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NOTATION.

All terms are defined when they are first introduced .

The following li st defines the major terms*® constants in

equations are not included., Where symbols are used with

suffices this is indicated below by the suffix o. Suffices
and superfices are listed separately . The same symbol
is used more than once in some cases to avoid complication
in lettering. The context generally indicates the quantity
intended .

a span of ant., sup. iliac spines.

A cross sectional area.

A/A  ankle in opposition.

b span from L.ant. sup. il. spine to tail marker,
c " ]| R. 1l Il ]| "t ] " "
C temperature coefficient of resistance

C Fischer coefficient see Table 3., p.
C

Modulus of Rigidity.

d differential operator.
e exponential constant.

E elastic stiffness or Young's Modulus.
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step frequency or camera frequency.
force,

gravitational constant.

Zo " 2y

reading of galvanometer recorder.,
height of camera above reference axes.
heightof test subject.

component of resultant leg/trunk force,

heel strike,

electrical current,

second moment of cross-sectional area.
inertia force.

component of resultant joint force.
radius of gyration.

length/I for force plate member,

viscous damping factor.

force plate calibration factor.
length of body segment,

left foot.

natural frequency of damped vibrations.

fractional change in electrical resistance,



mass

turning moment.
n natural frequency of undamped vibrations.
n indefinite number.

P 'Po tension in muscle group.
O

Po force in dynamometer strip.

Q i" " 1 t

r coefficient of correlation,

I moment arm of muscle group about reference axis.
R electrical resistance.

R force in dynamometer strip.

Ro camera distance from reference axis,

RF right foot.

S general position co-ordinate.

S strain gauge calibration constant,
t arbitary time,

t "Student" t factor,

t ,T direction cosine.

O O
T temperature,
T cycle time for one leg.

TO toe off



U strain energy.

v,V velocity.
direct load.
electrical voltage,

\Y

Vv

W subjects body weight.

W subjects body segment weight.
W

O
o ground to foot force component,

®o Xo

yOY space co-ordinates, See Fig, 47, p. 152,

O

z 4
O

= phase angle

3

4

S projected inclination of femoral axis.

5 indefinitely small fraction,

p- partial differential operator.

A damping coefficient.

') error.,

& change of slope of structure,

& projected inclination of femoral axis.
-4

longitudinal stress.,

0o  projected inclination of body segment,



W angular velocity.

w, L frequency of forcing force,

SUFFICES.
A ankle.
B left ant, sup,. iliac spine
C tail marker,

D right ant, sup. iliac spine.

F centre of gravity of foot.

H hip joint centre,

K knee

L leg

O,0 initial position.

P 'foot!' i.e. 5th metatarsal - phalangeal joint centre.

S centre of gravity of shank.

T centre of gravity of thigh.
W walkway i.e. pertaining to ground/foot interface.

SUPERFICES,

first derivative with respect to time

second I "

apparent displacement.



ABSTRACT .

The subject matter considered in this thesis is the analysis
required to obtain the force transmitted between the loaded
surfaces of the human hip joint. This information is desirable
for the design of implants to repair fractured bones or to replace
diseased joints or, more generally, toallow the discusssion of
the functional behaviour of the joint in the normal person. No
published work has been found giving values of hip joint force
patterns during walking for normal subjects.  Procedures
have been dgscribed in the literature for the determination of
the res}ulta’nt force actions between body segments but this
thesis presents the first application of dynamic measuring techniques
to the flmctional anatomy of the body in order to determine the
internal force actions.

The relevant anatomy of the hip region is described in a
preliminary chapter, Thereafter, a chronological review of the

studies of human body dynamics is presented covering the time

period up to 1890, Further publications after that date are
presented in chronological order under the separate headings of

(1) the analysis of human gait and the corresponding forces in muscles,

(2) determination of body mass properties.
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(3) physiology .and dynamics of muscle action.

The work undertaken by the author comprised the application

and modification of known engineering techniques for dynamic

and kinematic measurement to the analysis of the motion of the
human body. The resultant force actions between the ground

and the foot of a test subject were measured by a force platform

and the positions of his leg in space were recorded by cine cameras.
The resultant force and moment actions transmitted across a

section of the leg through the hip joint could thus be calculated.

From a consideration of the time pattern of action of the hip

muscles as demonstrated electromyographically, and their spatial
configuration, muscle groups were defined and consideration of

the resultant forces in the groups allowed the calculation of the

hip joint force. The calculation procedure required the assessment
of the mass properties of limb segments and their spatial
accelerations,and was performed for every fiftieth of a second

interval for a complete walking cycle for each test, The

procedure Was therefore arranged for calculation using a

digital computer and this programme, devised by the author, is

outlined in the text.

Results are presented of the analyses performed on 18 tests



on three female and ten male subjects. Graphs are presented
of the variation with time of the resultant joint force and its
components relative to the hip and to the femur. The patterns
and values obtained in these tests are substantiated by results
published by Dr. N.W,.Rydell of the University of Gothenburg.
Rydell performed tests on two patients having a strain gauged implant
replacing the head of one femur, Rydell's results are included
with the present author's in a statistical analysis which shows a
positive correlation between (the product of body weight and
stride lemgth)and resultant joint force. The average values of
joint forces on female and male subjects were 3.27 and 5.55 times
body weight respectively. These values are lower bounds
corresponding to the action of the muscle groups exerting the greatest
moments about the joint axes., Upper bound values are
also presented.

In view of the variability of the experimental quantities measured
and the complex calculation procedure, the effect of these

variations is subjected to critical assessment in the discussion.



REVIEW OF PUBLISHED WORK,
Introduction,
The published work on the mechanics of the human body
is small in amount and diverse in topics in the time period up to
the end of the nineteenth century. Thereafter there has been
a rapid expansion in the volume of published work and in its detail,
After a preliminary chapter on the anatomy of the Hip Region
a historical survey of relevant Biomechanics is presented covering

the period up to 1890, Subsequent studies of gait and corresponding

forces de‘veloped in muscles and joints are reviewed separately
and followed by sections on the determination of the mass properties
of body segments and the physiology and dynamics of muscle action,
Applied anatomy of the hip region.

The hip joint approximates to a spherical joint and is the

connection between the femur or thigh bone andthe lower part of

the
the trunk, The combination of two hip bones, the sacrum and

the coccyx are generally referred to as the pelvis., The
principal landmarks of the pelvis are shown in Fig. l. The hip

bone is formed by the fusion of three separate regions:-

1. the ilium or wing of the pelvis, comprises the multiply

curved region

2. the pubis, the projecting bony part in the groin, extending
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in two rami to join the acetabulum and the 1s/ch1\hm-n:{ VLS T
;H ;‘H ?“!;um | :;@1 ’f:fi?*"‘
3. the 1sch1um the lowest and rearmost part Wthh first }@'ﬁ" Lt
Eg M . :,,f"‘fﬁ
extends downwards and backwards from the acetabulumf“*‘ e
and then projects forward to ﬁ% T
j meet the pubic}rarnu T N
: o . . u\ﬁhu*:?,‘ oals
4 4:‘: ,;.-:' \&;‘i&:f;; g -
Fusion of the separate parts is completed at or shortly after. puberty.i=x U
o f _}/;_ ] i !
The two hip bones join at the pubis in a cartilaginous Join R ‘i:f | ﬂ
The sacrum is the wedge shaped bone formed by the fusion of**the N Sy
A X e m;

five sacral vertebrae, it articulates with the ilium at the sacro-

iliac joint and supports the vertebral column, In the male very

little movement is possible at the sacro-iliac joint. Gray (1958)
states that in the female after puberty there is greater* m;pvément“*

at this joint and that this movement increases in the lét.er stageg |
of pregnancy.
| and is a deep cavity facing obliquely fdfwér&g, sidewaysiand

downwards. The acetabulum is largely lined with articular

cartilage and this cartilage is enlarged into a rim which extends

round the border of the acetabulum retaining the femoral head.

4

The femur is the longest and strongest bone in the body.

Three views of a typical femur are shown in Fig. 2. The head of
the femur is entirely covered with cartilage except for a small

area round the fovea where the ligament of the head is attached,

The acetabulum is the f'e'rna"le part of the hip joint

Ry

The head is extended by a short neck to the junctionwith the shaft

"l. -:'I' * * -
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in the trochanteric region. The greater and lesser trochan*ters I
. B .3 . s ;‘\* "’h" ';“{4_: RIS 1 oo H
L i*’}ﬁ\‘;' 1 L. |
are bony promlnences to Wthh are attached the tendoné | L teel T
of several muscles. The shaft of the femur is almost_ cylindrical u-—-f:,‘,
. over most of its length and is curved with a forward con‘vr"é':}tiit?.*. ,‘ ?-;"'
A . ‘ - ‘ S PR PN -“';, ¢ !_‘ j’_”
, L S e, ...,}‘-_ ; w o
‘ ' o4y ! e ,'r “;“,', ,E"':
At its lower end the shaft enlarges into the femoral condyles the | '}é:
| 4,
underside of which are the bearing surfaces of the'knee joint. e 5
In the erect posture the shafts of the femurs incline upwards and S
e ‘ S e ' S o * NS
outwards. - If the knee is arranged with the patella. or knee e
cap directly forwards,the axis of the neck of the femur is inclined .= . 7}
forwards,inwards and upwards as shown, L A
The hip joint is enclosed by the synovial membrane which is * T
attached to the femoral head,the margin of the cartiliginous . . =~ . '
surface distally and the margin of the acetabular cartilage proximally. )
Outside the membrane is a strong dense fibrous capsule which '
forms along certain well defined lines shown and narnEd*_in Fig. 3..
The ilio~femoral ligament comprises two parts having tensile - e
strengths of 200-500 1lb, This ligament becomes taut when the |
thigh is extended., .-* It also assists in limiting inward rotation
when the thigh is efxtf pded and outward rotation when the thigh
I 3 A o
% - i"‘ s
is. flexed, The ischio-femoral ligament tightens in extension
~ ‘ ’.;; ) -!w:e’
in inward rotation with extension, and in abduction, The™"
pubo-femoral ligament checks outward rotation when the hip is in |
'--"‘ A u: ‘_ i
. % 4 ':::; ‘rﬁ‘.';;i‘ nft }\;:::f:
sl . > < ‘t‘?}j s ]
y L“-:-F *E‘i“_;s-‘, - :w.‘ h : C Jf’%ﬁ T :
4 '.‘.'{‘l{:{"..i? 5 "-'-."*:..'- ::“ :;:*::T} ,’ ﬁ
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extension, checks abduction, and when the thigh is flexzed checks |
~ abduction and outward rotation. ' The iigarnent of the head
(ligamentum teres)ﬂ*is sjcat'ed to limit adduction'wh_e_n the thigh .

i1s partly flexed but generally to have little mechanical isignificance

- I-f

}

(Gray 1950) Steindler (1935). Cenerally theﬂ action of rhe ligaments

is to retain the femur lightly in the capsule to prevent extensmn

';f-.h ,4 ~ e

of the femur much beyond the straight position and to limir;

L - . -

[ o " 3 y . - g +
' . g £
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abduction and rotation movements.  The range of movement in the -~ =0

normal living subject is 120 degrees in flexion- 20 degrees in

. E o fry .y :
i - # t-_J‘_"'" - - T B -& * JﬁJ: fa E:l . | ;+
n 1 a E - r
. 'y e

extension : 45 degrees each in abduction a_nd' adduction and ARSI

rrrrrr

: 1:1 LY | :;,J%h, § | ,:: ::. T«: F : i
inward and outward rotation totalling'l_ 90? " For movements generally;;jj,: ~

ot ‘
.*;'- ’ v ‘ . : lﬁ j - ﬁ #" , r q"& 1'
_— ’ ﬁ - f *-E L

within this range the capsular ligaments exert no force, although

ﬂl.m ., l-', h ) L . :.’.. o ;. . _IJ'
,/J" ‘g PR iq.i':-: - 1‘ ', . *\ki i* .
in certain combined f“ jpvements the range is somewhat reduced. 7.’ Ty

r

" bew f . s Pt . v
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The muscles acting to produce movement at the hip Joint gy | s

* : "; il ,h ‘r= :.H}

number 22 in total. Six of these-act principally to rotate the ‘“:{;;1;..,“-{ v;‘;?
rL:H:- f '. . ru:;é‘k{ *‘h:rlt "hrr r“‘a. o

femur on the hip in an outward direction. Generally they

are of small size and are deep seated, .:.Their moment action

and contribution to joint force will therefore be small by comparison

]

with muscles of larger cross-section, The remaining muscles

‘.‘. .

may conveniently be described according to the ma jor rotational

4& ‘i"“

actions which they exert, ‘%'ﬂe flexion, extension, abduct1on

or adg,uctiom‘fa < They may be further subclassified as two-joint

¥
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or one joint depending on the number of skeletal joints-between’;

their origins and insertions or those of their tendons. P
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The flexors of the hip comprise Psoas (major), lliacus, Rectus i \”

o 1
K bt . a v
] !': ¥ E .1 ﬂ,: ‘;,,lj,.i-r

.'i
-

L
P
o

Femoris, Tensor Fascia Lata, Sartorius and Pectineus
The positionsﬂ_ of the origins and insertions of these muslces
are shown in Figs. 4 and JS. |

Psoas (Major) is unipennate in form, has its origif} on *the}
lumbar and lowest thoracic vertebrae ana their intervertebral
cartilages,and ends in a tendon of insertion which paés‘es over
the front of the capsule of the hip joint before joining the femur
at the lesser trochanter. lliacus is a flat triangular muscle,
which occupies and arises from the inner surface of the lliac
bone. Most of its fibres converge and join the tendon of
Psoas but some are inserted directly on the femur ip front of
and below the lesser trochanter,

Rectﬁs femoris is a bipennate muscle, arising by a tendinous
head from the anterior inferior iliac spine and by a tendinous
head from a groove above the rim of the acetabulum. The
two heads unite at an acute angle and spread downwards on the

forward side of the muscle from which the muscular fibres arise.

¥
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Rectus femoris is a two-joint muscle and the insertion is into

a flat tendon joining the upper pole of the patella, and the patella wid o
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actions in addition, many of these depenﬁing on the reélaﬁ\;“eﬂ"‘
angular position of the femur and the pelvis, Table 1l is %
of interest in showing the conflict amongst the authorities on
the function olf specific muscles,
The extensors of the hip comprise Gluteus Maximus, fhe
long head of Biceps Femoris, Semitendinosus and Semimembranosus.
These are illustrated in Fig. 4 and 5,Gluteus Méximus is a
broad thick fleshy muscle forming the prominence of the buttock,
Its origin extends along the hindmost quarter of the outer
surface of the iliac crest, the posterior surface of the sacrum
close to the ilium and the side of the coccyx. , The i{nsertion
is along a rough line 4 inches long on the posterior aspect
of the femur between the greater trochanter and the linea aspera.
Biceps femoris (long head), semimembranosus and
semitendinosus are all two joint muscles Having a common
origin on the ischial tuberosity. The tendons of the three
form the hamstrings. Biceps femoris has its insertion on

the outside of the tibia and the fibula. The othér two muscles

‘have tendons of insertion leading to the inner surface of the

medial tibial condyle.

The principal actions of Glﬁteus Medius and Gluteus

g
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Minimus are abduction and they are theénly muscﬂleks having
this prime function. Their origins are on the outer surface
of the ilium. Gluteus medius is the larger muécle and lies
on top of gluteus minimus. Both muscles have their insertions
on the greater trochanter, minimus on the front part of the top
and medius on the lateral surface,

The adductors of the hip comprise Gracilis, Adductpr Brevis,

Adductor Longus and Adductor Magnus, Gracilis is a slender

I

two joint muscle extending from the pubis to the medial side of the

upper part of the shaft of the tibia below the condyle, The
three adductors, brevis, magnus and longus are fan shaped
muscles lying deep on the inside of the' thigh as'rshown in f‘ig. P
The origins are on the front of the pubis : just helow the crest

for longus,on the outer surface of the inferior rafnus for brevis
and aloné the line from the front of the pubis toithe ischial
tuberosity for magnus, The insertion of these muscles extends

from the top of the linea aspera to the adductor tubercle on the

femoral condyles. Adductor Magnus is one of the largest

muscles in the body, yet it is surprising that reference books can
ascribe little general function to the adductor group in normal

activity.

Six small muscles, Piriformis, Obturator internus, Obturator
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externus, Quadratus femoris, Gemellus Superior and Gemellus
Inferior have their origin on the posterior portions of the pe}vﬁis;{ ,.1{ j
their insertions on the greater trochanter of the femur and act;f '
principally as outward rotators.Gray (1958) suggests that these
muscles also act to assist the ligaments to retain the integrity

of the hip joint on the occurrence of sudden strains when the

great muscles are relaxed. -

Historical Review ' *

The first recorded studies of the mechanics of the human

body stem to ancient Greece. | Hippocrates (c.460 B.C.:)

Aristotle (¢.350 B.C.) and Archimedes (c.250 B.C.) showed some

insight into the application of the principle of moments to the | | ;:5
movementsm of the body produced by muscular contraction, Galen

(c.200 A.D.) showed that the Roman philoscphers had some knowledge

of nerve and muscle association and defined the terms agonist

antagonist and tonus as referred to muscle action. The next

recorded analysis of body mechanics is that of Leonardo da Vinci

(c.1500 A,.D.) whose knowledge of anatomy and mechanics enabled

him to demonstrate the mechanics of standing, walking, jumping

and rising from a sitting position, These studies required

the concept of the centre of gravity of the human body. Galileo



(1638) , a student of medicine before the studies of dynamics

for which he is renowned,indicated in his dialogues the

application of classical mechanics of motion to the human body.
Borelli (1675) furthered the work of Galileo and developed a

theory of the chemistry of muscle contraction. His book'De Motu
Animalium'illustrates many applications of mechanics to the
movement of limbs under muscle action and indicates a method

for measuring the position of the centre of gravity in man.

Baglivi (1700) continued the work of Borelli and differentiated

between the structure of smooth and striated muscles, hypothesising

Oon their function.

The principal event of the 18th century was the discovery
of the phenomenon of the electrical stimulation of muscle as
reported by Haller (¢.1740) and Whytt (c.1740), 1In his
"Commentary on the Effects of Electricity on Muscular Motion"
Galvani (1791) made an explicit statement of the presence of
electric potentials in nerve and muscle and this is probably

the first published reference to this relationship. Duchenne
(1867) reported extensive studies of the function of individual

muscles as observed when the muscles were subjected to externally

applied electrical stimulation. This procedure showed the



respons‘e of an isolated muscle to stimulation although Duchenne
realised that isolated muscle action does not occur in nature.
Weber and Weber (1836) published a treatise on the mechanics
of human motion which reported anatomical studies on cadavers,
measurement of the position of the centre of gravity of the human
body and the mathematical analysis of certain aspects of gait,

Their contention that the movement of the leg in the swing

phase of walking was a pendulum action without the assistance

of muscle action has been refuted by se veral of their successors.
Meyer (1853) determined all co-ordinates of the location

of the centre of gravity in various standing postures, "normal",

"military" and "comfortable" and proposed a theory of the self-

locking action of the leg joints whereby standing would be

maintained with a minimum of muscle action, These postures

are not however clearly defined.

21

The first use of serial photography to investigate the characteristics

of gait is that of Muybridge (1882)., The gait of race horses
was investigated by the use of a series of cameras viewing

from the side. The successive firing of the cameras was

obtained by physical contact of the horse with a series of trip wires,

Further investigations were performed on human subjects walking,

rising from sitting position, sitting from the erect position,



dancing and performing various other movene nts. In
some of the studies the background is marked into squares to
allow estimation of the displacements.

Marey (1887) and Carlet (1872) reported investigations
into the characteristics of human walking using a pneumatic
system of recording displacements of parts of the body, foot
pressures and periods of muscular activity, The subject

walked in a circular path and variation of the experimental quantities

was made to alter the air pressure within a series of closed systems.

The indicating transducers were located at the centre of the walking
Circle and the connecting pipes were carried on a rotating radiﬁus
arm which followed the test subject. Muscular activity was
measured by the displacement of a cuff arranged over the
appropriate muscle. Demeny (1887) also reports a balance for the
determination of the centre of gravity of a subject in any
configuration of his limbs, In this.the subject lay on his side
on a platform supported on balances at three positions, The
centre of mass is defined in terms of the balance readings and

the geometry of the supports. The principal advance of these
investigations was in their use of chronophotography to register

the successive positions of the test subject in walking, The

A A



a pparatus comprised a plate camera with a mechanical drive to the

shutter allowing exposure at predetermined intervals. The
subject carried markers which could be lights or reflective material

and the successive positions of these markers were recorded

on the film,

Analysis of Gait and the Forces in Muscles,

The first investigator to perform a comprehensive analysis
of the three dimensional movements of the parts of the human
body was Fischer (1898). Fischer performed three tests on one
S ubject. The subject was dressed in black and carried
incandescent tubes, eleven in number, strapped to segments of
the body as shown in Fig. 7. The subject dressed in dark
clothing walked in a darkened room in the field of view of four
plate cameras whose shutters were closed and opened cyclically
at a controlled speed. The exposed images of the tubes on the
plate gave "stick" diagrams representing the successive positions
of the body parts. The four cameras were situated near the
Subject:‘ one on each side trained perpendicular to the axis of
progression and two viewing the subject in oblique frontal aspect
along lines at 30° to the axis of progression as shown in Fig. 8.

The corrections to the readings required to eliminate errors due to

perspective were therefore complicated. The information

23



Test Subject from Fischer (1898 - 1904
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S
was analysed to obtain curves of the variation with time of the

displacement, velocity and acceleration in three reference directions

of landmarks and centres of gravity of the body segments. In
each test one double step was analysed and the cycle divided

into 31 phases. From the values of acceleration and displacement

) - ¥ '-"
ﬁ""*-.-.

for each segment of the body Fischer calculated the resultant = <>

l-“lIi “9_“4 A
=

forces, combined these vectorially and presented tables quoting
the magnitude of the ground to foot force at each phase. Fischer's

data on the kinematics of gait has been referred to by all subsequent
Investigators and his findings largely conditioned the mechanical
design of external prostheses for the first half of the present
century. In addition to the analysis of the external force

actions Fischer published a further volume, Fischer (1,908) in which

the internal mechanics of the body in respect of ligament aﬁd -
. o Jll.r1 r tf
Jﬁfﬁd 1;:; ;‘5 1 '

muscle forces are presented, Tables and: graphs are shown

;M; Jhi
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describing the variation of the moment action of certain inuscles

;(J > s 1":’-55:
as the angulation of the body segments changes.
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Fick (1904) contends however that Fischer's results R

“y
3 ‘IP'F P~ ¥ e
:-*.l* F? Ii"'! * M tlﬂi{ = \ '

in the walking tests are inaccurate since the ;centres of gravity

- ‘;‘ Fkrs £~}M
el
of Fischer's subjects were determined from measurements taken on |

£

cadavers which were in the recumbent positieﬁ‘;
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The degree of spinal curvature for an erect subject require s
that the centre of gravity be considerably further forward than
Fischer assumes, Fick's publications describe also the
complete anatomical range of movement of the joints of the human
body, together with the corresponding lengths and moment arms of

appropriate muscles. Fick's tables and diagrams are based on a
knowledge of the positions of the muscular attachments to the
body structure and the values quoted are calculated trigonometrically.

Strasser (1908 -~ 1917) uses a joint model "Globusmuskelphantom"
to ob’;ain corresponding information on the mechanics of muscles
and joints,

The analysis of the force systems present during movement
was significantly advanced by Amar (1916, - 1917) with the
invention of a "force plate" or instrument to measure ground to
foot forces. The measuring system was mechanical, spring
deflection under load operating an indicator, The instrument
measured vertical, sideways and backward force components only
and gave no measure of forward force components or of moment

actions about any reference axis. Amar's force plate was
used in investigations of the gait of subjectswearing external

prostheses and the findings were used to suggest improvements.

Fenn is principally known for his studies on electromyography



which are reviewed in another chapter but his paper Fenn (1930)

presents an analysis of the variation of "kinetic energy of the
parts of the body relative to the trunk" during activity. The

relative kinetic energy R.X.E. is defined as

R.KE. =5 M _(v,-v )2 +2 Wi k2 w? ==== (1)
29 29

where W1 iIs the mass of a part of the body, k_l its radius of

gyration, V | the linear velocity of the C,G. and wl the angular

velocity. Vo is the velocity of the whole body. The statement

1s made that the total kinetic energy K.E. is given by

K.E. = Yo VZ +  R.KE,  ----ee- (2)

29
where W, is the weight of the whole body. The total kinetic

energy is in fact given by

True 2 V ¢+ Z kf a‘le """" (3)

(2 and 3) may be written as

Fenn$ total K.E.=2x Wov? - 2> Wl V\Vp + True K.E. (4)
' 1Yo

It appears therefore that the concept of relative kinetic
energy is incorrect and unacceptable.
Work performed at the Institute of Experimental Medicine

in Moscow over the period 1930 - 1935 is reported by Bernstein

(1935). The work reported is an extension and improvement of
the original work of Fischer. The experimental technique is

improved by increasing the frequency of the exposure of the film



giving more closely defined "stick" diagrams for the limb
configuration. Tests are performed on more subjects than

Fischer and more data is analysed. Table 2 is reproduced from

this volume, Data is also presented on the effects of weights
carried on the shoulders on the gait characteristics and also on
variations with the onset of fatigue. A later volume’ Bernstein
(1940),reports the development of gait characteristics in children
starting from the first unsupported step . This volume also includes
the analysis of the gait in athletic performance in sprinting,

running and the long=jump, Chkhaidze (1957, 1958) continues

the investigation and reports the changes in gait on the level, up

and down inclines for trained and untrained subjects performing

at high altitudes, These works are grouped for discussion since

the experimental techniques, method of analysis 'and presentation

of results are the same,

Single plate exposures of successive views of the subjects

were taken from two sides on cameras whose shutters operated at a

frequency of 80 per second. Markers were placed at 20 positions

on the body from the head to the feet, There was no

instrumentation to record ground to foot forces. The only

movements recorded are those occurring in planes parallel to the

plane of progression. Bernstein states that sideways

29



b *
1 N - ' [} . i . i I
F - v ;
) ! 1 =
ir i & ‘
- * _f' = - u - . . ! - N )
< | .
A
.,
’ il
s - . r )
4 - . ..
n [ - J_;: . i .
) F r X 5
-
r T

-

]
+ :

BRAVNE & |
RESEARCHER. . PISHER. BERNSTEIN.

[
F
.
-

[
L
-
s

2 (3x2) | » 800

T

ANALYSIS OF
EXPERIMENTS.

>

SINGLE PACES

7 500
EXAMINED.

|
MEASUREMENTS 5,000 400, 000 -
, .

PHASES OF c.24,000

TABLE. ¢
COMPARISON OF RANGE OF TESTS OF
RRAUVNE & FISHER & BERNSTEIN.



movements are of no significance to studies of gait,
It is submitted that,in fact,sideways movements are of
considerable importance in the gait of the human, since deviations

from normal due to pain, malfunction or the use of a prosthesis

are most readily detected in.the view from the front.’ . Furthermore
J:}? ,1; . ;I./ N

a large amount of the energy used in walking is required in the

musculature which controls the sideways movement, Velocities

and accelerations were determined by numerical differentiation

of the displacement val'ues as follows,

4

A
If Sn is the typical position co-ordinate at exposure n ¥
Velocity at this exposure = (S, - Sn-Z) X — S
.:"%i;:'?:“-'
, a R
where f is the frequency of exposures. -5 AR
X, s
- fé
Similarly acceleration = (S, 28, + S__4) /16 .
Bernstein is insistent that the curves of displacement should not
‘ TN *:
be smoothed prior to differentiation since essential informatior Hui
. ':r" ‘:‘:J
about the gait characteristics is lost thereby. 6;{?’
B |
This contention requires to be treated with reserve, however, - - -
- ,,._-; e
N R
whenever the sensitivity of measurement is considered, Bernstein - e
quotes no figures for the probable measurement error of his . ,..

photographic records. It appears that the displacements of the skin

markers were obtained to the nearest millimetre. With a shutter

‘!" DR
| speed of 80 per second.and a méan walking speed of 5 m11e/ho'{1r E&":’:'-’



the change in horizoatal position of a point on the body
between frames would be 28 mm, If the measurements are taken
to an accuracy of + 0.5 mm the possible fractional error in
velocity is + 1/56 and the corresponding error in acceleration
might be + 1/28.Where the velocity of a part of the body is considerably
less than the mean, the fractional errors increase and the errors
in acceleration to and from rest may be quite high, The amount
of the errors could be reduced either by smoothing the curves
to eliminate the effects of measurement errors or by taking the
velocities and accelerations fI:om curves fitted to the experimental
points using a least square of deviation technique,

Fischer's coefficients for the mass of body parts as a
proportion of total mass are used to obtain the inertia forces
at the centres of gravity of the parts of the body, These forces
correspond to linear accelerations only, angular accelerations
being ignored. The inertia forces are combined to give resultant
force at C.G. of leg, at C.G. of left and right sides of the body
and at the C.G. of the whole body. In these manipulations
no account is taken of the moments about vértical axes or about
horizontal axes parallel to the line of progression due to the

offset of the vertical planes in which the C.G.'s of the parts lie.



Typical curves of variation of inertia force at C.G. of whole

body as quoted by Bernstein and at the C.G. of the thigh as
presented by Chkhaidze are shown in Fig, 9. The characteristic
acceleration peaks are stated to be physiological in origin
corresponding to the pattern of nervous response in the higher

and lower control centres, These peaks are taken to be

characteristic of the individual and are shown to be reproducible

in subsequent tests and to be affected by physiological changes
such as fatigue and change of altitude, It must also be
considered that these characteristic peaks may equally correspond
to movements of the skin of the subject relative to the skeleton,
This could give characteristic patterns for each subject and vary
with physiological conditions. Curves of the variation in
moment about certain joints are i:resented but-these are the
moments about the horizontal axes of the joints perpendicular

to the line of progression and take account only of linear
acceleration forces. They are of no significance therefore to
leg joints during the phase of double support since ground forces
will then be of overiding importance: and even in the_ swing

phase their value will be reduced due to the omission of angular

acceleration terms.
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PauweI-s (1935) performed an analysis to determine the
magnitude and direction of the resultant force transmitted between,.
the femoral head and the acetabulum during stationary weight
bearing on one foot, and concluded' that the value of this force
was 2,92 times body weight. When the dynamic component

of the vertical force actions was taken into account this value |

increased to 4.5 times and during walking it was suggested that
values of 6 to 8 times were not implausible.

Elftman (1938, 1939) performed gait analysis in walkig and
running using a force plate in which components of force are
measured by the deflection of elastic systems and are recorded :
by cine camera. No information is quoted on the amount of force
plate deflection under load, its natural frequencies of vibration

*or on its hysteresis, Since the assembly comprised two plates, ,
Y7 -

“b}%? sliding on ball-bearings on top of the other against spring

resistance, it is surmised that its dynamic behaviour might not

be ideal.  There was no provision forthe measurement of the .

moment exerted between ground and foot about a vertical axis

through the contact area.

In the analysis of walking Elftman (1939a) reports the

4
4

results of tests performed using the forceplate and measuring

displacements by a.cine camera viewing from the side only.
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Only movements parallel to the plane of progression are considered
but all gravity and inertial effects producing force actions in
this plane are considered in the calculations for the resultant
moments transmitted at the ankle, knee and hip joints, It is
shown that angular acceleration has a very small effect on the
values obtained, No attempt is made to calculate the actual
values of muscle force required to transmit these moments,
The analysis compares the rates of change of kinetic energy of
parts of the leg with the rate of transmission of energy at the joints,
This transmission rate was obtained from the product of the
moment transmitted at the joint and the relative angular velocity
of the parts meeting at the joint. In this way Elftman indicates
that to some extent the muscles have to function as energy
transmitting connections as well as energy developing and
__absorbing members., The following paper Elftmann (1939Db)
discusses the role of muscles which traverse more than one joint.
It is shown that in normal activity loading occurs at
adjacent joints which can be transmitted by the energisation
of a single two joint muscle. If the joint movements during this
phase are such as to maintain a constant contracted length for

the muscle, then the muscle need only be loaded in isometric

36
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tension, in which circumstance its efficiency of energy transiormation
is greatest. If the same duty were being performed by a
one—-joint muscle at each joint, one would be developing

mechanical work while the other was absorbing it -~ obviously

a less efficient procaedure, and, in addition, the muscles would
N ot be working isometrically so that their efficiency would be
lower on this account also.

It is concluded that the human anatomical structure of the
leg would be more economical of energy if a three-joint muscle
system were present,

Corresponding analysis for the estimated rate of energy
expenditure of the leg muscles in running is reported in a further
paper Elftman (1940).

The National Research Council Committee on Artificial
Limbs acting in an advisory capacity to the Veterans Administration
and Office of the Surgeon General, United States Army, financed
research by the College of Engineering and the Medical School
of the University of California from 1945 onwards. Their report
(University of California (1947))covers a large range of work
and is considered in detalil.

Pravious analysis of gait had been deficient in description

of the components of the rotation of body segments about the long



axes of the segments., Tests were performed on 29 subjects
in which pins were driven into the following bony prominences.
1, Iliac crest of the pelvis.
2. Adductor tubercle of the femur,
3. Tibial tubercle.

Wooden rods with spheres attached extended sideways
from the pins far enough to be clear of the outermost projection
of the shoulder. The subjects walked along a straight path
viewed by three cine cameras situated above, in front and to
the right of the subject, The cameras ran at 48 frames/sec
and a clock mechanism, viewed simultaneously by the three
cameras allowed the synchronisation of the records. The
records were analysed at first taking account of perspective
and parallax errors. It w;s found subsequently that during the
middle sixty per cent of the stance phase the values measured
from the orthogonal projection were correct within 2° although the
value at toe~off could be in error by 6°, The projected angles
were therefore used subsequently since the amount of this error
was less than the variations between individuals. The averages
of the ranges of angles measured for the pelvis, femur and tibia
of 12 subjects were respectively 8, 15 and 19 degrees. The worst

errors would be for the tibia which has the greatest range of
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angular movement in the sagittal plane but even so it would
appear worth-while to apply a correction where an error of
6 parts in 19 is possible, Th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>