
Mgk = By - By

v H ceenes  ALBLL

Il
(@]

In addition to these eguations, it is necessary to give a
value to one of the variables, in this case the angle of the reaction
at the hand, eH. This gilves as a fourth equation:

tan Oy = 0 P WV

S - Ty
Substituting for RHH from equation A.6.5 into equation

A.6.%, we now have:
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W,IQ—C-RHV(ysin,@ +ycos,€5ta:n@H) = 0

or Ry, = WX/ (ysin § + yoos p tan6) ) ceevee.. hE6

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 calcﬁlate the moment of the muscle groups, we simply take
moments about the joints for all extermal forces acting. About the-

knee joint for the lower leg we have,
= R, i R - i
M by € 51n/93 + 4He’COSF)5 Wj 23 sna/gE

Taking moments about the hip joint for the leg and thigh, we have:

M, = RlLV (a- Q,sin/gj) ~ Ry €. cos ﬁ)3 - WB(du €3 sin/g3 )
-y 4, cereeer. D68

The links of the upper limb will not necessarily lie in
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.

We can now write the moment at the shoulder joint as:
MS=RHVrs Slnﬁés +RHHI'S oos?% +W5 Z5‘51n55+w6
.(5511’155— /ZE sinlgé ) I A.6.9

Finally the moment at the elbow Jjoint will be :

ME:RHV'{;"E sinfﬁE + RHHfE cosﬁE—W6g6 sin@6 ... 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 GH s the angle of the

handtest 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 "DO LOOP"
which cycles the value of the handrest force angle (labelled R in the
program) over its entire range. Thed 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 (23) ).

Program Analysis
X x
R eH
TH 6
I
PT

s
ot

hv)
@
£

=
ol
0 R

Pg ;ﬁs
e 55

A6 K%5

PE st
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A.6.% Results of the Unaided Rising Program

At 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 Jjoints). The second gives the value
of the moment at each joint, divided by the ratic of its inherent
strength to the total strength of the subject (as found in chapter 2).
The resulting figuwres are summed for the whole body. This gilves a
good indication of the best mode for rising: 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 UNATDED RTISING PROGRAM

READ 1.,12,L3,LE,MH,MK,MS,ME
2 READ (1,101) N
101  FORMAT (I2)
READ (1,102) WT, D, E,I,VS,VE,Al,A3,X1,X2,X%,%X5,X6,X7,TH,Y,RS,LE,
1 Wl,W2,W3,Wh,W5,W6,WT7,d,F,A5,A6,HS,HE
102 FORMAT (1OFT7.1)
READ (1,101) M
WRITE (2,201)
201 FORMAT (1H ,///)
PI=3%.14159
L2=D¥0.43%
L3=E*0.433
K= (WL H¥XLAWR¥ X4 W IR KB WE XX SHW O XGHWT*XT ) /WT
DO 1 I=1,121,2
R=FLOAT(I~31)
RHV=WT*X/ (Y*SIN(TH*PL/180.0)+Y*TAN (R*¥P1/180.0)*
1 COS (TH*PT/180.0))
RHH=RHV*TAN (R*P1/180.0)
RFH=RHH
REV=WT-RHV
RH=SQRT (RHVA+-RHH*RHH)
RU=SQRT (RFH+REV*RFV) \
Z1=180.0*ATANR (RHH ,RHV) /PI
Z2=180.0%ATANR (RFH,RFV)/PL
MH=RFV* (D=E*SIN(AZ*PL/180.0) ) ~-RFH*EXCOS (A5*PI/180.0) -
1 W3* (D~LS*SIN(AS*PT/180.0) ) -W2*L2
ME=REFV*E*SIN (A3%*PL/180.0)+REH*E*C0S (A%*PI/180.0) -
1 WB*L3*SIN(AS*PI/180.0)
MS=RS* (RHV-WT ) *SIN(VS*PL/180.0)+RHH¥RS*SIN(HS*PI/180.0)~
1 W5*G*0, 436%SIN(AS*PT/180,0) -WO* (G*SIN(AS*PL/180.0)
1 F¥*0, 430*SIN(AG*PT/180.0))
ME=LE* (RHV-W7 ) *SIN(VE*PL/180.0)+LE*RHH*SIN (HE*PL/180.0) -
1 WEXF*0, 430%SIN(A6%¥PT/180.0)
7 5=ABS (MH )+ABS (MK ) -+ABS (MS ) +ABS (ME)
Z4=ABS (0. 241 ¥MH)+ABS (0. Z2A%VK )+ABS (0. 820%MS )-+ABS (1. 07T5*ME)
277 WRITE (2,202) RH,Z1,R4,72,MH,MK,MS,ME,Z3,Z4
202 FORVAT (119,F6,1,FT7,1,F8,1,F7,1,5F7,0,F8,2)
1 CONTINUE
IF (M.EQ.0) GO TO 2
STOP
END
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APPENDIX SECTION 7

CALTBRATTON OF THE CHAIR SEAT DYNAMOMETER

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

the pressure gauges. Gauges Fl and F2 are interconnected, and record

the force acting along the line Fl Fg; while Bi and Bg, alsc being

intercommected, record the force along the line Bl B2.
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 Fl F2 and Bl B2
(b) To measure the response of the gauges as a point load is moved
along the line FB

(¢) 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 widfh 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 mazimum shift possible was found to be 4 inches
off the centre line.

A point ldnA.of i) 1b§. was applied to the sealt at positions
along Fl F2 and Bl BQ. 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 seal 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 leangth. 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 lbj. 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 52j), the
readings were plotied 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. Prom these results it can be said

that an applied load of 75 lpﬁ. can be measured to an accuracy of

t 0.8 l?f. and its position can be determined %o ¥ 0.2 ins.

(¢) The Dynamometer Calibration

A point load was applied to the chair seat, firstly at B,
and then at F. The load was increased from O to 125 lbf. in inecrements,
end 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 Biomechanical Analysis of the Modes of Rising on
the Chair 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 chaimr 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 foreces 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 (5%) 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 itwo unknowns in the force system to be
resolved before any equations can be written. PTirstly the position
of the footrest force, and secondly the point of action of the resultant
of the force parallel to the chair seat. Fiprstly 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 c{;g to
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be supplied by the lower part of the backrest, and for smaller values
Of'péé by the knee-rvest. (It can be easily seen in practice,
whether the knee-rest is acting during a test).

In carrying out the chair tegts, 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
Fiz slightly forward.

From equation 5,1 in section 5.4.5 of the text, we have the
seat hinge torque given by,

(. = 132 au) - A&]&ﬁtﬁsin (cﬁé - 61) + L, sin (el -661)

8|8

P A (A OB A g @)+ Ag Agyp [+ Dg - Nk sin (ZKL)
, 4 FIL -
L BN B I I L ) A.8.l
where the dimensions and angles are given in Figure (31); and the
values for the mechanism geometry funotions,/\ , are given in Figure (30).
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,
Mo = Ay Ty +A5II<5 ceieasaea.s ALBL2

where LK# and PK5 are the perpendicular distances of thelr respective
forces to the knee joint; and.MK is the moment in knee extension.

Similarly for the hip joint,
!

My = Ay Ly, By Lgg = Sy lyy oo MBS
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where LH2’ LHB’ and ;H4 are the perpendicular distances of the forces

from the Jjoint, and MH 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 foreces will be applied at the hip»by removing
the tangential compeonent of the footwest forcelﬁ55, 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 stralght down with the feet, and any measurable value ofzﬁ>5
was included in the calculations).

In the system there are two unknown parameters:4137 and eH.

These are found graphically, by drawing a force triaﬂgleiﬁlz, lxzf

and 12&7 (or a force quadrilateral if £ 5 ia acting).

We can now write an equation for the seat hinge torgue

generated by this mode,
Qo= 2, a0+ & (A s N\ M= AL (N . sin @)
- N\ - 8in (xPQ) ) £+ AL Ngg| cooeer a8

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

about the knee Jjoint for knee extension:-

M, = JAN s I [} 255 LK;] S

and about the hip joint for hip extension:-

My, = A4IH4 A T "ABLHB ... A.8.6
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In chapter 6, section 6.2.4 of the text, an explanation is
given for the need tc find cnly the muscular moments at the hip and

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

A.8.4 Application of a Hip Extension Moment using the Backrest

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
found? falrly 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.

This gives,

Ay Ly + 48y Ly - AyLy =0 ceeees ALBLT

Knowing the magnitude and direction of the force A&l, the length LHl’
the position of the force is easily located.
We can now write an equation to give the magnitude of the seatl

hinge torque generated in this mode:

dee

O - Ag (AV) - z_\l (& sin (062 - el) - L, sin (el -“l) d—ozi
# Dy (Ngg @9+ N @ ) E A /\FI:}
ve..... A.8.8

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

knee and hip joints will be given by:

M = Ay Ly [*As%s

veeeaats ALBL9
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where MK is Tthe moment in knee extension, and MH = z&u LH4 - 452 LH2

[_ By LH;& ........ A4.8.10

where MH ig the moment in hip extension.

A.8.5 Upper Body Flexion (Figure 56)

Analytically this is the simplest mode, in which the subject
flexes the hip Jjoint, 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 reactlion forwards. A secondary effect will be to
generate forces 134 and.é&5 on the footrest.

The seat hinge torque generated by this mode will be;

2 = A, V) +4,( /\FE (IF) +/\Fm (1) ) +A_5 /\FI

Y O & i

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

M =A4 Ly + ABLKB ceieeeenea.. A.8.12

where MK is the knee extension moment.

Lastly we have,

My =A41TI4" D, Ly - ABLHB S W s I K

where MH 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. Four modes of rising are analysed in section 8 of the
appendix; and in this section, caleculations 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)

From section 8 of the appendix, the seat hinge torque

generated is given by

~X

£ -A, @) - AL (dsin (Xy - 8)) - L 8in (8] ~od)) T

+A4(Amrwm +AijM)+zﬂ5AE[ ....... 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 1b§

also the force normal to the footrest,
R4 = 32 lb§
As a knee extenslon moment is applied, the following measurements are

taken from the photographic record of the tests:

@]

X, = 8.5 AU
Jr

Il

10.4 ins. R, = 91 1b§

2.6 ins IF

I
i

5.4 ins. Ry = 25.0 1b§

Subtracting the forces from those measured in the relaxed position,

we have:
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A, = 55.6 1b5 A4 = 59.0 lbj and 155 - 25.0 lbf.

!’

A vector quadrilateral is now constructed of sides 13.2 s qu_and. ZSB.

The fourth side will glve the magnitude and direction of Z& 1
(A , = 78.8 lbj).

We wan now find6K:2 -8 (= 6.9°) and 6, -l (= 86.1°)

1

and TD § = 3.4 ins). From figure (30), values can be found for
d,{l

a2, (= 065, N =00, Ape (=0.1), ana Ny (= 0.48).
These numerical values are now substituted into equation A.8.1,
giving
9— = 55.6 x 10.4 - 33.8 (18,0 sin (6.9) + 3.4 x 0.685)
+ 59 (0.4 x 2.6 + 0.44 x5.4) + 25 x0.70
576 - 174 + 204 + 17

i

It

625 in.lbk.

This compares with the value of the seat hinge torque,
measured dirvectly, of 630 in.lbj.

The perpendicular distances from the knee joint to the lines
of action of the forces A M and A 5 are now measured to find the

muscular moment exerted at the knee joint.

Il

A4x1.9 + A5x18.2

= 567 in.lbﬁ. in knee extension

and the perpendicular distances from the hip joint for the forces

My

Z& s s and Aﬁs are measured to find the muscular moment exerted
4 5 2

at the hip.

il

A4 x16.9 - A x22.1 - &, x5.35

M 5

149 in.lbﬁ in hip extension

Il




A.9.3

A.9.% Hip Extension using the Handrest (Figure 54)

As in the previous section, measurements are taken from the

photographic record of the test. These give:
(o) N
062 = 85.5 R, = 24.9 1b§ AY = 11.8 ins. Ry = 98 1b§.
JF = 5.3 ins. IF = 2.7 ins. Rg =0 1b§.

and subtracting the forces from those measured in the relaxed position,

we have

A, = 83.9 1b§ , and A4 = 66 lb5

A force triangle is now constructed to find the force vector

at the handrest. This gives:

A, = 278 1b§
We also have C2XPR = - 17.5°, &xpq = 18.2° /’\FE = 0.41,
/\Fm‘= o.44, A, =234 and /\HE - 27.8.

Substituting these figures into equation A.8.4, we have,

Q

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

= T4 in.lb&.

This'compares with a directly measured value of 985 in.lbf.

The muscular moment exerted at the knee is given by:

My

I

AN g ¥ 5.3

350 in.lbé. in knee extension; and the

miSeulsr moment at the hip joint 1s given by:

il

M = A4x13.6- A2x3.4

895 ~ 285

610 in.lb&. in hip extension.

il
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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
K

2

59.5° , A, =112.3 1b5, AU = 10.6 ins,

100 1b§. JF = 9.9 ins,  IF = 1.9 ins, and & _ = 25.0 1nf.

A force quadrilateral is constructed from the forces
éﬁ}y ZZB, and éﬁ.g; the fourth side of the guadrilateral gives
Zhj‘in magnitude and direction.
The point of action 035‘4h 1 on the backrest 1s critical,
and is found by taking moments about the hip jeint for the four forces

acting on the subject. This gives LHl’ the distance of the force

from the hip joint along the centre line of the trunk link,
. . (o) A _
L, x & sin 87.9° - A x 9.6+ A2x5.25_o
giving LHl = K5,h2 ins.

By constructing the force vector at the appropriate position on the
photograph, TD is found.

™ = 97.28 ins,

dedy
T (= 0.27) ,
de<,

From figure (30), values are found for

A

B (= 0.36) and o (= 0.41)
These numerical figures are now substituted into

equation A.8.8, giving

_Q_ = 112.% x 10.6 + 67.2 (18 sin (29°) + 7.28 sin (88.6) x 0.27)

+ 100 (9.9 % 0.36 -~ 1.9 x 0.41)

i

1190 ~ 717 + 278

751 in.lbé.

This compares with a directly measured value of 683 in.lpf.

1
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The muscular moment exerted at the knee is given by:

Il

234 x 5.45

545 in.lbé. in knee extension

434 X 9.61 = 432 x 5.25
371 in.lb§. in hip extension

A.9.5 Upper Body Flexion (Figure 56)

My

il

i

and MH

li

We have for this mode, from the photographic record of the

test;
K, =855, A, =377 :LbJﬁ, AU = 17.8 ins.
4&4-= 57 1b§. JF = 7.2 ins , IF = 0.8 ins.
PET = 0.1  and /\Fm - 0.4

Substituting these values into equation A.8.11, we have:

o

37.7 x 17.8 + 37 (0.41 x 7.2 + 0.44 x 0.8)

672 + 122

= 794 in.lbé.

This compares with a directly measured value of 876 in.lbi.

il

The muscular moment exerted at the knee is given by:

MK Z¥~4 x 6.4

257 in.lbﬁ. in knee extension,

i

il

and at the hip,

M, = ZSM~X 10.6 - 452 x (- 4:8)

573 in.lbg. in hip extension

i
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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 17.2% 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,
Tt 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).
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APPENDIX SECTION 10

PHYSTCAL 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 (fefereneebﬁk). 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 ves 61.3%

Upper arms - 5.0%
Forearms vee 2.9%
Hands . ves 1.1%
Thighs .. 18.4%
Lower legs - 8.6%
Feet e 2.7%

(b) The body link lengths

Hip to apex of head .o 35.0 dins
Upper arm link T ces 11.9 ins
Forearm link cne 10.7 ins
Thigh link ous 17.1 ins
Lower leg link - 16.1 ins

(¢) The position of the centre of gravity of each link,
expressed as a percentage of its length

Head, neck, and trunk oo 39.6%
Upper arm ven 4%, 6%
Forearm . 43.,0%
Thigh - 43.3%

Lower leg een 43,%5%
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(d) The average body weight

131.5 1b§.
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