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=LIMMARY

We have at our disrosal a riece of eauirment which
cann  accurately define bodry raositions in free srace.
The question to be answered iss can wes by arplying

this techniaue in the field of clinical 9ait analvsis,

(Faving Farticular attention to the drnamic
characteristics of the Lrnee Jjoint), further our
bviowl edge of the kEinematic behlavour of in—vive human

joint endorrostheses and diseased natural JjJoints.,

ALl thoush I am in no way attemeting to derosate the

srstem describeds it will he suggested that opur
justification for use of such a techniaue inm this

Farticul ar clinical arrlication is questionable.

'I.l-
.

Frorosals for other clinical and sumdiﬁnan—ctinicat

"'j -1 "o

arrlications will be made in the Lisht of rilot studies

conducted in our Llaboratory and susggestions made by

fell ow workenrs.
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ABRSTRALCT

The rroject set out to use a very erecise three
Jimensionat tracking srstem to identi fr chanses 1in
jioint condition for use | T clinical assessment.

titried and untested the CODAR-3 was brousht inmto the

derartment and pPut throush a six month reriod of

validification in order to evaluate'it’s carabilities.
These are described in detail in the text. Once
satisfied that the eauirment was carable of measuring
minute raridly changina rosition of: it’s rFrismatic
markerss rilot studies -were- devised to assess it’s
ability to rerroduce the results from well recosnised

3ait analvsis techniques. It gave rFrromising results.

The next task was to determine which: set- of
parameters we could derive usinge CODA-3 that would be

of.-use in describineg the kinematics of the dJdiseased

and/or rFrosthetic knee for use as a tool in clinicatl

assessment.

llsing FORTRAN, subroutivnes were written and run on
s DEC LSI-11 computers to collect, store and analvse
the .y and = coordinates of the eight CODA Landmarks.
It was hored that by arFrrorriate sitin3g of the markers
the wvelocities and acclerations of the seaments
comFrising a Joint could be monitored throushout the

gait cyelte. The resultant pratterne of these rarameters



were rlotted out, and the actual data values stored,.

It was hvrothesised that weaknesses in a Joints
whether or wnot detectable by clinical exaﬁination,
woulds at roints in the 2att cycle of maximum joint
Loading be seen as ectorics in the smooth waveform of

the acceleration and velocity rrofiles expected from

the normal knee,

The results the author eresents would sugq9est that
if the Limitations of this rarticular model could be

overcome (as it is rerorted they  witl be)- thevnn the

techniaue fas the- carability ~of highlishtins
abnormatities in a Joint. . The author -is doubtful
hocwever ~ that these same weaknesses ~could not be

detected by the cltinician. The system may wellt have

cther arrlications related . to .this area of work and

these are discussed.




INTRODUCTION.

HMuman Locomotion.

> Homo sariens is essentially a mobile organism

Frovided with a musculoskeLetallsvstem allowins him to

carry oput 8 vwvariety of activities. His various

habitats veadire him to possess combinatiovnis of sreed,

endurance and accuracy of movement i1deally at Low
enersy cost. These- movements range from a9ross hbody
disrlocements to- small - movements of individual
etements. The -control: - mechanism for  &all these

movements consists of a complicated network of mnervous
tissue which maintains the balance of activity hetuween
the musctes which produce the desired (thoush not
riecessarily voluntary) movement. Jur epavrticular
interest is that of ambutation, and for fhe>~most part

this thesis' will use the term “"movement" srnonrmously

with 2ait.

We car tell both by sound and sight if a rFrerson’s
sually well co-ordinated sequence of movements
comerising a “"normat g9ait" has broken down. It is ontvy
when the svystem- “breaks downY that the individual
realises how automatic the "act of walking is. I

Brieve's 194% rFarer on the assessment of 2ait he states

“"Wallkineg Like manv other repetitive activitieSeeeesls




thoroushly famtliar to us. vet how many of us could
state what movements take rlace in anatomical tevrms or

in their rFrorFer seuence 7. Anry Loss of mebility

throush accident or disease areatly affects the
individuals arrroach to Life both rphysically and
esycholosicallys not Least of atl because of his LLoss

of inderendance. These disabilities involving the

musculoskeletal system by nature of their eratholtoay.

invariably resutl t in the ratient exrevriencing some

dearee of discomfort., The desire o eradicate rain
(the extreme of discomfort), is the primavrr reason for
consultation of medical helr and: avoidance of tasks

which might irritate the condition {(Watl 197%).

Joint Conditions

This study is centred around those individuals
whose  main rFrathaoloary Llies within the knee joint and

associated structures. However the interrlay between

all comronents of the skeletal srystem has to be borne

in mind and on allt rFrossible occasions an holistic

arpvroach to the problem should be made.

Joint degeneration as seen in osteo and rheumatoid
arthritis can be  due etther to underlvying metabolic
abrnormalities or erimarily of mechanical cause, ie. A
inabkility of the tissues to resist stresses arrlied to

the joint. If thaese stresses arve hish enounah Ligament




rurture may  ocour as o carn Lone  bone fracture. The
wearing away of articutlar cartilage bousht about by
these mecahwnical forces, cav be rreceeded by factors
such as chemicals enzymic or metabolic influences which

Lower its vield strensth, Mnece the tensile strensth of

the cartilage is exceeded "wear? resul ts. Fersistent
stresses wmill result in failure to heal: and these are

the cases which rFresent themselves to the clinician.

Not only in the nmnatural kree Jjoint but also in the
erosthetic knee , mecahnical factors can brins about
joint damase. Loosening of a rrosthesis can he as a
result of reretitive imractina, matrositioning of the

Frosthesis or Frosthetic obliquity. where the

Frosthesis is imrlanted at an ansle to the horizontal.

Tables 1 and 2 show the number of individuals who
sought medical advice for a variety of musculoskeletal

disorders. Table 5 shows for that same samrle: the

numbenr of srecific orerations carried out. Here

arthrorlasty relates to all Jjoint rerlacements and not

orily to knee Jjoint rerlacements.

When conservative treatment has failed to arrest
or delay the rFrogresston of an active (inflammatory)
stase of a rheumatoid or osteo—arthritic attack »thens
if it is felt arerorriate an arthrorlast may be

imrlanted as a means of alleviating rain and restoring




CONSULTATIONZ FER THOUSAND FOPULATION:

SEX. AGE. DIAGNOSED CONDITION.

ALL 0= S=  15= 25— 45—  4%- 75+
AGES 4 14 24 44 54 74
RA M 10,0 0.2 0.1 0.7 &,0 22,0 30.9 25.0

O

and allijed .ﬁ ,

conditions. F 23.1 0.3 0.9 2.5 11.9 3%.
QO

_f"
5
%

OA M 28,4 0.1 0.1 1.3 9.8 S8.3 108.7 129.2

avid allied A ’

conditions., F 3.2 - 0.3 1.1 10.4 73.7 aR.7 292.3
P 42,7 0.1 0.2 1.2 10.1 &3.8 155.0 240.0

RA Rheumatoid Arthritic
0A Ostecarthritc

M Male * |

= Female

F Forulation

TARLE 1




CONSULTATIONS FER THQUSAND FOPULATION:

=EX> AGE, DIAGNOSED CONDITION.

AGES 4 14 24 44 &4 74

Torn M 3,7 - 0.7 &.7 7.5 3.2 Q.5
menniscus of _

the knee. F 1.1 = 0.7 2.2° t.1 1.4 1.0
P oa.5 - 0.7 4.4 4.3 '2.3 0.8

Other forms M 4.3 1, 1.2 &.3 7.1 4,7 . 0.7

gf internal ‘ “

0ok, F 2.1 2.8 1.2

0
Q.4 2.0 3.1. 1.%
7

1.2 4.6 4.4 3.8 1.0

0, Derangement of the knee
M Male

F  Female

F Porulation

TARLE &

T+l

3]

r)

0

O




ESTIMATED NUMBER OF OFERATIONT FER 100,000

SEX, AGE. NATURE OF OFERATION.

AlLLL
AGRES
Arthrorlasty M 41.1
(ALt tyres). F 104,11
Excislion of M 44.7
semi~-Ltunanr
cartilase F Y

0-  S-
4 14
2.0 2.0
1.4

TABLE

-y

s

15—~ 45— 45— 75+
34 44 74
7.9 71.5 170.2 192.

2.7 14.9 128.5 329.3 205,



as much function as rossible to a diseased Jjoint. The
failure rate for the total knee Joint rerlacement
areration is shown in tables 4 and % from a total of
345 grevrations carried out between 1972 and 1920  at
Harlow Wood Orthoraedic Hosrital. (Tew and Waush 1982).

The comraratively short Life exrectancy of the
rrosthetir bnmee may be attributed to the hisher

mechanical stresses involved comerared with some of the

more con9gruent joints such as the hir (Johnson 1752).

If failure in the form ‘of a revision orFeration
hecomes tecessary the critical mechanical factors seem

to be wear and loosenin3s which may or mar not be
acenciated with malatignment of the rrosthesis. If

those ratients at risk can he recogsnised by their

Fathomecahnics then this will ke of wvaluwe in theitr
maviagement and in makine & Freo9nosis. Therefore i e
have a method of evatuating the dearee of rrosthesis

damaase without waiting for failure ie. iN=vivos their
treatment cann be or3anised such that they underso
minimal amounts of surdery and can maintain an

‘ndependent rain-free Lifestvle.

| ikemise there is a 3rour of patients who exhibit
~tronic instability of the knee due to Ligamentous
injury or meniscal damase. These {wa conditions have
been seen to be followed by the develorment of

scteparthrits of the krnee in Llater Life (Fetto and



ESTIMATED ANNUAL FAILURE RATE OF KNEE REFLACEMENTS
“WHERE SUCCESS IS DEFINED AS THE PROSTHESIS

REMAINING IN SITU.

Years Since Qreration. Annital Failure Rate

{rer cent).

0 -1 0.7
> - 2 2.3
>2 - 3 £aS
>3 - 4 b3
>4 -~ 5 36
»S - & 7.0
b =7 15.3
7 - 8 18.2
;3 = 9 bbsa7

Takle 4

e R
t

Rerroduced from Tew and Wauszh (172%).



¢

ESTIMATED ANNUAL FAILURE RATE OF KNEE REFLACEMENTS
WHERE SUCCESS IS DEFINED AS THE PRISTHESIS REMAINING

Lo IN SITU WITHOUT CALUSING SEVERE FAIN.

Years Since. Oreration. Annual Failure Rate.

(rFrer cent).
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Marshall 1%=1. Faitrbank 19432). Recoanition of those
Fatients Likely to develor subisequent | jioint disease
wibl ohviously aid in rlanming treatment regsimes

whether-in the form of dru9e therary, ephysiotherary ovr
SUT'IErY. Hences as with the knee- replacment ratientss
a knowledgse of the rathomechanics of the knee invalved

may helr to hishlight those factors which are related

to subsequent joint deseneration,.

Riomechanics

The common element - in these two 3rours of ratients

seems to- be the need to auantifr movement and logadinsg

Leading to an imrrovement in our kriowledge of the
mechanics of the Joint. This woutd ideally bhe done
i M=V iVv0os s0 excluding the rossibility of s ing

techniques emrloved in triboloay, e1. wear and creef

analrsis. (For details of this viork see
Seedhom(1773)). The area of study which aims to

describe these human movements is that of kinematics.
The descrirtion is carried out inderendently of the
forces that cause the movement. The field of kinetics
on- the other hand, attemrts to describe the internal

arid externat forces which Froduce those movements.

K.immematics.

If we wish to describe the movement of one body




seament relative to another we wse terms such as
flexion, extension: Froximal and distal borrowed from
the anatomist™z wvocabularys these terms comrletely
describe £3£é$ém§ﬁ1;” They do not however Locate a body
irn free s%ace, for ftﬁis we need to establish an

abcolute sratial reference svstem. The convention in

s, # .
human movement studies . uses the XYZ «cartesian

co-ordinate systemdt—~ .

X direction (anterior—-sosterior) is alorng the Lline

of FIrOoIressions:

¥

Y the vertical directions

I the sidewars (medialateral) direction.

—ee figure 1.

LLikewise a convention for zero reference and
rositive direction have been set~ur and similartly for

velocity and acceleration (both an3gular and Linear).
The kirematics of a bady seament can hence be described
by a vast number of variables, far too manvy for
maniageable Frurroses, s0 to make an analvsis more

Fractical assumptions about Flanes of movement.s

cymmetry of movement and 3rouring of several seaqaments

into ones are carvried out. For a comevrehensive
descrirction of methods of data conversion and
Frocessing see Winter (1979%). Some of the wvarious

techniques available for measurement of these variables




Wedivreot i On

MEDIIAN SAEITTAL FLANE
CORONAL FLANE

TRANSVERSE FLANE=—— Z-=direction

X~direction

CONVENTIONAL CO-ORDINATE SYSTEM USED IN HUMAN
MOVEMENT STUDIES.

Figure 1



are discussed in the Literature revieuw.

boinietics

There are very few accertable techniques ‘which

allow the direct measurement of joint forces, hence
' inetics tends to use an indirect method of calculation

musined kinematic, anthrorometric and external farce
data, The essential for this tvyre of catculation is a

300d model orn which to works and this is often in the
form of a Link seament model. Breaking this model doun
into:it’s comronent rarts vields a free body dia3aram of

each seament. - Taken into account are  ° the
garavitationals external and muscular forces alons with
the reaction force between seaments. A3ain examrles of
this techriiqaue of free body diasrams and their
associated calculations will be discussed iIn the

Literature yreview,

In clinical arrlications where the #roblems

discussed earlier are the main areas of concern, the
rlinician presently relies uron clinicatl lLaxity tests

which 4ive him some measure of the desree of Jjoint

hvyeermobilitys hence Laxity.

Laxity Tests

Translational movements of the tibia on the femur



cann bhe detected by Laxity of movement under stress.

Anterior-rosterior and rotational instability can be
detected arid conctusions drawn about Ligamentous
injury. The Lateral rivot shift test and the anterior
drawer - Si9ns when rositive,  sugqest anterior
subluxation of the tibia on the  femur indicative of
anterior cruciate Ligament ratholosy. The drawer sian
is deemed rositive whenn both anteriorlateral and
aniteriormedial rotatory instability are evident,
(Combined ALRI and AMRI.) A rositive drawer sian can
also be elicited when rFosteriolateral rotatory
instability 1is rFresent, I this situation the
Fosterior cruciate Lligaments have impaired function,
altowing the tibia to sublux rosteriorly on the femur.

There are mary Fermuitations Ot the above mentioned
tests revealing combinations of Ligamentous injuries of

the knee

There arrears to be a need for a system ovr systems
that allow the analrsis of stresses within the human

jointss both natural and rFrosthetic. In  order to

anantifr these LlLoads o knowledse of the movements of
the Lower Limb se9ments is reauired, Ideally the
s7stem would interfere minimally with 3ait,. be aunick to
set-ur and calibrate, 3ive on—Lline data analvysis and
the facility for hard COory rvesults., Frimarily it
should vield results which can be used to identify anvy

chavnges in the condition of the joint.




As will be seen from the literature review there
are on the market several biomechanics force rlatforms
(Kistlers AMTI)>» used in the measurement of Joint
Loading. However the techniaues used for rFreciselyr
locating Limh seaments in free srace fall short of the
ideal for one reason or another, OQur aim in this

evroiect is to evaluate the use of onme such techniaue of

I~-dimensional orientation of bodr rparts.



LITERATURE REVIEUW.




LITERATURE REVIEW

brnee  Joint  Force Estimation: Enee Joint Rotation

Indices of Function.,
INTRODUZTION
Fhases of the Gait Crocle.

Mary workers including Feizer and Wriasht (1%71)
Murray (19467)  and Inman Et}aL‘(l?Ei)hahooge to divide
the 3ait cvcle into two parts. namely stanmce and  swinsg
Fhase (Zee fiaume,fi). These. as. the ;namegpmnuld

) ‘ § g
su3g3est account for the time srent by one gr the other

Leg with the foot planted < onito * the 3around: étanr:e
Fhase. or freely swinging afteyr removal of that foat

from the 3round: swirig rhase,

There are six key events within the stance rhase
hegirnnine with heel contact, foL[EweH by foot flat (thae
sole makine contact with the 9vound). then mid-stance
(as uthé hody is swuns over the éupporfin? Lea). After
this POiﬂf* the foot is 3radually brousht off the
3round. firstly in what is called the heel-off rhases
then in rfFush-off as the <Calf muscles iMoeease N

activity and finally in toe-off where the entire foot

Leaves the g9prounsd.
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Figure 2 Phases of the gait cycle (Inman et al 1981)




The swivns frhase 15 marked by an early accelerative
reriod immediately after toe-off allowing the Les to
aet ahead of the bodr. A final decelerative Frhase
mhich controls the velocity of the Llimb seagment is
serarated from the inittiat rortion of the swineg by a

Ltoosely defirned mid=swing phase.

From this brief resume of the 3ait crcle it miaht
arrpear at first sigaht that sait itself is a simple act
. but the classification above only serves to aid our
seraration of the cvycle into managable rarts. Added
onto this are the rroblems we encounter when we try to

annalrse a crole of gait from a ratient with imratred

mobility from whatever ratholoav,

Numerous arproaches have been made in arn attemet
to auantify 3ait and hence to 3ive it an objective
treatments some vielding kivematic and others kinetic
data. A seamental arrvroach to 3ait aralvrysis ie.
movement in srace of baody Pparts, is a3 major area of
ctudy (Murray 1964. 1967 a rost war fore-runner in this
fieltd), which whern courled with kinetic data (ELftman
1939 one of the first workers to use this methodolosy)
ar with other kinematic data (Morrison 194632) makes for

2 comrrehensive assessment of 3ait.

Hrand (1721) in his Letter to the editor,

iaht ishted the Limitations which we must alwaves he




amare of when evaluatins 43ait: wusins biomechanical
tests. The clinicians observations and other tests he
has at his disrosal: are wsed to make diagdnoses and
routine clinical decisions. The tests the biomechanist
emrlors: often using very sorhisticated equirment.
merely aid in the evaluation of a musculoskeletal
dicturbance. The temrtation to attribute these tests

with diagnostic rowers must alwavrs be resisted. They

merely, "...helr determine the severity of the disease

ar evaluate one rarameter of the disease." (Brand).

He rontinues by rointing out several factors whioch

those involved in develoring 9ait analfsis techrniiqaues

must be aware of. They are as follows:-
1. The measured rarameter(s) must

correlate well with the ratients

functional caracity.

=, The measured parameter must not be
directly observable and semiquantifiable

Ly the pPhrsician or therarist,

T The measured rarameter must clearly

dictinauish between normal and abriormal.

4. The measurement techniaue must not
cianificantly altter the rerformance of

the evaluwated activity.,



D. The measurement must be accurate and

rerFroducable.

e The results must be communicated i
a form which is readily i1dentifiable

im a phrsical or physiolosical analosue,

A technique cannot hore to 430 wideseread
accertance i1f 1t not usefuls so throushout this rroject
the above re¢0mmeqi§}ions and those of Larcock (1974)

below: will be referred to.

Carrozzo (19583) talks about some of the objectives
of 9ait analvsis. assumina availabilitr of suitable
data carture techniaues. (Referencine Brand (1%81).).
He dJoes this with particular emrhasis on 3ait analrsis
in the clinical settins., He advocates a move back to a
more scientific arproach: with the aim of answerins the

*whvs? and not Just ‘“how®™ man walks. tur analrsis

techniaues should, he states be Looking at the stratesry

of motion that the ratient adorts. This stratesar is
dJerendent LLF O the functional and structural
~onstraints imrosed by the ratients Jdisability,

secondly: and his ability to rut tosether a Locomotor

act. Satisfactorvy rerformance of the Locomotor act
altong with it7s consistency can be assessed by Lookins
at the rarameters hbelow. and this, stategs Caerrozzo0. | §

a measure of the auality of the 3ait that the ratient




car evradure, These terms which are a measure of

function are as follows:-

I. Maintenance of bhalance

'

2., Mechanicel lLoad on tissues

.

3. Energary exrenditure.

Camrarison of ratient mobility with mnormal 9ait
meed wnot always be made in the literal sense. It can
be assessed in terms of the ratients abilitr to effect
a rFattern of Llocomotion compatable with his needs.
Instead of continuineg to amass vast amounts of data on

human  tocomotiors e should conrnicentrate on attemetins

to exrlain what we observe. To do this we must start
to interrret the data we collect with our sorhisticated
equirments In a more scientific manner (Carrozzo 1733},
We may then be in a rosition to answer same of the
questions about whry man moves as he doess and not onlvy

how he rerforms his lLocomotor act,

In the cLinical setting evaluation of 9ait is
useful in order to assess the effectiveness of surgery,
the behavour of endoprostheses and the suitability of
articular Fhysiotherary regimes. The rarticular
Froblems that were rresented at the outset of thic

evrpiect involved develorina a method or methods of




auantifyina the toads anmd movements at the bknee Joint,
whether iy the natural or prosthetic knee. It wasg also
a reavirement that the techrniaue develored followed the
agnidelines Laid down by Lavycock (1974) resardinis the

desian of methods for 9ait analrysis: namely

1. “houltd 39ive a auick aualitative imrression of

the subject™ s walking strle.

’-'

2. Should 3ive accurate objective information and

must not interfere with walkinsg.,

5. The record should be made within 5-10 minutes

with only semi-skilled assistanrce.

4. The plot of the gait should be rreservable so

that future easr insrection carv hbhe made.

This Literature review will 9ive an overview of
the "State of the Art" of knee Jjoint force
determination and measurement of Jjoint movement about
the sagittal, coronal and horizontal/transverse axes.
I+ willt discuss some of the methods used alorns with the
assumrtions made. particularbly in knee Jjoint modellinag,
It will also talk about the data that can he obtained
usims these various methods as well as their drawbacks

and fimaltly relate atl this to the 3ait assessment




terhntage o bhe develored v this Frolject.

A few raragsrarhs will e devoted to a discusszion
about the aval iable methods of g9iving an "Index of Kriee
Function” to a ratient and this too will he Linked +to

Ay attemept at auantification of knee function.

Before embarkineg on this rroject it was necessary
to become familiar with the anatomr of the Lower Limb,
rarticularly those structures involved in erovidins
knee Joint  stabkility.(fias 3 to &) Several texts were
found to be of rFarticular wse includins Erar (XV
Edition): Karandii (1970) and amonast the more arrlied

books Rasch and Burke (1978),

Two classic rarevrs: Fick (1911) and Brantisan and
Voshell (1941). 9ive us a hase Line from which to work:
hoth of which: usin3 cadaver material, highliahted the
~onitributions made by variouws structures in and around
the knee Jjoint. PBoth studies allowed a descrirtion of
gtructural activity when the krnee is in varrying dearees
of fltexion/extension and varus/valaus., Their work has
heerr updated by the develorment of instruments desiared
tg arply stress to and record disrlacement of the
L igamenits and menisci of the knee (Seering 1920 FPiziali
1720 . Warma arnd Watker (1974)  wuwzsed rcadaver material
avd  applied toraues and axial Lopads to the Jjoint.

eroduring measureable rotatians ard reduced rotatory
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Figure 4 Right tibia and fibula anterior surfaces
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Laxity {(a furnction of ligament anrnd menmiscal activity).

In wvive studies have recessitated sublective
assessment of Jjoint laxity with trrical clinical tests
inctuding the drawer sian (Horrenfeld 1974) for
anterior/rosterior Laxity, Work rublished describins
krnee Laxity and ratholosical structural alterations
incltude rarers by Chick (197%) Fetto and Marshall
(1931). Lirke (1731) and Levr(1932), Standﬁrdised
terminolosy and classification of these instabilities
were develored (Hushston(1974)) with dJocumented
clinical evidence fresented to surrort their work.

(Hughston and Barrett 19335.)

SfFESSIfESfiﬁﬂ machines e3, CYBEX II (Nomea Ltd.)
and the A&rthrometer (Medimetrics). have been emrloved
to evaluate knee stability/laxity in rnormal and damased
joints. uantitative information on cadaver material
by Fukubarashi (1932) and live subiects Torzitli (1921)
and Shoemaker (1932) 41give joint disrlacements and
degrees of tibial rotation during antero-—-rosterior

motion under arrlied toraues.

NEE JOINT FORCE ESTIMATION

There have only been a few studies where knee

joint forces are measured directly. mnotabkly Frankel and




Burasten (1%71) ard Ferry (1975, o both
incorrorated force transducers into knee Joint
rerlacements. However no work has rvyet been epublished
on direct measurement of forces in the normal heal thy
knee — the ethical and rFractical rroblems obviagusly

ereventing this.

Hence 1t has been necessary to rerform inmdirect
three dimensional analysis of forces transmitted at the

lknee., Exrerimentation is now at the stage where the

dynamic rosition of the Line of action of the regsultant
ground—foot force can he determined and, with a

kvowtledse of the sratial orientation of the kree. anrd
making assumrptions and simerlifications about muscle and
Ligament action- the Loaadine of the knee joint can be

auantified. (Includineg ELlis et al 1924 Jarret et al

19230 and Tait and Rose 197%.)

The methodolosry wused involves measurement of
foot-flLoar reaction with a force rlate. several of
which are on the market (Kistler, AMTI). These
generally 3ive a voltage outeut prorortional to the
force exerted on the rlate three orthogonal axes and
the moments about one or more of these axes. Sratial
orientation of the Limb canm bhe observed by cine-
Fhotodrarhy wging bonry Landmarks or estimated centres
of rotation Alternativly 3oniometric devirces e.3,

Polarised Light Gomiometer or Electrosoniometer provide




details of the anaular ortentation of Limbk seaments
relative to one another. ombining  these data and
fittine them into a mathematical model of the knee
allows estimation of the total force durineg sait
(Morrison 1%&&8). (Obviously to model the knee lJoint

simplifications and assumrtions have to ke made. The

validity of these assumptions will be discussed Later.

Manr models of the knee have been devised: some of
the simrlest systems (Morrison 1942) comprising three
muscle 39rours and four ligaments across the joint, and
other more s50rFhisticated models (Chao 1920) describinsg
the knee in terms of Eulerian ansles, referred to as a
three—axis ovr 3I¥roscoric srstem. Harvrinsaton (1976)
grorosed a3 model to determivie the knee Jjoint forces.
making several assumptions about Ligamentous tensions
annd muscle action. He only Looked at the stance rhase
of =2ait and excluded from his model gravitational and
inertial forces. Work by Faul (19265%) and Marrison
(194£8) showed that maxtmum joint loading occurs durinsg
the stance rphase and that swing rhase loading is due to
the effects of 9gravitr and inertia onlv. A more

detailed Look at three rarers tryrpical of the arrvroach

now  being wused to study knee joint forces will follow

rarticulayr attention beinag rFraid to the assumetions in

epach Case.

Harrinaton (1974).
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In an attemet to simelify the force actions at the
briee the cruciates were  assumed to resiszt only
antero-rosterior disrlacements whilst arny tension in
the anterior ocruciate s accomrpanied by no tensile

force in the rosterior cruciate and vice— versa. The

cruciates were also assumed not to transmit moments in
pither the sagittal or frontal planes, and that there
is no antasontistic behaviour betweenn the flexor and
extensor comrartments of the knee. A single Line of
action i 8 assumed = to rerresent the intearated
contraction of muscle fibres comrrisine a major muscle
Irour 2.9. hamstrings, auadricerss sastrocriemins. The
direction of this sin3sle Line of action was determined

theoretically from cimefilm data and anatomical

~onsiderations of the knee.

The centre of joint pressuves which wvaries with
the dearee of abduction/adduction of the tibia (in the
coronal rlane), was assumed to have a Limiting value
squivalent to one auarter of the knee condvylar width:
this being measured from the vertical tibial axis which
rasses throuzah the knee Jjoint centre. This assumetion
allows for three variations in contact between femoral
and tibial condrles. Two involve one roint bearins
contacts with the resultant Jjoint force concentrated
ejther medially or LlLaterallwy, and the third involves

two POt comtact, the Ltoad being distributed betweern

mediatlt and Lateral comrpartmente.




Harrinaton justified excludiveg the aravitationral
and  inertial effects of the Limb segments from his
model by calculating their effect on the fore avd aft
knee moments (n  the sasittal elane durineg "fast®
walking. Their influence was considered to be small

evioush to be omitted from his calecutations: as did

Brester and Frankel (1250) Morvrisaon (1942).,

The assumrption of tension being rFresent in only
ane cruciate a3t a time is questionable. In two
conditions,

. In knee flexion of 3areater tharn 70 dearees

ands
2. When the Joint is actively serparated,
there has been found to be tension in more tharn one
cruciate. (Steindler 19%5%5). Al thoush in normal
walking these conditions are 3evierally not found: their
effect on tension in the cruciates should be borrne in

mind when dealin3 with the ratholosical knee.

Non—antagonistic behaviour of muscle 9rours around
the knee lJoint has been assumed in order to model the
sauitibrium state of the knee, where external forces
are matched with forces between the tibial and femoral
~ondvles and force actions in the muscles avd
Ligaments. Electromrograrhic studies have shown that
antagonistic bhehaviour occurs for arproximatiy 10% of

the 3a1t c<rocle, mostly a2t  heel strike (Marrinaston




1974&). The same author also su3zests that the
hamstrinas and 3astroconemius  function at different
stages of the walking cycle and never tosethers this
heing surrorted by Inmarn et al (1921) and Faul (1974).
This allows calculation of force actions in either one
agr the other of the muscle 9rours. (One excertion to
the above statement is when the Iindividual stands still
ovi tir toes when both the hamstrinas and 3astrocvemius
are active (Faul (1974)). [Nletailed accounts of
electromyoararhic studies of muscular activity durins
the 3ait cvycole have been rPublished by several workers
including  Joserh (1760) and Carlsoo (1972). These

should bhe referred to for a definitive exrlanation of

their methods, techniaues and results,.

In Morrison®s (1%42) rarer moment arms for the
resrective muscle 39rours are assumed to be calculated
by scaline data obtained on musrcle ori3sins and
insevrtions. Fresumably collected from cadaver material.
The accuracry of the resulting muscle force (calculated
from total moments and these scaled momernt arms) is
undefined in their FrFarers i.e. those of Morrison

(174A3) and Harvinagton (1974&).

This issue of a sinale Line of arction of a musrcle

FPOUF ardd the directiorn of the resultant force

rematning canstant regardlese of ivitens it o f muscle

action. are two assumrtions whose affert uron resualtant




Location of joint force are wunknown at rFresent. NO
doubt electromvyoararhic work could shed some Light on
this area. It should bhe hightioghted here that Morrison
omitted from his calculations the actiors of the tensor
fasciae Latae, gluteus maximus and rorliteal muscles.
Agalin this Wwas iustified by the results of
electromroararhy and the need to simrlifr the knee

joint model.

ettlekamp (1972).

Kettlekampr and Chao (1972) «chose a free body
diaaram of the Lea thvoush the knee joint, emploring a
frontal rflane analtrsis to rFredict resultant force
distribution betuyeen the jioint surfaces dJdurins
standing. A3zain to compensate for lLack of knowledse of
specific functional anatomry, several assumptions had to
ke made. A "normal® foot was assumed, which would have
no effect on the forces transmitted throush the knee,
1t was assumed that in the varus or vald9us kriee rassive
forces of the medial collateral Ligament ar the
combined resistance of the Lateral coltateral and
itiotibial tract come i1nto rlay, The orientation of
these two sets of forces was assumed to art at a fixed
andle with resrpect to the femoral mechanical axis., In
the case of ove roint of ocontact Kettlekame assumed
this roint to  remain at the centre of the arc of the

contact surface of the tibkita. with varsima tibial




amales.

s with rrevious workers Fettlekamre had to make
several auestionabte assumrtions, A1 arbitary
assumetion is made regarding the floor reaction force
in that i1 1 s Fresumed to act vertically throush the
centre of the ankle Joint, this assumrtion can he
verified from force rlatform information., He also sets
the centre of aravitry of the Les to be at the mid—roint

of the tibial axis and a fixed rercentasze of body
weiaht was used to determine seament weight. These two
assumptions no doubt Llead to evrvraors irn catculated
values of medial and Llateral Lloadine, the former
assumption more so0 than the Latter. Kettlelkamr would
have hbeen better advised to use Demepsters (1955)

results to locate the centre of mass of the calf as

mell as to determine sesment weiazht,

Roentaenodrarhic work was used to Jetevrmine
arigins and insertions of Ligamentous structures around
the knee. Obviously this method leads to inmaccuracies
due to human error Iin analysing x-ray material. As

with Harrinaton (1976&) and Morvison (1948) assumrtions

Had to be made but azain the degree to which these

affected the variables in auestion was nat auantified.

Missan (19Z0)




Misgsan {(1920) reviewed some of the above
assumetions. s {13 & srectally devised comeuter
Fro3ram he has amalysed the invmternal eauilibrium at the
briee. It allowed him to alter muscle and Lizament
grigins and insertions. Lines of action and eroints of
aprplication of forces. His results are itemised below.
Duantified resutts of his work can be found in his

FarFers.

1. Intercondvlar force (IF) 1§ hishly sensitive to
small chanses Ry i ts Foint of arpl tcation

anterorosteriorly (A-P) althowuah 3enerally taken to Llie

atons the mediolateral (M-L) axis I N the tibial

platead.
2. IF is sensitive to Location of Jjoint centre
(defined in  terms of 3geometric relation to skin

markers) rFarticulary in the M-L and A-F directions.

. IF is not siantficantly altered by rcharnge i
insertion of the auadricers or by the addition of an
M-L. comronent (justifring Morvrison™s assumrtion about

confining auadricers to the sagittal slarne).

4. Exact Location aof Lisament insertions were found to

he unimrortant.

< Lice of bal anced irnm—rhace activity for the




gsastrocnemiits and hamstrinsgss was verified by moving the

insertions from orne side to another.

f . Asonistic antagsonistic and multirle L igament

Loading exists in tevel walkinag.

It had been stated parlier (Nissan 1920) that the

internal kimetics of the kriee cannot he solved
adeanately without a 3c00d model rlus kriomledse of the
cpatial ortentation of the knee. Johnson et atl (19%1)

have susested that sratial information of bhetter than

+/—- Zmm is reauired for 3gait analrsis. Methods for
determination of sratial (A0) orientation mill be

reviewed in the following section,

SUummanry

It can be concluded that some of the assumrtions
made are accertable whilst others may well have a
considerable effect on the end result i.e. Loadins of
the knee Jjoint. Unforturnately very few of the workers
attempt to auanmtify their errors and others seem to he
oblivious to the Inaccuracies I N their work,
Marrinston (197&) 9ives a +/—- 204 overall fisure of
accuracy to his work.,. Johnsorn and Wauah (1'779) itemise
the following. 2L accuracy for force rlate, +/- 1% for

the analogue to dizttal converter, cross—~tall hetueen

channels +/— 2% and soniometric accurarcy +/- 2 dearees.

.



Fublished values for kvee joint forces include the
followin (tihio~femorat forces) Morrison (124679, 32,05

tag 3.73 times bhodry weiraht (tbhw): Harrivnaton (1774) to

i-d

=ttt Johnson  and Wauagh (1979) & thws Maawet (1974)
4.2 to A thw (derendernt on the assumrtions made). ALL
the figuwures auoted are for level walkivg, for a review

aof maximum forces JdJuring other activities SEee Swanson

(to be published).

KNEE JOINT ROTATIUN

There are & wide variety of tools available which
yield wvarious tryres of information about the rotation
arid seatial orientation of body rarts, The ranse of
comrlexity and hence cost of these devices also varies
epnormousty e. 3. a single axis electrogoniometer can he
aranired for a few rounds (Finlery and Karrovich 1243):
the rolarised Liaht goniometer (Crane Electronics) was
around 4:000 rounds (1923): CODA~3 (Movement Techniaues
| +d.) rcosts around 30,000 poundst the television-—
~aomeuter srystem VICON (Dxford Medical Srstems) is on

the market at 52,000 epounds (1924), Increasingly the

~ost of eauirment must be weighed against the detail

"o

0 far the ideal s5ystem has not heen

11

required,
develored so when choosing a technrniaue several factors
have to be weished-ur against one anothenr. Winter
(197%) suszlests the followina eres. and cons. for

ronsiderationd -



1. Tapital outlay amnd runming costs.,
Z e Frcumberment to a1 t.

I. Time to set—ur and calibrate.

.

4., Availability of data for analvsis.

=, Data format,

b o™

& FExtra considerations ea9. Lighting and range

(herce need for telemetrvy 1vi some cCases).

He then draws uF a table to comrare five well
known techniauess bearins in mind the roints above. (see

table &).

g )

The following discussion of eauipment dJoes not

~laim to be exhaustive but hishlights those systems

which the author thinks arrrorriate to this“studw.

¥

_.l--

The conventional clinical tools for measurement of
static range - of movemen t (i.0. ma X i mum
flexion/extension and desree of valaus/varus) i bude
the 9oniometer manufactured by Zimmer Orthoraedics L1d.
and modified by Waeuah (1779 . This 30 iometer
cassesses extensible  arms to aliow for more accurate

al ignment with the ralrated Loy Landmark s, A
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ctandardised method of use 25 describhed by Wauah is
aeressary to 9ive 4greater accuracy to the recorded
measurements. Favrticuatarly the interobserver

variability needed to be reduced.

A second tyee of instrument which is discussed

below atlows IS tc  record the 9ross movements of a
ioint as orrosed to rFurely angular movement. Both
rlanar and 30 motion measurement will be discussed

al thoush our attention wiltl focus: on 3O measures of

joint rotation.

Goniometers

As mentioned there are a number of goniometers
avaliable for the measurement of joint rotation:
carable of detatlin3s the movements of Limbh seaments in

the sagittal: coronal and transverse planes. b arepovich

(1960) described a simple electrosoniometer (el3on) for
measurement of ankle and knee rotations in the sagittal
~Lane. The rotentiometer on which the el9on is based
has an outrut which registers the degree of flexion/
oxtension. the elgon bein3a rlaced at the Jjoint of
interest. Frobtems of Llocation and movement of the

algon relative to the Limb are it*s major drawharcks.

A more sofrhisticated version of the 9onmiometer icg

the Folarised Lisht Goniometer (Folaon) (Srieve 1969



Reed and Kerwmolds 194%). Folarised Light emitted from
a projector is sensed by receivers attached to Limb
seaments. The time interval between outeut rulses of
the erojector and receiver 5 wutilised to derive a
measure of the an3le between adiacent or nor—adijacent
bhody rarts (Mitchelson 1975, 1977). It is more easily
attached to the subiect than the elaon,. not reauirine
Location in relation to the instantaneous centres of
rotation of Joints. It allows for measurement of
anales at 100 Hz: the data from it comrarineg favourably
with that from analrsis of cine=film. Rerorted
accuracy s within the order of +/—- 2 desrees (Johnson
and Waush 197%). Clinical studies which have emeplored
this system include Arnel L et al (1922  who
investigated the rarameters which mar be derived from
Folgon data and Llooked at the clinical retevarnce of

these Farameters i 1Y relation to biomechanical
variables. Corston et al (1721) used the Folaon to
investisate chandes in knee and ankle arisales of srastirc

ratients undersoing drus theraryr.

The electrogoniometer has been extended by Chao
(1920) to measure rotation of Limb seaments alon3 three
saxes. 1his srstem (s called triaxial soniometry and is
hased on mathematical Eulerian angles and is also
refervred to as the 3-axis avroscoric system, The
goniometer axes do not coincide with Jjoint axes and

hence the errors incurred have +to he Jetermined




theoretically. The accuracry of the arraratus was
assessed by comraring the calculated av3les (knowins
the orientation of the two reference frames) and the
measured an3tes. This is cavried out on a joint model
ta vietd identical Jjoint orientation so that relative
sccuracy can be determined. A mean error of less than

two desrees for all ansular cComronents was deduced. A

correction for cross—tatk (difference between actual
joint motion and sontometer measurements) as develored
hy Chao was based on modelling of the srstem as a
cerpatial Llinkage, and solvineg it by the 4x4 matrix

method. Recommendations for mounting rostions are also
aiven by Chao in what arrears to be a well thousht out

papers including all sources of Frossible inaccurarcies.

Another elgon calted the C.A.R.5. ~ . RB.C.
alectrosoniometer consists of three rotentiometers (Z20k
ohmss 1% Linearity) mounted in a rarallelogram chain
system. Arsul ar rotations only are resistered and the

apraratus 1s reasonably self aliganing. It has the
advantase of being Lighweisht and completelr rortable.
However it has to be alisned accurately to reduce
rross—talk (between flexion/extension 3.3
varus/valaus). At heel strike there appears to be a
dearee of noise. which: susgests the authors (Godfrey
and Falconer 1%30). may be rart of the gait crcle
FrrOFEer. Further work will no doubt have to be wcarvied

out to validate this tool. Harmah and McGraw (1920)



have fFresented work using the C.40.R.S. - . B.C. el 30N
to assess total Lrnee arthrorlasty bBut do not 9ive
details of reliabitity studies rcarvried—-out on their

eqitirment.

Townsend et al (1977) describe a asoniometer of

electromechanical tvrre alorns with & rcomputational
techniaue for auantifrying krnee Jjoint motion. Toumsend
points ottt the Froblems associated with rcorrect

fixation of markers which form rart of the external
spatiat Linkagse system uron which the eaunisment is
hased. The rarer suggests a method for relatinas the
Linkase motions (re3jsteved by the eauirment) to the
anatomical motion to vield kinematic data relatine to
tnee joint activity, Radiograrhic results susgest that
movement of the attachments relative to the femur ~ and
tibia have & maximum value of 1/2 th of ar inch which
i¢ assumed to be a consistent error and allows
sssumrtion that the asoniometer s fixed. Tounsend
cu3gests that recomputation of reference vectors occurs
for each test. As lon3e as the attachments do no} move
during the test. it may be that attachment s Less
~ritical  than for other desi9ns. Using comeuterised
data amalysis and reduction. data canm be collected for
seneral analrsis of kree characteristics, althouah
visualisation i1s of diasnostic value. The srstem is
Lightweiaht (0,462 k3) and moderatly inexrensive the

major drawback beins that of fixation. at eresent heing




~arvied out by suction cCcurs.

The rFoint must be made that however reliable the
data rollected by 9onicmetric means mar he. there still
remains the rroblem of data analrsis. Hrieve (1942
cnug3ested an3zle/ansle diasgrams the share of which
allows detection of abtnmormalities. Hershler and Milner
(17580) rpresented metheds of aquantification of these
|l gors (anale/ansle rlotsg) to fFrovide "estimation of
abrniormalitr". This numerical analysis rperforms the

~ralculation of rerimeters, areas and vratios of these

values, using srecificatly written softuware.

Television and camera bhased devices.

Television has been nutilised in a number of
techniaues to automatically track markers placed on the
bodry. SELSFOT (selective Lisht spot recoanition) was
first described by Woltring (1974) and is manufactured
by the Selective Electronic Comrpanvy. It i s 3
~ommerciatty avatlable system, employing seaquentially
cutsed LED tarsgets mounted on the subiject. with
computerised data collection allowing for combination
mith force rlate data to vield knee Jjoint Loadins

information. Reference to Woltring (1920) details the

PriﬁEiPLE of GPEP&fEGﬁf

Nrawbacks of this method are that wired body



merkers are required and electronic sianal to noise
ratio ig a crucial Limitation., Serurious reflections of
l fakt causins  interference is anocther eroblem and the
anthor hags suszested measuring the quiamti bty of
~eflected Lisht and subtracting this from the sianal.
Image distortion resultivng in Low freauency noise is of
Less sianificance than the hiah freaqauencry noise
ascociated with distance variation and aquantization
mhen estimatinsg veloct ty a3 accelevation from
Adisplacement data. Movement of markers dre to
ctructures overlying the bone 15 as with all these
measuringd devices, a rroblem. At present SELZFOT seems
tg vrield useful information for clinical assessment of

-mee Joint loading, havirng a resolutionm of 1 in 4000

and an error Less than 1 rart in 200,

Andriacchi (1977) dJescribed an GPtOHELeatﬁ%nic

cystem comerising two cameras and an electronic cignal
conditioner. The rFrositions of six LEDs mounted o the

tgwer Limbk and used as reference roints were samrled at

s rate of 75 Hz and comrutation of their aD
~ro—-ordinates <carried out. His work is based on the
assumrtion that rolvynomial functions exist that ocan

account  for distortions arising from the 30 Location

from a Flanar ima3e.

A third svstem which claims to tron—out  some of

the eroblems associated with these ortoelectvronie



remote sensing devices hag been develored by Macellari
(1723) ., The srstem vcalled Co=TEL an acronym fon

Spatial Co-UOrdinates for Linear Electrical Transducers’
has vet to be used outside the Laboratory but is
rerorted to be able to track ei3aht Landmarks
simul taneogusly wmith a resolution of 1 in 4000 at a
1QOH= samrling rate. Resul ts from climical

investigations s ing this srstem are v et to be

documented.

As mentioned earlier Boccardi et al (1921)
Jevelored & system to analvse the muscular moments at
the Lower Limb Jjoints durine human Locomotion. Wsin3 a
force rlate, TV cameras and & hrybrid computer thes

Froduceds on—-lines surerimrosition of the vectonr
rerresentind the ground reaction force onto the imase
of the sublect walking. An estimate of the moments at
the ankle knee and hir  Jjoints then follows. by

arrroximating total moment at the Jjoint t¢ the moment
dJue to 3round reaction, The authors roint out the
differences in reliability of the results derendinsg
ureon  the Joint being investisated., The effect that
sreed of 9ait has on inertial and sravitational factors

addins to the unreliability of the techrniaue are also

considered,

They conmclude that this relatively simrle method

aarees well for the ankle anrnd krnee., with other more




ceaphicsticrated techniaues but that for the hig there are

striking disimilarities, These differences are it
down  to the ivertial comronents arising Jue to
arcelevaation avid deceleration of the Lo, The

torhniaue descoribed is reltativiy simerle to carry outs
takes Little time and does nmot encumber the subliect,

The slower cadence g f Fatients with Lozomotor

ratholoates 15, su99ests the authors: Likely to be more

suitable for this arrroximation techniaue than the

higher cadence of their "normal?® test subjects.

Morasso and Tasgliasco (1v23), itsed mirronr
stereorhotogrammetry to imvestigate the Linmematics of

the arm In exrerimental work stations. The srystem
consisted of one camera and several mirvors: to 3ive a
multi— rersrective view, similar to that develored by
Woltring (19E0), Algorithms were used to saolve for

camera calibration and srace localisaton. The system
was develored to work over a Larage range of rostures
rather tharn to asive hish absolute rrecision. Froblems
of which the authors were aware included thtat of
markers becoming hidden, Jdifficulty in auvantification
of errors and the Labortous task of disitisation by

amd to aauire the data roints, They went on to roint
gt that tdeally X-rar stereorhotogsrammetry woutd be
used within joints (see LirrFert et al 1972) and that

comewterised digitisation wonld assist i making this

esvystem a viabhle method on ar—1L 1 ne avalvysi s of hody



movements.

Milrner (1273) uwused a rolaroid back camevra and a

stroboscoric flash wunit in a dearkerned room to obtain
"strobe" seauences for total tr i F rerl acement
candidates. A Varigauard moetion analrser allowed

rlottineg of anale—angle diagrams. A ster on from this
s ing & movie Camera,. Kasvand and Milrmer (1972)
emrloved a comruter srvystem to control a flvying seot
scavmer and ryield similar date to the above. Winter et
al (197%2) used video taring with the advantase of data
being available for immediate rrocessing which can be
digitised via a TV-computer interface. A resolution of

Imm i1s rerorted,.

Rasvand et al (1976) suzgzested in their . rarer that
methods of data rcarture including still or movie
rhotoararhy: television or electronic means can all be
subiected to comrputerised data analrsis and reduction
to vield clinmically useful Information about human
locomotor function. In their rarer they discuss the
merits of the above techniauves, the numerous disrlay

rossibilities and in particultar the use of arnsle-angle

diasrams in ratient assessment,

Both Chens (1%74) and Jarret (1774) have exranded
this idea of interfacing TV svstems to o comrputer

system. ©Cherns rerorts a resolution of 1 typr 240 for




manrkear Lacation. aryret mariaaes to o rease the
crecsolution to 1 orart In 300, & modified wversion of
this svystem. VTEON (e fard Medical Systems). has now

e marketed.

VICON utilises up to seven standard televiszion
~ameras and serecicially desianed software to measure
the three dimensional eosition of a set of conical
markers coated with retroreflective film. Infra—-red
strobes with a flash duration of 2 milliseconds rrovide
the Lisht source., It is rerorted that from almost anvy
andle the Light is reflected bhack. by the marker to its
source, An  averase of 25 markers are thousht to be
eractical. The software allows 4ararhical diseplar of
relevant marker trajectories. Srurious roints due to
reflections or hackaround ima3ses are auntomaticaltly
discarded when the marker Labkelling stase takes rlace:
ie wmhen the orerator identifies each Landmark. At L
data are stored on file and can be recalled and Looked

at in comijunction with electromyoaraphic and force

data.

Three dimensional trackinse devices.

Shroff et al (1974) have rerovted the ereliminanry
e of three dimensional tvarcking of body rarts by
ultrasonic means (UNDFAR) . The arraratus consists of

AT il trasomi o tvansmitter—receiver system (at eresont
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Fossessine only  one  charnmel)s carable of measuring
distarnces of ur to six metres with a restution of Q.1%.
This resolution is hored to be imeroved usivs  acoustic
matching techniaues., A maximum of six Froints can bhe
monitored at one time- the total erocessins time for
=OHz  reretition rate and 10 secs. of monitoring is
arerroximatly ore minute., Further develormernts of this

svystem are vet to be publicshed.

Lemr et al (1932) used a Dorrler radar device to
coltlect information on the involuntary body movements
assnciated with choregathetoid srndromes. When
monitoring these movements the svstem takes into
account the lensth of motion and size of the hody fart

involved, hernice 39iving an index of the burden exerted

by the involuntary diserlacemernits the bodr. A trace
derived from an electrical si3nal contains all the
information on the movement and has been s ed
clinmicaltly to measure the effectiveness of drus

treatments. The main drawbacks of this svstem are that
the field of oreration must be free from Large metal
reflectars. fast movinsg Larae obiects an all
fluorescent Lishtine must be excluded., EBearing in mind
these Limitations the srstem arrears to be a Low cost,

gsimrlLe devire 9ivinsg an on—Line measure of body

movements,

lbafortune et al {1 953) Frecented  work 1L




intracortical cins to measure knee joint rotattons In
carticular rFatella and tibial motion with resrect to
the femoral reference rlane. Steinmann Fins driven
into those rarts were each associated with a tar3set
cLuster., The rclusters were Located in anatomically
fixed reference frames by rhotoarammetry. =i1xteen
millimeter camevras at 100Hz were used to track these
target clusters during walkine and rurming. information
about ratella movement in relation to the tibia and
femur were collected. Ruantified informatiorn has been
dJocumented usin3d volunteer symrtom—free subliects but
the ethical rroblems associated with this trre of work
mwould rFrevent it being used extensivly as a clinical
tool. Fatients with tikial or femoral fixators
imrlanted mary well be & source of interest but once
again practicalities mary rreclude them from hein3 wused

ivt this tvere aof work.

O 30 x—-rar techniaue (birlanar radiosrarhy) for
arcurate measurement of intervertebral movement has
heen rerorted by Pearcy et al (1%59). This techniaue
has bhbeen used clinically to assess surdical fusion and
mechanical instability of the serine. MA3ain the ethical
rroblems of wusing x-radiation as rart of an assessment
techriaue mould hamrer i1°s wse as a routine method for
arrlication tc other rarts of the body. in our case the
Ltomwer Limb., WYan Diik et al (1979 and Dimnet (12E50)

ave albl ILs e methods o f X~ ay rhotoarammetyy to



reconstitute the motion of Joints and 2ajve fFrecige
descrirtion of the kiviematics of v vivo Jjoints in both
Flarmar and Dielanar motion. Inaccurate rin—rfrointing of
bovnmy Landmarkss teo  much movement between frames and
inaccurate Location of relative centres of rotation
have all beevnt observed 1w this techniaue and corvection

factors have bheern derived to reduce their effects on

the end resul ts.

Lirrert et al (1972) stated that other than by
surdical exrloration there is no available method to
dJetect early rFrosthetic joint Loosening. The» went on
to describe a method of stereorhotoarammetry of ratella

tracking rpatterns,. uwused to measure the retative
movement betweer implant and metallic- markers,. sited in

bone near the rFrosthetic comronents. Their results
rield disrlacements in the order of -2 mm which they
suagest mar be the order of masgnitude around which fFain
hecomes evident, They have imrlanted steel balls
routinely in ratients underaoing total hise and total
knee rerlacement orerations armd their results rromise
to build ur a data base of movement information and

Longitudinal records of individual joint Loosernins

Fatterns.

The apevoaches described Dy FHeme- lLaforture.

-

Fearcy. WVarm Diik, Dipnet and Lirrert allow the moszt

direct auantification of Joint and limb  se3ment



kinematics 30 far describhed, However for ethical arvd

Fractical reasons these yradioararhic ayin FimTing
techniaues are ot st ted to routine cLinicat
assessment. Methods of datae reduction wsing film

scarmers and rattern recosmition algorithms facilitate
the auntomated analvysis of information collected uwusins
rhotoararhics, cinematosrarhic and 3oniometric devices.
The real—time anlysis of data by ortoelectronic
techniques es. VICON, SELSPFOT and UNDFAR, 15 becomins
ann  incresinaly interestinag area of studr for the

develorenrs inivol ved b Y human movement recordinaga

clinical gait anlysis bheinge no exception.

It would seem then that there is a strong case for

using an ortoelectronic techniaue (as orrposed to other
imagaing or direct measurement techniaues). to auantify
body movements as rart of a 3ait analysis eprogram., Une
such srstem has been shown to Lend itself to several

other fields of study arart from our own. which 5 an

added bonus in a multidiscielinary derartment.

Summarising the advantases that these
ortoelectronic techniaues are rerorted 1o have will
allow us to assess the suitabiltity of any chosen
technique. whether it be one of those described earlier
or & new techniaue. The List bhelow 18 neither
exhaustive: yvor are the items in 1t v order of

imroytance, Houtever it owtlirnes the benefits of



choosing an ortoelectronic techrnique for the aquicition
arnd analvsis of human movement data. arnd in Farticylar

the benefits afforded by a newly develored system.

CODA-~3,

Real—time data availability and on-Line
analysiss

Minimal imrairment of =3ait.

No distracting Lliahts or Loud arraratus
nolse.

With our new system rno calibration

1S reqauired,

Cartesian XYZ data format-.

wreed of observed activity is not

restricted by the Limitations

0f the equirment.

Ambient Lighting adeauate for oreratiorn

ocf the new svystems

lata storage facility., for subsequent
analysisa
tnskitled orerators carable of runnine

the system.

Note that the calibration of CQDA was cherked at

intervals wsing a standard rule, for each of the three

dimensions,

The techniaunes described so far were develored to



auantifr knee Jommt  loadine and movement. e thoan
dnderlying assumption that these will altlow wus 1o
assess the functional caracity of the joint. COhiective
rating srstems have been used at several centres.
emrloying the above rarameters » and others. The

followirng section discusses several of these systems.

AGichroth et al (19783), exrlain the use of a chart
to assess function of the knee Joint bhefore and after
knee Jjoint construction orerations., It 1s a short
questionaire to be used by clinicians., Its aim is to
assess the contribution made by other Jjoints to the
Fatients’ disability > their Llevel of rain. drus
theraries, walkine abitity: range of ioint motion and

Level of carability in & small number of evervyday

activities. The authors roint out that the chart b S
not vet completely satisfactory and outline the need

for standardisation functiomal assessment.

Collorr et al (1977), chose a number of obiective
measurements which were felt to be obiective indicators
of the desree of Fratient disabilitry. The followins3
kinesiolosical parameters were used to assess fpre and

Fost— orerative total knee rerlacement ratients over a

one ryear reriod.

Ranae of active knee Jjoint motions

Externsoar Lasgs




Isometric ztremath of krnee flexor and
extensor muscles:

Cave/Crutech force durinmg walkinga
Velogcity, cadence and stride Lensth
during wallking,

Weight distribution on standing
(duration 1 minute).

Forward: Lateral and vertical rathways
of the head for free sreed walkinsz

Friee flexian/externsion Fratterns throuah

a walking crvcle.

Fost—oreratively most of the ratients showed an

imerovement in rFerformance in the above tests. but were

still below normal standards.

Chao et al (1930), carried out 93ait anrnalvrsis on
firstly normal then fFre and rost orerative knee
saplacement subjects. Eight 3ait variables were ricked
aut to be wused in calcutating an index of overall
function (or rerformance) of the individual. The scale
mwas a rercentile score with a seraration between normal
ard abhmormal of around S0. A second index of srymmetry
with a wvaltue of 1.0, as an indicator of weight beins3
eayalty disctributed between left and risght sides,
Thece indices were uwsed to assess the comrensatonry
action of the nvnormal side. and the derived fum-tional

i merovemen indexs to indicate the difference in Joint




. - 4
cronidition rre and rost—-orerativelry. Tabkle 7 shows a
COMFAarison of roerformance IV e X (1), faor different
Fatient ciibhargurs where I (1) | & the furnctional

imerovement ividexs, calculated as the difference in (I

eve and rost-oreratively,




COMPARISON OF FERFORMANCE INDEX AMONG DIFFERENT

FATIENT SURBGROUPE,

Fatient Grour Fyreor., (1)
LI 4.0 +/- 14,0
RA 2S5 /- 20,5
ihmilateral 25.7 +/- 13.4
Bilateral S, 0 +/= 20,9
L 273 /- 18,4
EC :4-2 +/* 18- {:'
" 12,3 +/- 10,9

DJID Desenerative joint disease
RA Rheumatoid Avrthritis

0 Unconstrained

SC Semiconstrained

= Constrained

Table 7

Fostor., (1)

32,0 +/- 12.8

Ae.7 +/— 9.8

7.0 +/-10.7

IS
11t

.0 +/-11.79

+/~ 14,7

3
~d
rl

3';,-7 -P/“ {:"(:'




The authors nighliaht that *his functional
rerformance index tf£ only internded to allow an overall
comrarison of fatient subarours. anid  that for A,

comerehensive assessment of an individual ratient-

i

~omrlete set of 3ait wvariables should he available,

However this method has rroved to be a useful wary of
statistically manirutatins the data t o 3ive a
comerehensible "finmal score" rerresenting the ratients

functional carabilities.

Tew et al (1931), Like Chao» have devised an
obiective rating system which vyields information
relating to the functional caracity of the knee Joint,.
Measures of rFrain and function are recovrded on a scale
of 1-2. The st::m'*\es are acauired throush a auestionaire
administered by non-clinical staff at am out— ratients
cLintc. Buestions on rain are accomranied by auestions
referring to the ratients druse therary. state of his

acrtive arthritiss his 9eneral health and Fresent mood,

These were felt by the authors to be factors which

elaved & part in his exrerience of rain,

Tests, devised to measure functiomal ability of
the diseased Jjoint before and after grevation to
reclace the joint: were carried out under standardised
conditions. These tests were constructed to isolate
the contribution that the diseased kree makes 1o

mobility bhefore and after orevration. Factors such as




stiffress, weakvess, instabil ity and incomeetarnce of
other jaitnts piere taken into account when scoring the

ratient orn each of the arctivitiecs,

Below ave a List of the fuctional tests used alon9

with a List of clinical rarameters which are rollected
at the same time as auestiormaire administvration, ThHis
rrotocol i & Fresently being used iTm Nottinsham-:

providing a set of data on the functionmal ability of
kyiee rerlacement ratients, alons mith clinical
findinas., Its format allows for easy comrarison of
results. for each test between visits. and highliahis
the contribution to functional disabilityr of the

rerlaced kviee Jjoint,

ARbility to wallk,

lse of walking aids.

Ability to sit dowr and rise ups
Ahility to use stairs,

Ability to stand:

Ability to stoor by bendin3d the knees

Abilitsy to kneel.

Coromnal tibhio—~femoral anstie,
Flexion/extension anales.
HirFr abduction:

Fresence of rigtd valaus foot.,




There ave a Llarge rouamber of data srocessing
techmianes incluwding samrline  theorem and methods of
fittering mnom in wse. These methods of smoothina data
are arrlicable itn a variety of situsations: but their
rarticular arprlication in  our chosen data capture
system will be discussed in more detail inm subseauyent
chharters. For details of dJata FIrocessing | 1

biomechanical researcha Winter (1979) erroved to be a

very useful text.




FORMULATION OF THE FRORLEM.



FORMULATION OF THE FROBLEM.

From the preceding discussion in Charters I and 11
it has been su3gsested that to understand more about the
mechanics and hence rathomechanics of the knee Joint
(and ultimately the whole body) we need a source of
accurate information about the movements of the Uimk
seaments comerising a joint. The clinician already has
a batteryr of tests which allow him to identify certain
weaknesses ‘withivn the joint and aualitatively measure
these. but we need to aqauantifr these movements. We
must also be sure of which rarameters are 3o0in? to be
of use to the clinician in helring him make FroInoses

and assessments of the effectivriess of treatments.

It has been seen that knee an3le/time rlots:
Grieve diaarams and other forms of Fresentation of
analrsed data are of use clinically in characterisins
rathologies and the effectiveness of treatments. (Grieve

19467, Winter et al 1972, Mitchelson 1977 and Arnell et
al 1908, The erimary objective therefore. (5 1o
investigsate whether the wvery rPFrecise measurement of
g3ait can be used to identify the chandes which arise in
& joint: quantitativiy and reliably. Hevnce the first

tack i to echo the tests which produce the ahove

merntioned resuabts with the hore of rerroducing them.

I addition to the abhove variables we will extend




the techniaue to Look at variables which we feel might
he magnified Ly the dvnamic mature of the tests. Tuwo
hyrotheses are rput forward resarding the l::eha.vibou‘r of
the knee ioint and they wiltl hbhe tested exrerimentally

arn a selection of ratients.

First Hrrothesis.

It has been hrrothesised that changes in Linear
ac-celeration of Landmarks mounted arvound the knee joint
might be elicited by Jjoint Loading or change of sense
of direction of forces - seen at heel strike or durin3
sinale surrort (see definitions of these terms in the
Introduction). Thevrefore at roints in the gait crcle
of maximum Joint Lloading it | § su3gested that

mweaknesses in & rFrosthesis are Likely to be RHiahb ighted

By examining this variable,

Second Hreothesis

A second hyrothesis is that by lookinmg at the
difference in acceleration of two markers rlaiced
directly above and below the knee Joint one would see a
smooth waveform in the rnormally functioning knee but in
& biomechanically ursound kree le. v e i th
mediolateral or anterorosterior itnstabilitys one would
see a breakdown of this smooth erattern when the

slir/ierk movement occurs.

hould ei ther of these two hverotheses be acrcepted




ther it would fotlow that from the serijial drnamic
resronses during gat ts charngees P 1 the condition of
rerlacement ioints and Lisament or meniscal damased

ioints mar be identified.

Firstly however it was decided to tackle the

rroblems of non—coincidence of skin markers with bhony

Landmarks and «quantification of Landmark movements
other than the rositional movement being measured.
With all movement monitorivneg systems emrloring surface
markers, (that is where rieces of the eauirment are
attached to the subject/ratient usinsg strarrini or
sticky tare)s errors exist within the collected data

these are due tot-

1. Inaccurate Location of the markers

relative to bony Landmarks,

2. Foor fixation of the markers.

3. The movement of soft tissue

undertying the marker relative

to bone.

Fow workers have acknowledaed these sources of
Errors. £ 0 iy a radiocararhic techniaue ayvi attemept at
auantification of these errors was made. Frior to

this. however. methods of Landmark fixatton were




inmvestigated: combining strapring. tarine and rltatinag.

to find the most suttable combination.

Fourteen by fourteen millimeter anodised aluminium
hasess surrForting the retroreflective Frismss: mere
tared and/or strarred to the Llower Limb., S0 2as not to

~ause too much discomfort the tishtness of the Velacro
(R) strarring uwsed allowed some movement of the marker.
With the additional security offered by using double
sided tare. 1t was anticirated that the markers would

not move over the skin., Soft tissue is comrosed of the
elements Listed below and the extent of their effect on
marker movement relative to bone will be dererndent on

the erorortions of these.

1. =k

. Fascia—deer and surerficial
A, Muscle

4, Tendonr

“. Ligaments

A, FRetinacula
7. Bursae
. Adirose Tissue

To arvrrive at some broad conclusions resardina
marker movement overr the skimn  ard relative o
arnderlyinsg bhone during Lree fltexion/ gytension

EXErClIS5es., the mowvemer?t of dummy markers strarred 10




e Lowenry Limb were recorded. Cxtension of the
concltusions from thiz work ta the dynamic situation e,

Auring g9ait mas investigated.

It is also necessary to test the reliability of
the outeut of the chosen recordins device, after which

the coftware develaored for carture and analtrsic of the

collectd data must be val idated, This analysis will
Frrovide rFarameters - which are relevant to the
comerilation of a definition of Jjoint condition. and

will be decided from 2 series of rilot studies,
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Ivntroduction.

The eqauiepment used in this study g housed v the
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