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 ABSTRACT

A major problehffacihg'those trying tc'é&ize“the forces'withiﬁ
the human- musculoskeletal systen is decidirg hew tc dwstrlbute

the’ joint moments amongst muscular protagonists. In this thes*s at
hierarchical physiological model is &eveloped which can re501Ve'
individual muscle forces.vThe lowest level is an anatomical model
dwhich consists of muscle geometry, fihre type and line of action.‘

The ‘data which is necessary to flmplement the ‘mode1 has been
gleaned from various publishe d sJorces. ) The middle level is a

biomechanical deccription of “a Imuscle unit whlch is used to .

estimate the force each-muscle Caﬁ exert at a certain stimulatlon

given its previcus actlvation ané¢'current klnematlcs. The data

defining the‘ mechanical properties of the muscle urit were

obtainred from the literature and inciude £ibre types, force per
unit crossrsectional area, - the force-length arnd force-velocitj,
relationships, 3aotivation, ) elastic and ‘geometrical’
coﬁsideratione. At the top of the hierarchy the control level

provides a Singuiar solution of the mnscle ferces which iS»based
on a neﬁrophysiological model of muscle recruitment. At this
level ﬁuscie prctagonists and antagonists are respectiﬁely
facilitated or inhibited accor%}ng to theig ability_ to geneiate

"the required ret muscle moments about those joint axes for which

7

a large range of movement exists.

" .. The model predicts the irdividual muscle forée:EXQe profiles
strongly suggested by EMG data. This 4is in cpﬁtraSE/to ‘the

reduction and ¢ptimization methods reported in the literature.
The model also predicts peak wmuscle forces well #ithin the.
imposed physiolcgical constraints/to  gerierate the  measured net
"muscle moments (peak muscle forpes, ncrmalized to isometric, of
0.21 + 0.14). Muscle recruitment -was confined almost entirely to
the slow twitch fibres during the walk and -antagonistic muscle

activity was demonstrated.
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The reSulfs partially demonstrate that it is feasible 'tof

construct a. hierarchical phySiolggicaif*lﬁddél “to  evaluate -
individual muscle forces. B This statement must .be , temperedfr

somevhat knowing that better anatomical and neurophysiclogicalA
data must be made' available and that the model” be rigourously

valldated to use 1t as a muscle force predictor. ' .
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-- the minimal .possible agiivation of fibre tyge i,

at time t, given full relaxation f#from time

systems, muscle and” palpa

_poeints and mark

-At

- the lth reference systenm bI which the skeletal reference
ble points were digitized

rs were digitize

- the reference system by which th 'subjects lpable :
i Z I yhig gl(angtomicgi Bos%tion)

- distance thé muscle belly has
initial lemngth

- velocity‘djjguécle belly shortering

sktortened frcm its .

3

- stimulaticn to a muscle from the gth pattern generator

- skinfold thickness of the 1lth
- skeletal reference system for
- time constant for. the rise in
- time constant for the fall in

Segrent

the 1th segment / P
activation

activation

Agiﬁuscle thickness (pennate nmuscles bnly)

dggransformaticn between the 1th skeletal,K segment
~ &nd the subject 1n the anatomical positicn~

X,Y,Z2 - the c%ordinatéé of a‘point in the ‘GRS

- the acceleration of a point in the GRS

- angular acceleration cf the‘ltﬁ segmenf

- angle oprennation of the mth

- time interval between sample periods ‘ ' R
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superscripts:

B - - musclgibelly . _

CE - dontractile element :

F = muscle fibre T

M - - total muscle “ . é,'
- SEC - series elaétic component

T - muscle tendon“ N

superscribes-l

. - first. derivatlve with respedt tc time

o T second derlvatlve with respect to time’

- valde when muscle is at its anatomical 1engbh

~
-

- vé ue . when muscle is at its maximum length
-(also called the rest 1length)

- value when muscle is at its minimum length

- max1mum 1sometric condition or
arithmetic mean

- maximun egcentric cendition or

anatomical crogs sectional area -
A - value reached undergoing full stiuulatlon
v - value reached under901ng zero stimulation

subscripts:
fibre;&ypes

- irdex referring:to the three f%bre ty{:ee
o) - slow twitch, oxidative muscle fibres
FQ - fast twitch, oxidative muscle fibres —
FG - fast twitch) glycolytlc muscle fibres /
aw' -/
joints ‘ - -
E - 1ndex refering to the jth joint :
o] - gublc crest
H -
K - knee
A - tibictarsal
. - Subtalar
MTP' -~ metatarsophalarngeal
segmerts '
1 - 1rdex refering to the lth. segment
Ee -‘ge vis
T - thigh
S - shaak
. 1a - talus
F - foot
To - toes

Xiv
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IN TRODUCTION

Ore of the most bewildering problenms ;zciﬁ&;the biomechanics
researcher' is ' the mechanically . redundant
musculoskeletal systen. - Since there are often more ~muscles

present than are required to produceﬁ any displacement pattern

evident from klmematlc data, the classical equations of kinetic

analy51s do not permit a unique solution of tbe muscular forces

SoA

crossing the”301nts.

‘ Two~distinct procedures have been used to assignkjoimt;moments
' .amongst muscular protagoniets. ~Paul (1965) " used what may be
called the 'reduction' method to get. a bounded ‘or approximate
solutlon thereby circumventing the nedundancy problem at the hip
during galt. This method was also used by Morrisonl'(1968);
together with WEMG data, to assign the knee moments in dyramic
situatiobs. The goal of the reduction method is to reduce arn
1nlt*ally indeterminate problem to one: that is determinate. This
method is wuseful ir those instances where the cbjective is the
jcint force rather than muscle forces, and where the joint
anatomy can be simplified by grouping muscles to eliminate the

indeterminate forces:

The second procedure, the 'optlmlzatlon'ia ‘methed, "”was

introduced by Seireg ard Arvikar (1973,1975) but was llmﬂted to
quasi-static. gait. In this method‘ it is assumed that the

distributioh prccess occurs in such a way as to. optlmlze some
" physical property call the 'objective! funct*on. ' The proper

.cbjective is not know

basis of biological si ficance.
Several optimization criteria have been suggested ard examin&d

iﬁl trhe literature. Tre most popular\critericn corcerns the

principle ,of, mirimal total muscular force,' thCh can be

nathematically stated as m1r1m121nq the sum of the muscle forces.

5

ratute of the

pricri but must be theorized on the.
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Penrod et al. (1974) acceptedd!&is'definition but £rcﬁninshield

et al. (1978a,b) adopted a slightly nodified form.' They ‘divided
thedforce in a muscle ‘by its phy51ologica1 cross-sectional area,
in essence minimizirng tte stress in the ‘muscle set. “In-a simllar
“vein, Pedotti et al. (1978) examined four variaticns ‘of the
minimizaticn of total muscular effort (the sum ef forces in the
muscles, the sum of forces squared, " the sum of the ratiosvof
"actual force/maximal force, and 7

force/maximal fcrce for all muscles) Their predicted: resuitsy
compared to EMG data, indicated ‘that the sum of squares of actual
\ force/maxﬂmal force was the best critericn to use. However, one
Aof the authors (Pedotti, 1974) 1nvest1gat1ng‘the Samé\probleh,
reported that ~geod results were obtained by minimlzlng the
metabolic energy expenditure; As pointed out by Hatze (1979%a) the
most appropriate- criterion remains unresclved..

;Seireg ‘and Arvikar (1973, 1975) examined the plausibillty of
minimizirg the total muscular force while standing and durlnq

quasi-Static gait. They rejected it in favour of a criterion

" ~which minimized’ the .sum of all the muscle forces plus four times
the sum of the moments at.all the joints. Thls,they determined by

ccmparing the soluticns of various objective fhhctiens with the
muscle output as irdicated by EMG. Seireg and Arvzkar's work must
be examined critically, however,'CSince theﬂ“ ob3ect1V° furnction
was /Aelected examining a static posture, which may rnot kold up

under dynamic situationmns. In addition, ., it is difficult to

envisage the physiclogical justificatice. of such a. complex
: . : ) .

N

objective function.

The - principle of nminimal total muscle force has been

challenged by. Barbenel (1972) vwho studied. the biomechanics*offthe

he sum of squares of atTtual:

o T

temporomandibglar joint and predicted that fecr minimal totaii:

muscular force, the orly muscle acting dgsing biting would be the
masseter muscle., EMG eviderce and paigizicn'of the|jaw'muscles
indicated many mcre puscles to be active. . Wken studying the
biomechanics of the elbcw Yec - (1976) concluded; ;as did Barbernel,

4
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that the prinCipie~of minimal total muscular force is unlikelj_to

be true. "Hatze (1976) a;spidisag£§9d with_the .rrinciple stating
“thaft it Tis highly unlikely - that :all motions, . especiaily 5
,tlme-optlmal processes, obey the principle of minimal muscular
effcrt. It shculd be noted that there seems tc an inherent

Gassumption that tinme optimality is important. This may be true ia

a. -small subset ’of“ humanp activities'- rut there is.ndthing to
justify this assumptlon for human locomotion. . 1In fact it suffers

3

from the same c;itlclsms as the above ‘criteria.

Thea minimal fcgce, critefion tends to partition “all of th;;

force required 1nto %the 51ngle 'optlmalJ muscle, ‘instead of

‘distributing the load amongst synergist Hardt (1978) suggests
“that it is important to con51der muscles as'mpre than just ideal

.unldlrectlonal fcrce actuators, since the central nervous system

must surely consider theer dynamic and static properties when
devising a control strategy for their activatlon Hardt and Mann

‘(1979)7 developed a mcdel relating the kinematics of a muscle to
'its metabolic cost. The minimization of the power requirement of
the muscles was then used to solve for'thékmusqular forces during _ .

human locomcticn.
t P

Although several investigatcrs have hypothe51zed that the

-~performance criterion governlng the motion. of an animal is the
r_minimizati'on of eneragy egpended (Chow and Jacobsen, 1971; Rardt, .

1978 Hatze; 1976: Nubar and'Contini, 19€1) this concept has not

been @roven at the level of selectlve activatiorn. ' Howevér, a
varlety cf investigations suggest that it is followed globally.

Saunders et al. (1953) hate shown that the general motion of the

body during walking is such that the mcvements of the centre of

gravity of the body are aminimized. Margaria‘(1976) ‘has alsc
‘demonstrated that normal walking - speeds are usually chosen to
hrequire the least energy expenditure as measured by oxygen

censumption per distance ‘travelled.

The cptimization‘of muscular power, as with fcrce, tends to

assigﬁ all of the activation to a single optimal muscle with
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rapid powet-éﬂ;tching‘amongst‘muscles (Rardt, 1978). Ihgs ﬁéuld
1ead_£oA fatigue in those fibres ,activafeq. In addition, EhG
“evidence shows that  muscles tend to ~_act _ as a  group
sgnergistically (Paul, 197&;'\UCAL Berkeley, 1953). Since thefé o
is. mo kprown physiological  evidence suggestinb 'the direct

) monitoring and coptrollihg‘ of pover in .individual nmuscles, the

objeciij% functions such as endurance ard speed.

-

'bptimizaticﬁ?’ method, in its p;esent;ﬂ-f§rm, is | not
physiolobically,vidble. > This is sqppleﬁentéd@by the recent work
of Patriarcce Vgi é;. u(1981)‘ who examined -%é#érai optimization
models to'ptgdict'individﬁél‘muscle:'forces. They concluded'that
"...the impcéition of"additional.physiological-based constraints .
are‘esseﬁtial to disti guish{ng (sic) the role cf individudl
muscles.” - ’ L

~ In this thesis a departure 'froﬁ a mathematically optimal
sclution is presented. When one speculatates on the evolution of
two joint muscles (Elftman, - 1939; Morrisom,  1970) and the
division of muscie into two major typeé (slow twitch whfch is
‘both-energy efficient at low shortening velocities and recruited
first, -aand fast twitch which is mcre econcmical at higher
- shortening velocities and recruited second (Avarn and Goldspink,
1972; Burke and Edgerton, 1975; Gibbs and Gibson, 1972; Wendt and

Gibts, 1973)), one is drawn to the conclusion that the
pinimization . of ‘metabolic cost is a goal of tke neurological
control systen. "This is not to say that an thimization.
procedure with the 6bjective function chosen to minihize energy

has to per formed. The concept  of minimizaticn of erergy is

not criterion which the nervous system actively processés bﬂt

one /Wwhich is 'hard-wired' into the ‘system through evclution. It

/is also 1likely that the criterion actually used. to distribute

force amongst the individual muscles is a compromise of competing
-

)
r
fi w
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_mngimz_z:_ EURPOSE

The aim?‘of this thESls vas .td formulate and implement a
hierachigal physiological - model, based cn well-defined

" neurological, muscular and anatomical data, to solve for the

indivihual muscle forces in the musculoskeletal'system.’ The
dynamlé“functlon of the lower limb durlng normal Luman locomotlon

¢

| was chosép tc apply the model. ﬁm; : L : .
pRgBL' s ‘

These were 1) to define a standard  lover limb which includes
muscle geometries, muscle aﬂd ligament lines of acticn, segmental
physigal Froperties, and segmental reference axes, 2) to develop
a method for scaling the standard lower limb toc a subject‘-J)' to
collect ;jthree-dimensicnal segmental kinematic and jéint moment

‘data during a normal gait pattern, 4) to calculqﬁe theé muscle

forces and .5) . to compare the temporal sequence of the muscle

. forces with published EMG data.

HYPCTHES ES

on the basis of the literature concerned with the estimation of

muscle forces during activity (Paul, 1965; Morrison,‘1967;vséineg

and Arvikar, 1973, 1975; Crowninshield et al., 1978; Pedotti

et al., 1978; Hardt,- 1978) it was hypothésized’that accurate

muscle force 1nformatlon can be estlmated u51ng ‘the phy51ologlca1
model and data analyses presented in, this thesis. Since dlrect~'
verification of this hypothesis is impossible it was also
hypofhesized that the temporal sequence cf the estimated @uscle'
forces will comfpare favoﬁfably with published EMG data. -

A



SCOPE QF THE SIUDY |

The data-aquisitlon portion oftthis ‘study was. conducted in the
Biomechanics facillties at the Uhiversity of British Columbia and\
data-reduction was performed at s;mon Fraser Unlversity. : This
study was réstricted to one male stadent who had =c fkmown
pathological or neurological discrder. The subject was reqﬁlred'
to undergo ' a léngthy anthropometric »ssssion so that a standard

. lover 1limb could be scaled to him. He was then required to

perform a series of wglking trials.

RATIONALE EOR IHE STUDY

' Several investigators have attemped to estimate the magnitude of
" the muscle forces. 1All have resorted tc using simplified systems

(Paul, 1965; Morrison, 1967) or optimization methods
(Crowninshield et al., 1978a,t; Hardt, 1978; Pedctti et al.,
1978; Seireqg and Arvikar, 1975). One may argue that their muscle
force values were generated usiﬁg questicnable mecdels, but the
rationale for uhdertaking*such work is commendable. This thesis
is an attempt to depart from ‘a ﬁure;y mathematical soluticn to
solve for the individual muscle forces. It is <clear that a
complete kinetic description of human gait has many applications
inclnding the improwement of athletic perfcrmance and the
clinical study of pathological géit ar}sihg from muscle
'activ;tioh,abnotmalities, tendon transplants or. amputation. The

‘'model withkin this thesis could also be used as a research tool in

- which éystematic alteration of the  muscle properties would allcw

their true values to Le estimated.

P

S ‘,—\/
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CHAPTER II ~ . ' R

REVIEW OF REIATED LITERATURE A

P

The application of scientific principles to the study of human.

motion began in the Renaissance period Ly such mern as Lebnardo da-
- Vinci (1452 1519) ~in his "Notes on the Human Body" (O'Malley and

Saunders, 1952) and Borelli (1609-1679). who studied human and
animal muscle functicn (Worman and Windter, 197€). It was not
until the latter half of the 19th and 20th centuries when

A N _ ,
‘reliable and'aCcurate .methods for the recordiné of povement were

developed that the laws of mechanlcs were applied to the human
body (Braune and Fisher, 1889; Elftman, 1938,1939; Bresler and
Frankel, 1950). 1In the past 20 years the history of computefs
has beer instrumental in the growth of this branch of science now

called biomechanics.

. In this chapter a briefgﬂistory of Liomechanics as it relates
to this thesis will be developed. Specifically, the state of
knowledge regarding  the mechanical aspects of“ human locomorion

will be stressed.. It will then bpecosne apparent hcw tkis sthdy

adds to the currert bcdy of knovledge.

The literature concerning the physiological mnodel developed in

this thesis (anatomical ' muscle mechanics and neurophy51ological

.considerations) are covered in the next chapter. ( =

FORMER GAIT INVESTIGATIONS

The objective of mest locomction studies is  to quantify the
measurable compcnents of gait. 1In theSe studies time is spent

setting up a gait analysis latcratory tc facilitate the reporting.

of. kinematic or descriptive data. ) This is an important function
and has led tc ccnsiderable instrumentation develofment. However,
scme investigators apply the kirematic ‘data to mcdels of the

lovwer limb to estimate the joint reactlon forces and moments. 1A
" small subset of  this biomechanics literature deflnes méﬁegp

o 'f'-ﬁu

(l
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representirg the anatomical ‘structure in order to partition the -

joint moments amcngst the muscles. ?his_theSLS falls “into the

-t

latter group.

K*nematlcs : r
Ioccmotlon as a fuﬁE;:on ct tﬂme and space has been. the focus of
most gait 1nvesrigations. Regardless cf the complexity of the
~analyses, the human 1linb is, modelled as a series of Stick-like
rigid linkages (Chaffin, 1969; Deﬁpster, 1955; Plagenhoef, 1971;
Thurnaur, 1967) . - Appropriate arthropcmetrlc measures are deflned
i.e. mass, location of the centre of ‘mass, mcment of inertia)
such that the model behaves realistically (Dempster, 1955
Drillis and Contini, 1966; Page, 1969a,L, 1970a,b; Hatze, 1975b).
The descriptior of the displacement histery for each link ‘in the
model 1is the most elemertary form of kinematic analysis
(Ela?harski et al., 1975; Grieve and Gear, 1966: Kettlekamp,

1970 Lamoreux, 197235 Saito et gl.} ﬁ97u{.'other measurements are

the calculatlon cf the segment and " total body centres of mass,
ve’oc*tles and acceleratiens’ (P1aja et al., 1975; Winter et al.,
‘1975). . The norma1 range of the- kinetic variables of the lower
limk hagﬁ beer the subject oF several studles (Lamoreux, 19725
Lerens'gg al., '1948;° quray eg al., 1964; Saunders et al., 1953)
and these have  been compared  with atyplcal populatlons
(Barthclomew, 1952; van Faassen zt. al., 1969; Finlay and
Karpovich, 1964; Scderberg et al., 1975).

(

The major protlem with the kinematic studies is that theyl

cffer descriptive nparameters but iittle explaration of the
[

underlying causes of movemernt. These studies are important,

fhoﬁever; as they have been responsible for the 'deﬁelcpment of

rapid measurement systems. Two technigues which have received
much interest are cinematography and electrogoniometry. Both

| - i p; . . .
‘measurement systems have the same purpose, to yield a complete

kinemat%g desqripficn cf gait, but they achieve this goal from.

twec different arpprcaches.

-
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The photognaphic measurement of ‘me€ementr - begun by Marey
(1873; in France and uuybrldge (1955) in Amerlca, is the moet

widely ﬁétd data*aéqu1s1tlor system (Sutherland 1972). ‘Cinefilm

has‘ the advanta@e ‘that it can. be rerur to get a qualitative
'assessment of the mGVement, and Hlth stop motion capablllty there
is considerable beneﬁdt in both athletic and. clinical settings.
The*prolonged develogment time and the manuai labour requlred to
‘extract . the quantitat*ve -data, even with semi-automated film:

R

9

analysers, can be restrictive and render such: systems wmpractlcalva

for routine clinical use (Smith, 1376; wWinter, 1976) . There aré
also callbratlon problems when three-dimensdonalrdata is required

(Cavanagt, 1979~ van GhE1dﬁe, 197u;ﬁioltring, 1975,1976). Newer,

more automatedﬁ_ electro‘optlcal sySﬁ@me (eg SEESPOT by SELCOM AB
of Sweden) are avallable but the error in point. location and
costs may be excessive depending uporn the appl*catlon (Antonsson,

1979; - Arcan _; al., 1979; Oberg, 197u).u3 :

Jlectrogonlometers give a dlrect electrlcal measure of the

Jciﬁfggngles and are relatlvely 1nexpens1ve.. However, theﬁ must..

be correctly aligned with the\v_gjacent limb segments to giyve
reproduc1ble values (Winter, 1976). ‘ varlety of custom maée
dev*ceskhave appeared and the more recent ones "dc nct have to be

allgned ‘One such "‘electrogoniometer is thatﬁdeveloped by a team\

‘at the Canadian Arthritis Research Scciety in ccnjuntion\ with
engineers aﬁ _the Unlger51ty of British Columbia. .This dEVice
measures three mutually orthogonal rotaticns at the hip, knee\apd
ankle. j01nts, b1laterally (Rannah, , 1980) . ~ As vith all
electrogoniometers, although ‘direct readeut is a#adlable,
Acalibration'procedures must be performed to relate the slectrical
signals to relative joint angles. ‘_For kinematic measurements of
gait this cal;pratien is sufficient (Lamoreux, 1972). However,
if gait djﬁamics are desired, the location oflthe; subject.in
space Sabsolute'frame of reference{ isenecessary (ﬁinter, 1979)7
This requ1res kpowlrg the absolute locaticn of ar endppégment and
‘then u51ng the jcxnt angles tc fix the other segments in space.
To tkis authors kncwledge no such syséem is_available«te'perform'
‘these analyses. - ;

©
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}Cinemetographic and electrogoniOmetric-datafaCQUistiog systems
gemerate 'displacemert-time »orv angle-time histories = of (the
segments being studied, Por those imvestigations which estimate’
the joint and muscle forces (seegbelow) the determination of.the
derivatives of Vthe',displacement data are 1e¢essary. : Until‘
‘ recentiz/ﬁrzﬁlems' eiisted;aue to the ampllfﬂcatlon of noise.in
~the*Taw data by differentietion, (Felkel, 1951;. Pezzack et al.,
1977). To nminimize the n01se . many methcds havev<been de veloped
such as polynomial fittings (Kuo, 1965; Plagerhoef, 1968},;gubic
splines (S%la 19745 Zerniche et g;.,e‘1976),“ digm " |
(Pezzack et _;., 1977) and Fourfer series (Cappozzc _j’éﬁb, 19755 .

'Hatze, 1977b HcGhee, 1976) . - All of these methods essentlally
lew- pass filter the data before any dlfferentiaticn is attempted

If the dlsplacement function is periodlc the Fourler technlque is

attractive 31nce the filter cutoff’ frequency is determlned by thel
number of ;harmonics included in the reconstruct*on (Hardt, 1978) . -
However, the' cubic spline and dig*tal filtering are the two mostg

al filterinmg

widely used technlques ~since the displacement functlon lS'?‘

,generally non-periodic (Miller, 1980). R I (/'

Jeint Reactiop Fopces and Moments | "'i'i'

Analyses of human locomo;ion “have led nmany researchers'*to}
investigate the magnitude of ‘the joint reaction forces . and
momerts. In all of these studies ‘there is ' the :therent~

’assumption that . the,reactions are provided by orces ard purez‘

moment. generatons. Since the true joint. forces (called the - - -

articular ora@one-on-bone forces) are a result ‘of the exterpal

grﬁv‘tatlon;?: in®rtial and the ‘miscle and ligament forces actmng
threcugh mcment arms, the 'reactior forces 'car, s;grlfﬂcantly'
mnderestimate the'loegimg on the joints. |

a0
+ <.

_Tofdetermine the'jclmt reaction forces and moments!,’the limb
kinematics and the magnitude and 1location of the ekternalﬁforces
acting on the system are used in conjunction with an appropriate -
mo@el: Tre Inverse Dynamics ?;Problem (so called Dbecause
conventional dynamics‘predict displacements from fcrces) has only’

S
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5re¢ently been;applied to the “human ,body. Elftmaﬂgs 11939f work
was an earlj\atteﬂptzégt'these calcuiaticns but was ‘Iimiteg to
ftwo-diaensions. It is the,paper.by'Bresler ard Frankel (1950)
that stands out as the classic dynaiic,&ork in the biomechanics
literature;of gaitfsr They, preseat three- dimensional reaction
‘force and moment cﬁrves for the hip, knee and ankle joints during
level valking.’ ;uore,recent iﬁvestigatcrs<present‘similar curves
' for normal (Capgdzzo et al., 1975; Cavanagh and Gregor, 1975;
Chow and Jacobscn, 19713 McGhee et al., 1976; Oberg, 1974),
pathological (Harks and Hirschberg,_1958) and athletic activities
'(nann and Sprague, "1980; Zatiiorsky and Aleshinsky, 1975) .

The estimation of joint reaction forces and moments is based
on accurately knowing fhe kinematics and anthropometry of dan
appropriate model. 2 large .part of current bicmechanics research
is concerned with the estimaticn of these parameters wlthf inimal
-ferror. It has been suggested that currert techhigyes yield valqes
¢f reaction forces and moments within an acceptable 10 percent
error~(Cappozzo et al., 1975;Abavanagh; 1979; Ncrman and Winter,
1976). .

¥uscle Force _gg; ses r

The next,step ir the understanding of locomoticn is khe inclusion
~ of internal modelling so that muscle and articular forces may be -
r'calculateq. However, the human mnusculoskeletal systenm is
meohanica11§\ redurdant and the ciaesitalzﬁeqnationsﬁof kiretic
analeis.pernit an infinite number of eoiutions tc satisfy the
jcint moment equations. In workrihere {t has been necessary to.
resolve this dilemma, investigators have generally used one of
two methoés. ' |

Fenrod et al.  (1974) best describes the first method, the
'reduction' technigue, by stating that the rumber of active
muscles or muscle groups will ke no greater than the rumber of
rctational degress cf free&om “at any given joirt. Both Paul
(1965) and Morrisor (1367) applied this techrique to get anb
approximate solution of the muscle Forces about the hip and knee,
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respectively. . Paul's work is 1nterest1ng in that several musclei

groups were known to have complimentary functions at the hip. Tc
resolve this, Paul attributed all of the force action to each
group in turn irstead of deflnlng a single equ1v1lent muscle.

Knowing that the force must be shared by the two groups, the true”' g

solution must lie within the two singular solutiors obtained. A
refinement of the 'reduction! techrique is-the division of, force

-amongst muscles in a group dependtng\ upon theirxfrespective

cross sectional areas (Alexarnder and Verncn, 19795). In summary,

the 'goal of the reduction method is to reduce an initially

indeterminate solution to one "that is amenableyto‘solution;

The ‘'optimization' methed ‘is the alternative procedure for
solving muscle forces. Since its introduction by Seireg and
Arvikar (1973) and Penrod et al. (1974) it has been applied to
gait by several investigatcrs (Crowninshield et “al., '1978a,b;
Hardt,'1978; Pedotti et al., 1978; Seireg and.Arvikar, 1975)y. 'In
this method it is assumeo“that the muscle forces are partitiomned
in suck a uay as to-doptimize . scme objective. Several
optimization criteria bave ‘been examlned. Examples include the
minimization ©f 1) the sum of the muscle forces'(crownimshield et
a;.,.i978br Penrod et al., 1974), 2) the sum of the squares of

actual muscle_force/maximal .muscle force (Pedetti et’al.,*’1978){

3) the sum of. the muscle forces plus fcur times the sum of the

moments at all the joints (Seireg and Arv1kar, 1973, 1975) and 4)..

!

the muscular power (Hardt, 1978).

~.The apbroprfateness of these two techniques tc :estimate the

muscle forces was not known a Qfaor; and had tc be established

"indirectly on thetbasis of  experimental or published data. The

correlation between‘the temporal sequence of the predicted muscle
forces with EMG is generally used since non-invasive methods to
determine the actual muscle forces are not available. Both the
'feduction"and 'optimization' techniques reveal serious doubts

tc their - acceptability. ‘When the temporal sequence of muscle

force were compared with EMG, good'agreements wére fcurnd for some
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muscles and total disagreement in others.  One also gets the

impression ‘thkat both methods are mechanical and mathematical
solutions, resrectively, and.thdt thé“bcdonf chysiological and
neurological .data has . not been adequately examined to define
additional relationships. C ’ ’

e
. . - 5 «

SUMMARY | : | t .

S

In this ghﬁptér a brief‘overyiew of the biomechanics of human
gait was preSented. It' was suggested that currernt techniques caﬁ
éstimate the jeint reaction forcdes ahd moments to a high degree
of‘accurac;. '~ However, no mcdel has yet been published which

~adequately paftitions the joint moments amongst the muscles. This

thesis was therefore initiated to develcp a technigque to estimate
the muscle forces durinq'human locomoticn.

R
wE

%
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CHAPTER III

" MODEL FOR THE SOLUTION OF INDIVILUAL MUSCLE FORCES

The approach developed to estimate the muscular forcés~bin the

lower 1limb is a .hierarchical model. The lowest level, . the
anatomical model, cencerns itself with the: data necessary to
define the musculoskeletal systen. These include the musclg's
moment arms, lengths ‘and velocities. Dati,describing the mﬁscle
anatgmy and bone structure are dlso included.. The middle
section,' the 'muécle model, defines the force-léngtﬁ-
velccity~activation relationship of.a single muscle unit. Theée
dat :
th
pre

with those from the aratomical mcdel, - are used to estimate

aximam and minimum force a muscle can exert given its

stimulation. The stimulation to generate dny intermediate muscle

" . force is also defined. -At the top cf the hierarchy the control

nodel provides a singular solution of the muscle fcrces, ‘within
the contraints defined in the muscle model, tc satify the net
ruscle moments about those jcint axes fcr which large range of

pevement exist.

o

_ANATOMICAL MODFL = ’ s

The human right' lower 1limb wvas selected fcr mathematical

analysis. The skeleton with attached musdles, ligaments and’

imbedded ' reference systems were incldded. -Data defining the
muscle geometries were‘also'gathered to estimate their mechanical

‘properties. . R : .

System Defipition , |

The fight human locomotor system was modelled as six segmehts,
the pelvis, thigﬁ,'shank, talus, foot arnd toes. These segments
were,érticulated at th? hip, knee:‘ ankle and metatarsophangeal

- (MTP) Jjoints with three, one, two .and one degrees of freedon,

respectively. The two degrees c¢f freedcm at the ankle joint were
the tibiotarsal (TT) and suktalar (ST) axes serarated by the

us . force history, current kinematics and previous .

E
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talus segment. ' It should be noted that the MTP joint was

included - to estimate the maximum and ‘minimum ‘lengths of the

muscles crossing it; moments were not sclved about this joint.

'An- examiration cof the muscular system of the 1lower ,limb
revealed 38 muscles of major importance. Several muscles were
partitioned intoc two :or more distinct structures  due to
functional considerations (Grant, 1972). In all, 47 'muscles'
vere ‘deemed significant and are listed in Table 1. Muscles
Qmittedvinélude a;ticularis‘genus; because of its small size aﬁd
specialized function, and seven muscles infrinsic to the foot.

Twenty;five ligaments>aere defined crossing the hip, knee and
‘ankle ‘joints. ‘These ware listed in Taktle 2. Ncte that two
ligaments, the posterior capsular ard the deltoid, were
‘suﬁdivided into éeveral distinct functional sections. It nust be

‘noted that forces were not assiéned to the ligaments in this.

thesis. The ligments were included in the aratomical model for

,fﬁfdre analytical consideration. J P

To establish a mathematical model, skeletal reference sjstehs
(SRS) were defined for*tﬂe Pelvis, thigh, shank, talﬁé,{afoot and
tce segments. ,The primary SRS were located at the pugic crest,
hip, knee, tibiotarsal; subtalar anrd MTP joint . centres,
respectively, as shown in Figure 1. Secondary SRS werefdefined
by translating the primary SRS to the distal end of the segmenf
(eg. primary pelvis at the pubic crest to secondary pelvis at the

hip joint centre). o g

Coordirates defining the SRS were: nmeasured - from a
disarticulated dried male Caucasign skeleton using ‘separate
reference systems (Q,) for the 1tk segment. The talus and toes
were included with the foot for these nmeasurements. A special
ccordinate measuring devicé was built tec collect these data and
.it defined the reference system Q (see Figure 2); The‘resolution
of this three-dimensional anthropometer 'was,apprcximately 1 mm
thrcughout its working vclﬁme‘of 0.4 x 1.2 x 0.5 m. Cartesion
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Table 1 - The Lovwer Extremity Muscles Included in the Model. .

Muscle - . , - Joint Involvement *

Index Name “%xén,;r ~ H Knee- Ankle - MTP

e

1 Psoas major
Iliacus . )
Gemel .superior
Gemell infericr
Obturator externus
Obturator internus
Piriformis .

uvadratus femoris
. ectineus .
. Adductor longus .
Adductor magnus 3anti
)

A

A

Adductor magnus (mid
Adductor pagnus (pos
Adductor Frévis
Gluteus minimus (ant
Gluteus minimus (mid
Gluteus minimus (post)
Gluteus medius ant
Gluteus medius (nid
Gluteus medius gos
Gluteus maximus
Gluteus maximus (sup
Tensor fascia latae
Semimenmktranosus
Semitendinosus
Gracilis

Sartorius .

Rectus femoris

Biceps femoris (long)
Biceps femoris, (shoft) -
Vastus lateralis e
Vastus intermedius :
Vastus medialis

Popliteus -

Gastrocnemius ilateral)
Gastrocnemius {medial)

Plantaris

Soleus _

Tibjalis anterior

Tibialis posterior

Peroneus longus

Peroneus brevis

Peroneus tertius :

Extensor digitorum_longus
Extensor hallucis_longis

Flexor dlglto;um longius

Flexor hallucis longis

wif
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Table. 2 The Lcwer Extremity Ligaments Included in the Model.

Ligament _ Joint Involvement
Index  Name : Hip Knee TT. ST
Superjor jljcfemora ' )
Ingerior iliofemora
Pubofemcral
Ishjofemoral
Medial ccllateral
Lateral collateral
Med. posterior capsular
Mid. posterior capsular
lat. pecstericr capsular
Anterigor cruciate
Postericr cruciate
Obligue popliteal
Antefior talofibular
Posterior talofibular
Anterior talotibial
Posterior talotibial
Calcanecfibular -
Tibionavicular
Middle deltoid :
Posterior deltoid '
Talcnavicular
Ant. Int. talgcalcanean
Post. Int._ talocalcanean
Lateral talocalcanean
Postericr talocalcanean

>4 > b
T hd Db Db D D4
b T da P o Po ]

NEWN =2 OWOVO NS W OV JONE W -

" pabdbdbd bebd be a4

coordinates of the crigin and a point SC gm Elong the positive X,
Y, and Z axes for each of the primary SFS, and the origin of the
secondary SRS were measured and are given in Table 3. i
Lew and lewis (1977} examined a variety of scaling techniques;
and demonstrated the superiority of the homogereous deformation
over other scaling schemes. ~In the present mcdel an analogous
scaling.  technique - was used "Which employs'  the homogenéous
coordinate representation of a point and a compléfely"generalized
4x4- transfermaticn matrix to transform one three-dimensional
space to another (Pierrynowski, 1980). Knowing the loéé;}dn‘of
several points cof - prominence on a skeletal segment, and the
corresponding location of these same pcints’ measured jin vivo on a
subject, a transformation matrix can' be <calculated which
tracsforms the data from a disarticulated sg;Letalg segment into

i
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The skeletal refernncn [ stems (SRS for the human

lower extremit 1 - bel vis at the Pubic Crest:
2 - Thigh at the g Joint- - Skank at the Knee.
- Joirt; O - Talus he T1h*ctarsa1 Jdecint; S5 - Foot

at thé Subtalar Jo*nt' -6 - Toes at the HTP Joint.
Note that_ the 2-axis fcr SRS 1,2 and 3 are
perrendicular to the paper and towards the reader.

1

S j



@ - slides along the Z Hxis o
B - slides along thé X .and Y axes

Figuref 2 The three dimersicnal anthkrorometer.

that séément of the subject. Wher applied with a group of at
least four points on a body segment a rigid body translation ard
rctation is performed along with a hohogeneous deformation of the
initial segment (skeleton) into the firal segmént (subjecf).
These transformations were used to. lccatefthe SRS within the
subject. Specifics regafding the .methcd of implementing the
transformatioral scaling 3is fcourd 3ir Chapter IV. The theory

underlying the transformation is found in Rpperdix A.
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Table 3 The Points Defining the Prinarg and Seccndarg )
Skeletal Reference Systems (SES) and the Centres
of Mass for each Skeletal Segment. ) .
411 values in mm. . -

Reference Systen

Seg/11 "~ Origin +X +Y . +2
9255 : g ' . .
¥ 4 . B

Pelvis/PC 268 246 241 318 'Zu6 241 2€8 296 241 268 246 291
4! 225 248 314 : : ¥
/CH . T : ) o .

Thigh /H 144 561 106 194 556 106 _ 148 611 102 144 565 156
/K 115 170 138 : _

‘ ,SCM 132 393 118 . -

Shank /K 173 644 143 123 646 143 171 694 143 173 644 193
/TT 191 255 143 , : :
/CH 180 485 143 ,

-~ Talus /TT 191 255 143 239 252 157 191 294 152 177 256 190

, /ST 182 245 144 C . o
/CHM 191 255 143

Fcot /ST 182 245 144 222 273 132 155 286 152 196 245 192

e /MTP 296 222 174 : C

/cH 232 226 143 ‘ _

Toes /MTP 296 222" 174 336 222 203 290 271 182 289 215 223

1 location of the primary reference Systenm

2 .location of the secondary-reference system

-3 location of the centre of mass

. r

Muscle L;gé of Action apd Moment Arms
The lires of action of the locomotor muscles have been modelled

‘as straight lines joining origin to ipsertion (Hardt, 19783 -
Dostal and Andrews, 1981). However, many muscles are deflected
over the skeletal framework or pdss througﬁ tendon sheatks which
are constraired. Seireg and Arvikar (1973) 'represented=many of
the muscles crossing the ankle in two rarts te account for their

;/,jlarge change in direction. However, their methed of collectiom

cf data frem ar anatomical atlas, with d resolution of 3mn

(Arvikar, 1971), must be suspect. Frigo and Pedotti (1977)



>
LA

s

‘ 21

improved upcn the one or two straight 1line tepreséntaf&én of the
muscles by using iines and arcs of circles to .model the course of
11 major 1lccomcter muscles, but they did not scale the muscle

- paths for different subjects. Thewicrk cf Jensen and go-workers‘

(1975a,b) strongly suggeéts that the centréid line of the muscle

-should be used; . they present data cn three of the nmuscles
Vcrossing the hlp to support their case. Although their techhigue

is one of the. most accurate methods of deflning the ‘course of a
muscle, a balance between accuracy and sisplicity must be kept in

mind

In this thesis the same skeleton used to define the SRS was
used to define theAline of action of a muscle.' Fach muscle was
represented by an’ elastic thread which conneéted from the
centroid of its afea. of 6r‘gin to the centr01d cf its ,6 area of
irsertion. Betueen these _two end . p01nts, up to four addltional
points were defined from anatomlcal con51derat10ns, through which

the muscle was ccnstrained to pass. The coordinates of these

points are presented in Table 4 relative to the appropriate

‘skeletal segment (refeEence system Qy) - Using the transfermation
described above the 1locations of* the pecints which define the

muscles can be relocated within any subject.

A muscle's line of action within a subject was vobtéiﬁed by
jeining its deflned p01nts with a combination of straight‘and
curv1llnear sectlons. 'Stra1ght~11nes were used whenever a muscle
ran freely frem point to p01nt,r and a curve wasvfltted when a
nuscle was forced to alter its: coursé'ty either bcny promihences
(eg. condyles) cr other constraints (eg. ligaments at the ankle).

For most muscles an even number of pcints were defined through

- which the muscle was consttained'to pass. FoOr these musclés-each

paif of pecints (point 1 to'2, point 3 to 4, point 5 io'6)_ were
joined by a straight line and .its length calculated. For those
non-linear secticns between these straight lines (point 2 to 3,
point 4 to 5) a parametric cubic pclynomla1 was fitted, the
thecry of which is found in Anpendlx B.

< S
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For those muscles withnan odd number of points (muscles 1, 2,

22, 23, 25, 27, and 34) s$imple straight line segments were used

to join the points and to calculate the muscle Jengths.j For all

muscles, : summwng along . tﬁe length of -all of the sections‘:

comprising it, albeit straight or curved, gave’ its length (L ) .

Since the patella was not included in the model additional
constraints were necessary to ‘@efine the location ~ of the
quadriceps (muscles 28, 31, 32, 33) wyat the knee.  Each of these

- muscles was assumed to arise from its respectiVe origin (point’
- 1), - converge and meet at a ppint 6Em anterior rto the - most

anterior and sup%;i:r aspect of the femoral patellar surface
(péﬁnt 2), curve t thirdgpoint (point 3), and then insert,into
the tibial tuberosity (point 4). These- points are shown in
Figare 3 rel&tive to the thigh and shank segments.

the 3rd and 4th points was constrained to intersect the long axis
of the tibia, in the plane of the hip, knee ard ankle joints,

with an angle (3) in degrees given by:
- -'!;‘

E«Ms : «13

o 79

A= 15 + 0.3178 - 0.008482 + 0.00003163 o | Cm

+

where © is,the angle of the thighw redatiVe to the shank (full -

extension‘is Z€Ero degrees)‘ This eguation was calculated frem

,fdata collected from in v*vo sagittal plane X-ray phd%ographs of a

male knee joint (Horrison,> 1967y . Ey defining the distance

- between point 3 and point 4 to be a ccnstant value (eg. 2 mm),
the locaticn of the third point was,calculated. Fitting a curve .
from point 2 to 3 (see Appendix B) cempletely described’ the.

location c¢f each quadricef muscle.

Knowirg the line of action cf the muscles in the heighhourhoodv
of the joint centres, the moment arms were calculated. { Details_
are found'in Appendix C. It should be noted that this analYSis ;
technique does not take into account the 1nﬁluence cf one muscle

23

To defineﬁthe line 8f action of a quadricep, the‘line through -

Fl I - s e T e
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overlying another. Since this tends to increase the distance the-

superficlal‘muscies lie from the joint centres the -calculated
muscle, mcment arms. are underestimated. To correct these
underestimations Eycleshymer and Schoemakers (1970) atlas of

cross-section anatomy vas used to define the location cf the-
muscles as they passed through +the transverse,plane centred at

the hip; knee and- ankle joints.‘ These data are fcund in Table 5
scaled to the skeleton. ?hose muscles with zero values were not

modlfled.

Ligament Lipe of Acticn and Moment Aras -

' The line ,of action of the ligaments. were ‘defined ir the same
manner as the  ruscles. Each ligament ~was represented b%ﬁ an
‘elastic thread whkich connected from: the centroid of its area of
origin to the centroid of its area of insertion., However, unl*ke
the muscles all 1ligaments were-defined ‘as one straight 1line
section. The coordlnates of these points are given in Table 6
relative to the apprcpriate skeletal segment (reference System

Q) - These points .were transfcrmed to the subject and the length

of each ligament calculated. ‘T he ligament's moment arms, . relative

tc the joint centres, were calculated in a similar manner as:the
muscles. o ’ -

-

Huscle Gecmetry
The-geometry‘of the human=ambﬁlatory muscles is avai able in the
_ form of qualitativeﬁinformation, "but there is‘a definjite lack of
reliable quantitatire data. Alexanéer and Vernor (197 presernt
.complete sets of geometrical data on 17 of the muscles crossing
the. knee and ankle, but their work can be critized on the grounds
of low sample size (n=1) and exclusion of tendcns. Pedotti et al.

(1%78) present the ' mearn lengths, fibre lengths and.

cross-sectioral areas on' 11 major loccmotor muscles but ro
irdication of their data source is given.  Schumacher and Wolff
(1966a,b) report the dry mass and physiclogical cross-sectional

area of - mary of the lower limb muscles, but because of the.

advanced age of their 21 cadavers (mean age 72.5 years) , and
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Table 6 The Pcints Deflnln% the Line of Action of the
- Ligaments wlthln the Skeletcn. 211 values in mm.
on ' B point
segment '

Ligament number

1, 2

1 12 249 273 310 148 543 147

2 12 249 273 310 147 519 137
3 12 254 208 283 140 515 125
4 12 191 241 303 128 554 142
5 2 3 115 167 103 187 547 131
. 6 2 3 115 173 174 183 5¢7 183
7 23 ¢ 106 182 122 150 646 131
8 2 3 102 184 144 159 6C6 153
9 23 106 187 164 166 608 170
10 . 2 3 102 172 150 183 628 139
1 2 3 118 160 131 159 608 151
12 2 3 105 182 124 153 €ch4 128
13° 34 194 259 169 197 256 157
14 34 . 181 268 156 172 2E8 148
15 304 202 272 121 - 213 254 128
16 34 T J8e 168 120 176 289 129
17 35 180 250" 172 168 237 162

18 35 205 278 126 223 282 130
19 -3 5 202 273 121 211 250 125
20 3-5 198 268 122 202 2852 121
21 4 5 216 253 141 222 255 139
22 4 5 207 253 146 202 250 151
23 4 5 196 244 151 - 200 250 151
24 4 5 188 242 1€0 170228 163
25 4 5 164 252 144 157 243 147
I

N

possible atrcphy of "the muscles, one must be cautious . vhen
extrapolating these data to a younger . population. All. of the
above studies are limited in their application in that there is
minimal informatien provided with which to scale the tabulated

values to other individuals.

Skeletal ;uscles comprise two fibre crientaticns, ‘parallel and
pennafé, and their fibres may'attach into the skeletal framework
directly or via tendons. Various ;Character*stlcs of' these =
structures can ke defined as Shown in Figure 4. Six values which
were deemed important are the tendon and fibre 1lengths as a
percentage of the total muscle 1ehgth (%LT,'%LF)} a muécle shapev
factor (E) which is the maximum anatomlcal cross-sectional area

~n . . ~
(2 ) divided by 1its mean anatemical cro€57sect1cnal area (2 ),
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crogg-sectional area of the tenden (i‘), fibre angie of pernation
(=) and the muscle wmass (m) . If é muscle had two tendons the
effective cross-secticnal area was~calcﬁlated; to give a correct

~value of compcsite compliance.

- Eycleshymer amnd Schoemaker's atlas of cross-section anatomy
'(1970) "was used to define a ‘'stanrdard' set <c¢f representative
: muécies and tendons. In this work the body of a'blackuAmeriédn'

mnale, fixed in the anatomical position, was serially sliced and
meticulously reproduced. Since the lccation of the *slices' wvere
depicted with vappropriate‘scaling information, the anatomical
cross-sectional areas, length and VOlﬁme of most of the desired
muscles and tendons could be determined. Areas wefé measured by
plaﬁimetrj“and volume obtained by suﬁming the p:oatcts of the
area and ‘'slice' thickness. The muscle mass was estimated by
'multiplying the volume by the density of muscle (1050 kg m—3).
Additional information were also available for scaling purposes.

Muscle geometries were also acquired from four clhe: major and
many minor sources. -' A reference hble te supply mcre than 30 of
the desired items cf information was defined as a major source.:
These vere’ the'works of Voss (1956), Schumacher and golff
(1966a,b), Alexander and Vernon (1975) and Pedotti et al. (1978),
which respectively supplied 34, 9y, 68 ard 33 items of

"information. - It should be noted that Schumacher and Wolff's raw
data was collected by several students who each examined a few
muscles in detail. These criginal studies were refered to for
more detailed infermation (Bub, 1963; 1Iladrick, 1963; G. Muller,
1966; K. Muller, 1967; Neumann, 1963; Rohmann, 1963). s noted
in the introductory paragraph to this sectior, this author was
skeptical of these data Dbecause cf 1low sawmple sizes and
nbn-typical subjects. - The minor sources typically present
detail;d geometrical data on cne or twc muscles, although some
offered a variety of information. Published data used include the
works of Arnold and Worthman (1974), Barret (1962), Benninghoff
and Rollhauser (1952), Blanton and a&ggs (1970), Chhibber and
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singh (19709,  Fisher (1906), Haggmark gt al.  (1978), - Hakton
(19 44y, Jensen and Metcalf (1975a,b)? Rann (1957), ﬁapanji
(1970), Khan . and Khan (1976), Kolk (1937), Reys (1915), .
Schwarzacher (1959),' Sokolowska-Pituchova et al. (1974) ,-
Trzenschik and loetzke (1969), and Walker et gl. (1964).

The data from the major and minor scurces were compared to
Eycléshyher'and Schoemaker's work to determine their suitability
and to complete tﬂe table. ' The resulting muscle and tendon
geometries, measured at the anatomical léngth, -are presented in
Table 7. Note that the glutei mimimus and ﬁedius were split into
three equal sections. It was also assumed that 25 perceit of the
gluteus maximus fibres insert into the ilio~tibial traczi Entries
égclosed in bracketjﬁare those for which the author was unablg_to
locate sufficient information to be confident of the result.

In addition to the muscie'geometries‘the area representatior
of the three fihre types (SO, FO, FG) within a .given muscle were
also required. Few data exist in the literature and mary values
had to be estimated, especfélly for the subdivision of the fast
twitch fibres intc the oxidative and glycolytic groups. It should
be noted that for those muscles partitioned intc two or more
distinct structures, due to functional consideraticns, they were
considered identical in fibre type distribution. :

Two papers supplied most of tkhe ‘human fibre typing‘ data arnd
deserve special nmention. Johhson,g; al. (1973 examined the
distribution of <fibre types in 36,husbles from sgx young male
subjects (mean age 22 years). Fourteen of the muscles were
obtaired from the lower limb. This paper is limited in tkat they
only subdivided the fibre populations into fast and slow twitch
groupings.  Nevertheless, this reference supplied the SO
distribution for muscles 1, 2, 11, 12, 13, 21, 22, 27, 28, 29,
30, 33, 39 and 41. The second paper (Fdgertor et al., 1975)
examined four leg muscles in 32 humans (mean age\ 59 years) but
repcrt the distribution of | the three fibre types. This paper.
supplied the SO, FO, FG distributicn fer vastus lateralis arnd
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Muscle Geometrical Data.
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ffor isolated fitkre type data include Arderson® (1975),

32

Buchthal

‘intermedius, g&strocnemius and soleus. 2Additional references used

/

| (1970), Costill (1976), Elder (1980), Prince (1976, 1977) and

i
!

i

_Viitasalo (1978).

A transformation

- sui tability of  using

-

the tripartite fibre

Ariaro (1973) presented data c¢n

and intermedius,
(Edgerton et

compositibn of the locomotor muscles of cat, rat and gqinea pig.

between the vastus lateralis

Q;fgastrocnemiqs and soleus fibre compositicn of man
al., 1975) and sammals (Ariamo,  1973) was defined.  This
transformation was used to estimate the fibre compositicn of

’ Since. the

30, 33, 39 and 41.

28, 29,
to thecse reported by

relatively clcse
this author was ccnfident-: of - the

muscle 11, 12, 13; 27,

predicted values were

Johnsen et al. (1973) ,
mammalian fibre type data, suitably -

transformed. ‘Nevertheless, the known $O distributicns were used

and the predicted error divided amongst the FO and FG fibres. The
34, 37,

fibre compositior of muscles 9, 10, 14, 23, 24, 25, 26,
43, 44, 46 and 47 wvwere defined by the transformation

40, 42,

technique exclusively.
were

No data were available for several muscles and these

subdivided into the ratios 50:20:30 for the SO:FO:FG fibre types.
For muscles

These muscles were numbered 3 to 8, 15 tc 20 and u5.
1, 2, 21 and 22 the SO distribution was known (Johnson et al.,

1973) and the remainder was split between the FO and FG fibres in

the ratio 2:3.
fer each of ‘the

Table 7. It is
are only

type distributions

model are given in.
type populations
muscle has been

The tripaftite fibre

included in the
ncte that the <fibre
 vastus lateralis

muscles
importart to

approximately correct. The

extensively biopsied and the distributicn of fibre: types within
sex (Kemi et al, 1977 and athletic ability
1976; Gollnick et al., 1972; Thorstensson et
muscle bicpsies on the subject

it varies with

(Costill et al.,
al., 1976). 1Ideally a series of
would give more ccnfident results but most subjects would ocbject

-



33
to suck a procedure.—v However, unless 'several'biopsies Wwere .
- analyzed from at least the largest muscles, the biépsies would
not be of much use because- of variabilify (Elder,A 1977: Green,
1979).. ‘ ) " '

Physical Prgpertigs of the Segments A

To calculate the jeint momentsvand “forces in an individual it is
necessary to determine a set of numerical input values which
characterized that subject. These values consist of the mass, the
lccaticn 6f the centre of mass and the three principal moments of
inertia for each segment cf irnterest. ‘

Several researchers (Braune and Eisher, 1889; Dempster, 1955;
prillis and Contini, 1966) present cadaver data on body segment
rarameters. Predictive equations. have also been dgvelopéd‘> LS
(Fisher, 1906; Clauser et al., 1969; Haravan, ]1964; Hatze, 1980a; :
Jeﬁsén, 1375; Lrillis ana Contini, 1966) , using simple
énthropometric measures. . These equaticns are superior to Cadavef
data because the age and physical chéracteristics of the cadavers
maylnot correlate with +the subject ' pccl. The best method of !
estimating these parameters, = however, is to nmeasure thenm
directly. Bresler and Frankel (1950) -using -a quick release
- technique, and Hatze (1975b) arnd. Allum and Young‘(1976), applying:
the relaxed oscillaticn method, détermined the moment of inertia
cf several segmehts. The apvolication of these twe téchniques_are g
simple, dc mnot require muchk Instrumentation and are .very
reprcduceable. Hewever, these technigques- must be applied to ernd
segments and cnly in thecse planes where the segment is allowed te

rctate.

Data from the papers cited above were used fo estimate th;M/}‘;
mass, mass centroid' and the three prinéipal mements of inertia’

fer the thigh, " shank and fcet ségments (the tce énd. talus =
segments were ihcluded within tte foot). These are presented in
Table 8.  The mass ?values are given as a peréentage of the
subject's total bedy mass. The three radii of gyration, relative

& g

W the SRS imbedded at the centre <of mass for each segment, are

— : »
- ~
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Table 8 . The Body Segment Parameters.
Segmeet Mass? "X‘_ %; A
Shadke 1049 1398 1384 1338
Foots ~ 015 2214  .488  .872

.t radius of gyratlon of the segment about
the centre"0f mass as a fraction of the
segment length

2 pmass as a fraction of the ‘fotal body mass

ip to the knee gclnt
nee to th i
IT to the HTP joint -

new

given as a percentage of the subject's seément length;kThe moment

v
1

of inertia ' is calculated using:
' " . -

I, = (,K"‘*' L)z *xn ' ‘ - (2)
where I, - moment of irertia of the 1lth segment about its centre. -
of mass, K; = the radius c¢f gyration'as a fracticn of the segment
length, L, - the segment length and M, - the mass of the
segment., '

"The location of each segment's centre of mass are given in
coordinates relatiie to the reference system by which the SRS,
muscle, 1ligament. and palpable points were digltized (Q ). These

data are found 1n Table 3.

MUSCLE MODEL

In locomotion only one force, that produced by . muscle, can be
voluntariiy modulated to prcduce varying movemernt patterns. -The
capacity of a muscle to produce force is dependent uporn its fibre
ccmposition, substrate availatility, gecmetry ard instantaneous
length and velocity. Recent evidence suggests that the
activaticrn history of”ﬁvmuscle also affeqts its fcrce output.
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Tersinoloay and the Mechazical Model of HMuscle |
In this section a transition.from'the real anatomical structure
of muscle to a mechanical model 1is 'presented,,’ Since this
modelling‘takes,place within the framework imposed by the muscle
this . inr turn suggests that the mechanical elements must
“correspond to stfuctural,elehents.p

i

-

If an unactivéted muscle is §t£etched,ﬂ 'tensionl yill be
cbserved which is due to a passi&e paraliel elastic component
(PEC) . In the human body the paSSive ténsioniléhgfh curves of
the fuscles vary greatly &epen&inq' upon the percentage ‘Of

‘connectiwe-tissﬂg‘gqérISQH;and'vwiikie, - 1974). Several studies
have measured thé’extgdsibn of.a muscle to varicus applied loads
(Chapman, 1975;' Engih,1979; Herman gg gi.,»ﬁ966; ‘Otahal, 1971;
Tardieu et al., 1976) and all report negligiﬁle passive forces in
the _muscleé crossing the joints, within the normal range of
movement. Fer thisriéason, the PEC was omitted from the present

analyses.

- When -a muscle is activated it 1producés.tension _which is
transfered via elastic structures to tte skéletcn.‘ Terméd the
series elastic cbmponents'(SEC) they: exist within the contractile
machinery (Huxley and Simmons; 1971;iJévell and Wllkie, 19?8) arnd
the tendons. In the model the’ fibre and tendon elastic components

were treated separately. : , e

‘

A muscle, freed of all its elastic elements, can now be

regarded as a pure,cdntractile elemeﬁt (CE)y). The CE is the only’

activeﬁcomponent in the mechanical mcdel and its force output

depends on its length, velocity and temporal phenomena.  Muscle

fibres also fall into three types, slcw=-oxidative (SO),
- fast-oxidative (FC) and: fast-glycolytic (FG) which are intimately

associated with the force output of the CE.

The elements included in the mechanical muscle model were
assembled as shewn in Figure 5. Two configurations were defined
to account fer the parallel and pennate fibre gecmetries. In
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Figure 5 the supe;;cripts ¥, B, F, T, CE and SEquenote the totel
muscle, muscle”Eelly,Amuscle fibre, terden, contractlle element
and the series elastic compornent.: The sukscripts i, SO, Fo, FG
represent the three fibre type designations. Addltlonal symbols
are geometrical, indicating lengths (L, T) and angles‘(«). ~ The
superscribes,‘.',:“=', *2r, and ' areéused above ¥ and_L"'to

‘indicate tkhe first derivative with respect to time; and , the
anatomical, 'maximum and minimum’ length respectively. - The
resting lengths of the SEC and CE were defined as being one-half
tge\fibre length when_the nuscle is at its maximum 1p vivo lergth
(If) - (Bahler et al., 1968; Joyce et al., 1969). It is at this
length that a muscle can exert its greatest isometric force.

zacto;s4§odifxigg A Muscle's FPcrce Qg;pgt’ _ .

Fibre Composition It is well-established that mammalian
skeletal muscle fibres can be classified'irto three fibre types
on the'® basis of their metabolic and electrophysiological’
characteristics 4(Burke, 1975; Close,,' ii?é; Eberstein  and
. Geedgold, 1968; Goslow et al., 1977a,b; Schumalbruch and
Kamieniacka, 1974)2 Slow contractiﬁg\fibres (S0) form a
homcgeneous grodp which show considerable resistance to fatjgue.
The faster fibres /are less uniform than tke slow group,
developing a vide range of fatlgue resistance. _However, they carn
be dlylded into two groups, one which is fatlgue resistant (FO0)
while‘the other consists of highly fatighable fibres (FG) .

Available evidence indicates that the force developed by a

given amcunt of ‘contractile material is approximately the same in

fast and siow’ muscle (Rlexander and Gcldcpink 1977; Fenn and
Marsh, 1935; Hellander and Thulln, 1962; Sexton and Gerstor,
1967; Wells, ~ 1565). Excised musc1e= from a wide variety of

vertebrates have been found to attaln maximum iscmetric stresses
in the range of 20-35 N cm—2 (Alexander and Vernorn, 1975).

-Many experiments have beer pefformed to measure the maximum
fercéds which can te exerted by groups c¢f human muscles. In many
cases the  force has been  divided by the anatomical

+
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Figure 5 Gecmetries of the mechanical nmodels of parallel and

penrate muscles. Symbols are explaired in the text.
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_cross-sectional area of the mascle, giving values up"to
100 ¥ cm—2 (Ikai and Fukunga, 1970). Values obtained in this wvay
. are not the stresses acting irn tﬁe muscle fibres, if the muscles
are pennate. Haxton (1944) devised the: correct method for .
relating force to stress in pennate muscle (outlined below) ard .
found that the ankle extensors can exert stressesA'up to
38 N cn-2. In the muscle model a value cf 40 N.cm~2 was-
assigned to the paximum isometric force per unit of physiclogical.
cross-sectiondl- area (f). - It should be rncted that the
‘physiological'crbss-sectiona1 area of a nmuscle was measﬁred'at
.Gits anatomical length Ti") and the maxlmum force occugs'at the
maximum in vivo fibre length (L ). : ’
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Geometry To estimate the maximum: iscmetrlc force exerted byxa
mugcle in the direction of ‘its tendon (F ), it was nécessary to

‘know certain. cheracteristics of - that muscle such as the-

anatomical lerngth of the muscle fibres (f'),/ mass'(m), density
(p) and the arrangement of fibres within it. The dersity of

fmuscle has been reported to be 1050 kg m-3 (Alexarder and Vernon,
-197%). If a muscle is pennate, it was also necessary to know its

angle . of pennation (o<) . When = and L are measured at the
muscle's anatomical length, they 3are denoted with a '3
superscribe. 7

The physiological‘cross-sectional area of a muscle vas given
by: L ’ . ‘ S -

,A":m((pi‘;*f ' u o - ( 3)

z¢ - ,,A’! o o
where m and 1L are obtained from the standard geometrical data

séaled to the subject and E, the muscle shape factor, from

Table 7. The shape factor was necessary to estimate the muscle's
maximum cross-sectional area. from the mean area.

ﬁggfié maximum isometric force a muscle can "exert in the
direction of its fibres was 51mply force per unit area multipl*ed

- -

by its phy51ologlcal cross-sectional area:

M= £ 2 R ( 4)

e

The maximum iscmetric force a.muscle can exert :In the direction

of its tendon wvas given by:
' g

fnzthcos’% " - /\ . ( 5) .

Necte that the angle cf pennation for a parallel fibred muscle is

zero degrees, that 2" vas constant at all fibre lengths, and that
F" cccurred at 1 R ' '
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In the rext section we -wish to extend from the maximum
isometric force exerted by a muscle toAali conditions of leagth
and velocity. First, let us examine the'léngth and velocity'of
shortening (ot lengthenihg) of the muscle fibres in relation to
~the muscle belly length (Ls). The. sclution ¢t the fibre length
and velocity in a parallel-fikred muscle is.. trivial. 1 18
decreases. bj a distance s (s is positive for a shortening
guscle), at the velocity‘é,\the musclé tihrgs are doing tke same.

Considering the pennate muscle the assumption was " made that

the angle of pennatxog’varies but the muscle thickness (T) does
not. ~Calow and Alexan&sn (1973) - reported this <finding after
exanining the . contraction of’frog hind leg muscles. Letting the
belly shorten a distance s, ]the angle c¢f pernaticn at any lerngth

wvas: | ~

' ©2f = 3F z g
® = tan—!{L sine/ (L cosex - s)) - A ( 6)
It was now,possihleito,‘détermine that a decrease. in the béily
length (L®) results in the fibre length to change to:

. =F ’ : !
AR L s:l.na/s:l.nu - - ) - i (7N

Knowirg the ‘lengths of the fitres in time,  the velccity of fibre
shortening was calculated by differentiation. - Thefinstantaneous.
fibre lengths and velccities were wused to modify the maximum h

force output of a muscle.

Series Elasticity When a muscle ' is activated its tension is
transfered via the series elastic ccmponents (SEC) . to .the
skeleton. In’the model this elasicity was divided into~ two

parts, that“of the fibre and the tendon. The SEC cannot'change'i
the magnituﬁé - of tke force being trarsmltted through ‘them but

they alteﬁzthe instantaneous length and veIUC'ty of.the CE which
modifies the force output. ‘

om0
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0.07%L" and it's normalized compllance uf/i‘)/(P"/§") typica
~varies from 1.25%10~2 at P -_to 13.15%10-2 at 0.2 B" (Bayler,

, _ 40

Comparihg Fublished data, a normalized force?length
relationship for the fibre SEC was estimated. Only those results
obtained from mammal*an muscles were used (Close, 972). No

Adlfferences in the properties of the SEC between di fferent flbre

types have been indlcated (Close, 1964) .

. - :
The maximum exten51on of the flbre SEC at P is approximately -

1967, 1968; Bahler et al., 1968; McCrorey et al., 1966; Pdrmley
et al., 1970). These_dafafwere fitted by e third crder polynomial
eguation'fo estimatelthelflength.of the fibre SEC
force in the corresponding CE: '

irg the

LT o '
1% = 1™ 4+ tf(ax + Bx2 + cx3) (8

L ] [

o EL -c.t

_where A, B, C and x are 0.21188, =-0.22625, 0.08438 and p /P

respectively. The.normalizedllength—tension curve fcr the fibre

series elasticity is shown in Figure 6.

Fofimeny muscles the tendinous elastiéfty dominates the SEC.
Unfcrtunately, mcst investigafions\examine the effects of age,
interral structure and embalming techniques or the ultimate
s ngth of tendon (Blanton and Biggs, 1970; Cronkite, 1936
Yz::da; 1970) .* Since tendon ruptures at approximatelf 7 per cent
strain lihese data were of little use in estimating the
stress-strain characteristics of 'tenaon up to 2 percent strain,
thought to be the normal physiologlcal range (Gratz, 1931; Harris
et al., 1964). However, genedlct et al. (1968) do present data
within this range on the flexor ard extensor muscles of the human
tces. An average stress-strain relationship was estimated from
their results. Up to 4 per cent strain the modulus cf elasticity

is constant and approximately equals 200,000 psi (1&00 N mn—2).

Knowing a tendons cross-sectional <area 1in nm (A ) and its
anatomical length (i1) ve can estimat€ the length cf the tendon
at any force F™ from the following egquaticn:

»
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Figure 6 7,,Tbe nermalized Force-length relationship of the
: fikre series elastic compcient. ’

"

(9)

=7 ’ -
1" =L * (1.0 + F7/ (1600 * 2"y

The notmalizgd lergth-tension curve for the tendon series
elasticity is shewn in Figure 7.

-

SR e P o, s
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Figure 7 The normalized Force-lengtk relationship of the
tendon series elastic compcnent. _
Temporal Pheromena It is well known that a muscle canhot be
activated or relaxed instantareously (Stein and Wong, . 1974).

This is partially due tc tke force-velccity reiaticnship but the
time coursé cf a muscle's activaticn is also respopsiblé.
ADefining "the active state (q) to be the relative amount of
calciunm onnd‘tc the troponin molecule (Esbashi and Endo, 1958),
the contractile element produces ro fdrce when g=0 and maximum at
g=1. ©Ncte ttat active'state is linearily related to a mixture of
the aﬁGGnt of corntractile material recruited, and. frequency of
firing, but does not specify their relative corntributions urlike
Hatze's (1977a, 1980b) model. |

&
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The rise and fall of activation vere modelled bj'exﬁonential
equations with suftable time constants, % and {;‘ respectively.
Knowing the previous activation g, at, time t-at (vhere 1/At is

" the sampling frequency), the Fkoundary activations at time t were :
estimated. For maximal stimulation TS=1) the upper boundary

. activation is:

$'= g+ (25 - 1) *‘(4'-'exp(-At/2))‘* (1-9) | (10i‘

and for full relaxation (S=0)'the lower boundary‘activation is:

EY

g=g+ (25~ 1) * (1~ exp(-at/H)) * g f (11 -

Note that when .the stimulation equals 0.5 the activation does nct

change.

The values <¢f the time cgﬁstants for the three fibre types
were estimated from published curves (Bahler et gl., 1967; Burke
et al., 1973a). The time constants for the rise ir activation for
the three fibre types were estimated at 0.003 s. The time
constants for the fall in activation fcr the so, PO anq FG fibres
vere 0.073, ~0L034 and 0.034 s, respectively. ‘The'active'states
(q) for a fast and slow twitch fibre populaticn are plotted |
aginsf time in  Figure 8. Both fibre gfoups received maximum

stimulation'frqm 0.0 to 0.02s; stimulatigg ceéased at 0.02s.

It should be noted that differences in the rise of tension are
prédominenfly due to the fibre force-velccity rélationships, no
activation. Also the above relations are only approximate gé‘
best. Steir and Wong (1974) and Wells {(1965) remark that the\}
decéy of activation is only approximately exponertial. 0f more
ippcrtance, Edman and co-workers (1971, 1978) and van Atteveldt -
and Crowe (1980) report of transient enkancing and depressing '

" effects on ccntractile force Ly previous stretch and shortening
of the muscle fibres.. These mechanrical effects probably modify
the concentratior of calcium bcund to the contractile filaments.

S




ug
00 o5 0 15 . .20
. Time (seconds) ’5;7
Figure 8 The RActivaticn-Time relaticnship of a fast and slow

twitch fibre population.

&

Future  refinemerts of the model -should ‘inccrpcrate these

findings.
The Force - _length Relationship -One. of the earliest

predictions frog the sliding filamert theof}*of’“tontraction was
‘that as amusclz\is lengthened, the area of overlap of the acfikff'
and myosin filamernts should diminish, and therefcre, the teansion
L _developed should alSe decrease (Harson and Huxiéf?i, 1953).
Previously published work by Ramsey and Street (1940), duplicated

by Gordon et al. (1966) confirmed this theoretjcal prediction.
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Several authors have described the ﬂftfce-length relationshipz
mathematically. Bahler (1968), using experimertal data from 28Z
rat gracilis anticus muscles, fltted a parabolic egquation to the
force-length data from 0.7 to 1.2 L . As pointed out by Hatze
(197%a), his,equation was accurate fcr the. range indica‘ted butf

muscles frequentlf exceed these l*mits. Hatze, modelled theg
relationship from 0.58 to 1.8 L . It should be noted that!
neither of - the above equathns have any physiological%

,significance besides describing thé relationship.

In the present investigation the force-length relationshlp wasi

descrlbed using Hatze's (1977a) equation' s —
P /B = 0.32 + 0.7%exp(-1. 112(1. AR 0)) ‘
) * s:Ln(3 722 f /L - 0.65€)) - (12)

where all of the symbols have been rreviously defined. The
normalizalized length-tension relationship for the CE is shown in
Figure 9. Although eguation (12): follows the force-leagth

irelatiohship of a muscle fibre and not that of a whole muscle 1t\

ias thought the best available in the llterature.. Also, since
© - the- equation defines - the force-length relatlonship beyond the
maxibum ip vivo length defined in this thesis, (1. OL ) alternatlve
rest lengths can be easily defined and incorpcrated into the
model when more definitive rest length data becomes available.

~ The Force - _Velccity Re;gt;ggsh;gfr Tn 1$38 Hill determined thatj
the previously well khown'iﬁVerse relationship between muscle;

. _ |
force and the speed of contraction, near optimal' lengtk, ‘for
i 2 0 (Fenn and Marsh, 1935; Hill, 1922; Levin .and Wymar, 1927;
Wilkie, 1950), could be represented by ' . !

‘I‘v‘

P = (3" + a)p/(d® 4 b)) - a ‘(131,,"1)

,r’

[
/‘/‘
i
it

where 'a’ and 'b' are physiological constants proportional to the
cross-sectional area of the muscle and its fibre length.
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Figure 9 The normalized PForce-Length relaticnship of the

contractile element. .

.

Hill's constant 'a‘ has the units cf force and is higher for
fast thar slow mgscles. "In the model 'a' was assigned 0.20, 0.35
and 0.35 ?:‘ for the SO, FO, and PG fibre types, respectively.
The constant *b' has the units of velccity and is approximately
six times greater for a fast than a §low muscle. For eack Euscle
in the model 'k' was assigned 0.40 L%, 2.25 ip and 2.25 L' for
the SO, FO and FG fiber types, respectively (Cldse, 1964; Wells,
196%) . The fcrce-velocity relatioﬁshipAof a fast and slcw twitch
fibre populatzon are shown in Figure 10.° For, bcth fibre groups:

B“ = 10008, 17 = 0.05m, L = 0.05m and g = 1.0.
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Figure 10 - The Force-Veloc1tI relaticnship oF a fast and slow
: twitch fibre population. .

In the model ro mechanical differerces were assumed to exist
between the tvwo fast twitch fibre types. Hcwever, the

distribution of force amongst muscles according to fibre type

would be« quantitétfv ly different if they were not subdivided.

Also- future refirements ' to the model cculd include the decay of

force with fatique (Burke et al., 1973a).

i
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Hill's equation sufférs from a number of deficiencies,' the
major one being that it is confined tc concentric contractions
-even though a large prbportion of. muscle activity is eccentric
(Abbott et al., 1952). However, little is known about the maximunm
force output of a muscle undergoing én eccentric contraction.
Sugi (1972) studied the force changes during these contractiors
and has clearly demonstrated that as stretching velocities
increase the force rises above isoﬁelric (Sc‘) to a plateau. ‘
This is shown in Figure 10. It can be seen that Hill's equation
provides a good description of the relaticnshlp between force and”'

veloc1ty only for muscle shortening. Once muscle is lengthened,wi

a diff?rent relaticpnship is followed. The wmaximum  force
developed by a muscle in eccentric contractions was defined to be
1.25 2 = B* (Joyce et al., 1969; Katz, 1939) and the

relationshig between force and lengthéning velocity follows a
' hyperbolié relationsﬁib, albeit, qnev,different than the
shortening condition. . ' : f _ g

e

The equétion used to describe the eccentric half Jof - the
force-velocity relatlonship (i“’< 0) was rewritten fronm Fﬁfzzygh
(1977) and follcw ' '

- PNy /(BT +oa) - | (14)
'

The secord shortcoming of Hill's equaticn is that the
parameters B and 'a' are nct bonst?nt but functions of the
length of the CE and activatior. Nevertheless, Hill's equation
has been extensively reported on 'in the literature . and the
parameters 'a' ard 'b' are related to the energy prcduction of a.
muscle (Hatze and Buys, 1977; Hill, 1938). To adjust equations
(13) and (14) both ?“’~and fat wefé,scaled by the force-length
relaticnshig, ‘giver in equaticn (12) (Atbott ard Wilkie,  1953;
Bcrnhorst and Minardi, 1970; Matsumoto, 1967), and the activation .
q, given ir equations (1Q) and (11) (Bigland and:Lippold, ‘1954:
Miyashita et al., 1969). '
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Analysis ) é
In this section the technique used to estimate the force a muscle
can exert at time t, given its force and activation at-time t-at,
and its current kinematics will be outlined. For demonstration
purposes the maximum (full stimmlaticn, S=1) and ﬁinimum (no
stimulation, S#O) force a muscle-can exert is discussed. At some
intermediate stimulation the actual muscle force ;wduld lie
between these values. The>£5rce—5timulétion pairﬁfor'each nuscle
are input to the control .medel which qaléulatés the actual
stimulation (and therefore muscle férce) requiréd to balance the
jeint moments. - o ' ' L

LA

To solve for the maximum and minimum muscle forces an*

iterative proc¢edure was used. Since ttke equaticms are?i}entical
for both the rise and fall in activation conditions, these are
discussed together below. The time interval between'frgmes (at)

vas divided into k egqual increments each of time d4t.  This vas
" necessary since a finite .differencé methcd was used to estimate

structure velocities. ,If.dt is small a wmuch better estimate can
be mades : ' ‘

To begin, the length and velocity of the muscle (1", f") were

determined at each iteration. Siqce these values were knows at

each frame, two linear equatioﬁs were used to solve for 1" and ih
at each dt. _ , ) ®

°

" The following values were known at time t-At: .

1 the force‘(Pf*) and activation (qd;) of the contractile

elemerts, calculated in the corntrol model,

2 the lengths of.fhe SEC (Lf‘) and tendon (ﬁ'), derived from

Pf‘ and FP™ using equations ( 8) ard ( 9),

L Fiag

' . . ‘ . -
3" the length (1") and velocity (L") of the muscle from.the limb
kinematics and '

il b e e o nh e B T
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4 the- velocities of the SEC's (L )fand tendonr (L ). How these
were derived is discussed ‘below. :

‘ | a g . ,
~ 5 FKnowing the lengths and velocities of the muscle, SEC ard

tendon, the lengths and velocities of. the CE's (L v i?’) were
calculated from gecmetrical relationships. ’

Py

The boundary activation levels of the three CEls,at - tipe
t-At+dt were calculated using equations (10) and (11). Knowing
the 1engths and velocities at time t-4at, and theTactivation level
of the three CE'c at time t-At+dt, these were "used to estimate_
the forces in the CE's at timeptrhtfdt using equations‘(13) and
.(14). EKnoving the forces P{f, the corresponding lengths of the
SEC and tendons at. time t-At+dt were derived. ' Since we now know
1% and’'t’ at times t-at and t-At+dt, the velccities of these
structures were estimated from their changelin '1ength times the

reciprocal of dt. v ‘ I

sufficient ihformation now existed to calculate the lengths
and velocities cf the CE's at time t-4t+dt. "It can be seen thatv
the above steps. were performed k times, to estimate the muscle
force and activation at time t. Co "

CONTEQL HODEL |

ITn the last section the force a muscle exerts when experiencing a
particular stimulation was developed. The contrcl‘model'selects
- the muscle stimuli based on a neurophysiological model of muscle
recruitment to generate ‘the net muscle mcmeﬁts; This model is

) discussed belcw.,‘ ) ‘

Neurophysiological Copstraints . |
Fibre Type Recruitment It is well known that most mammalian
muscles are composed of different fibre types, which ‘can be
convghiently lumped intc the three categaries SO, PO and FG. In
terms of function,' the FG units are for short-term powerful,
phasic activity, and the FC fibres are better adapted for
repetitive rhasic, activity. on the other hand, .the SO fibresiare

\
-
/
t /
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- fibres given by relation (15).

i}

. .1
low-speed econcmical contractile‘units, suitable for sustained

" tonic activity. It is thought that during voluntary muscle

contractions, muscle urits are recruited in order of dimlnlshlrg'
fatigue resistance. This pattern has been experlmentally ShOHn;
in both cat (Binder et al., 1978; Goslow et'al., 1977bs _Renzemg:
and Clson, 1965; Walmsley &t 1., 1878) "~ and human stué%é
(ﬁesmedt and Godaux, 1977a,b; Gollmick &t al., 1974; Hennemai~

. et al., 1965; Milrer-Brown- et al., 1973). It has also been
.‘reported = that when higher level nmuscle fibres are recruited,

those previously recruited are not deactivatead (Desmedt and :
odaux, 1977a' Gollnick et _;., 1974) . Definlng the reeruitment

,,’(\

pattern of fipre types as fixed we can write: »'“mif

SO0 ====> SO + FO ====> SO ﬁhFdA+ FG R (15)

concerning whether all fibres in a lower level must be recruited’
befcre the next level is entered. The best evidence comes from
glycogen depletion stud;es'(Burke and Tsairis, 1973; Essern and
Henriksson, 1974; ' Garnett et al., 1978; ‘Golinick et ak., '197§y
which indicate the homoéenequs loss of substratevfrom all fibres
of a similar type, indicating that all fibres were in use.
However; some researchers have hypcthesized the movement of;;
substrate from cne fibre to another (Essen arad Haggmark, '1975f
casting doubt on the above evidence. Nevertheless, the present
model incorporates ar immutable recruitment order -of nmuscle

PR

_gttern Generators Three wmajor’ ccmpcenents cft - the neural

control system fcr 1ocomotlon have been identzfied and irclude 1)
a relatively autoromous generatcr, residing in the interneurons
of the 1lumbar spiral corg, which can provide for rhythnmic
stepping, "2) a spinal syetem receiving activating signals from
supraspinal scurces, %na 3) a éegmeﬂtal afferent inéut which"
interacts with the spinal programme"elther by direct feedback or
channelling thrcugh ascending neural pathways. ‘

/

There . is still scme debate about this recruitment order,j?

oy

E
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That the lumtar spinal cord could suprort steppingribﬁements

in the limbs of animals without higher level irput has been known

a long time'(graham Brown, 1916; Grillper, 1973; Shurrhger and

Dykman, = 1951). - Further, the afferent input, if  suggically . . -

removed, was also fcund to be non-essential. tc rhythmic. dctivity
(érillner and Zangger, 1974; Taub atd Berman, 1968).v ‘This
evidence suggests that oné or . more paftern geﬂ@fatorsvcan’produce

relatively effective nmovement patterrns. Sach a scheme is i

demonstrated by much experimental evidence, at least in the cat
(6rillner, 1975; Perret and Cabelguﬁn,/1980: “Shik and Orlovsky,
1976) . id o |

wt

- In the present model those factors deemédineéessary vere as

follows: . R : .

=

1 Up to three rattern generators " (neur signal outputs) exist

at each joint, corresponding to the\number of dégrees of
freédom that joint pfovides¢~,,For%»e _mple,"‘the foot - was
constrained to move about the upi-axial tibiotarsal and
subtalar joints, relative tb the shank. . Twe génerators were
assumed to control the muscle momerts about these tvo axes.

The output level of a generator'varie$ in crder to match the

moment réquirements at each joint, 'and it was controlled- by

supraspinal and segmental signals.

4
.
a

-

2 For each pattern generator its protagonistsAfand antagonists
_were respectively facilitated and inhibité@ by tke sanme
signali This presupposes that there ¥%as no.}afferent input

modifying the signal to a selected puscle. It cther wordﬁf a

feed " fcrward system was modelled. It is known tkhat the
feedback signals are rnot essential fcr producing the basic

Bovement patterns. - The 'signalsffrpm the muscle,  joint and.. -

skin'reCeptors are used as a fine control'and toc modify the
output tc correct for unforseen disturkance gi.e,, 'fatigue or
stepping on a pebble). Since these afferent 'signals are
non-essential to rhythmic activity (Grillner, 1975f they Were

=N
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‘excluded from the model for"simplicity at this stage. Future
refinements to the model could add such afferent feedback. _

“Two simple examples are given to illustrate the control model.
Con51der eleven muscles situated around a- hypothetical joint that
"has two degrees Vof' lfreedom, . flexion-extension - and

‘adduction-abduction (see Figure 11). 21l of tne»nuscleS'have the
\_moment arms shcwn. If equal flexion and adduction moments are
desired muscles 'd and 10 are stimulated 1. uz .71 + 0.71) tines
and muscles 9 ard " 11 1. 30 (0.38 + 0.92) times as strongly as
7uuscles 3 and 5- muscles 2 and 6 receive a net stimulus signal of

zero, and the remaining three muscles are inhibited by the

control model. This is an exanple of a group of muscIés being
preferentially'recruited because they satisfy tvwc mcments at a-

single joint. ' NWcte that muscles 4,-9, 10 and 11 do not receive

all 'of the stimulation from the flexion-entension and the

abduction4adducticn pattern generators since they are not pure

_ flexors or . adductors. They Leceive inputs calculated
trigonometrically based@on their positicn (see ‘FPigure 11).

The seccnd example concerns itself with the ability of~a
single muscle to satisfy the net muscle moments at two different

joints. 1If a nuscle can generate ‘part c¢f the. reguired net muscle
‘moment at more than one joint ‘it will be preferertially selected

by virtue cf receiving. positive stimuli from' two or more o

generators.

- The controlfnodel recruits»groups cf mus¢les in accordahce to
their ’ability tc generate a required net muscle ﬁonent{{‘
Individual muscles within a specific group may receive different

activating .signals, .depending upon the ability to satisfy'one
or more net au§cle moments. si there is  little
neurophysiological evidence to substajjiate the number of

izﬁependent stimuli and how they are assigned tc the lccomotor

puscles the actual neural control of 1individual muscle
recruitment must be largely theorized. ' Until better spatial and
tempcral neurcphysiolcgical data is obtaired, considering all

s
L 4
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degrees of‘ffeedom in the loccmotor system and the influence of
peripheral inflov, the control model will be scienti€ically
unsupported. _ | ’.' én

- stipulation-Activation-Muscle gg;ge Relationship

?he%ability of a signal from a pattern generator (SH) fto~p;oduce

a muscle force depends upon the factors modifying the muscle's
force output. These were discussed extensively in the muscle
model section in which the bcundary wmaximum and wminimum force

outputs ﬂf a muscle were calculated. - These are available as the
- maximum (F, ‘)' and minimum (F ) muscle forces and the maximum

]

(gl) and mlnlmum'(ﬁl) activations at time t. The stimulation to‘ﬂ

generate any'intermediate muscle force is'also'ﬁefined.

~ One example is presented. 'In. Figure 12 the relationship
bet ween '5 CE's activatioh,‘ ,stimuiaticn and force. output is
diagrammed.. In the example §f;y\§§';'§;, q. and‘ai,afe 61 N, 100
N, 0.60,, 0.80 and 1.00 for the SO fibres, 33 N, 150 N, 0.22, 0.40
and 1.00 for the FO fibres, and 0 N, 199 N, . 0.00, 0.00'and "1.00
fer the FG flbre= when t is 0;02'5, Since the FO fibres are
activated after the SO fibres, .and thé FG. after the PO, these

~curves are shifted to the right to fall between 1 and 2, ard 2 to

3'Sn,»respeetively. Note that since the level-of activation (&u -

and q,,) remains constant at imulaticnsv below 0, and above 1
(see Equatiors 10 and 11) the force generated by the SO fibre
‘remains constant at stimulaticns belov 0 and above 1. sSimilar

relationships held for the FO apdrfG fibres. It should also be

noted that a 1linear relatiénship was assumed between the
aé%ivation ard the fibre forces for this example only., In
general the relationshir is nonliﬁear and depends upon ‘the
muscle's geometry, kinematics and previcus .activation.” | ’
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zﬁélgg;g gﬁythg Ligameﬁts , (
The line of actien of a ligament ,generelly generates a mcment
about all three axes at a joint, albeit small _about those axes
for which 1large range of Jmovementlexist.‘ .Similarily, ‘muscles
generate moments ‘about all axes but generally of a’ 1lesser
magnitude abcut. those axes for which nmovement is constrained.
This suggests that forces must be assigned to the  muscles and
ligaments simultaneously to balance the jeint moments. Since the
technique used in this thesis to distribute force amongst the
muscles only considers the ‘ma jor degrees of freedom of the. 1ower
,limb the ligaments were not ‘considered. This was based on the

assumption that the ligaments generate"small-moments_ about the

major degrees of freedom due to their smaller mcment arms and
force when compared to the muscles tuotrison,'1967).

Apalysis : .

In this section the method used to estimate the muscle forces in

the lower 1limb is developed. A simple example leading to the
final solution is presented. ' ) -

A sagittal plarne view of the knee and ankle,‘uith five muscles
crossing these joints is shown in Figute 13. It is assumed that
all muscles lie in the'sagittal plane arnd +6 and -30 Nm of net
muscle moement are required at the knee and ankle, respectively.
To make the example simple each muscle vas assumed to be composed

of one fibre tyre (SO) and the activaticn constraints are- q = 0.0

- and q = 1.0. The force exerted by each muscle at full activation
(%n), and the mcment arms of the muscles at each joint, are
given in Table 9. Mathematically, a .negatlve moment arm
indicates that the muscle generates a ccunter-clecckwise moment on

the segment below that Jjoirt. If a muscle - does not cross a

"joint, its moment arm was set to zero.

|}

Two pattern generators are-required, “one at the knee, the

other at the ankle. These in turn facilitate or inhibit a muscle
‘(vith signal SM) depemding upon that muscle's ability to

ccntribute to the required net muscle mcments. If the sign of.

-
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simplified sagittal plane viev of the knee ard
nkle joints. Five major muscles are shown. «

~.

o

Figure 13

o

the moment arm of a hdscle, at a given joint, is oppcsite to that
of the required net ﬁdséle moment, ' that muscle is inhibited
(-SM). If the'siggé match, ~ it is facilitated (+SM). 2 muscle
with a wmoment arm of zero is ignoredQ In the »present example"
muscles 1 and 3 were inhibited and 2 facilitated with signal sH,
at the knee and puscles 3 and 4 were facilitated and 5 inhibited
by sM, at the arnkle. ' '
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A Table 9 Hypothetical Moment Arms_(m) and Maximpum Force of
: ‘ Five Knee and Ankle Muscles (see text). )

‘ Muscle o1 2 3 4 5 |
Moment Arms _ : a f
Ankle 0.00 0.00 -0.06 -0.05 +0.02 !

F 1000 2000 1250 500 250 . !

L

A given muscle's force output is a non-linear functior .of its .
stimulation. In the present . simple exarple these reiationéh;ps~
"were linearized tc three regions: ' o '

;
i : : i

sMm < 0.0, P = F" = 0.0
: ™M v . PO 7N
0.0 < SM < 1.0, ™ = " + sm * (F* - F")
sM > 1.0, F™ =.F" (16)

Note that these equations apply ‘to this problem only; the model
incorpotaﬁes all stimulation-muscle fcrce non-liﬁeirities (see
the Stimulation- activation- muscle force relationship)ﬂ

A 6scle's stimulatipn is the sum cf the inghts from the
;patte;m generatcré. By solving for the signals f;éﬁ the pattern
generétors - (SH, and SM,) . the force in each &uscle can be
’dﬂeterhined.‘“ Hultiplying by the moment arm at a gi&eh joint, ahd
sqmm#ng across muscles, this must eQual the requﬂred net muscle

momeﬁt at that joint. We therefore neededfftc, solve two
simultaneous nor-linear equations for SM, and su,. In this.-
example SM, and SM, were 0.4 and 0.6, Tespectively. The muscle

forces were then determined to be 0, 800, 250, 30Q,and 0 N. These

"cortéspond to an activation of 0.0, 0.4, 0.2,’0.6;and 0.0 for the
. - P - ! L d

five muscles'concerned. N\

Expanding the above simple problem to the human locomotor
systenm was straightforvward. . Kncwing 'the stimulation-
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activation-muscle force relaticnship ard the mcment arms of.-the
47 locomotor muscles, signals from 6 pattern generators (three at

Q;Pe hip, two at the ankle and one at the knee) were determined by

solving 6 simultaneous non-linear egtations to generate the
corresponding net muscle moments (IMSL routine ZSCNT, 1980). The
form of the equations were as follows:

W

; ™ . V ) ‘ -
4, = ;(“m * F.) | | | (18)
where M, -.jth joint net muscle mbment about the kth axis,

MA.;« = Dth muscle's moment arm at the jth joint
about the kth axis, c
apd F - force in the mth muscle (function of the
stimulation from the pattern generators,
its mechanical properties and past history).

Knowing the signals from the six pattern generators the force in
each muscle are determined. o

4 ~

To solve for the muscle forces initially\ the muscle wmodel

‘cannot be executed since the previcus muscle forces are not:

known. Either an estimate of the muscle forces at the previous
frame must be made or the activation censtraints removed (the
authar's choice). Whickever method is ‘used, the muscle
veldéities nust also be estimated. This sﬁggests that ,thé
computed muscle fcrces for the first few frames will be in error

and that‘the initial output shculd be discarded. |

SUMMARY + -,

It would ‘bé naTvé\to suggest that the model develcped in thig
chapter aécufaiély describes the complex. proéessgs for the
recruitment of fhe'locémotor muscles. Hcwever, it is an attempt
to ‘incorporate —rphysiological arnd neurological data in the
solution’ of force distributioen. The model includes the,
expcnential rise and fallr of activation which can. lead to
artagonistic muscular actiwity, and assumes smooth distribution
of forces amoﬁgst sgnergistic muscles, as predicted by EMG.
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The method of predicting the muscle forces shares many of the
limitations of rrevious wcrkers. The variety of anatomical data

incorporated within the model was at,test carefully estimated.

These include the gecmetry and fibre compositions of the muscle

and their teﬁporal and dynamic precperties. The definition of the
joint centre 1leoccations and the  estimation of the muscle moment
arms also had to te rigorously defined.

One criticism of the model is the inclusion of numerous, only
partially supported assumptions. These include the ability to

accurately estimate the location, lengths and velocities of the

muscles from external measurements, the prediction of the muscle
force-stimulatiorn relationship from 'geometrical\@rcperffes and
structure kinematics, and the concept of pattern genefators. For
these assumptions the author makes nc arologies. The model is
meant to be a prototype to determine the <feasibility of the
technique. As improved data becomes available these must be
included to improve the model's predictive ability.:

.
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CHAPTER IV

v |
METHODS AND PROCEDURES

PN

To teét the mcdel developed in the last chaptér a variety of data
were required. These 1include the- transformations mapping the
skeleton to a subject whilst in the anatomicai pesition and at'
each instant of time during the movement cycle for which muscle
forces are desired. 1Ia addi{ion,‘éh estimation cf the net muscle
goments calculated from the limb kinematics ‘and the ground
réaction forces Wwere required. The experimental procedures,
equipment and analyses used to determine the -input data are
discuééed in this - chapter. Specifics regafding the model

implementation are also covered.

«

EXPERIMENTAL DESIGN

One healthy athletic male Caucasian vclunteer was ,selected for
the eipeximent‘(age 27‘years, heiéht 1.78m, mass 70.8kg) based on
a;ailability and the absence of - aﬂy pathclogical or reurological
discrder which ;ould affect his wal‘i’ng pittern. - This subject
was required to undergo a lengthy anthrordmetric session so that
a standard 1qwef limb could be scaled tc him. 1A series of trials
invciving nermal gait were then performed. : From these triéls a
representafive walking trial was selected. Only one 'walking
trial was used as it was an attempt to test the feasibility of
using a newvw technique to estimate the muscle,fqrces.
MUSCLE FORCE DETERMINATION ,
To estimate the muscle forces durihé humarn activity the model
required: 1) the definition of each muscle as scaled to the
subject, 2) the instaﬁianeous lengths and’' velccities of the
muscles at those pcints during the @®movement cycle for which
| forces were desired td be calculated, 3) the mcment arms of the '
mauscles about ;he SRS and 4) the net  muscle mcméné§ Caiculateg
relative to the SRS. The procedures used to estimate these model

inputs are discussed below.

&
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Defining the Subjeci's lower limb

In Chapter III an arthropometric model was defined for the human
right lower 1limb in the anatomical position. It wvas therefore

necessary tc transfornm the skeleton data to the subject whilst in

the same position. A subsequent transformation of this data to
the subject during activity epabled the calculation of the
length, velocity and moment arms of the muscles at each instant

.during movement. In addition, the displacement of each segment's

centre of mass and the mass mcments of inertia‘were available.

Apatomical Pesition To calculate the total 1length of the
muscles the transformation technique was used. Composed of two

steps the first necessitated defin?ng a minimum of four‘points,bn 

each segment, locatable on both the skeletal bone and the
subject. For the segments of interest severglbbbny lardmarks are
palpable~ahd are iis;éd in Table 10. Since the location of the
muscles and the orieptation of the skeletal reference hsystéﬁs
(SRS) was the goal of this analysis the X, Y, and Z 000rdinates
of the skeleton palpable points were mecasured relative to the

same reference systenm Q-

The second required the collection of the-x,.zf and Z

coordinates cf th¥Tse points outlined in Table 10 on the subject..

The sﬁbject lay supineé upon a table in - the anatomical pbsition;
whilst these ‘measuremeﬂfs were taken relative to the'feference
system R. The thrée-dimensiqnql anthropometéf was‘fused to
collect these values (see Figure 2).  Kncwing the ccord;nafes of
the palpablem .points on both the skeleton and';/subject,

transformation matrices ~Wwere calculated (see Appendix 1) “which

scale, tramslate and rotate the skeletal material to 'fit' that
of the Eubject. The coordinates &efining the muscles, ligaments,
reference axes and the locatiop'of the centres ¢f mass were then
transformed from the skeleton tc the sulject. Fcr example, _the
cdordinates of a point défining the location of a muscle were
multiplied by the corresponding transfermaticn matrix [Ti] to
locate this point in the reference system R. The lengths of the

e T oyt E etk T A Lt BTt g
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Table 10  The Lccation of the Palpablé Eoints on the Skeleton °
and Subject.

Pelvi

-Aln

Pubic crest . L ) -
Antericr superjor jljiac spine Sleft)
Anterior superior 1liac spine rlght;
Posterjor superior iliac spine  (léft
Postericr supericr iliac spine (right
tip of the coccyx .
Thi S 5 :
J Anterior superior Eoint on greater trcchianter
most anterior point on_lateral ccndyle -
most medial part of medial condyle ~ : :
- distal part of the lateral condyle just - : -
supericr to the intercondylar notch
distal part of the medial condvle gust .
supericr to the intercondylar hnotc ;

Shan : .
most medial point of medial condyle

lateral top _part-of tibial tubercsity :
fibular_ head .
tip of lateral malleolus ‘
tip c¢f medial malleolus

Foo : : ‘ ' ’
medial to)insertion of Achilles tendon
lateral_to insertion c¢f Achilles tendon.
proximal end of 5th metatarsal

roximal end of 1st metatarsal
istal end c¢f 3rd metatarsal
distal end of 5th metatarsal
"meédial anterior upper border of talus
o S

NONME W ad IEWRAR » U1 Bwhalr  oUiswn

" nuscles were determined and using the gecmetrical data in Table 7

LY

’ .
the fibre and tendon lengths were calculated.

'Kgowing-the locatioﬁ of the points defining the line of actior
of the muscles and ligaments the moment arms df these structures
were determined (see Appendix C). As rnoted in. Chapter III,
héwever, this techniqué does not take ihto accourt the influence
cf  cne vmuscle cverlying another thereby underestimatinrg the
m@scle's moment arms. To circumvent this problem the location of
the musc}es,,as.they pass thrcugh transvefsé plares certered at
thé-hip, knee and ankle were defined (see Table 5). It was
thersfore neceésdry to scale these ﬁalhes to the subject whilst
in the anatomical pecsition. Knowing the ¥ and 2 scaling‘factors

ghe setent .
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for the subject's thigh, shank and footn(derived“ftoﬁ the

transformations between the skeletorn and the - subjeet' (see.

Appendix A)) the data in Table 5 were appropriately scaled.”These
pcints were then used, along with the dig:ption cosineSJof tte
muscles calculated from the line of acticn points, to define tge

muscle's moment arms.

To scale the 'standard' muscle gecmetrical data toc the subject

six anthropometric measurements were_reqhired -- two lengths,

skin folds and girths. The length of the thigh'segment (Ly) was
defined as being the distance from the most,laterally'p;ojecting
part of the greater tréchanter to ‘the average centre of the Knee

foint. For the shank, the distance from the kree joint centre to
the ankle joint‘was defined as 1ts length (L,) - Midway diong,
these tio lengths girth (CT, C ¢) and skinfold (SK,,kf SK¢)
reasurements vere taken. - he sk1nfold= wvere used- 0 - adjust ‘the ,

approx1mat1ng the girth to be the c1rcumference cf a circle,. the
lean girth,(G). cf a segment was estimated by subtractirnrg o SK
from C. ' o : v . C

The- two lean girths aﬁd lengths Were usedvto sca_e/,the‘

-*standard' muscles to the subject. The four scallng factors were

defined as- fcllows:

(18y

See = 1p/39.5 (cm/cm) ) o |
Suy = L,/45.5 {cn/cm) ' ’ o , : - (19).
Sar = G2/1693 (cm2/cm?) . a e (20)

Sag Gg/(uu (cm2/cm2) o % 21

where S.,, S., * - length sqeling factors, and Sgy, Sa, ~— area
scaling factors for the thigh ard, shank, respectively. The
numerical 'values were derived from the 'standard’ data - base.

Those muscles generally contained vithin the pelvis or thigh

» segmerts (indices 1-33) used equations (18)'iand (20) and all

oy,



others (indices 3u‘h73, eguations (19)  and 121)..6 ﬂphe

cross-sectional area of the tendons (AT) were mnltiplied by_ihe_

area .scaling factors.  The length gecmetries (%1 ,SL ) were not

multiplied by scaling factors since .these data were given as

percentages of muscle length. - To;al" mascle  lengths vere
calculated fron ‘the muscle line of actior .as described
preViously. Therefore the 1engths of the muscles were tailoreﬂ

to a individual subject by the use -of the transformations. Thé'

angle of pennation was not scaled and the nass cf a muscle was
multiplied . by the 1length and area '=caling factors.f' The
physiological‘cross-sectional area gn") of the muscle was:

1 ' =% - v . B} .
A" =wm/(p.* 1) *E L R (22)

-

where m - mass (g), P - density of muscle {(1.05'g cm—3), LF -

anatomical'fibre length (cm), and E'the’nuscle shape factor. Noté;

the subscript p denoting muscle geometries previously scaled to
the subject. o '

"~ The maximum 1ip vivo lengths of the’nuScles!were ‘required to
implement the';model as defined in €hapter III. These were
estimated by mathematically mov*ng the jcints of the lower limb
through their full rangefof.motion about the skeletal reference
System axes. The range of moticn of the jeints are .gigen in
Table 11. These are the naximun\valnes as reported by Kapandji
(1970). Moving the joints to each poss*hlé'conbination of maximum
jeint angles (128 positions), and calculating the muscle lengths,

“the maximum and minimum values were estimated. A

-
-

Duging aggivitx The movement pattern of ~ the 1imbs were

requited fcr twe purposes: 1 to calculate the pet imuscle‘

lonents and 2y tc determine the instantaneous muscle nonent arms,
lengths and velocities. To - track the segments in
three-dimenSicnal space a cinematographic system ims used

‘ The subject walked along a prescribed path upcn wh
lccam cine cameras viewed the .subject from the frent and right

>
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‘Table 11 ‘Fange of Motion of the Joints of the Lower iimb._ .
R Range of Moticn (degrees)
Joint = | +X - +Y . .Y +7 |
B o 30 65 30 . 60 - 14
P _ - . ! -39 ‘ | 8, 128 .
Tibiotarsal s : , - 25 :
Subtalar - £0 25 T * . . L
BIp , 90 50 s
{hese are the seve Jcr de rees of freedo of th

over l mb about t e SHS. Note that the,uT is 1nc uded.
. )

= v
b " r
g .

- i R f

) —

sides, espect*vely. ' The two canera? - Were accurately set at 40
and 160 franes per second usirg shutter pulse correlators so that

every fomrth frame of the second camera was synchroni zed vithina . -
1/4 frase.. (13 13ns) of-the first. Midvay along the ‘walk path twe

grid boards (1.2 x 2.4m) -were placed, 3joined at right angles,

upon un*ch a precision 0.1m centrol grid wvas placed. Suspended

_from the. tcp cf the.grid” boards four damped plumb lines vere

‘placed to 'facilitate the allgnment of the reference systen

(centrol grids) in space. Along these lines 28 cgcntrel points (15

e diameter) ug;e es{abl1shed with' respect to the fixed grid

origimn (GRS). These points were used tc create two 44 matrlces, s
- oné for eacn vieu, that defined the transformation between the \;;
pro;ected fllms inage plane and three dimens;onal .ﬁpaCe. , The'

theory and implementation of this technique is fdescribed in
‘-deta*l in"Appendix D. 1In the floor bqeeath this callhrated space
¢ Kistler force plate vas mounted. Detalls ,regardlng the force

plate,&re fcund in a later sectior. o ' : -

The . Locam cameras were 51tuated apprcxlmate vy 8m from the grid‘

& R
. "3
B 't‘!:"“ o~

.bcards, poslt;cned by referlng t6 the image v.siblé”tﬁrcnghfthe
Locam viewfinders. 2 snitable location for a camera was defined
as being that locaticn“in which the full extent cf the contrcl
grids could be clearly seen. The. .focal length cf the lens was - 3.

L

[N
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'space and fix the 28 control points with respect te it.
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theh adjusted so the twofcontrol‘grids filled 80 percent of the

~frame.

Since the technigque used to define a - point win three-

d1mensronal space emplcyed two fixed cameras, once -the control
points and grid boards were filmed they were removed, permitting
subsequert filming of the experimertal situation. However, it was
important to make sure that subsequent frames of interest did not
change scale, translate nor rotate with respect to the frame
containing the control points. The incorporation of four points
visible in the corners of-all the frapes, Hhen.digitized, allowed
for frame registration. ’

The controi grids were not used to correct for mirrer, 1lens
ard .film diStorticns. Previous work by the author (Pierrynouski,

1980) ﬁemonstrated that the control grids were not necessary to~~9”

increase the accuracy of locating a pcint in space vith the
particular setup- used. Preliminary work also indicated that the

technique and analysis reginen could pcsition a‘pcint vithin Zams
The control grids wvere only used to align the reference system in

At least three markers are necessary to define a rigid. body. in

space. The transformatlon technique employed in this thesis |

required 4 -markers per segment because scaling irn the %, Y and 2

- directions was initially ircluded. Sutsequent processing of the
- transformation removed the 'scaling terss. Details are found in

Appendlx A.- Various constraints had to be adhered to vwher
locatlng these points ard included that they vwere v*s;ble in each
viev, at all times, arnrd that they d4id not move relative to the
underlying nony framework. If many pcints vere located per

' segment, and skipn movement assumed to be random, this error 'could -

be minimized. Sinrce the subject was filred from apprcximate‘y the

front and right sides, markers were - located on ther‘subject as .

o

indicated -in Takle 12.
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Table 12 The ibcation of the Markers on the Subject.
Pelvis | _ : -
1 3 o'clock posjtion on the lateral de . , .
2 6 o'clock pos ion on the lateral side- .
3 9 o'clock. pos 1t10n on the lateral side
4 12 o'clock.positlon on the lateral side -
5 midway between the naval and the pubic crest
. Thigh ’
1 anterior aspect, proximal

.anterior aspect, proximal middle

“antericr aspect, middle

anterior aspect, distal mlddle C

antericr aspect, distal -

lateral aspect, proximal . :
lateral aspect, proxlmal m*ddle , ‘
lateral aspect, ddle

lateral asbpect, distal middle

lateral aspect, distal

-3

Shank
antericr aspect, ‘proximal
antericr aspect,, proxlmal middle
anterior ‘aspect, middle

anterjicr aspect, dlstal mldd%@
anterior aspect, distal

lateral aspect, proximal

lateral ,asp proximal middle
lateral aspect piddle

lateral aspect, distal middle
‘lateral aspect, distal

b

P & St
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distal end of the 1st metatarsal
rox¥fmal end of the 1st métatarsal
istal end of the 4th metatarsal : r
groxlmal end of 4th metatarsal

istal end of the Sth metatarsal

From a knowledge of the location of the above markers onfthe
subject in both the anatomical positios (refererce system R) and
in'so ce (GRS), the location of the pelvis, thigh, shank ‘and foot
we determined using the transformation method for each frame of
cine data. In the present work the talus and tces segment were

:inclpded with the fcct. Future refinements to the data collectlon'
‘techniques should 1ncorporate7separate talus;and toce movements

during movemert. These transformations 1locating the segmentsfin

space were then used to estimate the lccation cf the llne of

action of the muscles, the centre of mass of tke segments and the
location of the skeletal reference systems.

:&Ly,]ggr‘,\{,;,,;,\: -z e et
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In Chapier' ITI it was sRown that an ~iterative recursive
~procedure vwas used to estimate the npuscle forces. It vwvas
therefore deemed advantageoﬁs “to génerate any number of sdéples
per movement cycle for any numker of cycies. Since the movément
patterns were periodic and have all the properties of vell
behav;d functions, Athe Pourier series representation of each
element of the trgnsfbrmation matrices was used. Sirce the
validity of calculafing derivatives fror displacement data, known
to contain noise, depends upon initial noise reduction (Pezzack
et al., 1977), ' the deletion of the higher harmonics from the
Fourier series was employed (Cappozzo et al., 1975). A
normalized power (the sum of the powers across harmonics equals
100 percent) at each harmonic number, for the 48 fransformation
elements (four segments times twelve unigue elements per
rtranéformation), is shown in Figure 14. 1In this thesis the figst
four bharmonic® were included ,iﬁ, the recopstructed signais,
corresponding to 78 percent:pover'returned-‘ Details regarﬁLng
the Fourier transformation are found in Apéendix E. '

/; ’

Net Muscle Moments N
To determine the net nmuscle . moments during activity the masses -
and  the three principal moments of inéttiéﬁfor each segment were

required. The values used are found in - .Table 8. .The
displacements and accelerations of, tte 1leg segments and the
ground reacticn forces were also required thréugh the complete

"Bovement cycle.

[

Segqmernt K;gemagicg '~ How the displacements and the BasSS moments
of inertia c¢f the ‘segments were measured is alludedjto above. It
should be rnoted that the mass'ﬁZments of inertia were given about
three orthogonal axes (SRS) imbedded at each segment's centre of
mass. Since the joint moments were initially calculated relative
to the global refeﬁénce system (GRS), imbedded at the Joint
centres, the mass moments of inertia’ for each segment were

T

transforméd tc conform to the GRS.
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The rormalized ower (sum‘of‘,the’quwsgg acrosgs
karmenics equals 100 %) at each harmcnicwvnumber for
the 48 transformation elements (4 segments times 12
unique elzments per transfcrrpation).
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Given 4the_ three principal nmoments cf ‘inertia of fhe'"lth
segment (il,,igh,i;;)' through its centre of ﬁass and the
directicn cosines (1,m,n) of cne of the GRS axes rela;ive to the
correspending S®S axis ‘the nmoment of inértia was - calculated

using:

I = i‘!lz + .I.‘.smz + i"'inz . ' - , ) _ : (23)

7 -

i B : -

The linear accelerations of the éentré,of‘mass of each segment"

were obtained by differentiating their displaceméhts‘with respect
to time. Since the raw displacement data were suitably smoothed
by Pourier series truncation, a finite difference method was used
(Dainty, 1979; Winter, 1979). To calculate accelerations from
displacement data the folldwing equaficn vas applied: .

5
-

Xy =7 (Xgpaa * Myonaem2x)/Hat2 ' i o ;,(29)'

where ;k is the acceleration at time t, Xy thef&isplacémght'at'

time t and At the time between'adjacent saméles.

) : ’ - i S ‘:/ . )
The angular accelerations of each segment were cbtaiiéz in a
similar manner from the segment angles. The segment angles were
calculated from the points defining the SES.

:G;ougd Reaction Fgrcéé A force measuring deyice ‘(KiStle:
'92612) -was mounted in the floor of the walk path tc measure the
~reaction forces c¢n the foot. The force plate determined the

_the ‘centre of rresure, and the three ccmponents of the ground

- itself (PRS) . These, ~data were appropriately amplifiéd, 

location of the centre of pressure, the free moment fpositioned at
reaction relative to a reference system imbedded within the plate

calibrated, synchrpniiéd to the cinefile frames and manipulated
to confrom to the GRS (see Appendix F). '
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[

Apalysis A free body diagram of" the rigHt leg during the:

stance phase of walking is shcwn in - -Eigure 15. The GRS, the

three components .0f the ground reactior force (fh‘, »F, . F@i),'

and the three  reaction forces (Fyx » PW:, ﬂ“ ) and net muscle

moments (My., M4, » My,) at the hip areé indicated. To define the
~ positicn of a particnlar_point, in, the 1leg appropriate subscripts‘
vere used. These are the H-hip, EK-knee, f -tibwotalar,'_and

B-subtalar joints, the T-thigh, S*éhank, and F-fcct:centres of
~mass and O-the centre of fressure on the foot.f

‘Two éxternal forces act on the body segments during walking. .

.~ The first, gravitational force, was considéred to act ‘at the
centres of mass for each segnent. These were denoted by W with
an apprepriate subscript. The second external force was the
‘ Qround reaction force - which was considered tokbe applied‘to the
foot at the centre of pressure. . o :, | \

v
/

Bj considering a freebody diagram oﬁ/ithefleg, cut at any

~ joint, - the. equaticns of metion for?thé/remaining: '1imbv may be.

“stated in terms cf forces arnd momente. D'Alembert's.principles

of motion were . then used to equate tte internal forces -and
. moments with the gravitational, reaction and inertial forces.
Table 13 shows the formulasfused to calculate the jcint reacticn
forces and the net muscle moments. These forces were resolved
inte components parallelato the GRS and are. denoted with " the
‘ subscripts X,Y and 2. The sign convention for the joint forces
and net muscle mcments, . with 'respect to that part of the leg

belov the joint, is shown in Pigure 1S. The net muscle moments'

-acting at each joint were then expressed in terms of the
appropriate SRS (see Appendix_P). |

v
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wTable 13 Fognu%asugfegugglga%gglagg the Joint Reaction Forces
» an e ents.
. » 6
6 € o
Fiy - Ej"xg vt By ¢ 1§juxyx
6 o
FJ% = 0 + Ff3 + «lzju"zl
>
6 ) o 4
Uik T ETMIETE)  Fey (hnT ) TRy (272
6 o ' o - X
.. lgj(u&YL (Z, -2,)-4, 2 (Y, -YJ-)‘-I“a,.,‘) , ‘ -
iy = X HPS/ ¥ Fpx (_Zr°z.'\)'FP'- (Xp=X;) -
6 o T es
lgj(uLZL(xl-xj)-nlxj(ZL—ZJL:ILHa‘Sq
6 T ,
My T L Mg(TX) ¢y BptXp) R (Tpo) -

6 ] " . ‘
1, (4%, (Y, -Y;) -8, ¥, (¥ X ) Tageyy )

See the_nbménéiature for the symbol definitions,

]

¥cdel Ippleperntation

The calculations. required to estipate ffhe forces in the
indiviﬁuai muscles were extremely laborious hence a series of six
ccmputer pregrammes vere develcped. 2 tbrief summary of each is
found below. [ '
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Programme 1: Transformedl the skeletonkand tﬁe *standard"
data bases to define the subject in the aratomical positionh. The
‘muscle lengths, geometries and moment armss, the ligament moment

arms, - and the locatipnlof “the SRS Tand centres of mass were

defined. |
Programme 2: - Defined the location of the twc cine cameras in
space using the 28 <control  points. Estimated the three

. dimensional location of the segment wmarkers during the waiking
‘cyqlé. Calculated tranéformations, using the suﬁject markers, to
'iEZate the subject's segments in space. Pourier series truncation

vas used fo smcoth the data and to define any rumber of frames

per walking 4cycle (cinefilm taken at 40 fps, anélyses at

200 fps). | - ”

‘Programme 3: | Transformed the force plate ~data from an
}-internal reférence‘system (PRS) to the global réference systeh
(GRS) . ’ -

Proéramme 4 ) Calculated the . Ainstantaneous lengths,
velocities and moment arms of the muscles, and the location of
the SRS and'ééntres of mass during the movement cycle.

~
.

Programae 5 7 ' Calculated the net nuscle moments relative to
both the GRS and the SRS.

5
Programme 6: . Qézculated the output from each pattern
generator which i turn specified the forces ir the muscies. It

should be noted that the data provided three walkiné cycles after
petforming the Pourier series reconstruction. The third cycle vas
used forvéll data presentation purposes. This was necessary since
a recursive proccedure was used to estimate the muscle forces (see
Chapter I1I). - '
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These six prcgrammes required'fijé input data files. fThese:
contained the folloving information: ’

File A:  The anthropometric measurerernts ~obtained from the

sub ject. - '

File B: The skelton and 'standard' data bases.

File C: The digitized coordinates of the control points, franme *

registration points and the segment markers as seen by;gach.éine
camera. ’ ' :

File D: A cecntrol file ‘definihg the number of samples per

cycle, cycles, muscles, segments and various user defiaqgv
options. v

File E: The forceiplate data.

A4 'block diagram of the computer programmes is. shown in
Figure 16. The computer progrémmes, written in FORTRAN, weré,;
implemented c¢cn a 1BM System/370 ‘Model 148 computer. The E
programmes were membry efficient (<256K eéch) tc allcw for their 7
eventual implementation on a smwall din-house mini computerVSystem
(Hewlett Packard Series 9800 System 352). ‘ . - S

>
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'CHAPTER V' o

- RESULTS AND DIZCUSSION

. + P
S . FPEY
W‘w(*' " A',..» . A
R R i )

This chapter presents and discusses the results cf the model

implenentation'unde;,thé following heddfiést 1) t}e defin*t1on of
the subject's lovwer 1limb which includee the muscie ang . llgament

}\’9 i

lines of action and moment arms, muscle geometrlés and the’
locatior of the imhedded reference systems and centres Qf mass,
2) the muscle lengths and velocitles during a rormal walk, '3) the

three-dimensional reaction force and net muscle mements at the

" joints during gait and 4) +the model's prediction. of thke ‘muscle

forces and the pattern generatcr outputs., Y

THE 5 ggzcr LCWER LIME - | -

Apatomical Eositicr : : T e

A mechanical model of the human right lower limb was défined in

Chapter III.  These data were scaled 'to the subject using the
techniques outlired ir Chapter IV. 1A définition cf the subject's,

low@r limb is presented below. - i -
. . ¢ Lo
To transform-the lines of action of the muscTes and ligaments,
the imbedded Teference systems and the location of each' segment's

centre of mass, a homogeneous deformation of the skeleton

segéents into those of the subject's were performed using 4xt

transformation matrices, one for each 'segmeﬁt. Fach matrix was
calculated frem the . coordinates of the palpable rpoints measured

cn each skeleton segment and on - the subject whilst in the

anatomical position. Thése data and the transformaticns are found
in Table 14. Knowing these transformations the coordinates
defining the skeleton SR§ and centres cf mass (Table 3) were
mapred dintc the _subject ¢able 15). ' Simila:ly »
defiring the skeletcon llnes of action of the muséles

~the points
(Table 4)
and ° llgaments (Table 6) ~weré transfcrmed to lie w#thin the

- subject (Wablec 16-and 17). Note' that the data presented in

Tables 14 to 17 ‘are for the subjgét in the anatomical pggition.

P
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Pelv}

Segmernt

Points

. Skeleton Subject Poirts
X Y 'z S S Y A
0.268 0.286 0,241 0.176,; 1.011. 0.572
. 0.273 0.312 0.132 0.174, 1.064 0,450
"0.276  0.318 0.346 0.177 1.076 " 0.699
£ 0.231  0.340 0.122 0.122 1.110 . 0.032
0.200 0.381 0.356 0.121 1,120 0.71%
.0.154 0.227 0.238 - 0.017 1.024 0,582
3 , .
0.181 0.562 0.154 0.112 1.024 0,728
0.149 0.168 0.162 0.160 .0.558 0.714 .
0,117 9.983 0.101 0.117 “0.5¢8 0.632 °
0.132 0.153 0.2 0.142, 0.536 " 0.708
0.129 0.15%0 0.113 0.135 0.534 0.649
0.167 0.619 0.114 0.310 0.519 0.639
0.214 0.586 0.153 0.158 0.500 0.695
D.174 0.605 0.1R3 . 0,111 0.510 0.722 .-
0.182 0.249 0.373 * . 0.080 0.115 Q.7%2 "
0.198 .0.2%9 0.120 1 0.096¢ 0.129 0.657,
0.143 0.238 0.133 0.056 0.108 .0.671
0.143 0.237 0.154 0.048 0.103 0.701
0.218 0.209 0.180 0.139 0,060 0.716
0.306 0.230 0.14] 0.245 0.070, 0.8p5
0.296 0.222 0.174 0.223 o0.0f0° o0.7b0
0.278 0.21) 0.187 0.195% 0.0%3 0.725 -
0.218 0.250 0.1 0.127 0.117 0.659

»

“The Segment Transformations Between the Skeleton

fww <m~cmm.w5 metres. \\

mOw:an R

.t a

N | Sd
'y
,/, N v . ) A.
rransformation

1.38627 -0.33541 -0.07449 0.000 = -
-0.08956 1.00311 -0.01169 0.000
-0.03238 ~0.04304 1.18591' 0.000
-6.16763 0.83956 0.31241 1.000°

- . "

1.14687 0.30306  0.324R4 0.000
-0.09792 1.1€679 0.05052 ,L0.000

0.07907 -0.03505 1,18549 -0.000'
-0.00721 0.31977 0.46531 1.000

. |

1.1209% 0.33120 0.23118 0.000 .

0.12849 1.11393 -0,00574 0.000°
~0.00770 0.05589 1.15088 0.000
~0.15744 =0,23206 0.47341  1.000

. b}

1.13239 -0.15706 -0.12509 _0.000 .
-0.99810 1.29542 (.16895 0.000

-0.65521 -0.05084 1.32146 0.000 "
'0.21956 -0.17039 0.,47300 1.000

and the Subject's Palpable -

. | 1 .
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~and Secoﬂdar¥
L and the Centres

Table 15  The Pcints Definingvthe-Primarg
o omical Position).

Skeletal Reference. Systems (SR
of Mass Within the Suggect (Ana
.11 values in mm. -

Reference sxstem . | ' fL - % . it
Seg/Tt - - origin ’ - +X - -4y P SR Y/ /
€932 J : | B
722 o
‘PelvissPC 172 1004°S 222 999 575 177 1054 575 173 1006 626
' fﬁ 110 1024 666 A ) :
Thigh /H -110‘1o§u 666 159 1028 671 105 1074 668 104 1025 716
7K 117 580 675 : ‘ - |
JCcH 115 B22 668 - o i a Lo
Shank ¢K = 117 550 675 167 556 680 111 600 673 112 551 724
TT 088 123 687 . o o _ X
7cM 106 376 677 S - o ‘
- - ’ . ~1 ¥ ’ . 3 e .
Talus /TT 088, 123 681 130 133 705 070 168 693 068. 104 723
73T 087 171 682 : 2 , e
7CH 087 111 682 , | .. o
Foot /ST, @87 - 111 682 117 151 681 047 142 685 090 110.732
AéﬂT? 319 062“903" o - z S :
7CH 163 079 671 _ X -
Toes /MTP 226 057 697 270 071 715 208 103 707 212 042 743

1 ibcation\df the primaryﬁréference-system
2 " location_gf the secorndary reference systen
3 location cf the centre of mass -

- Lev and lewis (1977) Tepark that the transformational scaling.

technique is a more -accurate-method for aééounting for ,ipdividual
geonetiicalAdifferences'if sufficient accﬁracy is used to locate
“the pal§5b1e §Qints. However, if‘more'fhan 4 peints are used to
define .a transformation the impbrtapcé§ of any given point is

reduced, 'a fact not emphasized by Lew and Lewis. 1In fact theéy.

isugges% in a recept‘paper'kLewis et g;.,A1980) that ifzmbre:gban
y pcints are available a qon-homogeﬁeddg scalirg technique, Bééed
on finite element principles, be used. Although this’ technique
is accurate it relies on knowing the definite cccrdinates of the

Ko
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Table 17 The Pcints Deflnlng the Line of Actlon of the
L1 gaments Wwithin the Subject (Anatomlcal 9051t10n)
All values in mm. °
on B o
' segment ' ‘ ‘ »
ligament number. point - .
1 2 )
1 1 % 0141 1041 0659 0119 1092 8715
2 1 0141 1041 0653 0120 0974 Q702
3 12 0151 1014 0627 Q111 0968 0685
4 1 2 0064 1028 0656 0095 1010 0703
S 2 3 ‘0115 0548 0633 0121 Q446 0665
6 2 3 012 2 0718 0122 0503 0723
7 2 3 0105 0562 0653 0087 0499 0656
8 2 3 0102 0562 0678 0€97 0504 0683
9 -2 3 0108 0567 0704 0105 0509 0704
10 22 3 0103 0548 0685 0127 0535 0673
11 . 2 3 0121 0539 0667 0097 0506 0681
12 2 3 .0104 0562 0656 0090 Q498 0653
13 3 4 0091 0130 .0712 0084 0122 0699
14 3 4 0078 0135 0694 0C60C 0129 0691 -
1¢ ‘3 4 0102 0144 0658 0123 0119 0658
16 . 34 0083 0129 0653 CC7€ 0131 0665
17 3 5 0074 0115 0712 0067 0102 Q706
18 35 0106 0152 0665 0135 0114 0659
19 35 0102 0145 0658 0127 0114 Q654
- 20 3 5 0097 0138 0659 €118 0118 0650
1 4 5 0119 0116 0675 0125 0118 0672
22 4 5 0106 0117 0683 (0100 0114 06930
23 4 5 0099 0107 0689 0098 0114 0690
24 4 5 0086 0105 0702 0072 0090 0706
T 25 4 5 0059 0123 0685 0058 0112 0689

-

- ] ) /;/ ' <
palpable points to fit §%§ skeleton to these pecints exactly. It:
Ffror exists in the measurement of the

is likely‘that - some
palpable points and a mean square best fit should be employed.

k'“A test of -the- tragéformational techniquet's accuracy caan be
deduced ir two ways from the data p;eserted First, if one
multiplies a skeleton palpabla pcint by .the appropriate
transfdrmation, the correspcnding subject palpable point should
be forthcoming. This was done and thf maximum absolute coordinate

error was 5 mm and the unsigned-medn 'error 2 mm. Second, if one

compares the cocrdinates of the primary and secondéry SRS, as
giver in Table 15, the jcint centres shculd align. For example
the primary SES for the shank (knee) and the secorndary SRS for



i

that: 1) geometrical differences between the bones of. the human

lover limb are largely homogenéodé deformations, and:2)' the use of

a redundant, set of points to define a transfcrmation is’
ffvbéneficial. It should be noted, however, that thése'results were

obtained from only one subject which suggests but dces not prove
the suitability cf_thggséaling technique. ’

Knowing' the coordinates defining the SRS and the lines of
action of  the muscles "and ligamehts the moment arms of these
structures, relative to thé SRS, were calculated. " These are

P - e ; &
‘presented in Tables 18 and 19. These values were ccmpared to both

books of ‘anatomy (Beetham et al., 1965; Crouck, 1972; 'Grant,

‘_1972; Inman, 1976:>Kapanji, 1970: Kendal et al., 1971; Rduviere,‘

1974; Steindler, 1955; Warfel, 1974) to determine qualitative
correctness, and to various published sources (Smidt, 197 3;
Sutherlard, 1966) for guantitative verification. oGP
. - . B .% e

"In most cases -the sign ané;lm gni tude ‘of -“the momerit arms

‘matched the anatomical atlases afid references. These that did

not could be attributed to th references contradicting one

- another or specialized modelling (one muscle split into various -

subunits with different actions). These results were partially
achieved by the specialized modelling cf the-muscle's moment arms
(see Chapter III) in the “neighbourhocd of the jcint -centres.
However, it is- strongly suggestéd that a three-dimensional
reconstructior of the course of the &@Buscles near the jeint
centres using xfray'%hotogrammetry and imbedded wires within the

muscle tendons (see An et, al., 1979) nmust be undertaken to better:

estimate the muscle's moment arms+

e ~

To scale the 'standard{'muSCIe geometries f&pm Table 7 the the
anatomical length of each muscle (") and the lergth, girth and
skin‘ibld thickness cf the thigh and shank were requiread. The
segmeﬂt mesuremerts were 29.8 cn, 50.0 cm and 9.1 mm for the
thigh and 44.8 ca, 32.8 cm "and 4.6 mm for the  shank,
respectively. The results of the geometrical scaling are found in

« SN 84
the thigh (also the knee) are within 2 mm. Iheéé résu1t§jsugge5ﬁ
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« Table 19

WOEIUMEWN -

.

HIP
ST
-006 023 013
000 014 .cw»
032 o006 035
-004 =031 -013
Pa)

‘
!

i

The Ligament Moment

All valuées in mm.

032
=045
~016
-Qo8
-029

008
-000
018

5

~002

aou,

-008
001

-004
-003
-005

=003

on
~023
~016
007

ow
=005
-022

=006
-005
030
-013
-023
. 031
032
028

012
010
013
-014

025

009
010
009

=002
-016
009
008
-002

018"

009
002

001
017
023
024
=006
008
007
-002
=010

ST
Y 2
028 -014
-006 041
-007 034
-009 027
=006 -003
012 002
-005 -0
018 001
-001 -027

-
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~.Table 20. . Included are the musgie's maximﬁm, ‘anatomical and
‘ﬁinimum lengths (i", i“,iﬂf,<mass (m), and the anatomiqal length
of the muscle fibres (i"). ETpe tendcn'sl length ) - and °
cross:sectionél area (AT)qare also included. The areas (hf‘) and
the maximum isometric contractile element force values, parallel
" to its fibres (Pf‘) are 1ocated in Table 21. To complete the
definiﬁiqn of _the~subjec£'s lower limk a sagittal and frontal
p;ane view of- the 1lines of action‘of the 47 nmuseles, scaled to

the subject, are shown in Figure 17.

*

: The.'anatomical data  base is a écmpositelrbf the results
" reported by many'inﬁiiiduals (see Chafpter III) ccalesced into .
Table 7. This authdr!s contrihuﬁign has been to define a method
of scdling these data to a pérticular individual. As such tle
~ values repbrfed herein compare favourably with those previously
reported. R - ' h

Fcrtunately the author was able to oktain theﬁtotai leg muscle
mass value; of ten male Belgium cadavers (CadaverT Aﬁalyéis Study,
1980). The anthropcmetric measurements needed gy the -model to
'estimate the muécie massés were aléo available. Therefore, an
- attempt to validate "the aratcmical mc@el‘s estima%}on of—»the
total muscle mass was performed.  The results of this validation
is found in Table 22. R - .

The model could cnly account for 67‘percent of 'the4directly

. measured muscle mass. ‘@ven' considerirg the 10 percent measured

mass due to nerve, circulation and miscellaneous tissue (Martin
and Drirnkwater, 1981y the model 'uéderestimatés;ffeality by
20 percent. This suggests that further study must Be-initiated to
scale the 'standard' data base to a particﬁldr individval using
additional anthropometric- measurements. In thé context of tﬁ&s
thesis this rdiscreﬁanqy ‘was minimized by increasing " each
predicted mushlef‘mass,by_25<pérceQ§ vhen the irdividual muscle. -
forces were calcuiated.ﬁ This 1eadshto a siﬁilér.inCreaée,in the.
chs;iéeétidnalaarea of»jgéch muscle with'a. concceitant increase
in its maximpm iscmetric- force. . - 7
L 2. =
gg,fé;déQ

- N 2
o e
- 3

k-3
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mass

(9)

Part I,

area

tenden
(nm*mm)

Aanat
gth
on

(mm) _

1

en

ietrical Data.
ten

(mm)

anat

length
fibre

(mm)

[§

“min
length
muscle

o’
anat
length
(mm)

The Subject's Muscle Geom
muscle

max
length
muscle

(nm)

’?abie 20
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Y)

Porce
FG

part II.
Porce
FO .
(N)

Porce
SO
(N)

(N)

Porce
muscle

area
FG

Lot

area
FO

SO

The Subject's Muscle Geometrical Data.
area '

area

muscle
'(cm*cm)(cm*cm)(cm*cm)(cm*cm)
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A medial and frental view ¢f the puscle
acticn as modelled within the subject.
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Table 22 'Valldat on of the Model's Estimatlop cf the Total
. Muscle Mass. ,
. »uuscle Mass - g
Cadaver R : - Measured . Predicted
<« "N
! - 8324 1183
* 3 4153 C 2413
4. 2901 1782
5 5877 3656
6 5357 3542
7 . 7923 5131
8 -~ , 4888 w3411
9 ) 7896 5306
10 - , 5489 3926
mean 5508 3675 e
SD 1558 1077 -
: o
- . =4 ,i/‘\ .
During Activity -7 '

The movement pattern of the subject's rigkt lewer 1limb was

analysed for one complete walking’ cycle aY 200 frames per secondz

Transformation matrices were used to define the lccation of each
 segmeht relative to the aratcmical positidn .for 195 linstante
Sduringrthis cycle. The points defining the lines«of acticn of the
muscles, the SRS ard §ﬁe centres of mass were therefore defineé.

The muscle l&@gths, ;'velocities and ‘moment arms were then.

calculated from these p01nts. A stick fiéure representation of’
the subject's right Jlower limb during the walk is shown in’

-

Flgure 18. s ' v c%“

. The strlde/tlme Qnd 1ength, calculated frem right heel contact to
right heel contact, ve:e 0.975 s and 1. u73 m, respectlvely, and
- right toe off occured at 62 percent of the strlde cycle. ‘

e
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. poscLE KImgdaTICS .} o s R

: As demonstrateﬁvin iChapter III-'théﬁ lenyth arnd velocity of a -
muscle has a prcfcuné&;effect'oh the amount of force that can be
generateé by it. Théf%f@réi~\;t is  of interest to --examine the
length and, veloc1ty changes of the muscles durlpg the ga1t cycle. . ..
‘These values are presented in Plgures 19 and 20. 3"All curves - s
begin and erd at right heel contact. - a " o -

Prigo and,’Pedctti (1977) report the ésagittal plane 'lengthh”

-'*=changes of 11 majer locemotor muscles’duringalevel walkihg. Their
results compare guite well’ﬂwith“thOSe. of*?igure 19"both” inay
magnitude - and pattern even though they- diqilnot consider the -
muscle lengthfchangesbin the coronal Jdt transverse planes. This

- vas not surprising .since the greatest angular changes at the’
jo*nts oécur in the sagittal plane. - The results ¢f the present .

_ Q\J\J;\lil;stlgatlcr. also{compare well to those reported by Grieve

et™al. (1978) who‘examined'the. length changes in gastrocnemius
during level walking. )

It»is interest*pg to compare the muscle veloc1t1es (Figure 20)]
ulth the.paximum flbrerlengthc (L given'in Table 20) since in

Q

‘Chapter III it was ‘shown that the maximum rate of fibre
shortening is proportional to the fihre length. For the parallel
'fibred muscles téi uean (standard: degiation) maximum concentric 7
and eccentric fibre velocities were 0.43 (0.17) and 0.46 (0.18) e

Ze

L' s™1, respectively. These results Suhstahtiate those reported

B

by Hardt (197é),r Therefore, it seenms 11kely that durlng normal

valking the slow tw1tch Yibres rarely exceed the}r maximum rateJ
of intrimsic shortening (V4 , which equals 1.0 Lf s'l) ‘during
cencentric contractlcns. For the pennate muscles - the velccities
vere 1.17 (0.55) _and 1.07 (0.50) ,i‘ s-t, , respectively. - This
suggests that if these muscles were recruﬂted duringlthe phgses

of maximal concentic -velocities the 'slow twitch fibres Wwould | S

-

. exert no force. Hcwever, muscles tend tc ke 1nact1ve durﬂhg5these ”g»
condﬂtlcns_(ﬂorrlsou, 1970) . 3 L - Y ‘A%;
& .
: - e <
- - . 2‘»,
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r,determined similarc,values. ' Since the .present’ »analyses_lnqgnde
the inertial contribution towards the ‘momeat abogt thevlong axis
-~ of the Leg, ~a constituent_ not | cluded in the above worhs,.

\thigh,; At aheel contact a medlal rotary moment followed by a

 jeints. This is due to the T
leg durlng gait (Eberhart et 3;., 1954).f 2 B ”°

The j01nt reactrfn forces and the ‘net dﬁscle ‘moments relative to .

the GRS are plotted“in Figures 21 and 22. These were compared to ; %}

the uorksv.of Bresler and Frankel (1950) aingaul (1974)

differenxes were noted but were of small magnitude. Note that ' @7'

each curve begins and ends at right heel contact: ‘and’ that the &ﬁrm;
stride time wae 0 975 s of uhich _the 1atter 38'percent vas the -
‘swing phase. . «f 'f g _,' - S

. The x-components cf moment at the hip,_ kneehahd:anklé_joints,‘

demcnstrate - the~ effect .of mans bipedal form of locomdtion. &

Abductive muscle moments are required during single support to
prevent the subject from falling towards the unsupported 51de.,Asf
p01nted out by Bresler and Frankel (1956) the large abduction
moment at the hip is-overloohed, when sagittal plane analyses are

performed. . L -
) - ,) S l‘-" PR T -

The !:compenents of moment are of small magnltude and 1nd1cate

the . twisting moments » (torgues) f.at ‘the Joints.~4, The hip

demonstrates the largest momert due to the added 1nfluence of- the

lateral,rotary_componént during foot. flat was ev1dent at alxl the
ation of the trunk relative to the

- - R
~ . . \

‘The Z- components of moment are of the largest magnitude since
they are respcns;ble for man's progression. htmthe’ hip a lérge.
extensor'moment exists at heel contact. This is to 'retard7the
mction of - the lower “fimb Ao make ready foot ¢entact. ”ThiS“isl o
followed by 'a flexor moment, peaklnga juct before. r*ght toe . off, .
to accelerate the llmb for- the swing phase.r R
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) review of the knee moment curves ir the literature by Winter .
(1980) demonstrated ihconsistent results. However, nothing
abnormal about the géit patterns of the: subject'svexamined weré
‘reported. 2 few generalities about the ferm of the curves carm be
made to which the present values conform. FPollowing heel contéct
and prior to toe off a moment tending tc extend the knée,exists.
This is not surprising since the knee must ﬁfe stabilized to
support the weight of the body. Only during foot flat and part of

. the swing phase. is the kree unlocked (flexed). Bpesler and

Frankel (1980) remark that these acticns permit the subject tc
move forward with a minimal raising of bis/her centre  of mass.
This leads to the beneficial result of decreased energy

‘expenditure.

-~

At the ankle the flexion-extension moment is consistent to
that reported Lty previous investigatcrs. A positivé mcment is
required Jjust after heel contact to prevent the foot from
slapping the gfbnnd;‘l&he lattér part c¢f the . stance phase is
extensive -~ the triceps surae are active to l1ift and propel the
bcdyrforwgrd. P )

4

- The results of the C6mputation of the/,net muscle moments
relative to the SRS are given in Pigure 23. The'se values ﬁere
used to calculate the muscle fcrces. As‘expected these net nmuscle
moment curves are similar-to those calculated abcut the'GRS but
take into accocunt the sbatial position ¢f the segments.

MODEL RESULTS

In this section the major results of the thesis are presented.
The muscle forces durinrg a normal walk ard an estimaticn of the
actua] neural input to each muscle are givgn.i In addition, the
response of selected muscles tc maximal stiﬁul;ticn are plotted.



Besponse of sSomg Muscles to Maximal Stipulation
Figure 24 shows the normalized force prcfile of eight muscles

maximally stimulated from 10 to 70 ms. These muscles were chosen .

since they rerresent a variety of Ggeometries é'parallel and.
pennate, long and short tendons, and a variety of fibre type
distributions. ' L

Examining the respe;‘. of the ‘individual - fibre types
separately }hese exhibit the well kncwn force cutputs for fast
and slow mammalian muscles (Bahler et al., 1968; Close, fa%:ib

Hatze, 1977a; = Norris, 1961; Wilkie, 1950). This was expected

since the model vas based on results oktained by these authors.
However, the respcnse of the total muscle to a step input of

" stimulation does not demonstrate the smccth increase in force as '

shown in the literature. A change in slope is ‘evidert when the

‘fast twitch fibres reach near maximal force. The pedels failure
~is due to the fast and slow twitch fibres being synchronously
stipulated, each of which has different mechanical propertiesé.»

Improved model prediction would résult if a pcpulation of fibres
(notcr urnits) were asynéhronously stizulated tc smcoth out the
rise in force profile. In the present application, that of:
predicting muscle forces during normal gait, if one assumes that
the fast twitch fibres are_infregWeﬁtly recruited the predicted
and actual force deviation would be small. ' ‘

Muscle Forces During the Walk
The total muscle force and the force estimated tc be generated by

each of the modelled fibres using the physiclogical model are

plotted in Figure .2S. A1l curves begin‘fand end at right h?él,

contact which defines one walking stride. The 'koxes'~ on some
plots represent thcse phases in the gait cycle fcr which EMG
activity has been shown to be present (University of California,
1953) .

The force prcfiles obtained for most muscles compare well to

the EMG activity when one considers that the EMG activity

- preceeds the muscle tension by approximately 80 ms (University of

112

How

honibosi ot oy ey



HIP- X-AXIS

. TRENLN D

- 0o 020 %f%E(gf? ﬂﬂﬂ 100

150, -Q\SPENTS‘OEN )] 50,

EN Mm ‘50

S0

| [RHENT

d | ¢ |
I + v +
0.00 0.20 0.80 100
Tihe @ -
Figure 23 The net nuscle
systen.

k)

o GENLN

..150. -

[REJ\ENTSI{N M

ey
*

113

KNEE Y-AXIS

50,

RS S

@ENE&N )]

[

°’°°°‘2° %;41?15'(33“ i 0o

s

10

- 1500

R G

s e

O e @

rorents ir the skeletal reference



TIBIOTARSAL X-AXIS

s GENEN P,

150,

5)0.

MENT_(N 1)

?‘3

-150,

L0 02 g4 480 0% W

TIBIOTARSAL Z-AXIS

=

a,  TRENEN T

=1

Figure 23

»

0.00 0.20 %%hs(gfﬂ 080 .00

| 114
" 'SUBTALAR X-AXTS |

N N)E&

~—

0 ENT

S0.

| HQUENT (N M

—1500

SUBTALAR Z-AXIS

o

Lo e & w W

-150, %{ENTSUEN m 150,

Continued.



N

ND%LiZ%D'SFOR%_ 5

-

-
t

~ =

Jo‘.ﬁ‘

~.

t

:\“

o v

0,00

125

125 NOFELTZED, FORGE

L0

RECTUS FEMORIS

——f

]

Figure 24»

umr a.02 %E(g)cs »’0.08 .o 0.00 0.32‘ %‘%15(31% O.Bé_»&ﬂ

Resgopse of some muscles tc maximal stimulation from
ns. A1l muscles theirx rest ler th arnd

iscmetric. The total muscle (sq uare{

oxidative (c1rcle& fast cx:datlve ( riangle arnd

fast glycolytic { iamond})  fibre force profi és are

shewnd All resu ts normalized to the total muscle™s

maxiosum iscoetric force.

e slow»

v



116

o

il

w m NoanEplstRi&,'. us ‘

TIBIALIS POSTERIOR

i W

0,00 -

Loz G 4B 0w oo

Figure 24  Contirued.

] | | .
gl e . .. R . . ” I
. w&ﬁwﬂﬁ%«&ﬁu?\\jm Fitni pie 1 S R R L "



pattern between subjects and trials (Eberhart et al.,- 1954) so
that the publisﬁed EMG data may,be vieved as a gq%ge not as an
. abSclute,indicaticn<of the temporal activation cf qtgeilocomotor
muscles. The model does predict the smcoth distrirution‘of force

amongst synergists (e€g. the hip adductcrs and- flexors, the vasti
and the triceps surae) ard a physiolcgical time ccurse for eiChﬁ.

muscle's fofce prcfile.

The model was able to assign ihdiéidualumuscle forces well» B
within the imposed physiological .ccnstraints to generate “the
regmlred joint mcments. These contraints included their moment.

arms, .force per urnit cross sect*onal area, ' the force-length 4na
force-velocity relatlonshlps, actlvation, elastic and geometrical
considerations. This is contrast to the work of Patriarco et al.
(1981) vho ipCluded'physioloéicaIrconstraints ir the context of

an optimization model oply if they did not significantly increase .
the total nmuscle force levels. It 1is also interestingf to .note "

that they used a value of 150 N cm—2 for-the maximum force per
unit cross—sectiomal ‘area of- the nuscle; this is nearly four
times the value suggested in the literature (see Chapter III)

Irn this thesis the mean peak muscle force, ncrmalized to -

isometric was 0.21 & 0.14 SD which suggests that only the slow
twitch fibres yere‘recruited( during the normal walk.. This‘'is
verified in Figure 25 which shows that the fast twitch fibres

were infrequently recrunited. It is interesting to note that the

four muscles which showed fast fitre activity (obturator
internus, adductcr longus and breiis, and sartorius) fare'all hip
lateral rotators and flerxors. Compariné the mean level of muscle
recruitment (nean normalized muscle force) at the lower “limb
joints, the hip shcws the greatest activity. This could be

explained'byf the models requirement to gemerate the net muscle

moments about all threefhip axes. - Although the present state of
technology can not give a definitive arsver on the true leve1 of

muscular activity ip yivo, if the mean muscu’at recruitment atr

o A

- "* 7 e o ' . 117 .
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the hip .is pot greater than that of the knee c¢r ankle, this .
suggests either imprecise;"moment arm estimations. ‘cr an improper
choice of .the number of pattern generatcrs controlling the hip.

novements. Onlj ﬁith directlyﬁvalidated muscle ferce predictions,
through muscle force transducers or quantitative EMG technigues,

will this be proven. ‘ .
- . - ~ ,.

Anfagonistic activity was predicted ~ for 'nermal walkiné,
demcnstrated by the vasti and .the hamstrings being active jﬁst
~after heel contact. The model allcvs/such' activity due to a
physiological time coursev fer the decligeign muscie tension ard
the need to satisfy a number of joint mcments simultaneously.

The results c¢f the physiological.ﬁcdel's - estimation of the
individual nuscle forces during normal walking, when compared to

the University of Califorria's EMG data, was generally excellent

suggestgng that it could be used as a muscle force'prédictor.
Better énatomical data and a'rigorous ~validaticn cf the model
)iust be undertaken however, before it can belused in research or
clinical settings (see Panjdbia 1979) . v :

‘Pattern Gereratcr Oﬂtggts . : o= .

The -temporal ¢frcfile of ‘the outputs fréqf the six pattern
generators are .presented in Figure 26. Six generators were
hypotheSized; one for each‘maﬂor'degfee of freedem in the lower
limb, which interact to define the neural ipput to the locomotor
muscles. ' ' ' }

A patterrn generator Dstimulates - those muscles which <can
generate: a required- net muscle mnoment (see the ccntrol model

section of Chapter III). Why is it then that at cerfain'phases in
the .gait cycle the wrong muscles are recruited? This is evident}

whenever a generator outputs a negative stimulus. For example,

during most cf the stance phase a positivé (inversion) moment is

required at tke subtalar joint, yet tte foot everters (Qifugi,
extensor digitorur 1cngus) are recruited. One reason is that the

foot inverters' could not be deactivated quickly enough,

e b P i e e
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'neceSSitatin; that the everters be recruited ;6 produce the net
musole‘noment as externally measured. 12 secord reason is that'a‘
"given muscle might ‘have. to be con51dered by more than one pattern.
'1generator.'rIf a musc1e -satisfies ‘the mcment at one jeint but
,oversatisfies the moment at another, the latter- moment must. be

balanced by antagonistic aot-vlty,' At the ankle a 1arge extensor

homent is requirtd, »&hich ~vwhen sat;sfied causes an jlnversion
moment due. to the jeint apatomy. . This unvanted moment must be
' balanced by ' anatagonistic activity.  n interesting,,outcomefofg
’this ds,that~ ihenever a nattern generator outpnts a negative

stinuins, antagenistic muscle act1v1ty occurs at that degree of

- -freedonm- in the model. This should nct be interpreted as that
only vheén a Tfattern generator outputs a negative»,stimullff
antagonistic aotivitx occurs. Co-contraction can cccur due to

the timej'it takes for a muscle to -abclish tension ever in the
S N : , S

absence of stimulation.

The dutput frem the pattern generatcrs interact to form the =
neural input to each of the u7 modelled ruscles (see Figure'27){
‘Again'tbe 'boxes' on some plcts represent those phases 1n the
gait cyele for vhlch EHGgactlv*ty has been shown’ tc be present.

(Unlver51ty of Callfornla, - 1953) .- "1f a muscle rece*ved a.net
negative stimuwlation t's " input was set to 0.0 ~and a net
stipulaticn greater than 3.0 was reset tc 3.0. Note that since

stimuli greater than 0.5, 1.5 and 2.5 recruit the SO, FO and FG

fibres, respectlvely, these ‘curves- relnforce the model's
prediction that the fast‘twitch fipres are_ 1nfrequent1y needed

during normal walking. - E - e

- >

Poor tempcral ccrrespondence' gxists " between the model's

prediction of the neural input to t wescles and that shown .by

EMG data. Th*s =uggests that the control model is deficient in .
" one or more<areas. A possible source cf error is in cmitting the

rich feedback the . spinal cord receives from the muscles. These
signals; reporting the length, veloc1ty and tensicn states of the
muiscle (Lundburg, 1969), can modify the magnltude cf the reural

~
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stimulation tc a specific muscle

. 140
The

(6rillner, 1975). .

incorporaticn of thevmodulafing effect ¢f the muscle spindles and

golgi tendon” organs into future versicns of the model may be

warrented. -

a second"soufce.cf error may reside within the specific

analysis performed.hThe gait cycle was trcken into 195 equal time

intervals (At = 0.005) for analysis.

cculd only receive a finite
levels. The rapid
‘muscles, “which are

nunber cf’

‘This means that the muscles

different stimulation

on-offxstimulation' patterns.received by sone
reflected in their jerky force-time profiles,

may be minimized if the analysis was performed with a smallerAt.

It is igtéreéting to note that  Hatze!

At ten )times smaller than that
of this

limited ccmputer rescurces. It should

context thesis a

40 frames per second giving
vastiy different frcm those presented
Since tte force-ve19city relationship
the ‘
analysis rates may ﬁot‘beAreqﬁired./

changes in activation prefile,
that the sersitivity c¢f the model to

exrlored.

Cre of the intents of this thesis
the physiclogical mecdel to examine

used in"this thesis.
smaller At

" the

s model (1975a) requires a

was not used because of
be noted that the model was
nuscle not
inr the body of thif thesis.

tends to damp out the rapid

force patterns

very fast sampling and

It is recommendeiéjﬁbveyer,

different interval®’times be
i N

"was to use the results of

hypothesis that the

outputs frcm the pattern generators‘ were simple oscillating

signals (Patla, 1981; Perret and Cabelguén, 1980) . These
interact, stimulate the muscles, ard form the movement we call
walking (Grillner, 1975; Shik and . Crlcvsky, 1976). When one _

examines Figure 26 however, nc such

as defined in

\\§uggesta

physiological fcurdation.

pattern generators,

complex waveforms which

Further work orn the analysis of the pdttern generator signals-

secems warrented tc
r

~

this thesis,

mathematical rather than a

The
output rather

statement can be made.

-

describe them in terms of neurophysiological

In the
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constructs. Insufficient expefimental evidence is available to:do
‘this at the present tipe. A second version cof ‘the model could
then be constructed to activate the muscles via the pattern
generator model to’pred;ctlthe fesulting segment kinematics. |

Discussion and Isplications of the Findings
The scientific literature quggests twe ,diStinct-approaqhes to"
predict muscle forces. The first, ,th? ‘reducticn' method (Paul,
1965; Morrison, - 1968), . makes a seriés of .anatomical and
~fulictional simplifications to reduce the numbér cf force-carrying
§trud£ufes Croséing a joint to wmake the problem méthematically
- solvable. This method is useful when joint force rathe:‘tﬁan
muscle forces are required. I n

‘Ihe seccnd fprécedure, which solves for individual muscle
' forces, is the. 'optimization' approach. This methcd, de veloped
Since the early seventies (Seireg and Arvikar, 1973,1974; Penrod,
1974), 4is based on the‘aSSumption that the body selects muscles
for a given activity; according to some objectivelfshcﬁ as the
mimimization of muscle force. This technique'has been widely used
vith varying degrees of success. Ir gemeral, muscle fbrce
solutions have improved with the introduction of phfsiologiéallyﬁ
based constraints such as  minimizing ruscle stress
(Crcwninshield, 1978; Pedotti et al, - Patriarco et al, 1981),
power LHardt, 1978), or endurance (Crowninshield and Btand,
1981). '

In this thesis a simple neurophysiclecgical control model is
‘deveiopedA to select individual muscles for a.given activitj.
Mathematical analogges of the locomotor muscles, incorporating
force= length- velocity- activation ptoperties derived - from
geometrical and published data, areAgtimulated tc generate %ﬁé
segment movements as externaliy recorded. Since individ&al muscle
control is founded upcn physiological ccecnstructs, mathematically
based optimization techniques are not required. This is nqt.to
say that the execution of movement does nct follecw scme objective
such as the nimimization of energy Eost or maximizing erndurance.



' The control model assumes that if some objective 1is followed it .

is‘llhard-wired' irto the' neurological contrdlhsystem through

evolution.

A ‘comparison of .the nodel's estimation of ‘the individual

. muscle, force prefiles uith-published EMG data.shows,good results.’
This. enthusiasnm is"not " mirrored when the; E'MG patterns are
compared to the nodel's estimatigeJo£\'theuaétual neural input‘to’

- the muscles. = The lncorporatlon of afferent dinput and’ the
inclusion of more precise . internal model parameters’ seems . -
warrented. ;| However, the results ggrtlally demonstrate that it is /
feasible to construct a rhysiological model to evaluate -
individual muscle forces from limb klnematlcs. Im add*tion,,such

2 a model gives quantitatively better results than reductlon or
optlmizatjoﬁ'technlques. ‘

L]

The" model is founded upon the ability to accurately estimate =~
the lengths and velocities of the nmuscles - from external |
measurements and the predicticn of the muscle force-stimulation
relationship frem - geometrical propérties . and - structure
‘kinematics. These data were acquired frcm the literature to test
“the model's premise tﬁat individual muscle fecrces could be

calculated.

One p0551ble criticism of this- the51s is that many assumptlons
were made to develop and 1mplement the model. 2 brief critique of
the model's assumptions is found at the end: of Chapter III. It
could be argued then:that»having built a ﬁighly speculative model
it pight have been better” to choose a smpall part of the total
project and validate it. Tt was the authcrsfintention, howe&er,
to develop arnd implement the framework of the modelh withirn the
context of a specific goal, that being‘ it's use in eifher

f’j?' .~ clinical or sport <applications. It's validatioa, employirng
" several neural, physiological ,and mechanlcal measures, weuld be a

much larger study taking many years.




J |

, » 143
Ore validation method would be a comparlson of the maximum net
musclé amoment generated by a subject (i.e. using the CYBEX

.isokirnetic dyrncmometer) to that eStimated by the computer model.

Srecific experimental protocolé'couldjalso be designed tc examine

the intrinsic strength, moment arm estimations and the forCeb'

length~, velocity- act*vation propertles of spec1f1c muscle- groups

(see Hatze, 1980b) .

A second and tetter validity check c¢f the model would be tc
perform-a cat exteriment 51mu1taroously measuring the 1limb and
jc*nt klnemat*cs (Manter, 1938), the electromyographic activity‘
of the locomotor ‘muscles (Pnéﬁérg and Luadberg, 1969), and
recordlng the afferent and efferent nerve potentials (Perret and
Cabelguen, 1980).”Direct muscle force (Walmsley et al, 1978) arnd
length measurements (Prochazka et al, 1974) would also be used.
Upan, completlng “this experimenfal phase _the cat, _would be
anesthet‘zed and thc mechanical propertles of the 1locomotor
nuscles determined (Burke et al, 1973; Jcyce g; al, 1969). The
final experimental phase would, see the geometriéal properties cf
the sacrificed cat acquired. Only thrcugh a set of experiments
such as thse cculd the  model yithin this thesis; or any
technique that attempts to solve for individual wmuscle forces, be
validated. quh WAn e;gériment "must te the thrust of a major

research effort in the near future. . T

The model withir this thesis could also be used as a'reséarch'

£

tool in-which systematic alteration. of the muscle properties

fvould allcw their true values to be eostimated. For irstance, one

;shortccming of this thesis is that the fast twitch fibers were
‘not recruited during the walk. By studying scme maximal human

movement (eg. maximum-.-corne-legged vertical jump) several muscles
should generate near maxiral forces. )This test could justi€y cr
specify scme of the”mcde15§ internal assumptions, 1in particular
th2 maximunm intrirsic Vstrength of the: muscles. Similar
experiments could ke constructed to test tﬂé sensitivity Sf the
modelled solutizcans tc variaticns in these% internal parameters.

\
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Fundapental changes to the model, such as the number of pattern

generators and how they control the irdividual muscles, could
also be suggested by appropriate model manipulations. ’

A complete kipetic description of human gait has ;many~

appl*catlons including the imfprovement of‘&thletic .performance

and the clinlcal -study of pathological gait E:ising from muscle
éctivation abnormalities, tendon transplants or amputatiorn. The

usefulness of the present implemention cf the phy51olcgical model
for these purposes is limited in that it 1s ‘'very time consuming
which may not be tolerated by the ccach or physician.  The
klnematic descr1pt1on ~of the mov1ng subject was vauired from
: cinematography which requires time fer beth processing and data
extracticn. Ideally an on-line kinematic data acqu1sztxon systenm
(SELSPOT, electrogoniometry)i' married tc a camputer caéable of
Simultaneously calculating the muscle forces vould see wide

applicatlon. Since the present. _mplementation takes- approxlmately -

30 minutes to analyze one second of hunan act;vity inrdividual
muscle: force - analyzes may mnever find wide :use in sport or

clinical settings.

.

i
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CHAPTER VI

i

SUMMARY, CONCLUSIONS AND RECOMENDATIONS

&

a

The aim of this ~thesis is to fotmu%ate‘ and ipplement ‘a model
capable of predicting the individual muscle forces in the right
lcwer limb of a 'walking man. The approach developed - is a’

‘phjsiologicalv hierarchical mecdel the lowest level of which

concerns itself with ' the data necessary to define the
muSculQ—skeletal system. These include the huscle;s moment arms,
lengths and velccities. Data describing the nusclée anatomy and
bone structure are also included. 7 o

—

The middle section, ‘the nmuscle nfgpdel,. 'defihés the fqr¢e»

~ length-~ velocity—activation'relations@}p cf d single muscle unit.
. These data, with those ;from the anatomical model, are used to -

estimate the maximum and minimum force a muscle -can e€xert given

_its previous force history, current kinematics and previous:

stimulation. The stimulatién needed to generate any intermediate
force is alsc defined. ’

At the top of the ‘hierarchy the control model provides a

singular solution of the muscle forces, withir the contraints
defiped in the muscle and anatomical mcdels, by stimulating the
muscles. The contrel model selects the muscle stimuli, based on

a simple neurophysiological model of patfern“geﬁeratdrs, to -

Satisfy the measured net muscle nmoment: about these axes for

wvhich large range of movement exist. It is assumed that one
pattern generator exists for each major degree cf freedom in the .

leg. : . » L

Estimating the muscle forces during human activity required a
variety of infcrmation. One male volunteer was selected and
undervent a lengfhy anthropometric session so that a starndard

4
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~ the muscles required in the. analysis.‘ R

-

-lower limb, defined in the anatomical model, could he_scaled.to_‘
him using homogeneous transformaticrs . and 'anthr0p0metr*c'

measurements. This scaling defined the geometrical defirition of

i

A walking trial involving normal gait vas performed. - Both

three-dimensional cinematographic and fcrcehnﬁlate records were
collected to ~define the kinematics of the leg segments and the

A 146

ground reaction forces.:; From these data  the instamtaneous
lengths, velocities and moment arms.of the muscles and the net
muscle moments were calculated These data lwere then used tq

estimate the output from the pattern generators which "in turn

specified the neural input- to and the férce in each puscle.

" CONCLUSZIONS - .

Based of the findings uf this study, whlch examined one subject,
the following ccnclus1ons seeém varrented: '

<, =
+ K

1. the use of transformations to scale a skeleton to 'a subject
suggests that a)‘ geometr1cal differences between the bones of

use of a 'redundant set of points to define the transformation

B
-~

is benefic1a1

- 2. the anthropometric ~scaling“ technigue used to define the

geometrlcal properties of the muscles accounted for 80 percent
‘cf the total muséie mass.of - the lower limb when compared to-
Cadaver data. This suggests~that either the scaling technique
or the'geometrical data base wereiimcorréct; B

3. 'the techniqués used to track the subject's segments in ‘space

* (three=dimensional cinematcgraphy) - and te synchronize' the
force plate and ‘film data gave good results when the magnitude -

and pattern of ‘the joint moments and forces were compared to
~ those in" the literature; - e

the lower limb-are 1argelT*hOmogeneous deformations and by the
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4. the combination of accurate modelling cf the line of action of .

the muscles and good segmental Rinematics allowed good
estimations of the 3ip vivo 1length changes of the muscles
during activity; B

5. the nmuscle model does nct adeqguately predict the force

P
response of a tctal muscle to a step input of stimulation due
to the slow and fast _twitch _fibres beirg synchronously

recruited;'and %

Eaa
6. individual  nmuscle forces were predicted using  the
Aphysiological model deieloped in this - thesis. Muscle

recruitmert was _confined almost entirely to the slow twitch

fibres and both the syrergistic and antagonistic actions of

‘muscle wvere demonstrated during normal gait.
_LE_H_E_.Q_II._L . ,\\
- On the basis of the data cbtained and the problems encod’tered in
this study the following reccmmendations into the use of a
physiological medel —to solve for individual muscle forces seen

[

warrented:

1. that the accurate modelling of the pusculo-skeletal system be -

explored both as a separate intensive investigation and as a
series of revisions to the present anatomical mecdel,

2. that the anthropcmetric scalino‘technique be improved)‘to
tetter predict the mass and cross-sectional properties of the

7
¢

locomotor muscles,

R,

3. that the muscle model be modified to include the asynchrcnous
recruitment cf motor units,

]

4.  that the data collection and analysis protocol ke replicated
vith the inclu51on cf EMG data sc that the predicted’muscle
force prcfiles may be compared to the EMG data, ‘

¥



. collection, rates.be explored, . . y
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that tﬁe sensitivity of the,,model'solutiohs to varyingrdata'—

-

4 /

that further work be done on the modelling of the pattern,

generators, ;nd ' 7 ' : -
v s : N

that a rigorous validation of the " podel be undertaken to

define limitd on the acceptability of its predictions. S
- ¥ # . ﬁ
:t . -
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' APPENDIX AV |

P 4/* -

Homogepeous mnﬁﬁ:_i.igﬁ .f.;g_ gns :usg-m‘nﬁimzr_gm -0 - 1
apother:

- If (x y 2.1} is some point in three—dimenéﬁpnal space, ye‘qén
'transfo:n it to some other space [(x!' y' z!' 1] using: |

fxyz11A[TI] =[xy ozv 1] o o
where ' : *

[T'—] = T;I Tu Tu
gu in %u

n N E 1)

Tui T'ﬂ T?l)

—000
j

- (2)

This 4xt tranSformatioh can be'partitioned into fcur separate
sections: ' . ’

M
[¥V]
N,—nin
-

; e

The 3x3 matrix ¢feates a linear transformation n the form of
§§aling, shearing and rotﬁtion. The 1x3 row .  matrix produces
"tqpnslation and the / 3x1 80101n matrix erspective
transforerations. The flnal single elepent prcViges ﬁgr overall’

o scaling. It shculd be nroted that thetflrst three colunns,gf [T‘]

act exclusively or the X, ! and z ccordinates, /respectively,

wvhilst the fourth cdluen acts on a;; values. Since we -.are not
.interested.in a persPéctive,transfornation, and wish to scale the ’

 ,71, Y and 2Z coordinates iﬁhﬁgendenfly,,'the fourth column in
equation A2 has been set toc zeros~@§§‘qné} ‘

3



. T | 0 as0
=Expanding'egﬁarion (21) and simplifying: '

'if" x + T, 7+ Ty, 2 +_T§. = x! LT
Ti-X + Ty 7+ T,,_'z + Ty = ¥!
Ty X+ T, ¥+ Tyz+ Ty =z', . (24)
. : PR :
,Assumrng that r, Yy, z.and x*, ¥ andrz'yare krowr, ‘Equatioﬁ (A4)
represents three equations in'the 12 upkncwn transformatiorn
elements. Applying these equations to n (n24) ncr-coplarar known 

points, in two reference systens, ylelds a system of 3¢ eguatiors
ir 12 unknowns. The transformation can then be determined.

the P blem is qversPecified and can only be solved by some mean
or b st 'rit'technigue. The use of “more than  four points
lncreasesl”the accaracy cf the ‘technique ard should be used

vhenever possible. -
i

It is  also possiile to decompose ‘:%Q transfcrmation matrix
the first (T¢)
rotations (Rx,Ry,RZ)

~

three matrices:
(Sx,5y,S2), (Ta)
_translations (Tx,Ty,T2).

into ircludes scalirng
and the third (Ty)

These matrices are written:

another

[

"
i

If n>4

terms

t5=[sx 0o 0/ o] .. “ .
t ;] 00 Sy 0. 0 -
0 0 Sz Q}. . :
0 0 0 1 7 7 :
o E (t: (35) :
1.1=[1 0o o0 S
(] 0 1 0 }
-0 0 1 ;
Tx Ty Tz 1J’ ) :
' (26) ‘
tTR] = CRX*CEy 'sRx*cR ‘ 1‘SRY 0 ,;}; .
-st*ch+cRx*sRy*sR CRX*CRZ+SKX*sSRy*sRz cRy*sRz 0} + 1
st*st+ng*s?y*ch -cRx*st*ng*sRy*ch CF ‘:’Rz 9 D f
. n N an

i
AR
ol e s 2 b b AR



respectively.

Concatenatianrof'theSé £hree-matrices:

: "

A _ :\.

gives a matrix whose eleménts-napproximate those Calculated_via

eguation (a4). We can therefore -defipe 12 nonlinear eguatiqnswirl

with 9 unknowns. This can be solved using a nonlinear least

fsgﬁare‘algofithn (eg. IMSL - 2XSSQ,.1980). It is. then possible to
freconstruct‘-a transfofmat;gn matrix which. includes only those

constituents the user desires (eg. rotations and translations).

%
;'x‘;,,
> 23
L
. N \fl ,
- Al
- = A
: - fa
& .
]
g
— \
P
e
-

- N L N ~ 981
_whéte c and s are the cocsine and sinre of the rotation‘angles ,




© ARRENDIX' B
Q ;gi q the g_g_l_ cu; ili“ear _gg;iog

Let a pair of points through which the curVe must pass be the

vectors P, and Ex.. Corresponding—tangent vec
‘are P, and 51. In the modelr these are
direction cosines of the two straight lipe

tors at these points
dqtermined frém the
segments surrounding

the curvilinear section.' This allows a smooth transition between

ethe straight and curved muscle sections.

A*ﬂparametric cubic polynomial vas used

3

to fit the curved

;section,, Within the cubic section the parameter t varies betveen .
the’tgo end points t, and t, To simplify calculations we ‘ctan

_assign t = 0. 1 parametric cubic polynomial
_ 7 8 A

P(t).S¥A + Bt + Ct2 + Dt3

vhere P(t) = [x(t) y(b) ?(t}] is the pcSition

may be written as:

(B1)

vecter of any“pbint’

on the curve. Since‘P,, P, i‘, and P are defirned as above the

four coefficients in equaticen (B1) are calculated.as follovws:

~7

:P'

= P, |
C=3(p, - P,)/t2 - (2B, + B,)/t,
D= 2(, - P,)/t3 + ( B, j; B,) /t2

Any point and the length between the limits t,

calcnlated. W

(82)

and t, can then be

-
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|AERENDIX. C

-.Defining the muscle arn llgamezg moment arms

Thebmugcle -and ligament moment arms -~ (MA), relatiieito the GRS
imbedded at each joint centre, were calculated from the line of
action of these structures in the neighbourhoed of the Jjoint
centers (JC).'Giign two,po;nts‘defin;ng tHe direction and line of

~action of a muscle or ligament (EP,, to EP, , where k represents

the k,'~Y*and'Z ccordina;e), the direction cosires (ﬁy of this

"~ structure were calculated.

A
>

- B )™ NS

"Nug
A

Dv._ = (EP‘.“‘ = EP )/( P

-

a,
-2

The coordinates of EP,, —relative to the joirnt centre<:ie§9 .

¥

determined using:
P, = EP, =-.JC, ” | L (€2)

Thelﬁoment arms were then calculated.

MA, = P, * D, - P, * D,
MA, =P, * D - P, * D, (€3)

¢

- Equations (C1) . to (C3) calculate the ‘homent arms of a
-4

structure relative the the GRS. To transform these moment arms to

the SRS the methcd discussed in Appendix F was used. , N

"



gha? T ARPENDIX D o . B
Ihree-dimensional filmina Usibg the direct limear transforsation.
For thecse  unfamiliar wi¥h ‘the  homogenecus coordinate
representaticn a brief introduction is given.  In this.notatibn,
a point is'represented‘i&?three dimensicns whose real coordinates
are in X,Y, and-Z, either as the four part roﬁ;vector [X Y Z 1j
where. 1 is the scale factor or the homcgeﬁeous tern, or'as»any
multiple bfvthat vector where w is arbitrary; e.g. [wX,vwY,wZ,v].
This vector cdn‘ be'represented in lover case nétatidﬁ'[x,y,z,w]
because X,Y, and Z can always be'déiermined by dividing out w. “

We can ncw define a- generalized 4x4 transformation matrix for
three~-dimensicnal homogeneous coordinates. Thus, if [x vy z w] is
some pbint~in three-dimensional spaCe, we‘céﬁ transform it into
some other.space [x° y'>z' w'] using: | ’

[x yz 1] *[T']=(x"y" z'1] “ (DY)

vhere [T*] is discussed in Apperdix A. A mcre complete
examination ¢f the various transformations incorporated within
this matrix is fcund in Newman and Sprecull (1979). ”

It is important tc note that the transformaticn_projecfs one
three-dimensional spéce intc another thré{ﬁdimensional space.
These results can then be projected ontc a two-dimensional plane,
say Z =0 by using:’ 7

- [T"]r=

. SR | 1 | | (D2)
» | | |
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Concatenation of the two matrices yields:

T

T1=[T"YT'] = T 7 0 N

L21= D272t d = f g fm 8 A
Ty Ty 0 Tau C S
T.“ th o T‘Q‘\ A LT e (D3)

- . , T oY

It is now useful to write the transformation as: -

-

(X Y2z 1]*(T] = vigx* y* 0 1] - (o4)

‘Note that x* and y* are the, coordinates in the perspective
projection onto the 2 =0 plane. 2 similar prccedure can be
followed using rrojections orto thg X =0o0r Y = 0 planes.

'In a tvo dimensional view: produéed.hy afvcamera, the depth

ccordinate is no 1longer available. ' Hence we can rewrite the .
projection as: <% '
(xx217% [ 10 In 'r: ) = Wit g% 1)
‘ .g‘u‘ %‘n %n j ‘ .
- wy uy ) (DS);
. . N ' A
Writing out:équations (D5) we ggt: : . .f -
T +. Ty ¥ #7542 + 7 =vwx*
T X # Tu ¥ ¢ T, Z + Ty, = w'y" :
Tn X+ Ty ¥ + T2 ¢ Ty = W' ' (D 6)

Substituting w'  frem the third equatiocn into the first two arnd
regrouping yields: )

-
¥

(T\\ "Tﬂ,’ x*') + (Tn ’- ) X*)Yv + (Tu 'Tn xy.)z, + (T-ﬁ vy x*)
(Tin =T Y¥) X # (T =T YT + (T, =Ty Y*) 2 + (Tuy ~Tyy TY

I
o

(D7)

AY
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-

As suggested by Sutherland (1974) equatlcn (D7) can be con51dered

in three dlfferent ways.

L)

.’directiy for

where [%] =

[T] ard and Z are known. TWe thep have - two

equations with unknowns '

Assume X,Y,

aud y* They- may be used to solve
the coordinates .of - the perSpective projection.
This technique is ofter used in computer graphlcs (Sutherland
1974; 1979)

Newman and Sproull,
of objects. '

to generate perspectlve views

* . 7 4
— ©

Ad - i

If we know the transformaticn [T] and'the positions of a point
(x*,7*) in/ a picture, using equation (D7) ¥ields two equations

-with the three unknowns X,7¥Y, and Z. The location of a point
“in three-dimensioral space can hct be sclved. with this
irformation. HoweVer,b if two views are available, = then
_eguation (D7) can be wrltten for both projectlcns. Denoting

the superscripts 1 and 2 to
views, we can define the following equations:
r%; i ‘

[(a) * [X] = [B]

-
-4

-T1 1 1 =Mt 1
. TL xt T Ty, X
1 -T1 1 TiI -7T1 1 1 -T1 1
-TL y1 .T Lyt T TL y»
2 M2 =2 2 2 «M2 g2
x2 T Tu x2 7T H X

2 -72 y2 T2 -T2 y2 T2 -Tf's y2

v
b
w
b — = -

o

N T R S

o ] | _ . |
and [B] = [Tl x1-T1 Ti y!-T} T3 x2-T2 T2 y2-%2 ]

: o o ; (D8)

dlStlthlSh the same peirnt in two

.:,Yi(m! I

el s

-

«Iﬂiﬁhah&w; W
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. Equation (D8) ';ep:esents- four egquations with the three

unknowns X,Y, and Z. The problem is ihus o;erspecified and

can only be solved by sohe mean or Eést-fit technique. ' This

~—

can be accomplished by solving: .

(317023(x] = [AY'CB) - T 9

. ' T -
Where [A] 1is the trarspcse of ([A]. If" nc solution is
possible, the conditions imposed are redundant and no unigque
solution exists. ;

If the 1locatior of several points which appear in the
perspective‘projection are known in three-dimensional _space
and 'in ‘image Space, then it is possible to determine the

elements which make wup the transfcrmation matrix. These

transformation elements can‘subsequently be useq, to determine

the location of unkrown points usingvthe technihue described

above. Expanding equation (D7) :

- . n* . =L

Ty X+ Ty, ¥+ T5,2 + Ty, = T, Xx = T ¥x* =7, 2x* - T4y x%=0
' ' a " *

ToX # T ¥ + T2 # Ty - Ty Xy* - T, Yy* 2 1, 2y% - 1y y¥=0

- “ (D10)

.-
7

Assuming that x.,y and X,Y, and Z are known, Equaticn

represents twe equations in the 12 unknown trarsformyg

élemepts. Applying these equations to n (n26) non-coplanar

known locations (control pcints) in both three-dimensional
spdce and in the image plané‘(digitized coordirates) vyields a
sysgém-of.chequations in 12 unknowns. One car ther determine
the transformation. If n>6, a least squares fit must be
computed to solve fcr tHe unkrowns. Cavaragh (1979) ‘has

" reported that the use of 20 control pecints car, under certairn
‘circumstances, improve the accuracy of the DIT by an order of

magnitude.

19N
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both images. - T .

o lasg
: ' ST
Equation‘(D10) has 12 unknowns Lut théy are nct ldnearily

independent since it contains an arbitrary scale /factor..

Hence T4y ®may & be deffled“‘as; unity ~ and the /resulting
transformation normalized. This reduces the requirement to 11
equations or 5% points. - S

It should be noted that no prior ‘knowledge of the
transformaticn is required in the TLT method. Knowing the
locations of several control points situated throughout the
two photcgraphic fields, and soIving er-thertransformation,
determines the location and the orientation cf - the cameras.
These ﬁrah;fcimation elements can then be used to so ve for
the three-dimensional ‘location of unkﬂbwnipcints vigible in

a
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Data smoothing using the Fourier transfotm.

‘A methodological problem lcng known in blomechanlcs researcﬁ
‘has been the validity cf calculatlng derlvatlves from
displacement data known to contain ncise. It is khown .that the
operation ctf differentiation' increases . the amplitude
componerts linearily as a function of frequency; double
differentiation results in an increase prqpcrtional to- the ..
square "of the frequenc}. Since tle noise is of a higher
frequency than the signal of interest, unless some attempt at
noise attenuation is made the calculationr of velocity and

acceleraticn from displacement is meaningless.
" ;

3

Two techniques have been applied to biomechanical  data,.

digital filterirng and Fourier series truncation as used by

Pezzack et al. (1977)  and - Cappozzo . et al.  (1975),
respectively. _Digital filtering, 'since it is a recursive

procedure, is limited in that a number a ‘'leadinrg-in' data
points wmust be available to. initialize the filter. It is
unc¢lear, however,, how many points are necessafy; estimates
range from 4 (Wirter, 1979) to 15 (Dainty, 1979). A second
prerequisite to use the digital filter is a knowledge oF the -
frequency compesitior of the signal"tc be prccessed.- This is
generally made available frem the second schthing technique,
Fourier series truncation. o '

~

Any sigral as a function of tlme [F(t) ] car be represented

'by a summatior of harmonics: -

‘ .

=

F(t) =a_ + % (assin'wjt + b, cos

o *JI, st~ ' (21

wheré s g - mean value (ﬁ component) of tte signal
5 - harmonic nuD; .
a;,b; - “the amplltude of the jth harmor*c
LB - the frequency cf the jth harmcrnic

J
N - the total number of harmonics in the data’
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The smoothing ‘ﬁrecess " censists of deletirg ‘the hlgherf
harnonicsnfrom the Pourierjseries. The choice cf the ﬁunher of .
harmonice to include in the reconstructed si gnal is dene by
inspecting the power at each harmonic (Cappozzo et al., 1975).
The power at the jth harmonic is given by:  ‘ ‘

P:’ = af + bf ‘ . | ‘_ | : ' ’ (E2)
. Ty T v ¢ .

When the pouer at a lower harmonic approaches that of the

higher harmonlcs, or when the sum of the first j. powers equals

a predeternined value (eg 90 percent) this is the harmonlc

selected for truncation. ‘

& "‘ - ‘
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o o ARRENDIX F
_Changing reference systems.

On several ocassions it was necessary to trarsforn a set of
data from one reference system (R,) to another (R,). Given the
origin and three'pointsuequidistant along the X, Y and Z axes
fdr R,\and R, a transformation wvas cal?ulated_(see Appendix A)
which 'iranslates and rotates R, to R,. Scaling wvas not
included as equidistant points were used.
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