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ABSTRACT AN

———

A

hY

’

This thesis is difected generally togards a deeper
understanding of mnormal and pathological biped locomotion.
Attention has been fgcussed mainly on electromyographic
(EMG) and kinematic aspects of gait. Emphasizing
consiatency and repeatability of acquired data, the cha:ac—_j

‘teristica of surféce EMG Bignals from m.,vastus lateralis
and m. rectus femoris durisg several’ steps of level.walking
-under controlled repeatablé .gait conditions at three
different speeds” for several normal subjectg have been
'studied. The variance ratio, a statistical deacriptor for
repeatability, has been devised., The fiﬁdings indigate that
the variance ratib offers a simple means for selecting an
optimal Iprocessor for recﬁlfying and averaging the signals..
It is of value also in determining an optimal location fo{

sucface electrodes dn a muscle. o '

Included in the thesis is original research relating
to kinematic information presented in the})forn of knee-
'angle/hip—angle diagrams. Cyclic loops which had been
utilized in the past mainly for their visual representation,

have been quantified using a shape recognition tdbhnique.

Zw 1ii



en . ' )
Quanti i ve analysea of angle-angle diagrams associated

with 5 normal subjects, an above-knee (A/K) amputee and a
cerebral-palsied (C.P.)}) patient, who had an iﬁplaﬁteé
cerebellar stimulator, were carried out. The quantification

and physical interpretations of the ~parametersﬁf

extracted
from the aegle—angle diagrams provided a valuable adjunct to
visual assessment of the gaits and elicited~ significant
informatien regarding overall coordination and control
during each gaif.  Using these methods an, in-depth
assessment <of ttel efficacy of the cetebellar [Btimulator
implanted in the C.P. patient was accomplished.

S

The thesis also describes an initial’attempt, using

| the methods of time saeries analysis, at modelling the

transfer function between several inputs given by the E?G
aignala of selected muscle groups and an output which is
either the hip or knee angle trajectory. The model was able
to . suggest which individual musclea were synergistic,
whether the inputs chosen were good predictors qf the output

and the relatlve contribution ‘of each input in predicting

the output.
P \
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SSEP somatdsensory evoked potentials

VEP visual evoked potentials .
BSEP brain stem evoked potentialsl

EEG _electroencephalogram

NMS | neuromusculo-skeletal

Ci i=1,4 input coefficients (knee model)

Ci i=1,3 inpui coefficients (hip model)

Cg~ Q; level parameters
b delay (msec)

B Backward shift operator defined by Ba,=a,_,

(Chapter 6)
X1 (RF) m. rectus femqris EMG

X2 (BF). m. biceps femoris EMG

X3 (S) m. semitendinosus EMG

X4 (G) m. gastrocnemius EMG

yknee | knee angle

. \

yhip hip angle

Nt, Noise model

x2 Chi-square statistic
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CHAPTER 1
IN’I‘RODUC'TION
p
/ This tﬁesig was essentially conducted \within the
confines of the Locomotion Laborato}y, Departhent of
Biomedical Engiﬁeering, Chedoke Rehabilitation Centre,
Hamilton. }he thesis is multidisciplinary in that an effort

has been made to incorporate the viewpoints of a number of

‘different disciplines in this work. Some of these are:

Electrical Enginéering, Physiology, Anatomy,- - Statistics and
Mathematics. The thesis is directed generally’ towards a
deeper understanding of normal and pathologicgfibiped

locomotion. Attention has beén focussed mainly on kinematic

. and electromyqQgraphic aspects of gait, It involved

theoretical lconsidgrations in respect of sﬁatistical
analyses with associated physical interﬁretations, model
building and model testing and practical work concerned with
the eonducting of experiments on both patients and normal
volunteers as well as the collection of pertinent data. The

primary goals of clinical personnel involved in locomotor

L]

rehabilitation are:

(1) The better design of ‘prostheses for disabled persons.
(2) The assessment of locomotor function for both
diagnosis and evaluation of therapeutical and

surgical techniques associated with various gait
. . )



‘pathologies, - '[-u'
The above goals cannot be attained without the
appropriate melding of.science and technology with medicine.
Tﬁis thesis contributes to the realization of the above goals
by iﬁtréducing original and objective methods of measuring;
and assessing locomotor function. "In particular, the
research presented in this thesis is concerned with the
processing’ahd analysis of éurface electromyographic (EMG)
signals, the analysis. and interpretation of joint angle
trajector?es a?d an initial attempt to relate the EMG
signals éé the pertinent joint angular histories at the hip
and knee. using methods of -time series . analysis, The
specific contributlons of the rggearch presented in this
thesis are now summarlzed accordlng\{f each chapter.
. g

Chapter 2 ig a general background review of the

research literature assoc1ated w1th those aspects of human

1ocomotion considered in this the51s. It\is a review which

gives the uninitiated reader a rapid overvy®w of what is a

-
-

complex and extensive field. The chapter is divided into
four distinct sections. Section 2.1 is a review of
. kinematic investigations into gait. Section 2.2 is a
corresponding background review of EMG studi;s associated
with human locomotion. Section 2.3 is a brief description

of the anatomy of the lower 1limb while. Section 2.4



£

summarizes the phasic activity and functions of the various
'muscle groups in the lower limb during 1locomotion. The

information reviewed in this chapter is used in Chapters 4
\

and 6 and has, in addition, been publighed in the form of an

educational monograph (Hershler, 1977a).

Chapter 3 describes the experimental techniques
utilized ‘in the Locomotion Laboratory fér the measurement of
spatial and angular trajectoriealand the recording_ of EﬁG

| signals. The three measuring systems described are
Fespectively the stroboscopic flash-photography system
o;iginally developed by hilnef et al (1973), the electro-
goniometer system developed by members of the Biomedical
Engineering eraffméht after. the design of Lamoreux (1971)

and the optoelectronic system recently fntroduced by Brugger

A

and Milner (1977). The advantages and disadvantages of e:iyh\\

system are critically reviewed so as to allow the readef a
unigue comparison of the various measuring systems in the
Laboratory. An internal progress report (Hershler, 1976)
describes even further the stroboscopic flagh-photography
sysﬁem and contains details on how the data gﬁg.interfacéh
with the CDC6400 computer at McMaster University. An
additional progréss report (Hershler, 1977b) summgrizes the
contents of Chapter 3. The éxperiméntal descriptions in -

Chapter 3 form an integral part of the remainder of the

thesis, : ) .
] )



Chapter 4 presents a statistical analysis of surface
electromyographic signals collected from selected ske;etél
muscles during normal locomotion on a 1level surface. A
'statistical criterion originally proposed by Heréhler and
Milner (1976) allows the user to determine a practical
optimal processor for rectifying and averaging the EMG
éignal. The statistical criterion is essentially a variance
ratio which quantifies the repeatabllity of a given number.
of EMG signals. The same method used with multiple arrays
of electrodes allows oné to find an optimal position for
placement of the electrode pair on the muscle surface.
In this case the electrode pair that provides the most
consistent and repeatable 1n§ormation for a chosen number df
fodtsteps is optimal. - Vafying statistical consistencies
over. the ‘surface of the ﬁuscle ‘'suggest a possible

correlatioh between muscle function and statistical

‘significance of EMG activity. This is a unique and inter-~

esting developmenf in the study of EMG signals and thé
various results of this chﬁpter have been publishgd-in'an
internal progress report and are to be published in IEEE
Tradsactiéns on Biomedi;al Enq%neering (Hershler and Hilnegi
1977a). The methods introducea in this chapter are used in

the modellirig procedure outlined in Chapter 6.

Chapter 5 covers  original research relaiing to

kinematic.informaiion presented in the form of knee-angle/

F.



hip-angle diagrams. Cyclic loops which had been utilized in
the past mainly for their visual representation have been
quantified using a shape recognition technique. Essen-

tially, parameters such as the area A, periﬁeter P and the

dimensionless quantifier Pp = P//A have been examined for
various kinds of gaits (normal, A/K amputee and cerebral
palsy) under different conditions. This gquantification
coupled with physical interpretationé of the parameters
extracted from the angle-angle diagrams produced significant
results, In particular, the physical. interpretations
include aspects regarding range, coor:{i'i_r:ation and gverall
control. . Statistical analyses of tﬁ;' Qérious parameters
extracted, whem coupled with a visual display of the
pertinent anglé—apglg diagrams, reﬁdered. a more complete
assessment of lagomotor performance and function. The
chapter is divided into two sections. Section 5.1 is a
report on quantitative analyses of angle-angle diagrams
'éssociatedi with 5 normal subjects, .an above-knee (A/K)
amputee and a cérebral—palsied (C.P.{ patieﬁt who had an
implanted cerebellar stimulator. - Also included is a
digcussion of the limitations of visual inspection of the ,
dlagrams as well aé..a delineation of a number of key
parameters which are of value in interﬁreting and assessing
the diagrams and ﬁaking the data from them amenable. to

statistical analyses. These results elicited significant

observations regarding the overall coordination and control .



™

4

during each gait and made it possible to provide substantial '

answers towards the foliowing questions:

(1) What are the control mechanisms inherent in éach of
' the gaits?
(2) How does a change in the alignment of the prosthesis

effect the galt on both-éides of the'A/K amﬁutee?

(3?' What .are th® effects of switching the stimulator off

" (on) on the gait of the C.P. patient?

o )
The results of section 5.1 have also been written up in a
progress report (Hershler ana Hflner, 1977b). Section 5.2
is an example of the multidisciplinary character of this
thesis whereby. a neurologist, neurosurgeon, pediatric
resident and three bioengineera contributed as a group to

the- in-depth analysis and interpretation of the C.B, gait

study. The joint efforts‘of this group'which included /the

1

author of this thesis has resulted in the publication of

;this work in the form of a monograph (Milner et al,\1977).

It was gratifying to note that the ideas on parameter

quantification of angle-angle diagrams suggested by this
: ;

author in agection 5.1' werle utilized 1in this work.

Assessment of the efficacy of a cerebellar stimulator
implanted in the C.P. patient was accomplished and " the

quantification of angle-angle diagrams emerged as a powerfui

[}

-t
{
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adjunct to the visual assessment of angle-angle diagrams in

the diagnosis and interpretation of locomotor pathology. 7'

‘Chapte:‘*6~fdesqribes an *initial attempt, usind: the
methods of time seriea analyais,.at“medelling ‘the transfei
function between several inputa given by the EMG signals of
aelected muscle groups and’an output which is either.the hip
or knee angle trajectory. Utilization of “this model

produced several interesting observations.

(1) The model was able to suggest which indi#ldual

huacles (of a larger muscle group) were synergistic;

(2) The adequacy of the model showed whether the inputs

associated with each-'muscle {nput which gave .the

relative contribution of each input in predicting the

output. .

Relevant 1n£ormation from Chapters 2, 3 and 4 was used in

_the modelling procedure. The thesis has been written in

such a way that each chapter is 'indepeﬁdent containing
pertinent conclusions and‘suggestions for future work. . In

order to achieve an. overall unity, however, where possible

s *
N -0

©

‘i - chosen were .good predictors of the ‘outpat.
g .
- (3) The .modelliﬁg results allowed a weighting to be -



each chapter. refers to other parts of the theais which cover

material ‘related to the research work being discussed.

.



CHAPTER 2 1V
A BACKGROUND REVIEW OF HUMAN LOCOMOTION

2.1 , Historical Survey of Investigations Into the

Kinematics of Gait ‘ .

The study of movement is divided into:

(1) kinematics, ‘the position of a ‘body in space ét a
particular time and

(2) kinetics,‘the forces which prﬁduce or alter motion. The
preyent review covers papers investigating the kinematics of
gait, Based on Edelstein (1965) we define the gait cycle as
one stride of the same leg which encompasses Fhe events from
the moment one heel strikes the floor until the same heel
contacts égain. This cycle consists of tdo phases, stance
and swiﬁg. Stance phase is comprised of heel-strike (HS),
fooF-fia; (HT), ‘mid-stance (when - the trunk is vertically
atop the extremity) followed by heel-off (HO) and toe-off
(SW) . Swing consists of acéelefation, mid-swing and
deceleration. Figure 2.1 depicts the various phases of .a

normal gait cycle.

. . :
In the study of certain types of pathological gait,
however, it is not as simple to recognize the various phases'

9
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Figure 2.1
Kinematics of Normal Ambulation
(From Edelstein, 1965)

!

-of the gait cycle. Tﬁia is due to the'faqt that, at times,
onset ofr stance (ST} can be caused either with the toe
(dr&pfoot) of with the heel (HS) and the toe could be ﬁaking
contact with ;he ground thfoughout swing (SW) as occurs
during toe-dragging. Hence for pathologicai gait we again

. consider two phasei for the gait cycle but we label them as

followi:
ST: onset of stance and

-SW: .onset of swing
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2.1.1 Pre-20th Century:

Aristotle (384 B.C.-322 B.C.) was probably the
éarllest person in our history to comment meaningfully on
animal gait | The New Encyclopaedia Britannica (1976)
records that one of Arlstotle 8 four biological treatises
covered the locomotion of animals and ln De Incessu
Animalium (On the Prqgression_of‘ﬁnimals) the problems of
local motion were conaidgred'»byz cbnstrucping a kind of
animate meéhén%gs_df limbs-accoraing io their ﬁumbers and
‘their kinds of joints.

. . : : .

Leonardo da Vinci (1452 1519) ‘the Ifalian artist and
acléntiat, in addition to beihg ranked in art&stic merit
with Michaelangelo pnq Raphael as one of the three masters
of the High Renaiééahce.-was.one of the_fi:at'SOAiake a
scientific sﬁudy of human and aﬁimai_motion._ Amoﬁé hié nﬁet
famous treatises is the Treﬁtiaé{ oh ‘the Flight of 'Bipds
where for the 'purposes of éecrec§ lnotes were writtén in.
inverted script from right "to 1éft-qofth$€ tﬁey‘could be
feéd only if . held to a mirror.” (Merit Students Encyclo-
paedia, 1976): |

Steindler (1953), however, -cohsiders Borelli (1608-
1679) to have the distinction of’ being the tirst truly great
trailblazer in the field of qait ‘'studies and analyaia.-'ig-

confers this distinction on Borelli not sobmuch for what he;i‘
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did in the meéhanical analyéis of locomotion itself but
because o0of his fundamental concept of muscle action.
Borelli was also fhe‘ first to determine .the_ centre of
gravity which is of fundamental importance in the calcu-
lation of the events of locomotion. In his book, De Motu
Animalium, Borelli (1682) describes the forward displacement
" of the centre of graQity bejond the supporting area andvthe
manner in which the forward swinging of the limbéjsaves the
body from losing balanceﬂ Borelli thus laid thgifoundqt76n
for the concept of propulsion and restraint in gafq: o
!
Following the work of Borelli, very little was
accomplished in the study and analysis of gait until the
first half of the-ninepeenth century. Wilhelm and ﬁdwaré

Weber (1836) observed and measured the alternation of swing

and support, the inclinations of the trlink in either phése,
the 'relationship between the' duratign and length .of the
step. ‘rhey also initigted inves gatiops into the muscle

effort involved in ptopulaion’ané\{wftraint.
. - “

Marey (1885) was probably the first to contribute to
gait @ﬁalygis‘ using the technique of _photography.
Succéasive, exposureé were madg on the same photographic
plavte "“by'me_ansjf a rotating disk in front of the camera.
The subjégt was dressed entirely in black on which brilliant

métal buttons and shining bands were attached to represent



joints and bony segments. The subject, illuminated by the
sun, was photographed as he walked in front of a black
scfeen. This- method is k;Own, as geometric photographf,
since the pictures obtained show points add lines only. It

is interesting to note that nearly a century later varia-

tions of this method are sti}l'in use in gait laboratories.

i

N

The photograpﬁi 'method used by Marey waslmodified by
Braune and Fischer (18%5). Thef sgbstituted Geissler
luminous . tubes for the white strips but took from six to
eight:hdurs to get the subjéct.ready'for a gait study. To
these*'men, however, belongs the credit for the Eirst
rational sciéntific “Investigation of the pfobleﬁs;in human
locomotion. Their work reﬁresenteq a monumental effort of
calculative investigation into the velocities, accelerations

and forces of the various body segments duriﬂg locomotion.

2.1,2 Current Research in Gait (20th Century)

Bernstein and his associates_(lQﬁS)'published a
iéomprehensive volume on research into the biodynamics of
locomotion., In this stidy the accu:aéy obtained by Braune
and Fischer was questioned ahd_ techniques developed to
1m§rove this‘accuracy. In‘alllxthe gait of 65 saggects was
investigatéd with many mqfe photographs taken of the subject

during one compléte cycle of walking.

’ -

i
i
i
i
]
1
i
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Bfadne and Fischers' data for locations of the
centres of gravity of the yarious segments, their radii of
gyration and their relative masses were used in the
Bernstein study but in addition, experiments included
investigation of normal walking of men both carrying weights
and unburdened as well as an an&lysis of latigue effects due
to these conditions. The annf???b‘-uethod pioneetéd by
Braune and Fischer has not been utilized extensively but has
attained. some degree of accuracy iq the hands of LiA?rson
"(1936) and Elftman (1939a). . The analytic method consists of
‘the theoretical calculation éf the forces producing motion
based upon a knowledge of ihé centres of gravity and the

acceleration of the body segmen'ts 1nv61ved. The forces thus -

to the muscles acting in the

general direction of the calculated force.

, - ’

During the past for:y years, Blftmﬁn haé been a ;djor
contributor to the study of gait. 1Included amoné numerous
papers on the dynamica of human {locomotion are the
:distribution of pressure in the human foot (1934)4 the
measurenent of external torces in walking (1939a), forces
and energy changes in the leg during walking (1939a). the
forces exertéd by the ground (1939d) and the rotation of the
body in walking (1939c), the work done by muscles in running
119i0); the actigid of muscles in the body (1941)1.@0t8109

of the lower extremity (1945), basic pattern ‘of human

- ~
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1ocom6tion (}951), body dynamics and dynamic anthropometry
{1955a), knee action and locombtion (1955b), BYomechanics of
muscle (1966), basic function of the lower limb (1967), and
dynamic structure of the foot (1969).

Saunders et al (1953) uéing a variety.of techniques
including force plates ;nd cinem§tography, analyaeé various
factors.involved in_normal ot minimum energy-wasting gait.
Using: as a model stiff compass type gait .in ﬁhiéh no
movement occurs at hip, ﬁnee, ankle and foot joints,
Saunders et al (1953) listed six determinants of gait that
decréasé the excursion of‘the centre of gravity and thus
decrease energy expenditure.

[
\/\__~1/

+

The six determinants listed ;ete‘as‘foliows:
(i) Pelvic rotation |
(ii) Pelvic tilt
(iii) Knee flexion during atance |

(iv,v) Knee and ankle interaction (foot and knee mechanisms)

- ~
(vi) Lateral displacement of the pelvis

Schwartz and Heath (1947) méasurgd the temporal and pressure
components of gait in thes shod and unshod foot. Although
the measureagnts were undoubtedly affected by the presence y
of pressur;:;;HETE}ve disks taped to the plantar surface’ of )
the foot, Schwart;K~and Heath found that for pathological

-
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gaits resdl;ing from various functional disabilities, the
—dﬁrat;on of the stance phase was significantly greét;r:than.
normal and the pressure cﬁrves wgre grossly different from
normal. Thus they concluded that variations witﬁin the
1limits of normal loéomotion could not -produce a record

characteristic of any significant functional disability.

Smith et al (1960) extended the work® of Schwartz and
Heath (1947) in anglysing thélééﬁﬁoral compbnents of motion
in human gait with the aid _of a device called the
electrobasometer. The function of such a device is basedlon
the principle of pasaing a very small lqad current (approxi-
mately 100 » A) through the subject's body and thrqugh a
ietallic runway on which the subject walks. The contact of
the foot with‘the walkway activates electronic relays which
time separately the contact movements of each foot; Results
of their systematié studies catalogued the time characteris-
tics of stride’and Eontact movements in walking and running,
the effects of the shoe on gaiﬁ, sex differences in walking
and fast walking, the change in locomotion with age, the
influence of artificial welghts on movements in walking and
‘the correlation between time values of gait- movements and
body height and weight. The main criticism relating to
their extensive study was their neglect to investigate the
influence of a variatién in walking speed on their measur ed

variables. Rormal pace and maximum pace are meaningless
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terms unless adequately quantified.

b

Using a méthod of interrupted - light photography,
Murray et al (1966) recorded 16 displacement pattérns of
1ocomotion of the same 30 normal men for both free and fast
speed walking. It was found that the subjects aqcomplished
the forward speed of faster walking by increasing both the
stride length and the cadence. Incre;zza‘stride.lengths
were accomplished mainly by increased transverse rotation of
the pelvis, increased hip flexion of the forward extremity
at the time of ipsilaterai heel-strike and increased ankle
extension of the rear extremity at the time of confralateral
heel-strike. In the faster speed of wélking, the. stride

width increased and the out-toeing angle decreased.

Grieve and Gear (196§) alao:obsgrvequggat stepiength
- and cadence varied linearly wi;h forward walking speed for
normal adult subjects. An increase in walking speed for
. normal subjects was achieved by uniform and characteristic
changes in bqth steplength and cadeﬁce. The time of swing
and time of support were found to be inversely proportional
to waiking apeed. Time-distance_méasurements were found to
be reproducible when the entire vélocity relationships werﬁ}
considered. This particular feature ofxgait viz.'that many

of its parameters are velocity dependent could assume even

more importance in the study of pathological gait. It has

C <
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been obaerved that patients with diseased joints have a

Slower than normal walking speed Hence it becomes crucial

that in the study of .their gait one distingu1shes which

- variations from normal are ‘due to differences-in_walking'
speed and which due to gait abnormalities.

\

Grieve (1968) published an extremely importamﬁ paper
on" the whole range"” approach to the study of gait. - He
argued that studies based upon the whole range of speeds.
would go further towards an. understanding of the walking
mechaniam-th‘an a further elaboration of the ﬂxed-cadence
-appr'oach-. In addition‘ he proposed a' new format for
pPresentation of joint angle histories. He suggested that,
since clinical acceptability depends upon the information
being preaented in a palatable form, the joint angles of the
lower 1limb be plotted, against each other; ' These angle
diagrams present lwalking cycles\/}n cyclic loops with a-
further attraction that normal and apnormal caits produce

. characteristic, easily recognisable, loops. Grieve (1968)

himself remarks . . , "rhey. Present cycles in cyclic form.
By contrast angle-time diagrams appear on-line as’ graphs
4 vatiable length, more graphs are requireq to present the
same‘*aﬁoqnt of information and, there are beginning and
end-discontinuities wnicp * hinder lthe visualisatio f a

cyclic procegs ., , ," - ' / -
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. 4 |
Leavitt et al (1971) using an electronic goniometer

and foot-switches cqyplgted a gait analysis on 20 subjects.
Thefe are,‘however,wa number ofllimitations,associated with
their work. No consi@eration‘was given Lo the variation in
the gait p;rameters Q;th speed of walking. = Also ﬁg mention
was made oﬁ the poséibility of ghiibration error due to
movement and possible slippage of the goniometer harness
during the gait study. Although their study reveéled that
characteristics of ' gait could be quantified with their
méthod, they éid not present their findings in the most

clinically digestible- form.

Smidt et al (1971) describe an accelerographic

1
method which uses harmonic analyqis to evaluate gait. The
tesults of the harmonic analysis ‘on 22 normals and 5

patients were converted to a harmonic ratio, 'which is the

—

sum of the coefficients for the even numbered_harmonics

“divided by'the sum of the coefficients for the od&inumbered

harmonics, and which provided an indéx of smoothness for the .

acceleration curves, From their data obtained from ' the
study, the following claagification écheme for haﬁmonic

ratios was Buggested to indicate smoothness of walking.

" Normai impfiegjvalpes greater than 2.,00; fair.imgfies 1.50

~to 2.00; poor implies 1.00 to 1.49- and very poor -is less

than 1.00.

v |

T
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Lamoreux (1971) using a sgophisticated exoskeletal
goniometric motion-measuring device measured several
kinematic variables on normal eubjects and paid particular
attention to the effects of changes in walking speed on
these variables. Theee variables include step length, step
frequency, pelvic motions in space, -hip, knee and ank;s

joint rotations. His work- stands out by his attention to

detail and consideration of the many degrees of freedom

involved

Johnston and smidt (1969{ made a three dimensional
study of hip motion using' an electrogoniometer. With a
potentioﬁeter oriented:in each of three primary exiai
planes, 33 normal uubjeéte'were studied and average angule:)>
motion at 'the’ hip Jjoint waa. 52 degreee in the 'saéittal
plene, 12 degrees in the coronal pPlane and 13 degrees in the
transverse piane. ' ' ¢ (

Kettelkamp etval (1970)‘made nn electroggniometric
study of knee mot;on in normal gait ysing the same electro-
goniometer system described in detail'by'Johnston nnd Smidt
(1969). In this manner they were ab to measure the knee
angles 1n the .three planes. Since ;etential differences
existed between the actual knee motion and motion of the

goniometer arms, due to the fact thatlthe apparatus was not

located directly at the knee Joint, corrections to the
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knee- Joint motion weére calculated analytically agsuming the
knee-joint to be a ball~ and socket joint. " The magnitude,of
correction for extension and flexion did not exceed 2

degrees. ‘To'investiga;e.the effeccs‘of inaccurate placeﬁent

“of the goniometer with respect to the true axes, they

calculated the valuea;jfor an error .of 12.7 mm in both

directions along the sagittal, &bronal snd transverse axes

r) . »

and found that the effects of. the ‘assumed malalignment

between the goniometer and .the centre of the knee joint were

insignificant when compared with the accuracy of measuring

rotation with dynograph recordfngs. o .
L '
g

Sutherland and Hagy ,(1972) using ‘motion picture

cameras measured gait motions ‘in' 3 planes. . The film was

prcceased and then viewed, frame by frame, on a Vanguard

Motion Analyzer. This method of measurement avoids many of

. the _disadvanpagea of the electrogoniometric smethod which

regquires a moderate amount of apparatuq to be attached to

the patient and which:might; in fact, alter the patient's

5ﬁc}ma1 gait; With this m$thod no apparatus 15 attached to

. the patient and measurements can be made of both lower

. #
exttemities at - the same time. The motion picture record is

permanent and can be repeatedly checked for accuracy or for
additional measurements. The principal diaadvantage of this
method is the somewhat exacting and time-consuming technique

of extraccing the data.

+
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'1 )n\\%\ Winter et 5&_(1972) developed a television-computer
technique to record and process image information requifed
for the ‘kinematiq analysis of. human gaitf‘qL Reflective

‘markers weré attached to pertinert anatomical 1andma;ks on

~ the subject's body and the trajectories traced out byvthese

markers were tracked by

eans of the televison -camera for up

Grieve (1968) and used knee-angle/hip-angle

assess locomotor function. Using a s roboscbpic-f
_ photographic method to acquite the relevant data they showed
that a normal aubject exhibited ch&racteristic angle-angle
diagrams for f£ive different speeds. They also analysed
pre-operatively  the gait of 5 patients sufgéring from
6steo—arthritis .0f either the 1left or right hips. The
shapes of their angle-angle.diagrama differed'fromhn05ma1
and the shape of the diagram for the Sffected side différed
radically from' that of the contra-latefgl side. It was

N : . .
clear that this method of representing the data was

extremQEQQUBeful because of the large amount of information
conveyed in a simple manner and also in view of the distinct

angle-angle patéerns obtained for the patients tested.
T F -
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Milner et al (1974) followed up the above bre—:;

,opefative study on the same patients. From an examination '

" of the pre- and post-operative angle-angle plots it was seen -

that there had'been a dramatic change in éhe post-gperativé
cpﬁdition. Q}ao; the shapeé of the left and right sideﬁ
éatterns were very similar post-operﬁtively. 3
Bajd et al (1974) developed a simple method for
‘measuring step 1ength based on a trigonometric formula and
using only data provided by an electrogoniometer system
‘ involving'b;th legs ‘'of the subject. A 3% average‘error.wasf
'obtained.A | .
A
-?intér-et al (1974) umed a T.V. computer system to
study aspects of noise reduction inherent in the measurement
oﬁ kinematics of locomotion. They noted that although this
noisé méy not be visibly evident in the spatial or angular
traject;ries° it could cause large inaccuracies' when
vefocitieg and accelerations are determined by direct
diffefént;htioq. Spectral analysis of kineﬁatic data
'obtained from the T.V. computer system indicated that the
\ spatial uignai was contained in the firat 7 harmonics.
-Joint ‘angles obtained from the spatial ‘co-ordinates have the
same bandwidth. “Thus digital f#gge;ing with an "upper
cut-off at the 7th harmonic (i.e. 6 Hz) reduced the high

frequency noise content of the data so that linear and

]
g
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angular velocities <could be calculated by direct

"differentiation:.

Smith et al (1976) used the same approach as Milner
et,'a;@ (1973,74) to assess pre- and pbst-operatively 12
patienta undergoing the Attenborough knee joint replacement.

T

The results again demonstrated that angle-angle diagrams -

"enhanced the objective assessment of the knee-joint

replacement procedure.
&

’ i
' ? I - ) ! ' " .
.7 Grundy et al (1975) improved upon. the methods of

b

. . o -
. Schwartz and Heath (1947) by measuring the forces under the

"'_foot using a high agnaitivity iior:ce-plate combined with

simultaneoul filming of the sole of the foot. The recording '

' pf the data ,and, the calculation}a'and plotting of results

were much simplified by couputer a1d¢

N

.

l : : ‘ . ) - s
‘¢ ., Up to this point, the review has mainly considered

pqpéts dealing with kinematic measurements in the sagittal

. [ ] . . . .
plane. This does not imply that motions.in other planes are

"of qinimsl“concern; but rather that this is a_readlt of the

eiperimenter'a difficulty in measuring these transversé
motionay:asily and accurately. Levens et al (1948),

however, mgasured the transverse rotations of the segments

-og the lower extremity (with respect to the longitudinal

~

,axes) du:ipg.;ocomotionf Using three synchronized 35
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millimeter motion-picture cameras, they measured the average
relative transverse rbtation of the tibia with respect to
the femur to be 8.7 + 2.7 degrees and the average relative
transverse rotaﬁioﬁ-oﬁ the femur with respect to the pelvis
Jb be 8.4 + 2.5 degrees. They found that inward and outward
rotations df.the segments are related to weight-bearing and
:éstrictions Placed upon the normal transverse rotations
will, to varying degrees, modify the synchrony and rhythm of
walkkng. Eberhart ‘et al (1968) qsing a similar measuriné
systeﬁson 12 normal subjects.obtained similar ranges for the
i

i a
relat transverse rotations {w.r.t. longitudinal "axes) of
the segE&Pts of the lower‘extreulty. They also measured the
rotations of the leg segments in the frontal plane and gpund

that for eight normal subjects during level surface walking
that the range never exceeded 5 daéreea.

It is Clear, therefore, that the greatest angular and
linear displacements of-the leg segments occur in the plane
of progression (sagittal plane). Since a measuring system,

which would enable one to measire these extra motions, was

unavailable, this thesis concerns itself solely with motions M,"

in the agittal plane.
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2.2 Review of Electromyogqraphic (EMG) Investigations

During Gait

2.2.1 Introdu?tion: _ .

| Anatomical ddduction is histofically the oldest and
most widely employed method of determining the function of a
muscle, to ascertain its origin and ingertion, and to deduce
wha't motion would occur should the muscle ‘undergo
contraction. This procedure had obvious limitations and has
led to many erroneous conclusions. Palpation, which reached
its highest development in the -hands of Scherb (1927)
consigts 15 the expla:ation'of‘the individual muscle with
.the examining fihgers wh;le the subject 1s walking on a
treadmill.  The alternate hardening and softening of the
muscle in relationship to the position of the extremity
permits some evaluation of its function. The accuracy of
such a method is open to questidn: and the results gannot be

utilized for guantitative. data.

Electromfography, which is the amplification and
re;ordiBg bf-the action potentials of muscles as a method of
studying their activities, is a relatively' new tool.
Combined gitﬁ other techniques, the aimultaneoqs recording
of action potentials from various individual skeletal
musgéles p:ovidea ‘the -best information on the role of

skeletal muscles in simple and complex motions. Its main

-
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advantage 1is its ability to reveal the precise phasic

relationships of muscle actions.

The interested reader will note that in the following
survey and in section 2.4 of this chapter there may exist
differences 1in the.concluaions reached by independent
experimenters. These can be due to differences between the
interpretation of the data, differences in type and location
of electrodes used .and certainly differences of
interpretation in respect of citlng zZero or non-zero levels

of activity (Paul, 1971).

_Chapter 4 devotes attention to the disturbing
Fbaiization that.diféﬁrent experimenters use different
methods of processing to‘gxamine the electromyographic
'Signéls. A statistical cr ion has been suggested thch
allows the user to determine the‘optimal electrode position,

type of electrode and form of signal processing.

~ The other relevant factor is the different walking
spe?ﬁs at which the tests were conducted. 1In most caées the
walking speeds were not reported exactly and this is of
particular importance as demqnstéated by Milner et al
{1971a). (Grieve (1968) and Lamoreux (1971) both stress

this point - nét'necesaarily in relatioﬁ\fo EMG.)



2.2,2 Revieé/of the literature

/‘.

was _conducted by the University of cCalifornia's ;1953)

A Lengthy and concentrated study of human locomotlon

Biomechanics Laboratory (formerly the Prosthetic Devices

. Research Project) in Berkeley uging electrcmyographic data.

Close and’ Todd (1959) studied the phasic EMG
activities of the muscles of the lower extremity as well as
the effects of tendon transfer. The type of question they
were concerned with was: ".., if the tibialis anterior, a
swing phase muscle is transferred_ poste;ior1y~ to the
calcaneus, will it be\étle to change its phase of action and

—

Berve as a stance-_phase muscle as does the sgoleus muscle
which it is intended to replace or re-enforce? ..." The
study which was begun in 1954 consisted of individual
electromyographic tests ' conducted on 125 muscles on which’
tendon transfer had been done. About A 85 patients were
jstuéied. ~In manf cases it was podssible to ‘make a pre-
operative as well as a post-operativef study of the
transferred muscle. 1In the subjects tested it was possible
to stimulate the muscle’ such that the position of the
recording electrodes could be ascertained ‘ Dusl—wire
internal electrodes -were used. Close and Todd's (1959)
results clearly depict the Phasic character of the various

-leg muscles. It is also clear from their diagrams that

walking elicits very slight EHG activity in the thigh and
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leg muscles compared with ypeluntary free movements. Close
' and Todd coﬁcluded that tendon \Egnsféra generaily retai
= their pre-_o;:‘er'ative phasic a@ity.. They also appea:_,_té
.Z////’ regain their pre-operative duratf&*i;f contraction and
electrical’intensiiy{» A non-phasic transfer usualry/failsA
to a?sume‘the desired action of the muscle for which it has

1/nbeen substituted. Thus a phasic transfer is generally

-

superios'to a non-phasic transfer. X
Radcliffe Eigﬁzﬂ gives- a graphic account of the
interaction between the knee and ankle join;s and of the
phasic actions of the‘majér muscle'groups in the leg duriné
a typical walking cycle. The curves- shown in his paper
represent the  average of actu;1 measureméﬁﬁs\péborded dur ing
studiess of four male' subjecté. Schematic drawings. are
presented of the major muscle groups of the lowei_extremity‘
showing the major mechanics of their functions in Ehé_
sagjttal plane. His explanations of the role these muscles
play during normal.locomotion are to be commended for their -

conciseness and clarity.

Joseph (1964) used electromyographic and
cinematographic techniques to study the phasic activities

- and functions of the lower 1limb skeletal muscles during
normal locomotion on a level surface. He observed in a

limited investig;tion that the m. quadriceps femoris showed

i
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seﬁeral differences in activity for differﬁnt ways of
walking. .In quick walking (62 steps/min) its activity in
both the stance and swing phases was much more marked but
ngt lengthened in time. In slow walking (36 steps/min).with
normal steplengths the activity is very slight but with long
steps at the same cadence the activity was very much
increaged. Similar investigations on the m. hamstrings did
not show these differences. Joseph (1964) concluded that
simple statements about muscle actq‘ity can be made only in
relation to walking in which the length of the step and the
number of steps per minute are known 88 well as the sex of

the subject, the type of shoes worn and the state of the

ground on which the walking is taking place.

4

o

Liberson (1965) using techniques oflsimultaneous
accelerograghy, electromfography, muscle tensiography,
electrogoniograpny and cinematography showed that there
existed certain correlations between the variables measured
during normal gait. He also found that these correlations
between diffenent parameters of gait were affected by

certain neurological or orthopaedic diseases. In particular

Liberson demonstrated significant correlations between

vertical and horizontal accelerograms and muscle !éfTEHT‘\{p

Y

this manner it was concluded that both the m. gluteus
maximus and m. gastrocnemius contribute to forward

acceleration in ambulation.
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Battye and Joseph (1966) investigated a group of 14
subjects (8 male and 6 female) with the aid of ‘a
telemetering electromfograph during normal waiking on a flat
surf;ce. The muscles ianstigated were . the ‘m,, tibialis
"anterior, m. soleus, m. quadficeps'femoris, m. hamstrings,
m. gluteus medius and maximus and .m. sacrdaginal{s; ’Surfacé
electfodéé were used and éhe signals picked up were
amplified bdfore transmission over a radio link betweén -the
subject and 5 stationary :gceiver;, The sifés ¢hosen for the
electrodes ‘wére ‘carefully invéatigqted to' reduce or
eliminate "pick up"_from adjacéﬁt miuscles and a detailed

statistical analysis of the phases of a¢tlvity of these

musclesr was presented,

Sutherland (1966) using a combination of cinemato-

graphy "and electromyography studied the phasic .activity in

the seven plantar~flexor muscles, the m. vastus medialis_and.

m. gluteus maximus for eight normal sdbjects (one female and

seven males) during normal walking on a level surface. The

study confirmed the indirect knee-stabilizing function of

the ankle plantar-flexors in walking on the level. - By
combining simulﬁaneous,e;ectromyoérams and motion pictures
of galt the periods of activity-of the ankle plantar—fiexors
and of increasing knee extension and dorsiflexion of the
foot were shown to correspond. Only at the end of the

period of ankle plantar:flexor action did plantar-flexion of
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‘the foot occur. ‘Knee extenslon took place after the

cessation of activity o _the éuadtd eps muscle and did not
appear toAbe produced by ps action. An alternate
hypothesis was offered instead of the theory that related
knee extension in the stance phase to movement ef the center
ofgbravity in front of the line of support. The hypothesis: °
suggested that knee extension during the at&nee phase, in
ordinary walking on the level,. is brought about by the force
of "the ankle plantab-flexgrs resisting the dorsiflexion of
the“ankle, this dorsiflexion being produced by the resultant
'[?f, the extrinsic forces (Linetic gorces, gravity and the
fioorlreaction). The reaﬁitant of the extrinsic forces is
greater than the intrinaie' force, as manifested by the
increasing dofaiflexibn of the foot which occurs up until
heel-off begins. Sutherland (i966) suggests that the
restraining function of ﬁhe ankle plantar-flexors in
deceleratiné forward rotatioa of the tibia 6n the talus 1sf

the keylto thédir stabilizing action}

]

wire intramuscular electrodes the various phasic

activiti's were delineated for ten normal' and ten,/

'flatfooted Bubjects for five different waya of walking. One
interesting observation expressed by the authors was that

contingent arch support by the muscles rather ihan
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continuous support was the*tgle with muscles being recruited

‘ =~ S .
to compensate for laxltqiti# g8 'and special stresses during
the walking cyc!%. T

Basmajian and Greenlaw (1968) using a combination of
electromjography and cinemétography "studied the functions
‘and phasic activities of- the muscles about the-hip’joint

during normal locomotion and also during standing.

r

Paul (1969) studied the action of some two-joint

muscles in the thigh during walking. Thg phasic activities
of these muscles wererinterpreted iﬁ association with the

turning moments in the sagittal plane developed. between

shank and thigh and thigh and trunk as obtained ' from .

experiﬁental measurements of @ormally walking subjects. The,

periods of phasic activity of relevant muscles, however,

were drawn from the University of california Report (1953).

Milner et al (197la) investighted, using indwelling

electrodes, the na&ure.and timing of muscular control
| SRR _
exerciggd by sevérgl“‘@gg muscles in the course of normal

Le]

walking by six male_subjecta at Gatious speeds. The effecps

" on the EMG -activities,.of imposing the constraint of pace.

frequency on the walk, were also studied. Erom' their

results it was suggested that when the subject was permitted ‘

to walk witbgut the imposition of a pace frequency

. - ' -
.

-

~

‘-
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.constraint\ne selected a walking pace for a set speed in
guch a manﬁer é to allow for a minimum of muscular
activity. Arguing that the EMG ig a measure of muscular
energy ‘it was suggested that a subject chooses- the most
comfortable walking speed to minimize *energy'consumption" ¢
and permit a reasonable'propulsion speed. One criticism J!
their work (which would apply equally well to most ~other
investigators of the EMG activities of the leg muscles
during gait) was their use without justification of a low
pass filter having a 4.4 msec time constant. The

randomicities exhibited by such rectified and averaged EMG

envelopes are a function of this time congtant as will be

shown in Chapter 4. 1In addition, no information'was given
on precisely vhere the. electrodes were inserted ,Linto th
- muscles. These facts have a bearing on the interpretat 6n

-

of random variations in the EMG activity.

Paul (1971) anal;::;2certain gait parametcrs during
17 test runs on 14 subjects.. In this study tge cyclical
movements of the 1limb segments during level talking were
_measured by cine- photography andhzﬁound to foot force
actions were measured by a “force Plate. " From this
information the moments developed between leg se ments were
calculated. Surface electrodes were applied over selected

groups of muscles ‘and their results were analysed. in respect.

of * the phasic activity of the muscles .over a specified



35

i {
threshold value. Tﬁere was not ,puffi?ient information,
however, to make a correlation of_the values obtaiced with
walking speed. It was concluded that in egperimects
intended to obtain‘the reiationship between t@a electrical
- activity of muscleg and the forces developed by the same
muscles, a careful recording'of potentials from all agonist
and antagonﬁst muscles acting at the joint should bc carried
lout and also that the length of the muscle relative to its
length in aome standard configuration of the - limb should be
recorded. TPe phasic activity .of the mqscles of the leg in
locomotion as 'reported'”by acverai' c%perimenters when
comggred are, found to contain 'diacrepanciea between the
expcrimentérs which may be accounted for by differences in
technique and ana}yais bct'also may’porrespond'%b variations
in stride length or wa. speed of the subject. Thus all
such data should be reviewed with these considerations in

-
mind. ]

1

t al 11971} measured the timing and duration
of ground contact, ectrogoniometry of the ankle (dorsi-and
" plantar-flexion), knee (flexion-extension) and hip.
(flexion—extension and abduction-adduction) joints and the
EMG patterns uaing nEhcie electrodes of 8 ankle and knee
'muscles‘inllﬂ (7 male, 3 femalc) subjectsc The m. ham-

strihés and m. flexor hallucis longus were not examined for

EMG activity becauseé the needle electrode gave rise to pain
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and a change in the natural galt patterm. No measurements
of walking speed were made. With the exception of the m.

peroneus longus, all the muscles examined showed phasic

"

-

activity during a gait cycle.

Ralston et al (1976) dealt with the relation between
the EMG of human m. rectus femoris, the. movement of the
lower leg -(shank) and the force developed at the ankle,\
during the .kn;e jJerk and during voluntary contraction.:w .,?//
Through such studies it/ was hoped that the role of muecle
activity in reiation to the various phases of the walkingw
cycle might be more fully analyzed. Electrical activity
(using both surface and embedded.wire electrodes) in the m.
rectus femoris, acceleration of thefahaﬂk and force at-the
ankle were gsimultaneously recorded in 2 human subjects
during reflex and voluntary extension of the knee. Time
lags of the order of 30-40 msec occurred between onset of
electrical activity and onset of extension and between
cessation of electrical activity and onset of flexion., Time
laga of the ordeq\of 200-350 msec occurred between cessation‘
0f electrical activity and -cessation of' tension. and/or
motion. It was pointed out that much of the present
‘evidence on the roles of muscles in human movement such as
" walking should be reevaluated in terms of tension, rather
than in terms of EHG alone since consideration .should be

’

given to the duration of contractile activity rather than
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merely  the duration of EMG activity.

~

2.3 Anatomical Aspects of the Muscles of the Lower Limb

2.3.1 1Introduction.
- \
In an e%fort to keep this  thesis as complete as

éossible 1t‘has been decided to include this fairly detailed
description of the skeletai system and musculature of the
lower half of the body. Most of the content haB been taken
from Basmajian's téxt“(lQ?Oﬂ but detail has been sacrificed
for ease in perusal by one not conversant with anatomy.

-~

2.3.2 Anatomical Aspecth/é; Human Locomotion

7 .
: The skeletal system that is being considered during

the process of human locomotion consists of:

4

A. The hip bope-

) .
B. The femur/or thigh bone
C. The-tibia and fibula

'D. THe patella or knee-cap

E. The bones_ofdzhe foot
A. The Hip Bone (Fig. 2.2)

»

The acetabulum is a socket for the reception of the
spherical head of the femur or thigh bone and it faces

lateralwards, downwards; and slightly forward.

m ‘ ' . | : 3
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. ‘tuberosity G Ischium

 rigure 2.2
Outer Aspect of Right Hip Bone
(Prom Basmajian, 1970)

B. The Femur or Thigh Bone'(Plg. 2.3) ;
The femur or thigh bohehis;the longest bone in the
body .being “about 65 cm in length, Its ends are very
specialized for the hip and knee Jointa but the shaft is
relagively simple. The shaft slopes downwards and medially
while the - spherical artiéular head fits accurately in t%e
acetabulum of the hip‘bone.‘ As fhe knee is approached, the
| cylindrical shaft betomes expaﬂded sideways and a large,
amooﬁhh‘triangulirnarea exists which forms the upper part of

fthe region at the back of the knee.

1

o .
1
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Figure 2.3
Right Femur from in Front
(From Basmajian, 1970)

c. The Tibia (Fig. 2.4)

The strong and massive bone on the medial side of the
leg is the tibia. It alone receives weight transmitted to
it by the femur and it conveys that wéigﬁt to the foot. The
salient featuréd of the tibia may readily be made out since
‘the bone lies just deep to the skin where, as the shin, it
is palpable from knee to ankle. The shaft of the tibia
tapers from the expanded upper .end until it approaches the
‘ankle when it again expands; the lower end, however, is less

expanded than the upper. The lateral bone of the leg, the
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FPigure 2.4

Right Tibia and Fibula from in Front
(From Basmajian, 1970)
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fibula, is like a long thin stick, its shaft is twisted and

is moulded by the origins and dispositidns of the numerous

muscles that arise from and are in contact with it.

The functions of the fibula are threefold

(1) to give :origin to muscles

(2) to act as a pulley for tendons passing behind it at the

ankle

(3) to act as a lateral ‘splint’ .for the ankle joint.

Without the fibula the whole security of‘that joint
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is lost.

D. The Patellat(Fi?. 2.5) : >

‘ | ) / ﬁ femur

A

paﬁzlla.

L 7, —ligament
. . /)
tibia
i
ﬂ;h? /A
. ‘ b
Figure 2.5

Position of Patella during Flexion and Extension of Knee
(From Basmajian, 1970)

"""""""" ------.-\.....'I:he_..pate»l'la--—or-"’k'r’iéélé-al:'p;“Is a bone é‘evelopéﬁ in a
tendon which is triangular in outiiné with its apéx down.
it is thick and more or less flat. Since it lies just deep
to the skin its size and shape are readily made out; It is
said to enhance the power of the already powerful extensor

muscle of the knee, in whose tendon it |is %eveloped, by

increasing the leverage for that muscle.
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E. The Bones of the. Foot (Fig. 2.6)

#

.. Pigure 2.6
Bones of Right Poot Viewed from Above
l, 2, 3 = cuneiforms '
(From Basmajian, 1970)

The human foot, in contrast to ‘the hand, has

sacrificed all other function to concentrate on the duties

of‘weight bearing and locomotion. The ante;io: half
includes all the metatarsals and phalanges; the posterior
half includes all seven tarsal bones. The¢ talus and
calcaneus are the largest of the tarsal EQnes and are

concerned with receiving the weight of the body above. The
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talus rests on the calcaneus or 'heel-bone' and occupies the - ]
socket;'of the/ ankle joint. On the upper surfﬁce of the <:; -
talus\i.e..ﬁtngQﬁ.ankle joint, occur only the simple-hinée
movements of fleiion and extension. The cqlcangu# on ghe
other hand, accommodates itself to the irreguiggtties of the
ground with which it ip‘in conézct and it doéq,ao without in

. an& wéy disturbing the superimposed talus. The posterior-

third of the calcaneus projects behind the ankle joint as.

r/ . .
[ _fhe heel. The heel is a lever whereby the powerful calf

/ﬁgclea can extend the ankle and raise the body on tiﬁ;gbe.
(/{ﬁéwsa’:;om above,.the bones of the foot may be thided
longitudinally into two segments (1) ca1c39éﬁ;:/_;ubotd._
metatarsals 4 & 53, (2) talus, navicular, three cuneif&rus\)_
and wmetatarsals ‘1, 2 and 3, There ial sone. functional
significance to this arrangement. The lateral segment of
the‘ foot consist of a 1low longitudinal arch ‘supported
chiefly by ligaments. The medial segment consists of a high
longitudinal arch supported \chiefly ‘by ligaments dﬁ:ihg
standing but also by muscles du ﬁ;ﬁloco-otion. In walking,
. the weight is first borne by the heel and thqn is spread
forwards Along the lateral edge of the foot quickly to the
metatarsal heads. The;'push;éff' thrust is concentrated at

the head of metatarsal 1, accounting for the large diameter

of this bone. - '
I



44

2.3.3 The Muscular System

' The muscular system pertinent to the process of human

locomotion consists of the muscles of the lower limb:
C;\ A. The muscles of the hip and thigh.
B. the muscles of the leg.

'The lower limb is the limb of stability, its movements are
limited, coarserand often stereotyped. The paramount duty
of its muscles is locomotion. The most poverful muscles lie
alteEnatively at the back of the hip, at the front of the
thigh, and at the back 6f the leg. The existence in the
thigh of s0 many ‘'two-joint' muscles is explained by éhe
requirements oflthe act of walking. Hip flexed and knee
extended is the position of the liup when the foot leaves
the ground. Ifﬂ by passing over both joints, certain

muscles can perform the two required movements

simultaneously, they achieve an economy of effort.

A. The Muscles of Hip and Thigh

These can be subdivided into

giy Muscles crossing the ﬁroht of the hip joint‘

(ii) The three gluteal muscles (and the m.tensor fascia
lata). '

(iii) The six lateral.rotatqrs.

(iv)  Muscles of the front of tﬁe thigh.

(v) Muscles of the medial side of the thigh.
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(vi) Muscles of the back of the thigh.

(1) Muscles crossing the front of the hip ]oint (Pig.2.7)

m.psoas major and m. iliacus.

Tensor Fascia Lata ..
Ilio-Tibial Band.
Vastus Lateralig,
Sartorius,
lljacus,
. Psoas.
Ppctineus.
Adductor Longus.
Gracilis,
. Adductor Magnus,

\Dm--.lﬂ'\ulhuw...
. . e e .

—
~ 0

+ Rectus Femoris.

. Vagtus: Medialis.
. Tendon of Rectus.
. Patella,

Ll
el I S

ure 2.7
Dissection of Muscles of Front of Right Thigh
(From Basmajian, 1970)
These two muscles come together, fuse and.croaa-the front of
the hip joint close to the head of the femur. Because they

share a common tendon of 1nsertion and have a common action.

they are often regarded as one - the m, iliopsoas.
q
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_probably dd little else.
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(ii) The three gluteal muscles are the m. gluteus maximus,

the m. gluteus medius and the m,. gluteus minimus.

" Associated with these muscles is the m. tensor fascia lata.

The m. tensor fascia lata is inserted with the m. gluteus
maximus into the iliotibial tract of the fascia lata. The
m. gluteus medius and m. gluteus minimus except fot their

origin and insertion onto the femur are identical (for all

~ practical purposes) in action and use.

(iii) The six lateral rotators originate from the back of

the hip bone, pass behind the hip joint and all except one
crowd to be inserted into'the medial surface of the greater

trochanter. All six are lateral rotators of the hip and
‘ L

(iv) The muscles of the front of the thigh (Pig. 2.7)

These are the three vasti and the m. rectus femoris

_which are grouped together under- the name m. quadriceps

femoris. 1In addition thqgg”fs the lon§ obliquely-runaning m,
sartorius. The m. sartorius originates from the ilium and
is inserted on the upper part of the tibia. aghe n.
gsartorius is not a poyerfullmuscle and does not seem to play
an important role in walking.. The m. rectus £emorii ariges

by means of two tendons from a region just above the

"‘acetﬁbq}um. It runs down the front of  the thigh and is

o

g\
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ingserted by means of a tendon on:the upper border of the
,patélla. The m, ‘rectus femoris is the only member of the
quadriceps group that crosses the hip joint and that can,
therefore, flex the hip and/or extend the Kknee. The m.
vastus medialis and m. vastus lateralis arise on the back of
the upper par£ of the femur and are inserted into the sides

of the rectus tendon and into the patella. 'r

U m—

(v} The muscles of the medial side of the thigh (FPig.2.7)

These consist of' the m. gracilis which originites
:fron the pubis and is inserted opto the medial side of the
tibia jult-beyond tﬁe knég and adductors (longus, brevis and
" magnus) which alsﬁ;originéte from the area of the pubil'and

are inserted along the femur. -

"(vi)  The muscles of the back of the thigh (Fig. 2.8)

~ Thi® group of muscles 18 known as the hamstrings.
They consifit of the m. biceps femoris, m. semimembranosus
and m, semiiendinosus.- These are very long and ;xtend from

a common-origin on the iachial|tuberosity to beyond the back

of the knee isintﬂ S (;

¥ &

B, - The Muscles of the Leg

The muscles of the leé are divided into four groups

-,

(i) ExtensEts, in front of\the ankle.,
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1. Obturator Internus.
2. Glutcus Maximus.

3. Quadratus 8 aatl
" Femoris: <

4. Adductor Magnus.
Gpacilis.

Short Head of .- 4

Biceps. _ .

7. Long Head of Biceps.

8. Origin of Biceps §
and Semitendinosus,

9. Origin of Semi-
membranosus.

10. Insertion of Semi-
membranosus.
r

g . Pigure 2.8 . '
Deep Dissection of Muscles of Back of Right Thigh -
' (From Basmajian, 1970) - .

(ii) Pérongii. _
(1i1) Superficial Flexors, behind the ankle.
(iv) Deep Flexors.

(1) Extensors (Pig. 2.9)

r The extensor muscles (dorsiflexors) are the m.-
tibialis anterior, m. extensor digitorum ;ongus,-m.'exﬁengqr'
hallucis longus, m.‘.pe;oneus fertius. and m. extensor
digitorum Bréyisf The m. tiblalis anterior is most

. . “’7 . "
important, most powerful and most medial of the group. 1t
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/
_ Figure 2.9
Muscles of Left Leg from Lateral Side
P (From Basmajian, 1970)

\
arises from the lateral surface of the.tibia and is insertéd
onto the bSEE\Pf the first metatarsal and to the ad301n1ng
med;\§ cuneiform, The m. extensor hallucis 1ongus is a
.special extensor, for the great.toe, arising from ;pe front®
of fhe fibula and being‘ihserted onto the base of the distai
s pHalanx of the great toe. It assists in dorsiflexion of the
ankle. The m. perbneuh tertiua is Fhe lateral half-ofﬁthe
m. extensor digitorum longus.and’fs*inserted on the shaft of
the fifth metatarsal. The m. extensor digitorum brevis is

the only muscle arising on the dorsum of the fooﬁ and. is

connected by means of four slender tendons to the four

. medial toes. - ‘
) . . e <9 -
: . - A |



.

50

’ '(ii) The peronei. ‘ . fa

The m. peroneus léhgus and m. peroneus Brevie arise
from the upper two- thirds and from the lower two-thirds of
the lateral side of the fibula respectively aéd are inserted
finally onto the lateral side of the base of " the first

metatafsa; and onto the base of. the fifth metatarsal

respectively. . N

(g}i) Supe:ficial plantar-flexors. (Fig. 2.9).

These are the m. gastrocnemius .and m. soleus. -

© Relatively unimportant is the associated m. plantaris. 'The

®m. gastrocnemius crosses two joints and its two bulging

aedial and lateral heads arise from: the back of the femur

just above the condylesr‘ These two' heads unite to form a
single muscle. The m. soleus arises from the back of the

tibia and fibula and lies beneath'the'm. gastrocnemius. The
. .-\ . -

m. -plantaris shares its origin with the lateral head of the

"_m. ghstrocnemiué. All three.muscles share a single tendon

of. ingsertion (Tendo ’Acﬁillis) whicﬁ is inserted into the

_bagk of the calcaneus at the back of the ankle joint.

-
< .
F .

(iv) Deep plantar-flexors :

-

>

These consist of three muscles; the m.- flexor

hallucis longus, m. flexor digito:um longus and m. tibialis

L

posterior. The m. flexor hallucis longus arlses from fhe



"lower two-thirds of the fibula posterior and is inserted

finally onto the distal phalanx of ‘the great toe. The m.

flexor digitorum longus arises from the posterior sur ace of
the tibia and is_inserted finally b;‘ﬁ@aﬂaﬁnﬁgggp{/fendons
to Ehe four smaller toes. The m. tibialis posterior is the

deepest muscle of th €9. It arises from the inner surface
. . s - - -

of the osseofibrous pockiet (a compartment between the tibia

and, fibula) and is ins ted finhlly into the tuberosity of

the navicular.

3 ) s
The Muscles of the Foot

."These occur in four distinct layers in the sole of
”

the foot and other than help to maintain the archea of the

foot\during locomotion -the functions ‘and actions of these

muscles do not appear to be impottant in human locomotion.

N

2.4 The Phasing of the EMG Activity and the Function of

the Muscles of the Leg During Normal Locomotion on a

Level Surface

. The walk cycle as referred to below is based upon a
normalized time cycle which starts (0%) and ends (100%) at

‘the heelstrike of the leg considered. HS indicates heel

strike. TO indicates toe-off or onset of swing.

{
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2.4.1 Muscles crossing the front of the hip joint:

- Iliopsoas

Pl.
Flex. Dors. Flex. Pl. Flex.
1

Dors. Flex.
L ] . - L}

Hip Extension - Hip Plex. Hip Ext.
] . 1 ] L]
Knee

Flex. Knee Ext. Knee Flex. Knee Ext.
[] ) *L_/" [] )

10 20 30 40 SO 60 70 80 90 100,
.' [} [} 1 [ ] ] 1 1

HS TO HS
Psoas ) >
l. Close & Todd
IR (1959)
. 2. Hagy et al
- = _ - (1973) -
Iliacus : -
o l, Close & Todd
— (1959)
2. Battye. & Joseph
) (1966)
2\ _ = = 3. Paul (1971)
: . 4. Hagy et al
(1973) ;

Function:

The above phasic activity confirms the statement of
Basmajian and Greenlaw (1968) that the accepted main action
of the iliopsocas is flexion of the hip. Both muscles are’
often active during lateral rotation of the thigh but not
during'medial rotation. -Liberson ({1965) reports contraction

of the iljopsoas occurs aimultaneoualy with that of the m.

o : L



gluteus maximus of the opposite side.
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2.4.2, The three gluteal muscles (and m. tensor fascia lata)

Pl.

Flex. Dors. Flex. Pl. Flex.
1

Dors. Flex.
] 1 1 1

Hip Extension Hip Flex. Hip Ext.
1 ] 1 ]

Knee

Flex. Knee Ext. Knee Flex.
1 ] 1 1

Knee Ext.
t

0 10 20 30 40 50 60 70 80 90 100
] L}

HS TO HS
Gluteus Maximus .
__l. Univ. of Calif
(1953) '
wweme-2,. Radcliffe (1962)
3. Sutherland
—— - (1966)
4. Battye & Joseph
——— - {1966) '
— 5, . Paul ' (1971)
6. Hagy et al
e — - (1973)
‘Gluteus Medius \\s ‘
' ) 1. Univ. of Calif
— (1953) '
2. Battye & Joseph
— (1966) :
— 3, Paul (1971)
‘?; 4. Hagy et al -
. T — (1973)
Gluteus Minimus
1. Univ. of Calif
(1953) ™
~ 2. Battye & Joseph
. — (1966)
( 3. BHagy et al

(1973)
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Pl. o
Flex. Dors. Plex. Pl. Flex. Dors., Flex.
1 ' ' |

Hip Extension Hip Flex., Hip Ext.
n . . ' ' [

Knee f}-x//_‘ _ ‘ ‘\

Flex. Knee Ext. Knee Flex. Knee Ext,.
1 1 ] t ]

0 10 20 30 40 5S0-60 70 80 90 100
[} 1 ] ]

HS . TO . HS

Tengor Fascia Lata

l. Univ. of Calif
g (1953)
2 Hagy et al
{1973)

’Fuﬁction:

Basmajian (1970) writes that the m. gluteus maximus
is an extensor of the hip joint but is used only when the
joint hqpﬁto be extended with power and is also a ‘power ful
lateral rotator of the extended thigh. The functiops og the
m. gluteus medius and m. gluteus minimus are to abduct the
thigh (outwardé) and the Anterior parts of the muscle rotate’
the thiqh medialwards. Basmaﬂian (1973) commented that
since %%%hm. gluteus maiimus shows activity at the end of
swing aﬁ@%%t the beginning of stance, it probably contracts
to prevené or control flexion at the hip joint. This is
contrary to the general belief that its activity is not
needed for ord?nary wal@}ng. The m. tensor fascia lata is a
flexor and medial rotator of the hip‘joint as well as aﬂ

extensor of the knee joint. 1Its important use is ;o,bracg\‘ _
- - ‘ \-ﬁ



the knee so that, in walking, the knee joint can take the
weight without "buckling" while the other foot is off the
ground and the body is swinging forward.

The above table confirms that the gluteal muscles are

essentially hip extensors.

2.4.3 The muscles of the front of the thigh m. quadriceps

femoris (m. rectus femoris, 3 vasti, m. sartoriusL

Pl.
Flex. Dors. Flex. Pl. Flex. Dors. Flex.
[ ]

»

Hip Extension Hip Flex. Hip EBExt.
1 A | 1 - . ]

Knee T
* Plex. Knee Ext. Knee Flex. Knee Ext. »
[ 1 ! . o

0 10 20 3040 50 60 70 80 90 100
1

' ' ' ' ' ' 1 1 r

HS , _ TO ~ HS
Sartorius .
' : l. Univ. of Calif
— (1953) . <
‘ 2. Hagy et al
Rectus Femoris .
1. Univ. of Calif

- {(1953)
2, Close & Eodd
ha (1959}
w-=3. Radcliffe (1962)
4. Battye % Joseph
— {1966)

s e . - 5, Paul (1971}

6. Bagy et al
(1973) '
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Pl. L
Flex. Dors. Flex. Pl. Flex. Dora. Flex.
[] ] [ ] L}

L]
-

Hip Extension Hip Flex. Hip Ext.
] 1 1 ]

Knee

Flex. Knee Ext. Knee Flex. Knee Ext.
1 t ' 1 B

60 70 80 90 100

TO HS

~
M 3
Vagtus Intermedius
' 1.
2.
L """ ] R
3-
Vastus Medialis ~
‘._‘ l-
’ T2,
! 3.
$ -,
5.
[
Function:

As the above table indicates the

4

stance. This tends to support the observation of Miln
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Univ. of Calif
(1953)
Close & Todd

(1959)

Hagy et al
(1973)

Univ. of Calif
(1953)

Close & Todd
(1959)

‘Hagy et al
(1973)

Univ. of Calif
(1953)

Close & Todd
(1959) -

Battye & Joseph
(1966) :
Sutherland - .
(1966)

Hagy et al
(1973)

ke

most predominant

phase occurs at or about the transition f£rom SWi"qthO

al (197151 that a major role of the m. vastus lateralis,

-
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together with other members of the quadriceps group, was to
attempt to hold the knee jJjoint rigid while the waiker,
underwent ‘the transition from swing to stance and executed
the latter phasé. The muscular action in this phase seemed
to be responsible for the mainéenance of stability of the

-

7~ walk at higher épeeds.
[

Basmajian (1970)- comments that the m. rectus femoris

/’//is the only member of the quadriceps group -that crosses both
the hip and knee joints and that can, therefore.,flex the
hip and/or extend the knee by which means the limb is
advahced in walking. The vasti along with m. rectus femorié
are the powerful .extensor complex of the knee. - It appears,
however, that knee-locking can be attained merely .by
coﬁtraction of the m. tensor fascia- lata. The phasic
activity of-the m. rectus femoris shown in the above table
seems to conff}m Basmajian's observation that it is a hip
flexor but there is no clear indication af.its role as a
Enee extensor since in general the quadriceps activity has
ceased during knee extension. An: explanation for this
phenomenon is given by Sutherland (1966):and his éonclusions
are discussed further in the part of this section anmining

the deep plantar-flexors.



2.4.4 The muacles of the medial side of the thigh

m. gracilis, m. adductor longus, brevis and magnus

N

Pl.
Flex. Dors. Flex. Pl. Flex. Dors. Flex.
L) [} [ ] [] . []

. Hip Extension Hip Flex. Hip Ext.
] ] ] ]

Knee

Plex. Knee Ext. Knee Flex. Knee Ext.
[} 1 [ ] L] []

o

1
0 10 20 30 40 50 60 ?0 ?0 ?0 }00
1 1

] [ ] ] 1 rl

HS TO N HS
Gracilis ’
"~ 1. Univ. of Calif
2. Hagy et .al
— —. (1973) -

Adductor Longus

l. +Univ. of Calif
2. Close & Todd
——— (1959) -
3. Hagy et al
(1973}

Adductor Brevis

[
a

Hagy et Al
(1973)

Adductor Magnus

1, Univ. of Calif
(1953)
2., Close & Todd
nv—3 Paul (1971)
fljfnagy et al(1973)

Function:

As a group these muscles produce powerful adduction
. &

and are, quite active during locomotion. Because they are on

b
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a plane in front of the hip joint they can flex and because
1

hey pass to the back of the femur, they can assist in
medial rotation (Basmajian, 1970).

2.4.5 The muscles of the back of the thigh hamstrings

(m. biceps femoris, m. semimembranosus,

m. semitendinosus)

//\J

Pl.
Flex. Dors. Flex. Pl. Flex.
. L

Dors. Flex,
¥ 1 []

Hip Extension Hip Flex. Hip Ext.
1 1 | ] . ]

Knee g

Flex. Knee Ext. Knee Flex. Knee Ext. '
1 1 ] [} ]

0 10 20 30 40 50 60 70 80 90 100
L]

' ' ' ' ’ ' ' | ' R

s TO HS

Biceps Femoris (Short Head)

1. Univ. of Calif

(1953)
2. Close & Todd
———— (1959)
> 3. Hagy et al
— — - (1973)
Biceps Femoris (Long Head) "

1. Univ. of Calif
{(1953)

. 2. Close &
—— {1959)

3. Bagy et/al
S— (1973)
Semimembranosus .

l. Univ.

(1953)
2. Paul (1971)
3. Hagy et al
\ {1973}

IR
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- Semitendinosus
' - l. Univ. of calif
/o 2. Close & Todd

' {1959)
3. Battye § Joseph

A (D6l

: 4. Hagy et al
Function:

These muscles extend the hipland/or flex the knee.
In walking, as the fogt leaves the ground to take a step
‘Eorwarda (i.e. toe-off); the hamstrfhgs contract momentarily
in order to take the weight of Ehe partially flexed leg. As
soon as hip flexion begins ahd the limb starts to swing
forward, the hamatrings relax and allow knee extension to

occur in the advancing limb (Basmajian, 1970).

The above table also seems to confirm the findingé of
Milner et al . (1971a) who reported that the lateral
hamstring's activity seems to predomiﬁate.ﬁn the swing phase
with some carry over beyond thQ\trapsition from swing to
stance. Since some subjects showed a'measure of act%vity
during the stance phas;, it would seem that the lateral
hamstring serves to assist in supporting and then paying out

the flexed fibia-at the knee joint during the swing phase.
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anterior, m. extensor digitorum longus, m. extensor

-

hallucis longus)

-

Pl.

Flex. Dors. Flex. Pl. F1e§. Dorga. Flex.
.1 ] .

-

" Hip Extension
1

Hip élex. pr ExF.
] ' ' ]

Knee
Flex. Knee Ext.
1 ]

N~

Knee Flex. "Knee Ext.

0 10 20 30 40 50 60 ‘70 80

HS TO

Tibialilis Anterior

90 100
' 1

HS

S —
L

Extensor Digitorum Longus

Extensor Hallucis Longus

-
L]

(

i —————-

Function:

-

Univ. of Calif

(1953)

Close & Todd
(1959) °

Battye & Joseph
(1966) .
Hagy et al
(1973)

Univ. of Calif
(1953)

Close & Todd
(1959)

Hagy et al
(1973)

Hagy et al
{1973) . ’

Basmajian (1970) writes that the m/ tibialis anterior

dorsiflexes the.ank}e and inverts. the foot. It is -used in

S

. .



T

62

Rt

_walking to bend the foot up and so prevent stubbing of the

toes as the advancing limb swings forward. The m. extensor
digitorum longus is the extensor of the‘latefal four toes

and helps té dorsiflex the ankle weakly. The LT extensor

“hallucis longus is a special extenegﬁ for the great toe and

V .
assists in;dorsiflexion-of the ankle.

The\ major activi{; of the pretibial group .occurs
during the period the toe is approaching the ground and the
foot is becoming plantar-flexed in relation to the tibia.
Therefore, the motion - which is normally associated with
activity of this muscle, dorsiflexion of the foot, not only

does not occur but the converse, plantar flexion, takes

contraction. as - they resist the force ef the body acting
down the tibia about the fulcrum at the heel. Thus the
tendency of the fBrepart of -the foot to slap to the gro§nd

is controlled while decelerating the conditions wherein

'muscles are being lengthened against their normal motion of

contraction. Work is being done.npon the muscles rather

than by the muscles upon the skeletal system. The secondary

and much smaller peak of contraetion at toe-off tries to

dorsiflex the foot towards the right angle. Plantar-fiexion

associated with calf group propulsion has just occurred,

»

. place.’-\ﬂhe musclee are both lengthened, despite their

-

h Thus maximum clearance- is afforded to the toe during the

£
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swing-thtough pétiod‘bj this lifting action. (Basmajian,

1970)

‘ %
For a range of speed (2 ft/aec. - 8 ft/sec Y. there

are essentially two,phases of activity in the m. tibialis

anterior. One occurs at . the tranaition' from stance 'to
¢

. 8wing and the activity invariably atraddlea the transition

point. The otherroccurs at or about the transition from

l'

.8swing’ to stance. ! The former muscle actioq evidently serves

.‘f , . .
to prepare for and then effect-lifting off the toes to clear

. !
, the ground uhile the latter action presumably acta to

-prevent the foot from slapping down as the transitiqn from

.I. L]
I

swing to stance is made. At higher spaedsm activity in the -
O ‘ ol
stance phase appears to become more pronounced. Possibly

. more stabilization ia necessitated and thus prolonged muscle

activity called for'(Hilner ‘et "al, 1971a)  the above

observations are- confirmed by the phaaic activity shown in

the table. - . o .
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2.4.7 The m. peroneus longus and m. peroneus brevis

b1,

Flex. DOﬁB. Flex. Pl. Plex. Dors. Flex. :
1 1 - ] | ]

-

oo

ﬁip Extension
1

Fal .
Hip Flex. Hip ExF.
1 ]

Knee

Flex. FKnee-EXt. Knee Flex. Knee Ext.
' ' ' . L

4

.
] [

0 .10 20 30 40 50
[} ] l'_ [}

HS

Peroneus Lonqus

Perbneus Brevis

70 80, 90 100
' ]

TO - - -~ HS

l. Univ. of Ccalif

(1953)

2., Sutherland

: (1966)lep

3. Hagy et al

\\\ (1973) :

l. Univ. of Calif
(1953) +

23 Close & Todd .

- (1959) .

3 utherland-  °

{1966)

‘ Fdnciion;

. Hagy et al

L L (1973) .

The peronei evert the fpot. The m. pefoneué iongus

is - a plantar~-flexor of the transverse tarsal joint.

(Basmajiak, 1970)

1,

] . ’

At

| The pattern of activity of the m. éeroneus_longué (as

shown in the above table) Confirms_the findings of many who
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have suggested’"fﬂét the - m. peroneus longus helps to

stabilize the leg and foot during mid-stance.

1973)

(Basmajlan,

2.4.8 The superficial plantar-flexors (m. gastrocnemius, m.

soleus)
Pl. ‘ )
Flex. Dors. Flex. Pl. Flex. Dors. Flex.
1 1 [} ] 1
Hip Extension Hip Flex. BHip Ext.
b ] [] ] [ ]
Knee .
Flex. Knee BExt, Knee Flex.

Knee Ext;

0 10 20 30 40 50 ‘60 70 80 90' 100
| I | LI t [} ] ] | I | 1 ]
HS TO .V HS

Gastrocnemius

2.

> 3.
N\ 4

- 5.

Soleus
_ 1.

2.

3.

P Y . , 4,

5.

1.

: 6.

-

)

Univ., of Calif
{1953) !

" Close & Todd

(1959)

Radcliffe (1962)
Sutherland
(1966)

Milner et al
(1971a)

Hag¥ et al
(1973)

Univ. of Calif
(1953)

Close & Todd
(1959)

Battye & Joseph
Het) d
Sutherland
(1966) :
Hagy et al(1973)
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Function: ;s

fhe m. gastrocnemius can elther flex the knee or
plantar-flex the ankle but never both together. The m.
soleus plantar-flexes .the ankle ‘when the %nee is flexed.
Both muscles are active during the 'take-tff“_phasenof the
qut in walking and'running. (Basmajian, 1970)

For three subjects at higher speeds the m.
gastrocnemius does appear to be tctive at some part, usually
the earlier, of the swing phase. It appears that there is

| at this stage soﬁe antaggnistic aétion with the m.- tibialis
antetior. . The essential action of m. gastrocnemius is
certainly to cgnttibute to the lifting“of the subject early

in the stance phase_and alding in ptopelring him forward.
(Milner et al, 197la) ‘ .

b .

The phasic activity of the m. gastrocnemius as shown

in the table seems, to concur more with Milner's observations
rather than that of Basmajian since the m. gaatrocnemius i
mainly active during the stance period of knee extension and
gnkle_dorsiflexton: . - | ' K

2.4.9 Deep plantar-flexors

b (m. flexor hallucis longus, m. flexor digitorum
P - - - - ‘

longus and m. tibialis posterior)



e

Pl. .
Flex. Dors. Flex. Pl. Flex. Dors. Flex.
1 [} ] - 1 - 1
Hip Extension: Hip Flex. Hip Bxt.
[} 1 L} L]
Knee
Flex. Knee Ext. Knee Flex. Knee Ext.
[ ] 1 t ] . 1
0 10 20 30 40 50 70 80 90 100
] ] ] [ ] ] ] [} 1 ] . [ ]
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j 1
2.
—_b""
‘ 3.
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3 -
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2.
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4'-

Function:
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Univ. of Calif
(1953)

Close & Todd
(1959)
Sutherland
(1966)

Hagy et al
(1973)

Univ. of Calif
{(1953)
Sutherland
{1966)

Hagy et al’
(1973)

Univ. of Calif
(1953)

Close & Todd
(1959)
Sutlierland
(1966)

‘HAGY et al

(1973)

The m. flexor hallucis longus flexes the great toe

ané agsists in plantar-flexion of the‘ankie. The'm. flexor

digitorum loﬂgds flexes the four smaller toes.

The m.
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\\\/
tibialis posterior_inverts the foot and’plantar-flexes the
transverse tarsal joint (Basmajian, 1970). The m. tibialisg
‘posterior is an invertor in non-weight-bearing movements of
the foot, but ita role at mid-stance" appears to be a
restraining one to Prevent the foot from everting past the
neutral position (between inversionﬁ and eversion)
(Basmajian, 1973).
w;tﬁ respect to th function of the ankle plantar-
flexors, the work of herland (1966) .is most impor tant.
Sutherland (1966) confirmed the indirect knee-stabilining
function of the ankle‘fplantar-flexors in' walking on the
level, This had been postulated earlier by Radcliffe
(1962). Combined EMG's and motion Pictures of gait showed
that the periods of tivity of the ankle plantar flexors
corresponding with- increasing knee extension and .Forsi-
flexion of the foot. Only at the end of the period of ankle
plantar-flexor action did plantar- flexion of the foot occur.
~Knee extension took place after the ceaeation of activity of
the quadr iceps muscle ana\ﬂid not appear to be produced by
quadriceps action, : . | +
'/‘"‘—'.
)Sutherland (1966) believed*tgat knee extension in the

atance phase was brought about by the force of the plantar-

flexors of the ankle .reaisting ‘the dorsiflexion of the

PN ‘ e
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ankle. This restraining function of t?e ankle plantar-
flexors in decelerating forward rotation of the tibia on the

talus was the key to their stabilizing action.

-

2.5 Conclusions:

\

It is clear that after a careful examination of the
preceding fout‘sections one is in a position to select those
muscles that are nominally active -during rotations about the

hip and knee joint during normal locomotion on a ‘level Eur-

face. The information reviewed in this chapter has been

published in the form of an educational monograph (Hershler,
1977a). The objective of this thesis is to delineate cer-
tain statiatical properties of the phasic activity of per-
tinent skeletal muscles (Chapter 4) as well as ‘examine in
some detail certain aspects bf the‘rota&ions about the hip
and knee joints in the sagittal plane (Chapter 5). Chapter
6 18 then an initial attempt to modekﬁfbé)relationship be-
tween EMG patterns of selected skeletal muscles in the leg
and these engular rotatiens. ' -Before proceeding to the
.actial research it would be pertinent to describe the ex-

perimental techniques and equipment used in the locomotion

studies outlined. in this theaie.' This deecription follows

S,

in Chapter 3.



CHAPTER 3

CURRENT EXPERIMENTAL TECHNIQUES AND EQUIPMENT _
\\\ - USED IN LOCOMOTION STUDIES

3.1 INTRODUCTION
[

The purpose of this chapter is to déaéribe some of .
the current. experimental techgiques available in the
Locomotion Laboratory, Department of Biomedical Engineering,
Chgdo#e Hospital. Some of these techniques were.uaed in the

locomotion studies described in this thesis. Mhe first part
lof the chapter is 'essentfally a description of i:hrée
techniques for the measurement of tain kinematic
variables during gait.,” These are as folldws:
(a) v The sgroboscopic flash-ghotpgraphy system

(b) The electrogoniometer system

-

(c) The\optoelectronic system.

The advantages and disadvantages of each system have  been

Fl

outlined. *

-

»

The second part of thqychapter examines methods of
p .

recording, amplifying and p;ocessipg EMG (elé&tromyographic)
signals. Some of the advantages and disadvantageq of using

70
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surface and intramuscular fine-wire electrodes are
presented. Appendix 1 contains brief descriptions of two of
the computer pFograms that wefe used extensively for

analysis of EMG signals and angle-angle diagrams.

3.2 MEASUREMENT OF THE KINEMATIC VARIABLES IN GAIT

3.2.1 The Period and Phases of the Walk Cycle

In the study of normal gait it is important to know
when heel-strike (HS), heel and toe (HT), toe only (HO) and
swing (SW) occur during one comp}ete walk'cycle.‘ This is
achieved. Sy fitting béth sgoes of the subject with
fgotswitches at the heel and toe. Each footswitch consists
of two b;ass shim s8tock contacts (5¢m x 5cm x 0.15mm)
separated by strips of foam rubber. An additional resistor’
nétwork {Figure 3.1) is inqluded in such a manner that

depression of the heel footgﬂitch creates a dc voltage of

approximately 1/3V, depression of the toe footswitch creates

.a dc voltage of approximétely_2/3 V and finally depression

of both heel and toe creates a dc voltage of approximateiy
TN

1v. 0
V- - _

A footswitch. voltage pattern can thus be obtained for
each shoe indicating the time sequence of ground contact of;’
the extremities of ‘the undergide of the foot. Figure 3.2 is
the footswitch pattern obtained for .2 sequence of normal"

footsteps on a level surface. LA single fdotstep has béen.

A3

1
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TOEY HEEL
R4 $ ?ERZ
SIGNAL
Raj— ouT
Figure 3.1

R3 = 1.5 kf

) Resistor Network for Pootswitches
R1 = 330 ki R2 = 680 kt//}{

. : Figure 3.2
. _ Normal Footswitch Patterns -
“i: ‘Heelstrike 2: Heel and Toe - 3: Toe only (heel off)

Swi??‘, 8T: onget of stance 8W: Onset of swing
A footswitch pattern for .one complete stride on the

. same leg has been displaced up with respect to.the other
patterns. ' . Co
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selected from the sequence and is shown displace? 'with
respect to the rest 6ﬁ the patterns. The. footswitch
patterns of both feet are phssed directlylinto a PDP11/10
computer, A simple piﬁpern éecognition algorithﬁ written in
Fortran IV enables the period from heelstrike to heelstrike.
of the same foot as well as the time intervals of the

various phases to be easily computed.

In the study of certain types of'pathological,ga4t,
. 4 .
however, even though the same system of footawitcbas may({ be

used, it 48 not as simple to recognize ang measure 'the

varioqds phaagf of the gait cycle. 'This is due to the fact
that,\at times, onset of stance (ST) can be caused either
d?Dwith the toe (dropfoot) or.the heel and the toe could be
-making contact with the ground throughout swing (8W) as in
thé' case of tdMz=dragging. Figure 3.3 is the footswitch
paﬁﬁern qbta%ned'for a sequence of footsteps of a paﬁiéaé\ |
suffer*ng from cerebral palsy (C.P.). A comparison of this N
figure with the previous one shows how radically the
éooﬁawitch pattern can change even though the gait 6f the
C.P. patient was fairly repeatable.
. »
An 15terac%}vé pattern recégnition algorithm has been

written (de Brhin and Milher,'1977), which enables the user

to' select single footstep patterns from a sequence of such

7
*
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Figure 3.3
Footswitch Patterns for a C.P. Patient ‘
~ST: Onset of Stance SW: Onset of Swing

A footswitch pattern for one complete stride on the
same leq has been displaced up with respect to the other
patterns. The change in the footawitch pattern on the right
indicates that the patient had terminated his walk.

patterns. It 1iss then possible to discriminate betweén
stance and swing and to measure the respective phasic
- intervals. Temporal stance-swing ratios can thus be
computed for'both‘nogmal and pathological gaits. It sould
be stressed bhowevef; that especially in the case of
pathologicalx‘gait, inspection of .the- footawitch pattern
provides only a limited amount of kinematic information.
Further kinematic variables have to Be isolated and measured
e

. .to define the éait completely.

-
P

P
T < .:

The next section includes a description of a

atroboscdpic,‘iinterrupted-light) ‘flash-photography -method

* .-
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used In the laboratory €for gait analysis. Figure 3.4 is a

typical strobe photograph of a patient'g gait in. the

saggital plane. It is obvious that vishal examination of

. 2
this "§tickédiagram" plus a knowledge of the stroboscopic
frequency can éive one éstimates'of the stride period and
phases of the walk-cycle. These estimates are subject to

large inaccuracies which will be discussed at greater length

in the next section. Figure  3.4A is a typical knee

anglé—hip angle diagram obtained with the stroboscopiq

method.

, -Figure 3.4
A Stroboscopic "Stick" Diagram
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A Knee—Angle/éiﬁ-Angle Diag:amlnerived“Uaing the
-Stroboacopic Method

The sequence of numbers in thie plot refie

sequénce of stroboscopic flashes.

Rl

timing marker and each point is separated from its ne ghﬁg

Each number

by~ an .equal interval ‘of time (1/10 ‘sec.).
corresponds to the position of the joints deacribed by the

first "stick"_ in Pigure 3.4.

is

A fair -amount of clinically

useful - inforﬁhtion can be visually éxtracted from this

angle-angle plot. e.g.

(a) Range of Knee -angle flexion = 45°

(b} Range of Hip angle flexion' = 25°

(c} No h{peqextension of the knee.
(d)  Flex

No hip'extenaidn

on contracture of approximately 12° in the knee

In a later chapter of this report an optoelectronic

method available in the'laboratogy for studying gait will be

described. By “measuring the time between the point. of

”

. ]



»

77

maximum weight-bearing on the o leg (i.e. when the y-

coordinite of the anﬁie reache¢s a minimum) and the next

point of maximum weight-bearing/ of the same leg, the period

of the footstep can be computed. Figure 3.5 is a "stick"-

L3 .
tam created from the spatial joint trajectories of a

suﬁject's gait using the optoelectronic system.. Again one

* is able visually to estimaté the phasic intervals of stance

and swing if the "stick" frequency is known. Figure 3.5A is

a typical knee-angle/hip-angle 'diagram obtained with the

optoelectronic method.

+

SHOULDER

wte

L “  Pigure 3.5
A 'Stick'-Diagram Utilizing the Optoelectronic Method
Normal Female Gait Bare Foot
R ?ht Leg ‘
ticks Displayed at 0.05 second intervals
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A Knee-Angle/Hip-Angle Diagram Derived Using The
Optoelectronic Method :
Normal Female Gait Bare Foot
Right Leg
Stridé Length = 105.7 cm
Stride Period = 1.1 sec
The "Stick"-Diagram corresponding to the angle-angle
diagram is displayed to the right of the figure

3,2.2 Measurement of Spatial and Anqular Information

3.2.3 The Stroboscopic Flash-Photography System

A Byatem utilizing interrupted-light photography or
stroboacopiBlj:hotogéaphy is availgbla in the Loéomo;ion
Labo:é;@ty. {s system is a duplication of that reported.
Qial' (1973).  Here consecutive phases of
locomotor action are exposed upon a s8ingle film frﬁme .
(Pigurg 3.4). This "stick"-diagram demonstrates sequential

actions of a particular motion and thus the trajectories

traced out in space and time of a@elected points on the
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: >
subject's body can be obtained. Prom .the "trajectories of

the shoulder, hip, knee, ankle and toe the angular varia-

- tions about the hip, knee and ankle joints can be deduced.

The disadvantages of this method are that only the

motions and angular variations in thé sagi{ttal plane can be
! . ”

_obtained. Also relév,nt data have to be diditized manually

from the exposed film or negative. Althpugh we have
available for our use an x~y digitizer in the Department of
Mechanical ﬁngineering] McMaster- University (Ruscom Logics*

Limited Graph Digitizer 'Model .77), the selection of the

\ points. to be digitized still has to be done manually and¥

this leads to a great amount of time wastage aa'well as
introducing greater possibilities of human ‘error. Other

disadvantages of this method are that the patient or subject

has to be dressed in a close-fitting black cat-suit (Figure

3.6) and has to walk in a darkened room illumiﬁatqg oniy by
the stroboscopic flaahes._ ‘These constraints could have
unsettling éffects on certain- patients.  In addition, the
use of the -CDC 6400 cohputer for Adata processing and hard
copy outbut is expensive. (Approximately $6/photograph
including graphical output.) The advantage of tﬁis system
is its simplicity and the various elements of'the-BYStem

will now be described in detail.
.

*Ruscom, Logics Limited, 62 Alness Street, Downsview 463,
Ontario ’

hnan oot —L RN -



Flgure 3.6
‘Patient Dressed in Black Cat Suit
White Tape is Attached to Selected Agptonlcal Landmarks

' h o

!

Fhe Walkway /

The subject waiks a distance/ of _app;oﬁimately 8
metres aléng a straight line. The perpehdicular distance
from the straight lihe to the location of .thé camera 1s
about 3.5 metres. The strbbg light “source is mounted
directly above the camera. A suitable black background (5m
x 3m piece of styrofoam palnted black) . with white marke:s
located at fixed intervals on tée _backdrop enables scaled

measurements to be made from the film records (Figure 3.7 .

v 7

e
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Stroboscopic Flash- Pgotography system Including
Patient, Background, Walkway, Camera and Stroboscope

. y
The Camera (Figure 3.7) A

L]
The camera being used is a Mamiya A Universal Press

with a roid back, a 100 mm lens and a maximum aperture

opening of .5 (+32). ., For Polaroid film type 107 the usual

settings of/the camera are £22 and shutter set at B.

The Stro qg_ (Figure 3.7)
N

xThe stroboscope flash system thatalS available is a

o

e UL LD L LIS yu

Honeywell Cronoscope (modified) with adjustable flash

8
i
L
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_rate.  The fixed rates available are 2, 5, 10, 12.5,J15,

»17.5 flashés/second.
~.

Subject Preparation ‘. .

The subject wears a black cat-suit with long sleeves,
Small strips of white masking tape are placed over the
appropriate joints while longer strips are adhered to the
body of the subject so as to connect one joint with the
?thef. (Figure 3.6) : 'f

An internal progress report (Hershler, 1976) has beeén

Cii///\\coupiled which describes the above gsystem in even greater
etail and contains both diagrammatic and written informd-

s

tion on the sequences followed by the human operator in
-extracting data from a photograph. Alap included in this
progress report are copies of a number of typical butput
plots. . A listing of the Portran IV progra* for the cCDC
6400, a corresponding flow-chhrt and the programmed deck of
cards are available in the Loéomotion Laboratory for any
interested user, \
;The advantages and-disadvantaées of this system can,

be summarized as follows -
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Advantages pisadvantages
1) Provides a simple ang 1) Does not détect‘pigh fre-
relatively inexpensive quency perturbations in the
method of measuring gait (>7/sec) .
spatial and angular 2) StrohRoscopic flashes and
() information. tight clothing affect

natural gait.

3) Lbng data processing time,
involving substantial
manual interaction with
assoclated errgrs:

| k . 4) Computer time expense
5) 2 - dimensionﬁl (sagittal)}

information only.

3.2.4 The Electrogoniomneter System

The electrogopiometer used -in the Locomotion

Labératory is a device which measures joint anglee in one

plane. Ib\!ﬂf develpped by membera of the Biogngineqring
Department after a de ign of Lamoreux {(1971) and .consists of
a linear (1% erro|) potentiometer attached to a speci‘ally
designed parallelojram’ linkage (Figure 3.8). The linkage
allows for measurement of angular motionh in one plane while

compens#ting or motions in the other planes. Joint

mévement involyves Fotions in three dimensions and anatomical

-
[ S,
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‘Figure 3.8 :
Self-aligning Electrogoniometer System
Parallelogram linkage b
Potentigmeter and fixing screw
Bearing rod and bushed tube

34
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joints are bumpy and irreéuiar in shape. This new design of
linkage 1is self-aligniﬁg and non-restrictive therefore
providing an apcufate measureﬁeqt of the sagittal plane

joint angle during movement.

~

The electrogoniometer system is secureéd to the
appropriate limb segments about each _joint with theﬂgid of
. elastic velcro straps. A simple_efectronig circuit (Figure™

) sends current _through an imbilical wire which . is-

supported overhead by runners on a tension cable. As the
.ﬁoint ¥§ngle changes, the resistance of the potentiometer
arly which causes a corresponding chande in tﬁe
5 the poEentiometer. This analogue voltage is
then fed to the acquisition'and display sysﬁeﬁ which
c&nsists 'pf a PDPl1/10 ‘minicomputer and which: includes
multi-channel 1n9ut ana output analog signal facilities and
magnetic disk and*tape g}orage systems. A Tektronix 7613
storage oscilloscope with a 7Al8 dual trace amplifier is
used for genera£ Qiéplay of the acquired angle data while a’
Tektroni; 4006-1 graphics terminai with anpillary harq-copy

unit id used to record the data in a more permanent form.

(Figure 3.10) '. >

* Calibration:

Each attached electrogoniometer system is calibrateé

r

e o o =
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Figure 3.9
Circuit Diagram For Electrogoniometer System
R1 = 100 k@ - R2 = 10 k@

Figure 3.10
Display .-Devices
A: Tektronix 7613 Storage Oscilloscope
B: ' Tektronix 4006-1 Graphics Terminal
C: Ancillary Hard-Copy Unit {Tektronix}
- 1 .

-
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; |
on the patient's body using two sBelected angles in the range -~
of -movement. For each of these angles the ‘corresponding
electrogoniometer voltage 1is acquired and stored by the

computer. After final acceptance of the calibration

information; the gait study proceeds with the patient

walking the length of the walkway. . When the subject has {/_—‘5fﬁs

attained a ré&atively constant velocity, the computer is

remotely tfiggered to begin acquisition and collection of

the data. These methods were d;;eloped by’ dg Bruin and
o

Milner (1977).

-

L Y
’

As‘the patient walks there is a shift of the entire
eléctrogoniometer system about the joinﬁ due to movement of
the muscle bulk under the velcro straps. This slippage
affects the calibration of the ‘g}ectrogoniomeéer system.
Ceftgin subjects were calibrated before and after some
expé?iﬁeﬁts to obtain an estimate of calibration error. The
maxiimym change in calibration valu;;\ghat ever occurred to
any s cﬁ subject was 20%. It was aéigdged that observer
error would accounf for less than half that range with the

main source of [ergor due to slipﬁage of the, electrogonio-
o

meter systgm on/the limb during the experiment.

' -
~ Figure 3.11 is a complete electrogoniometer syst
fitted about the knee joint of a patient. Referring to
. . - ) . B

14
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\“7—- Figure 3.11 .
‘ Electrogoniometer System Attached About the'Knee
! \

: Figﬁre 3.8 a breakdown of the compohents of the electro-
‘goniometer system 'can be listed:

{a) The potentidhetér is a Bourns* Model 6538 servo mount

precision potentibmetef (10 kq). (Figure 3.83, B)
F‘\ | .

* Bourns Inc. Trimpot Products Division.
1200 Columbia Ave., Riverside California. 92507

.t"
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(b) The parallelogram linkage is Made of 20247351

aluminium (Figure 3.8a)

(<) The bearing rod and bushed aluminium tube are made of

20247351 aluminium. (Figure 3.8C)

(d) The fixing screws are 18/8 stainless steel (Figure

. 3.8B) '
. -

-

The advantage of using an electrogoniometer system to

measure joint angle is that an ajﬁ}bgue signal is obtained

which can be relayed directly to® the data acquisition
system.  If desired, the analogue .output can be passed
through appropriate differentiating circuits so that angular

velocity and angular acceleration ch;vea can be obtained.

Differentiation,  however, does increase the noise associated
"with the signal so that additional amoothing and filtering
techniquea might have to be employed.

The various advantages and disadvantagea can be

\\_,/ sy marized as follows:

-Disadvantages’
- ’ ) .
\nalogue signal output 1) Only angular information in

allows for continuous one plane is obtained.. '
monitoring ang ié con- 2) Large calibration error;*’{
ducivé-to digital ppo—. during an experime;tal fun

cessing and shpsequent' Aﬁe to alibpage of elecfro-

o Fm———




" 90
storage in computer. : ‘goniometér system.
2) Rapid sndAinexpen;ive "3) Necesssry to sttach instru-
method mentation . body
) segment wh may modify
the gait.

3.2.5 The Optoelectronic System '

An optoelectronic system which obtains vitually on-
lise the spatial trajectories of-the joints during gait has
been debeloped for this Locomotion Laboratory by Brugger .and
Milner . (1977) . At the pfesent time the s;stem only tracks
moving objects in one plane: but the aystem 1s being extended
to monitor 3-dimengional motion. pe optoelectronic system
- includes a two-dimensional charcc;coupled device (CCD) in

the form of 190 x 244 array image sensor* which is: used for

the tracking of body~ motions. Interfdcing circuitry was

developed co link the CCD - image sensor to a PDP11/10 -

minicomputer “to, enable virtual on-line tracking of

illuminated “labels" on a'movlng object. Essentially the

.interface consists of counters for equivalent X and y

‘coordimatesrcoupled with a marker detector to decide on the’

+*

 presence or absence of illumination at a particular

location. "Figure 3.12 is the CCD camera while Piguts 3.13
shows the various "labels™ in the form of small incandescent

light sourtes attached to the. joints of a particular

* CCD 211 Pairchild semiconductor, Palo Alto, California
94304



. * Figure 3.12
The. Optoelectronic System

-

subjebt. Software :out?ﬁes have been developed by Brugger

(1977) to extract and display pertinent kinematic

-information. Figure 3.5 shows the shouider, hip, knee and

ankle‘tréjectories of a walking subject for three strides
("stick"-diagram)._  Additional software to separate the
féotsteps, ‘calculate angles ,ahd analyse the angle-angle
diagrams have been developed for use with this system
(Hershler, '1977b). Appendlxﬁl contains a brief description u«

of the program which'analyges the angle—angle eiagrams. ﬂ\

- - . ]
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) " Figure 3.13 :
Light Sources Attached to Pertinent Anatomical Landmacks

on Body of Subject
A: Lateral View
B: Frontal View

92
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The advantages and. disadvantages of this opto-
electronic system as compared with the stroboscopic flash-
photography and elettrogoniometer systems can be summar ized

as follows:

Advantages

1) Provides a rapid, online
and accurate method of
acquiring and displaying
pertinent kinematic -
information during a

gait study.

2) With two CCD cameras, 3-

dimensional body
tracking can be
achieved.

3) Patient can walk in
normal clothes and
ambient light. .

4) The illuminated "labels"
attached to appropriate
body points do not
affect the patient's
gait.

5) Vari;ble frame rate de-

pending on type of

fmotion studied, 20 - 350

frames/sec. '

1)

2)

3)

\

Disadvantages

The number of elements in
the QCD image sensor
defines Fhe resolution (at
present lmage'sensors with
large numbers of elements
are expengive). A centroid
techniéué which.averagés
over the image area

improves resolution.

The swinging arm might ob-

struct the illuminated .

"label" for a period of
time which could be too
large {in the case of path-
ological gait) for even the
extrapolation algbrithm to
correct, !

The absolute resolution ig

related to the field of

-view which is determined by

'
i)

the type of lens and

subject-lens distance. The

T

[ P
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6) Easy to interface with
digital computers.

7) Pre-processing Ey system
allows usage of slow
minicomputers. 4)

8) A large number of
"labels" can be detected
on the horizontal
limited only by the
software detection

algorithm,.

94

present system in these
laboratory conditionsﬁcan
only allow for a maximum of
3 suc;essive footsteps.

The 1lluminated "labels"
cannog be tooc close or on
top of each other in which
cagse the detection

algorithm is unable to

separate them.

3.3 MEASUREMENT OF THE ELECTROMYOGRAPHIC (EMG) SIGNAL

3.3.1 Monitoring of the EMG signal

Monitoring of tfe EMg signal from the skeletal ;

muscles 18 accomplished with the -aid of disposable surfacgJ

electrodes produqed by Bectop-Dickinson* (Figure 3.1!).

These surface électrodes are used for the recording +of the

éjgct;ical activities of surface muscle groups only.

rface electrodes were chosen over fine-wire intramuscular

electrodes for the following :eaéons:

(1) Fine-wire electrodesl are indwelling and hence

invasive.

non-invasive and ‘relatively safe to the subject.

~

Surface electrodes can be quickly applied, are

I A

*_Becton Dickinson - Division of Becton D;ckinson and .
Company, Rutherford, New Jersey, U.S5.A.

— - e
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Figure 3.14
Surface Electrodes, Alco@ol Swab and Electrode Paste

-

{(2) Fine-wiré electrodes can be the cause of some dis-
comfort in certain subjects. The amount of pain may depend
partly on the site of implantation (Babb and‘Dymond, 1975)
or "the type of hypodermic needles used for the insertion
(Jonsson et al, 1968). The latter showed that there existed
a positive correlation between the occurrence 6f bleq@ﬁng on
insertion or removal and ' the presence of reported .pain.
This insertion trauma can .be minimized 'by using ngedlesl

which are small and sharp. '
- k) : -

- e oy
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Part of thg pain was also due to the .type-of fine wire
used. Jonsson et al (1968b) demonstrated that at least in
somed cases inserting fine wires caused more pain than a
control in which the hypodermic needle was inserted witﬁout
wites, then removed. It was found by the author of 'this

-
thesis that during repeated locomotion studies of one

subject when the m. rectus femoris contracted and "bunched".

[ ]
up pain was caused in the region of.the fine wire electrode

inserted into that muscle. .

(3) ‘'The fine-wire electrodes had to be sterilized before
use and because the metal surface of the wire tip oxidizéﬁ
with the air, the fine wire tissue-electrode intéfface had
to be stabilized by pasaing a DC current in both directions
through the wire. This was time—consuﬁing.and troublesome.

(4) Migration of the fine-wire electrodes can occur as a

result of muscle contraction (Jonsson and Bagge, 1968a).

Yoo
Also with lead migration the bipolar leads could change in

relation to each other which c@angea the characteristics of
the bibolar recording. Scott:;nd fhompson {1969) sﬁggest a
possible solution by twisting the leads together and wifh
fhe insulation twisted off at different points (i.e. not
both at the tips), even though the pair of leads might move,

the exposed recording areas should remain in a constant

relation to egch other,

- - -
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() Horning et al (1972) recommended the use of surface
electrodes for measuring the latency ,of evoked muscle
S - ’
response except in cases where the muscle is atrophic or
. ” ’
where it lies deep to other muscles. Superficial intra-
muscular placements resulted in latencles that were much
longer,

(6) Because of low : frequency signal artifact (40 Hz) a

high pass filter with a low cut-off at 40 Hz was needed.
) It was recognized, however, that if the EMG's of
deeper w&ying muscle~ groups were desired indwelling
intramuscular electrodes would have to be utilized and_hence
solgtio&a found for-abme of the abbve problems. For the
purposes of this thesis it was considered sufficient to work
only with the EMG's of the surface musculaéure. The EMG

recorded with surface electrcdes is more representative of

the activity of the surface musculature. In order to obtain

the equivalent representation with fine wire electrodes, a

‘multiple set of such electrodes would have to be utilized.

To reduce tissue-electrode impedance, the skin is.

thoroughly cleaned with- alcohol swabs before applying the

surface electrode. Also the electrode was pre-gelled with

¥
Becton-Dickinson electrode paste before being adhered to the

skin surface. The active part of the surface electrode was

P
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thus "floating" on-a skin-electrode interface g&:éistiﬁa of
electrode paste and any other chemicals remaiﬁing' on the
skin surface. This minimized the' occurrence of signal
artifact due to the movement of skin under the electrode.
The impedance of thehsurface‘electrodés was found to vary
with frequency in the range of 30 ki (at 10 ﬁz) to 7 k8 (at
1.3 kHz).

L4

3.3.2 Amplification and Processing of the Raw EMG Signal

The Jérious systems for amplification and processing
of the EMG signal wefe developed by members of the
Biomedical Engineering Department. The raw EMG signal
(containing frequencies from dc upto at most 500 Hz for the
type of surface electrodes used) was pre-amplifiéd by means
of a differential amplifier. Tﬁé cdméonents were enclosed
in a hobby-grade cléarcasting resin* so that the amplifier .
could be easily attached to any partng the body without
imﬁediment. Spiral springs attached to‘the amplifier allow
the electrode wire ends to be clamped firmly. (Figure 3.15)
Figure 3.16 is a clrcuit diagram of the d&fferential
amplifier.. The folloﬁing table summarizes the characteris-
tics of a typical differential amplifer used in locomotion

studies:

* Lewiscraft Toronto Canada.



Figure 3.15
The Pre-Amplifier
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Figure 3.16
Circuit Diagram For the Differential Amplifier
\Rl'= R4 = 100 kg 1% RZ = R3 =1 k@ 1%

99
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‘pable 3.1

Characteristics of a typical differential amplifier

'1/80

Common Mode Gain (Baianced):

Common Mode Gain (Unbalanced}:

1/50

Difference Gain: 100

Common Mode Rejection Ratio: 8000

Input Impedance: 1.2 M |

Qutput Impedance: 450 @

Lower 3 db point: 0.4 Hz | . ‘ 4
Upper 3 db point: 20 kHz

Gain x Bandwidth: 2 x 106 Bz

e

The raw EMG signals, after being passed through a

-

" high pass filter (low cut-off 7 Hz 3 db point and 12

db/octave slope) to eliminate motion artifacts, could be
Eu?ther amplifie so that finally the EMG signals -were
s;hpled at a rate of 1 kHz, digitized and stored in the PDP
11/10 minicomputer. Figure 3.17 is a circuit diagram of the
rhigh pass filter ‘and amplifierh. It should be noted that
the analogue EMGoaignalé were transferred from the outputs
of the diffepentiél amplifiers to the high paés filters and
amplifiers by’ means of umbilical wiées similar to those
transferring the electrogonﬁometer and footswitch signals

mentioned before. At any one time a maximum .of eight

analogue signals could be monitored and transferred to the

h

SR TN

(R EpEP
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computer. |
HIGH PASS FILTER T AMPLIFIER \
’ SW2  GAIN ,
Re
R1 O X2
A A R‘
o 3
o AA—dqxio
Ry
o X130
N oor
Figure 3.17 N
Circuit Diagram For High Pass Pilter and Amplifiers
R1 = R3 = R5 = 100 ko R8 = 5,24 kil
R2 = R4 = 22 kit - R9 = R10 = 10 kQ
R6 = 24.9 kg . C=_.1uF
R7 = 11 k0 V =15V

Ih addition to the display system which includes the
Tektronix storage oscilloscope and Tektronix graphics
terminal with ;hcillary hardcopy unit, there exists also a
visicorder with ultra-violet paper output upon which the
analogue signals can be displayed }n hard copy f&&m. The
visicorder available in the Locomotion Laboratory 1is a
Honeywell* Fibre-Optic CRT Visicorder Model 1858 which had

f .
the capability of displaying 8 channels of information - 6

* Honeywéll Test-Instruments Division, P.O. Box 5227,
Denver Colorado, U.S.A.
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EMG channels (or electfogoniometer) and 2 footswitch
channels. In addition to high pass filtering and
amplification the EMG signals could be passed through a
rectifier énd averager which would result in ‘EMG envelopes
which follawed the peak;‘of the rectified signal. (The time
constant of the rectifier averager is 4.84 msec). Figure

3.18 is a circuit diagram of the rectifier and averager

available in the Locomotion Laboratory.

Figure 3.18
Circuit Diagram of the Rectifier and Averager
Used in the Locomotion Laboratory

Rl = R} = R5 = R6 = R7 = R9 = 22 kR
- R2 = 15 kit « :
R4 = R10 = 10 k& ™~
R8 = 6.8 ki B
Vp = 15 v
Cl = .22 uF : |
All resistors 10%; 1/4W ’

D1, D2 silicon signal diodes (I1N4154 or equivalent)

T Rt e
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3.3.} Storage of the E signals (,\\/Ai)

After digitization of the anarnque EMG signals, the
sampled data could be stored either on the RK1l disks of the

PDP 11/10 minicomputer or on magnetic tap .

\ ~_ /

-

3:3.4  Analysis of EMG Signals

1

A large‘quantity of software has been written by the
author of this thesis in both Fortran IV and Macro assembly
languages (RT11 version) for analyaie and'display of the EMG
aﬁd electrogoniometer signals, Appendix 1 contains
flowécharts of two of the programs available, Listiﬁgs of
these programs which include self -explanatory comments are
available in the Department of Biomedical Engineering,
Chedoke Rehabilitation Centre, Hamilton, - Ontario.
Addltional software relating to different aspects of the'
analysis anddisplay of theee signals has been developed by

de Bruin and Milner (1977). The contents of this chapter

have been published in the form of .d progress report

'(Hershler, 1977b).

e
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CHAPTER 4 IS _\S

AN OPTIMALITY CRITERION FOR PROCESSING ELECTROMYOGRAPHIC

- »

(EMG) SIGNALS RELATING TO HUMAN LOCOMOTION

S

4.1 Introduction

. A
4.1.1 Major Concerns- ‘ '

£

This thesis is concerned with endeavours to model the

g

'functional'relationshipq between the EMG activities in

pertinent skeletal muscles and the resulting limb angular

rotations during normal human locomotion. Prompted by this

-

-concern, and the need for consistency and repeatability in

&FHG measureso it was considered osaentiai to study’ the

characteristics of obBerved electromyographic signals and to

seek appropriate consistency and repeatability criteria.
. ' -

Fundamental reasons for pursuing such a study‘are the.

following: - B N

(1) In order to assess surface:  electromyographic

signals which vary with time; an objective, accurate and

-consistent description is needed,

" -

(2) Such 'a description should - be universally

L L 104
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."

'accgp:ed to enable comparisons of results from different

laboratories to be made. h

(3) Even though it is impoesible to exactly repean\‘j

E

two or more consecutive cycles of normal gait both
kinematically and electromyographicaily this is of minimal \\ﬁz

concern since all that is required is to extract from the

EMG signals,‘consiatent and reliable information that the
\

- In this ohapter'only the rectified andﬂa&eraged EMG

gait cycles have in common.

signal has been considered. Attention is confined to this
type of signal procesaing‘for.tho following practical
reasong: . ‘
(a) The resulting envelope E(t) following from the
reCtified and averaged EMG signal retains the easential -
. phasic and amplitude information or activity (i.e. it can be
considered to be phyaically-meaningful). ,
(b) E(t)'ucan be obtained with suitable equipnent
usuaily readily available to most gait laboratories.
(c) The descriptor E(t) seems to be universally
.accepted in most laboratories intqrested in surface |
eleotromyography. ' _ %
(d) de Bruin (1976) has shown that the rectified and |

aVefaged EMG signal is as sensitive to changes in muscular

contraction (isometric) as any other commonly considered -
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ampliiude processor.
r:

This chapter reports reliability results for
processed signals derived from arrafs of surface electrodes
on the m. vastus lateraiiasfor {our normal subjects and on
the m. rectus femoris for two normal aubjecté walking under
controlled repeatable gait-cdnditiqns at a maximum of three

different speeds along a level walkway.

A reliability criterjon is defined consisting of a
variance ratio which measures the repeatability of an EMG

signal over a given number of identical footsteps.

4.1,2 Reliability

) Following the‘convenfign of Viitasalo and Komi (1975)
reliability is defined to be the repeatability of
measurements within a test session and constancy to be the

repeatability of measurements between different test dafs.

Based on the results of r;his study, the following

conclugionse are drawn:

(1) The re]@ility varies as a function of speed of

walking.
(2) Using arrays of identical electrode pairs on the

muscles indicated it was found that the reliability under




107

identical experimental conditions varied depending upon the
positions of the electrode pairs upon the muscles.

(3) At any one speed of walking, the reliability
varies as a function of the processor. (The processor
yielding the rectified and averaged signals was adjusteg to
viée different degrees of smoothing).
ile a range of EMG processors can be specified with
whichithe most reliable EMG information can be obtaiped, the
choice of an optimal EMG proééssor would be,goﬁerned by two

conditions:

(a) The processed signal is obtained és quickly as
possible andb .

(b} The brocessed signal contains the most
consistent and reliable information over the number of
- footsteps analysed. _

(4) The relative compariéoﬁs of reliability with-
respect to speed of wglking,"type of processing and
elecprode posiEIOQJ.wene/ found to *be independent of the

numbers of footsteps used as long as the same numbers of

footsteps were used throughou the analysis. Different

numbers of footsteps used i

different absolq:;Lresurts b
identical. i\“

the analysis might give

relative comparisons remain

(5) Ascertaining arn/ area of the muscle which is of a

constant reliability th reépect to identical electrode

B T T P Srwsgges v ST WL T
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pairs could facilitate a comparisoq of differgnt types of

electrodes.

4.2 Background !

Komi and Buskirk (1970) have examined ‘the
reproducibility of electromyographic measurements with

sur face electrodes and intramuacular wire electrodes.

Results were, reported for tepeatability of measurements with

surface. electrodes in submaximal and maximal isometric ang
maximal .- isotonic contractions of the m. biceps brachii.
Similar results were reported for intramuscular wire

electrodes. In this chapter dynamic conditions have been

N

N, o ; FJ - \\

In. the study by Komi and Buskirk (1970) only oﬁe

electrode site.on the muscle was' chosen and they did not\

examine the variations in repeatability with electrode

position (for the same type of electrode) It ia considered
that compariaons between the reliability of two different
types of electrodes are difficult to make if reliabitfty is
a function of placement position of the electodes on/ or in

the muacle.

One questione, too, the gsensitivity of the

"integrated" EMG (1EMG) tp_determine the reliability of the

A
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measurements since such a meagure quantifies the area under

the ' rectified EMG s8ignal and tends to mask phasic

information.

Viitasalo and Komi (1975) investigated the
reliability and constancy of certain EMG signal measures
(including IEMG) where the EMG signal was recorded using

surface electrodes during constant maximal and submaximal

contractions (apparently under isometric conditions) of the

m. rectus femoris. The above remarks are_applicable as well
to this paper. -

Jonsson and Reichmann  (1968c) studied the
repeatability in electrical activity of the m. brachioradi-
alis using inserted wire electrodes during isometric and
isotoniq contractions.J While - these authors asked pertinent

questions regarding repeatability in various pircqmstances,

they d¢ not appear to ve provided quantitative answers.

re

Grieve and\ C anagh (1974) have also expressed an
interest in whether "EMG signals exhibit any repeatability
during gait. They reported that a quantitative a alysis of

EMG signals was made either from bipolar paira of ‘gurface

electrodes with 5cm spacing overlying various muscle groyps

of the lower limb, or from pairs within a 3 x4 rectilgngar

R e
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array of electrodes (5 cm spacing) over one region of the

limb. These authors found that differences in intensities

and temporal patterns exist for different positions of the

electrode pairs on the various muscle groups. tested. Also

. - the standard deviations were less over the array of elec—

trodes placed on the quadriceps compared with the array

placed on the medial side of the thigh. Although these

results were ‘Interesting,- the authors did not appear to have

a' sufficiently sensitive criterion to make an objective

assessmegﬁ/;f variations in reliability with electrodé

positipniand, as the authors admitted, their findings did

= n;; Tead to any generalization. They also suggested that

ﬂ the integral of the full wave signal (FWRI) could be used to
‘describe the EMG. )

'-(The PWRI is not to be confused with the iEMG'whiéh

is a7 continual evaluation of the area ﬁnder (tbhe signal

whereas the FWRI evaluates the area for discrete époché of

the signal.)

M .
—~— "

' . The FWRI was determined either in succgséive sampies
f//~\,/\ of 50 msec following heelstrike or samples equal to -5 of'
- the .walking cycle. The FﬁRI was taken about the mean base
line of voltage in .each sample. The authors base their
choice“of a 50 msec sample duration on their assumptioh that
the frequency rangeé of the displacements of the body and

a—y

their time derivatives ich are of interest td'the
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kinesiologist, extend at least from 0 to 20 Hz.

By using succesaive 50 ‘msec samples to determine the
FWRI, Grieve.and Cavanagh transformed a continuously varying
rectiftied signa}'into a histogram of discrete levels. In
the Qork reported here, ‘however, an optimal percentage
length of the walk-cycle is determined for wuse in the
averaging process. Also the averaging process involves the
use of a moving window of given length shifted along the

original signal to obtain a continuous signal which is in a

form amenable to further signal processing. The use of a

moving window has the advantage that better use is made of

the time history of the signal being processed.

Kramer et al (1972) investlgated the effects of a
change ‘in electrode position dn the EMG amplitude. The
voltage diitribution‘across the m. triceps brachii, . which
emeiged from amplitudq measurements on the eiectromyogram
obtained during repeated isometric muscle contractions under
ideﬁticai conditions, showed.that reduction in amplftude of
sbout 25% occurred at a distance of onlyzébout 3wem from the
assumed muscle midpoint. Further results confirmed that
differences occurred betwéen voltage values derived

simultaneously from the midpoint to those from neighbouring

points on the muscle. The 'followiné points should be
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congidered in relation to the work of Kramer et al (1972).

(1) The authors used a RLC filter (time of rise 50
msec; time of fall 150 msec) to rectify and smooth the
electromyogram. If however the characteristics of the
filter were changed this would change the mean values
obtained as well as the standard deviations about the mean
for the number of identical conttactions performed.

(2) 1t should be recognised that it is the variance
ab&ut the mean for identical contractions that will give

information 'pn the repeatability of the EMG signal. In

Kramer et al (1972) which gives information on the standard

deviations about the means, it is notewofthy that the points
furthest :;om the mid-point indicate better reproducibility
even thodéh the highesl voltage value is obtained at the
mid—poinﬁ (even considering 'the fact that as t?e mgan

decreases sc does the variance). Figure 4.1 is drawn from

the aforementioned paper.

Elliot an Blanksby (1976) investigated . the
reliability of average. integrated electromyograms during
running. | Cross-correlation was employed to analyse the
average iﬁtegrated electromyogram £orr one trial of each
selected muscle with a repeated trial which was not

controlled other than by standardizing the speed of running.

— . S e o 2
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Figyre

Influence of placement %% e&ectrodes on the derived
electrical muscle activity. Variation of the exploring
electrode perpendicular to the course of the fibres.
Unipolar lead (from Kramer et al, 1972) 3
Abscigssa: Distance of exploring elect:ode from m1d901nt of
muscle in cm.
Ordinate: Mean electrical muscle activity in wv

The following points, however, should be considered
in relation to their work:

(1) The final average integrated glectromyogram is a
furiction of the initial smoothing performed on‘thefraw'éMG.
Elliot and Blanksby (1976) used a RC smoothing ‘circuit

evidenﬁly with a time constant of 200 msec. No mention was

made of the possibility of using a shorter time constant and



as will be shown .later, a time con
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300 msec is
needlqaslyl teo large since it smooths out aluable

repeatable information from the EMG.

(2) The effects on the results of changing thec?%f)

electrode position and type ‘0f electrode were not

considered.

™~

-

From the foregoing, 1t does. K not appear. that
information on-the processing of EMG higna18>is sufficiently
omprehensive to provide ready ansawers to the following.
duestionS'

(A) w23£ is the optimal form ‘or measure of the EMG
signal which can be used in the deacription and- modelling of
a blological phenomenon such as gait and vhat is the best
criterion for optimality? ‘

. (B) Does the EMG signal in whatever' state it is

observed vary aignificantly with electrode type, orientation

and position in or on a muscle and what is the best

criterion for haking a decision on electrode type oo

position?

In order to find an aoswér for question (A)‘which in
turn could throw some light on question [(B), a statistical
criterion has been devised. This crlte ion is a variance

ratio which measures the roproducibility or repeatability of
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. N Al
the EMG signal for a given number of footsteps. As the
results of this thesis will shown, the: variance ratio will
enable the observer to choose an optimal EMG signal
processor. The exact choice of such a processor is governed

by two conditions.

-

(1% The processed signal is obtained as gquickly as
possible and
(2) The processed signal | contains the most

. 2 . .
consistent and relliable information over the number- of

footsteps analysed.

»

The criterion also enabled an optimal " electrode

position on a muscle to be found.

4.3 Optimality Criterion

The optimality criterion put forward by Hershler and

Hilner (1976) measures the repeatability of a signal over a

givey number of ldentical footsteps. (See Figure 4.2) This

\}eﬁéZtability caah“be evaluated independently of the peak

amplitude of the pa:tﬁcular signal by the following variance

ratio:
k n 2
VR = K n — ' {(4.1)
121 j{1'(xij - X)© /(kn-1)
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AMPLITUDE  X;

a repetitive %gme varying signal
k = Total number of points in a signal perlod
n = Total number of signals being analysed

where k‘= no. of time points and n = no. of footsteps and
where.xij is the actual value of the jth EMG signal at t1me
point i and xi is the average of the EMG values at time
point i averaged over j realizations of the experiment (in

the case 'of gait j realizations would be j identical

‘footgtegpj. X is the grand mean of the average EMG signal:

.

Intuitively one can see that for an EMG sighal

completely irreproducible over- j footsteps X; * X and both

~

I et .
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&

the ‘numerator and denominator are estimates of the same

variance with the result that VR * 1. Similarly for an EMG -

signal completely reproducible* over j footsteps the
numerator * 0 as Xij™* fiso that with the denominator always
non-zero (i.e. the EMG signal 1is never purely a conétant dc
signal) VR =+ 0. It is to be stressed that such a
determination of £he repeatability of a Eignal bf'méans of

the VR can be applied to any repetitive signal.

An analogy to this variance ratio can be found in
statistical texts considering the analysis of variance e.g.
Wonnacott and Wonnacott (1969). An estimate of the

analytical error variance (mean équare batween steps) 1is
geneérally given by: '

If i .2 /k(n-1)
: X.: - X2 /kin-
151 jzl i3 i

+

where there are k samples (observatidns within a step) and n

repeat analyses (steps) on each, and thet "total sum of

squares" of all the observations about the grand mean X is

‘given by
L3y -
(X;5 - X)
%1 j£1 i3
with (nk-1) degrees of freedon. The QVariqnpe ratio

introduced here'-is merely the ratio jf the mean sguare

Q

f
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-

between steps to~the total sum of squares. ;>

- — __,w"’j"" . \

_ &
In the account of the experimental procedure which
follows, an attempt is made to address the questions (A) and

(B) posed earlier on.

4.4  gxperimental Procedure
[ > r

Electromyographic signals were acquired for six

ajibulatory subjects constrained to walk in a particular way
't two or three different speeds. The EMG signals were

recorded from four pairs of surface ‘electrodes placed along

the length of the m. vastus lateralis (or m. rectus"

. femoris), Prior to application of the electrodes, the skin

was thoroughlyfcleaned with alcohol. The surface electrodes
used were those produced by Becton - Dickineon*. The
distance between the centres of each electrode in a pair was
4.6 cm. Before each experiment a‘polaroid photograph of the
muscle and attached electrodee was taken (see Figqure 4.3).
In this nanner a permanent record of"the position of each
¢

éontrolled gaits at-eelected‘speeda were analysed.
Before each experiment stride. length markers on the walkway
were adjusted to match with the moat natural walk of each

subject. - ) s

* Division of Becton Dickinaon and Company, Rutherford, New

Jersey, U.S.A.
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Figuge 4.3 - b
Electrode placement on m.srectus femoris (Subject A)
. l: . Top 3: Lower middle

2: Middle 4: Lowest '

. Three metronome frequencies (60, 88 and 112
beats/min.) ‘were usedf.foq those 'subjects Eor .which thrge
speeds of walking were req;iced; These resulted in siow,
medium and fast walks for each subject. These constraints

were imposed with a view to creatiﬁﬁ fairly repeatable

~ e
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stride periods coupled with known ccnstant stride lengths.
Each subject performed the various constralned walks several
times during which. data relating to an appropriate number
-(typically 5) of footstepe in the steady state were
.recorded. it ) effect, each footstep constituted a separate
‘realization of the experiment.

In each experimental  run, the raw EMG signals were
Passed through identical differential emplifiers (gain 100,
input impedance 1Mf{I) and high pass filter (low cut-off 7 Hg
3db point and 12db/octave slope) to e11m1nate cable—motlon
artifacﬁ.- The upper limit of the frequency response was
2kHz,(36b point), well above the nominal 250 Hz bandw1dth of
these surface EMG signals. The pre—condltlonlng system was
de51gned such that no signals with frequency components >
500 Hz were sampled. Finally the analogue EMG signals were
sampl at a rate of 1 kHz, digitized and stored in a
PDF11/10 coﬁputer. More details concerning the experimental
technigues involved in *the recording and processing of EMG

signals can be found in Chapter 3.

" 4.5 Computer Proeessing

»

The stride period . (heel strike to heel etrike
interval-of the same‘foot) was computed for each footstep
digitiied. Only those footsteps with stride perlods within
40 msec of the average stride Reriod were retained. L(40

msec is arbltrary "and can be made’ smaller the more

—— -
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repeatable the gait becomes). The five most repeatable

footsteps were then normalized to the average stride per;od.
This was achieved by expanding the shorter footsteps (with

ﬁhe aid of linear interpolation of data points. along the

entire length of the _signal) and compressing the longer

footsteps (by uniformly deleting data points along the
length of the signal). At a''sampling freduency of 1 kHz and
typical footstep periods varying between 1.0 and 1.5 seconds

the degree of signal manipulation‘ at worst involved the

ition of 40 points in 1000 points.

Full waveJ ectification of the BMG signals was simply
déhieﬁed by takihg the absolute value of the digitized data
poipts.

et

Smoothing of the EMG signals was achieved digitally.

A selected boxcar ‘window (i.e. a weight of one ia given to

"each sample in the_wihdow)_was shifted alopg'the length of

N
. o &
the signal from point to point. Each point in the original

EMG signal corresponding to the middle of the window was

- replaced by the average value of the points in the window.

Since gait is a cyclic:proéessf'in'order.to start and end
the window-averaging process, a suitable rumber of data
points from the end of the EMG 8ignal were appended to the

beginning and 'converaelf from the beginning of the EMG

o e A e -
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signal, data points were appended to the end.

-

Changing the Lenq}h of the window Bi&ulated chani}hg
the time-constant of a hardware averager. Any given window
lenéﬁh wag found to be approximately 4 times the RC time-
-constant of the corresponding hardware rectifier-averager

- with a configuration as in Figure 3.18.

'Changing shape of the window (e.g.‘.Gauésian
window did not effect the statistics. %he algorithm-}s
‘hardly affected by the word si%%ﬁ of the computer since
changing fr m single precision to double precision only
change e sixth decimli\EIisﬁ“brgljhigit. Thus error Que

to round-off could be discounted. e

Middle window averaging 1B preferred since this

eliminated phase delays due to window length. End window
\\\afgyéf:§;§g other than introducing time delays still gave the
same relative statistical results. )

4.6 Results and Discussion

4.6.1 Processed Signals

,Figures 4.4 and 4.5 show typicaﬂ EMG signals recorded

from two different sites on the m. vastus lateralis. Alsao

R £ e A At L
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N :Jﬂ\ Co.

. Figure 4.4 ]
EMG signal processing for Subject C {(m. vastus lateralis)

Top electrode position

1: Full wave rectified EMG signal (FWR)
2: FWR + 16 msec window length averaging
3: FWR + 50 msec window length averaging
4: FWR-+ 150 mgsecwindow length averaging
» shown are the results of -various modes of processing. The

effects of smoothing using  different window Iengths are
¥ d Y
clearly depicted as are the variations produced in the
signals for different electrode placements on the given

muscle.
A\
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. Figure 4,5
EMG signal processing for Subject C (m. vastus lateralis)
Lowesat elgctrode position
1: Full wave rectified EMG signal (PWR) .-
2: FWR + 16 msec window length averaging )
3: FWR + 50 msec window length averaging
4: FWR + 150 moec window length averaging

’

4.6.2 Repeatability Curves

Figure 4.6 shows a representative .set of
répeatabiiity curves for different electrode positions on
the m. vastus lateralis df subject F. The ordinate reflects
the variance ratio as described by equation 4.1, whilst the
abscissa depicts the window lengths which were selected for
digital processing of the.acquired-EMG data. The_electrode

‘ k /’//””’ﬁwﬁﬁ—
positions indicated in Figure 4.6 are described fully/ by i

Figure 4.3, The shape of the repeatabilj curve wify

N j

e it el L
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, \
Iﬂ 50 108 150 200 250 388 350
Yo '
WINDOW LENCTN (ms)}
Figure 4.6
/ Repeatability curves for different
. electrode positons Subject F
Speed of walking = 140.0 cm/sec
Stride length = 150.0 cm
No. of footsteps = 5 L
1: Top , 3: Lower middle
2: Middle Vi 4: Lowest
R N o
increases in window length is of interest. The trends

exhibited by all such curves were c¢onstant for all the
subjects tested. The general characteristics exhibited by
repeatability curvé% can be briefly summarized as follows:
Beginning with narrow windows and increasing the
window size, the curve descends with a sharp negative sloée

until it reaches a Minimum (In Figure 4.6 curve #1 réaches

its minimum at/a window length Wpin ©Of approximately B84

.
)

- —————

-
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msec). After the minimum the curve ascends with a gradual’
positive slope.

One can rationalize the shape of the repeatability
curve by taking recourse to Figure 4.7 wq‘%h is a plot of
both the numerator and denomin&tor of VR‘as a function of
window . length. For the range of window lengths W<Wpin
randomicitie re being smoothed,out of th; rectified EMG
signal 1Kf§§§;19 way that the resulting enveiqpés beqome as
repeatable as is possible (i.e. the variance ratio VR
finally reaches a minimum). Note that the numerator of VR
decreases more rapidly than the denominator over this range.

ter this point, as the smoothing increases with increasing

window length (W>W ;. ) the numerator of the variance ratio

remains constant while the denominator tends to decrease

further until finally reacPing a constant level. Thus the

4

repeatability curve tends’ to ascend !;r W>Wpin 25 more and ..

more repeatable phasic information is b?igé smoothed out of

the the EMG signals.

4.§.3 Selection of Processor -

The optimal processor would thus lie in the vicinity

of the minimum corrésponding to a window length Wpin: - IR

Figure 4.6 curve #1 the minimum occurs at approximately B84

msec. Recognizing the gradual rise in variance ratio for
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ol so 150 250 350 450 550 650 750 850 gs0
W
MIN WINDOW LENGCTN {ms)
o
Figure 4.7 . ’

Numerator and denominator of the variance ratio
as a function of window length Subject B

Speed of walking = 83.3 cm/sec

Stride length = 150.0 cm

No. of footsteps = 5

1: Numecrator of variance ratio

2: Denominator of variamce ratio

s

- .

windows exceeding Wnin the choice of a particular processor
would be governed by two practical conditions. The
processed signal should be: R

(a} obtained aé quickly as possible and

(b} contain the most consistent é'd reliable
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In Figure 4.6 curve #1, an obvious choice for. an
optimal procéssor would bé a rectifier-averager with a- RC
time constant of approxiﬁatély 84/4 = 21 msec (as mentioned
before. the window 'length of a given digital rectifier-
averager -is approximately 4 tiﬁea the RC time constant of
the ' corresponding hardware rectifier-averager).
. 7/
4.6.4 Electrode Position

Clearly from Figure 4.6, repeatability curve #1 is
associated with the optimal electrode position since the EMG
sigﬁals associated with that particular eléctrode pgir are

the most re}iable over the entire range of processors.

: -1
4.6.5 Walkingaséeed N~ , -

Figures 4.8 and 4.9fahow variations in repeatability
for three different speeds of walking in the cases of
subjects A and D. Interestingly in both cases (bugtlo 4
greatqr.degree'with D)'thé most comfortable galt spéed-lq
the range selected (aa‘ aasegsed by the subject) was
associated with the most repeatable curve.

These results suggest that a adbject‘is.unable to

walk repeatably to the same degree at different speeds. It

ia interesting to note that in previous work (Milner et al,

1971a) it was concluded that the most comfortab¥e walking
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WINDOW LENGTH (ms)

. Figure 4.8 )
Repeatability curves for dififerent speeds of walking

Subject A
Stride length = 120 cm
- No. of footsteps = 5
1: Speed of walking = 70.5 cm/sec
2: Speed of walking = 96.7 cm/sec
3: Speed of walking = 100.9 cm/sec - + -

speed would be such as to minimize "energy consumption”- and
. ' ’

also permit a reasonable propulsion speed. The above -

results lead one to speculate on thé possiblity of a maximi-
zation of the phasic repeatability of electromoygraphic
éctivity concomitant with a ‘minimization of" energy

consumption.  Further work in this area seems warranted.

[T T e T T Sy P Y ST Ve UV
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=0.4

lﬂ 50 100 1507 200 250 3 350
WINDOW LENGTN (ms)

. Figure 4.9
Repeatability curves for different speeds of walking

Subject D
Stride length = 112 cm :

No. of. footsteps = 5

l:. ' Speed of walking = 63.8 cm/se¢
2: Speed of walking = 90.3 cm/sec.
3: Speed of walking = 96.8 cm/sec

-

4.6.6 )thimal-éléctrode Sites and Walking Speeds

’ Tﬁble‘4:i records the optimal electrode positions and
optimal procesgor ranges for the six Qifferent subjects over
a range 'of' speeds. Examination of the table shows that
generally the optimal electrode position stays practically

constant aé the walking speed changes. In only one subject

F did it change quite dramaticallv,.

> b
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TABLE 4.1

Optimal electrode positiohs and processor ranges for

six different subjects =
'\j .

rf = m. rectus femoris

vl = m, Qastus lateralis

. C s
See Figure 4.3 for key for electrode-rposition on muscle

. . ' >
SUBJECT MUSCLE STRIDE LENGTH . SPEED OPTIMAL OPTIMAL W
. (cm) (cm/sec) ELECTRODE WINDOW  (m8&d) . g
Heel-gtrike to . POSITION LENGTH _ :
Heel-str ike ) "RANGE - )
. {msec) _ ‘ !
A cf 120 70.5 Middle 200-300 250 .

96.7 Lowesat 200-300 250 _
100.9 Lowest 125-175 150 -

B rf 150 ’ 83.3  Lowest 125-175 ° 150
| 126.0  Lowest 125-300 235
c vl 112 . 73.6  Lowest 16-150 - 83
88.1  Lowest 250-350 300
' 116.0 Lowest 16-75 40
,J D vl 112 63.8  Lower

Middle 100-200 150 o
90.3 Lowar ) —

Middle 150-350 250
96.8 Lower :

Middle 50-100 %
E vl 90 '*<t:2 62.7  Lowest 16-75 4

-

82.5 Lower o
Middle 100-250 175

- F vl . 150 . 96.% Tops  140-160 150
. _ 111.4 Lowest 250-450 350
- 140.0 Top - 75-108 84
’ , ) S

A%

b sadsirio 4 ¥ St bbbk it et s i
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4.6.7 wWindow Length and Walking Speed

Lo N

"The optimal windpwtigngthnrghge for processing varies -
as a function of the speed of walking. One interesting
- observation is that for thgee of the four subjecfs for ﬁhhﬁi
. . \‘\
- three. speeds were analyzed &a smaller window length . was,

3 'needai.to‘readh maximum ;eliabilty for the slow and fast

speeds than for the medium gait speed.

4.7 Conclusions

Theivarianée ratio as defined in this chapter emerges
as a useful descriptor of repeatability of -the electro-
mographic signals. The characteristics of this ratio have | v

) .o [y

been explored and experimental data pertinent to

.- placement .and[ﬁwaiking speed variations discus¥pd and
! désedibed.- _ - e
‘.
S o
~ 4.7.1 Potential Uses: .
;J : ' ' It is evident ‘that using the .criterdon 'described in

this paper one is in-a position to ascertain an area of the
‘muscle which 1s of a conétant reliability with respedt to
‘identical electrode pairs. This knowledge could facilitate

a comparié&n of different types of electrodes. It ia

germane to speculate at this point that the determin&xion of

.

such an area (independent of the type of electrode used)

could in fact support the view that certain regions of a

—

.
et Ty T
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given muscle predominate over the remainder of the muscle
for a given motion.' Kaflsaonrand Jonsson (1965) showed with
the aid‘of electgp@yog;aphy that th® rostral part of the'm.
éluteus maximus behaves differently from the Temainder of
the muscle during abductioﬁ "although both parts gf the
muscle weré.equally aqtive dur}ng extepsion of the thigh.
Further work 'correlating function w statistical

‘reliability seems warranted,
-

_ ~The resu{ta of this chapter also Qg&r compar ison with
the work of Norman et al {1977). They were interested in
determining how short a sample of EMG could be processed and
still yield a relaﬁively stable number representafi&e of
motor unit éctibity. Rectified integrals of varying timé
durations were calculated from the same sample of raw’ EMG
interference pattefns. Coefficients of vaﬁgntion of these
integrals were studied as the index of Télative stability of
the information contained within each integral. Their plots
of coefficient of variation again;t integration time (haec)
are very similar to the p1ota shown in PFigure 4.6. Norman
et al (1977) in fact cémmented that the "elbow" in ftheir
curves occurred at an integration time in thg regiOn/C¥ 50
to 75 msec which is comparable to the value (84 msekt) of

Wnin in Figure 4.6.
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Having determined the optimal type of electrode,
electrode position and form of processing for a number of

synergistic muscle groups -one could use the same criterion

. to give a weighting to the contributions of different muscle

groups involved in the same motion.

.
- Thé criterion described in this paper is also
currently being explored in the Laboratory as a means of
making quantitative decisions on the ghoice of the best
processed form of the EMG eignal‘wher} used as a control °
mechanism for functioqal electrostimulation of skeletal

3

muscle for a éiven desired motion.

The contents of this chapter have been published in
the form. of a progress report (Hershler and Milner, 1977a)
and have been accepted for publication in IEEE Transactions

on Biomedical Engineering.



CHAPTER 5
QUANTITATIVE ANALYSES OF AHGLE;RNGLE DIAGRAMS

IN THE ASSESSMENT OF LOCOMOTOR FUNCTION

5.1 The Qpaﬁtification of Angle-Angle Diagrams

5.1.1 Introduction

A number of authors have used.the angle-angle diagram -

repreaen@ation of data in which two selected lower 1limb

. /,——-" +
joint angle variations are plotted against each other for

corresponding instants of time. In this chapter a brief

review of previous work which utilizes these dlagrams is

presented. Also gﬁcluded is a discussion of the limitations .

pf visual inspection of the diagrams as well as "a
delineatipn of a number of key parameters which are of value
in interpreting and assessing the diagfama and making the

data from them amenable to statistical analyses. JPhysical

interpretations of the selected factors are rendered where

possible (interpretations include aspects regarding range,
coordination and overall control). Pinally the. results of

experiments conducted with 5 normal subjects, an above-knee

Y
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(A/K) amputee and a cerebral palsied (C.P.) patient using an
implanted cerebellar stimulator are presented.

..This chapter includes a fur ther in-depth anal?E{; and
interpretation of the results associated with the, same C.P.
patient. The discussion presented at this stage is of a

multidiscipiinary character and is the combined work of a

number of individuals including the author of tKis thesis.

The joint efforts of .this group has resulted in the
puslicﬁtion Qf this work in the form of a monograph (Milner
et al, 1977). It was gratifying to note that the ideas on
quantification of angle-angle diagrams suggested by this

author in section 5.1 were utilized extensively in this

fl

work.

Essentially, the subjects were fitted with electro-
goniometers to meaahre hip angle gnd knee angle histories‘in
éhe sagittal plane during locomotion. Alpoﬁ footswitches
were fitted to measure heel and toe contact times. All of
the acquired data were sampled by and stored in a mini-
computer (PDP11/10) which was programmed to proéduce
perEinent displays énd to coﬁpute relevant factors. Major
attention was focﬁssed on the areas of angle-angle diagram

loops, their perimeters and a dimensionless ratio P, defihed

as’ the ratio of .perime;er/aquare root (area) and which

-
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appears useful as a qnantifie 0 thd shape of the angle-
angle dliagram. variations of these three parameters as a
function of walking speed for the normal subjects and the
A/K amputee are presented and discussed In the case of the
GC P. patient the temporal variations in angle—angle diagrams
and pertinent parameters were atgdied with the implanted
cerebellar stimulator both on and off. In the light df the
work presented in this chapter, it appears that the quanti-
tative analygg;, 'whén 'coupled with a visual .displaf of
pertinent angle-angle diagrams, render a more complete
assessment of locomotor function. In addition,??xtraction

of appropriate parameters ~makes possible statistical

analyses associated with locomotor performance.

5.1.2 Background s

For the benefit of the readers of this -thesia,
certain relevant papers included in the general background
review of gait (Chapter 2) are further - discussed.  Their

™
efforts arf indicated in what follows.

Grieve (1968) stressed two important peoints with
respect to an improved understanding of gait. Firstly, he
argued that gait studies based upon the whole range of
walking speeds would go further towards an underatandiné of

the walking mechanism than a further elaboration of the

e r———— 0 ————
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fixed-cadence approach. Secondly, he proposed a new format

for presentation of joint angle histories. He—sﬁqqé%ted

that since 1its clinical acceptability depends upon

information being presented in a pa&gﬁable form, the joint
.angles 05‘ the lower 1limb be plotted against each other.
These angle-angle diagrams present walking cycles in cyclié
loops with the further attraction that various gaits prodqce
characteristic, easily recognisable, loops. While Grieve
confined his attention to normal gait, other authors have

utilized the representation as well. Lamoreux {1971) using

exoskeletal goniometric devices measured several kinematic

" variables oﬁ normal subjects and paid particular attention’

to the effects of changes in walking speed‘ on these
variables. Among the variables measured were hip and knee
‘joint rotations in all three planes. He found ig advaﬂta-
geous to dis;lay some qpsqlts in the form of knee-anglg/hip
angle Qiagrams. Milner et a} {1973) followed on Grieve's

suggestions and used knee-angle/hip-angle diagrams to assess

locomotor function. Using a stroboscopic photographic

method to acquire the relevant data, they showed that a
normal subject exhibited characteristic angle-angle diagrams
for five different sgpeeds. They analysed pre-opefatively
-the gait of 5 patients suffering from unilateral osteo-
arthritis of pheir hips. The shapes and positioﬂs of their

angle-angle diagrams diffgred from normal and .those for the

[CRRY Y
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affected side differed fadically from the .ones on the
contra-lateral sgide. It was clear that this method of
reprééénting the data was extremely useful because of the
large amount of informatidn conyeyed in a siéple manner and
in view of the distincé/;;;I;:zngle patterna.obtainedlfor
the patients tested. Milner et al (1974) followed the
latter study with a post-operative one on the same patients.
From an examination of the pre¥operat1ve and post-operafive
angle-angle diagrams it was seen that there had been a
dramatic change in the pest-operative condition. The shapes
and positions of the left and right side patterns were very
similar post-operatively. Smith et al (1 76) used‘tﬁe same
approach as Hzlner et al (1973, 74) to asseBs pre- and post-
operatively 12 patients undergoing the htienborough knee-
joint replacement. The results clearly demonstrated that
angle-angle diagrams enhanced the objective assessment of
the operative.procedure. Paul (1976) recognised the value
of angle—éngle displays for measuriﬁg changes in patient
performance corresponding to surgery ané‘post-opeiative

treatment.

-

5.1.3 On Angle-Angle Diagrams

Recognising the comments of previods workers, it is
considered that angle-angle diagrams have facilitated  the

introduction of measures of objectivity in the clinical

= e
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assedsment of gait, It is important to note that these

diagrames can have a number of attributes for single and
[,' ~ o

Single Loops: These reflect kinematic data for a single
footstep as follows:

(1) Data arerpresentmi in a clinically-acceptable
form which usually represents temporal and angular data

allied simultaneously with two joints.

(2) Various gaits present characteristic easily

recognizable 1oopa. .

(3) The position of the angle-angle diagram relative
to a set of mutually perpendicular axe nveys informetibn
concerning limitations in the rarMion.

(4) The overall 'ranges of motion are readily
appreciated.

(5) 1t is possible to conveniently annotate angle

diagrams to reflect the occurrences on the contralateral

limb (i.e. footawitch information) .

Multiple Loops: These depict kinematic data for more thaﬁ
one footstep, Sequenticl lcops-render a visual iqpreasion
of the repeatability of gait and the same format is utilized
in conveying the information; rather thaq lengthy tracings.

Thus the. presentation is concise.

o
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5.1.4 Limitations of Visual Inspection

It is recognised that there are certain limitations
regarding the information which can be derived only from a

vigual inspection of eithér single or multiple loops.

Single Loops

Basy comparison between two single ioops necessitate

‘the generation of the two loops using the same set of axes.

The aspects which might be compared are:

(1) Ranges

{2) sShape of clo;ed loop - . -
. (3) size (area) of cloped loop ‘

{4) Perlmeteror iength of pattern which delineates

the closed loop.

)

(5) Position of centroid 7

With the exception of (1), the remaining components

‘require substantial effort and time commitment for their

determination unless automated techniques, e.g. the
computer, are invoked. A visual inspeétidn is unable to
discern combined Jjoint angular changes which might reverse

direction for a short time along their original paths.

Multiple Loops

The same 1issues regarding single loops appiy. . In

addition, with multiple loops: ' o

rias - N
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(1) Thg}r presentation suffers the disadvantage that
othef information (temporal, contralateral limb performahcef
co&fuse rather than clarify.

(2; Where the perimeters of the individual 1loops
intersect or come close together it is not always possible

to follow each loop with certainty through its complete

cycle.

(3) quantific#tion of the repeatability of géit
derived from multiple lopps necessitates measurements of,ﬁhe
rangesfof variability in the parameters either allied glth
selected locglizza\hqnes of aAaet of angle-angle diagrams or

of each loop in.its entirety. This would, in general, be a

laborious, time-consuming task.

-

5.1.5 RKey Factors

From thé foregoing discussion, it is apparent, that ’

there is a need to extract relevant qumbers with
cprreapoﬁding ph&sicgl interpretationé from‘ tﬂe.'diagrams.
these numbers should enable the various identifiable aspects
cf the angle-angle diagrams-to‘bd amenable to unambiguous
and ridorous statistical anélyaeu. A fundamental qnestion
is: . "what afé the key parameters that.should be extracted
from the angle-angie dlagram?" The answer to this question
is not only important for the quantification of angle-angle

diagrams but ﬂis aiao important for the establishment of

e ey
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ground rules for visual examination of the diagrams. It is
conslidered that the following factqfe (not listed in order

of imp%rtance) are of value 1in. interpreting angle-angle

-

diagramg:

(1), Area, A, of closed loop.

( (2) Peffmeter, P, of the boundary of a closed loop. -

{3) Shape of the closed 1066.

(4) Pattern of the boundary of the loop (P affords a
measure of the length of this pattern, but derivatives will
provide directional information).

- (5) Ranges of the angular variatiéhns.

v (6) Time t (and direction of the traverse of the

i

loop) . _
(7} Position of the centroid and orientation.of the
diagram with respect to the coordinate axes.
(8) Higher order de;ivativea about the loop. ‘
(9) In the case of multiple loops, variability of

selected parameters in the ranges traversed by the diagrams

Y
in selected localized zones.
. N _ .
(10) Segmenting the loops into pertinent zones, e.g.

'.swing and stance phases, all of the factors listed'above can

be determined for such segments. ' ft may a’o be convenient

to. segment according. to intersections which the loop makes

with itself.

PR AP RUpWE
.
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5.1.6 New Directions

In this chapter attention is paid to the first three
key'factbrs indicated above by making a detailed examination

of the area A, and perimeter P and their combination

" expressed through a dimensionless ratio pay= B/ /A. This

latter ratio appeafs to yield a useful dEscription of the
shape of the closed loop. In the main attention is confined

to the properties of the overall angle-angle diagram.

The area A, pgrimeter P and perimeter/Yarea (gﬂf have
been computed for individual knee—angle/hip—aﬁgle‘diagréms
in the sagittai plane'for both,legs‘qf 5 ﬁorﬁ%l squects (2
male, 3 femaleL walkinglat 4 different speeds on a level
surfacg. The same study was repeated on an above-knee
(A/K) amputee on both legs at 4'different walking speeés.

Three separate studies were performed on a Cerebral Palsy

{C.P.) patient who bhad an implanted cerebellar stimulator.

The same parameters were extracted from the knée—angle/hip-
angle diagrams in the sagittal plane of one leg for a number

of conditions.with the stimulator on and off.

5.1.7 Physical Interpretation of Variables

Area

A typical knee-angle/hip-angle diagram in the

sagittal plahe is shown in Figure 5.1A. Figure 5.1B defines

- . .
- Y - -
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HIP FLEXION

: Figure 5,1A
A typical normal knee-angle/hip-angle diagram. - Subject A.
ST indicates onset of stance and then "reading” the loop in
a clockwise direction SW indicates onset of swing.

/ N

thé knee and hip angles. An examination of Figure .5.1A
reveals the range of knee flexion --hyperextension along t?e
Y-axis as well as the range of hip flexion - extension along
the x-_axia. Clearly, the area of any su‘ch. diagram i.s a
function of both knee and hip angles and is expressive ;ﬁ
fhe total cpnjoiné range of angular motion experiencedat the
hip énd iknee joints during one coﬁpleté- gait cyclé. By

conjoint range we mean the mapping of all’ possible,

%
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" angle-angle points during a gait cyclé.
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DIRECTION OF FLEXION AND EXTENSION

- Pigure 5.1B .

\
When segments of the diagram which contribute to the

' whole are examined. it is noteworthy that wh;n area ' is

cbnt;igﬁ$eh it implies that simuitaneops .rotations have

OCQQQEed about the hip and knee joints (See Figure 5.2 and

note‘that there 18 no area contributed along segment AB of
loop 3). '
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Figure 5.2 .
Three superimposed angle-angle diagrams
1: Solid line: Normal anglp-angle diagram
area = 1452.0 (degrees)
P = 170 degrees

2t Dashed line: Jerky and uncogrdinated motion
area = 1452.0 (degrees)
- P = 230 degrees
. PA - 6-03 v

3: Dot-dashed line: Angle-angle diagram with:
rectangulay segments
area = 1452.0 (degrees) _
) 2 = 156.8 degrees .
PA bl 4- 11 p

Pl

Abscissa: Hip angle 10°/division :
Ordinate: Knee angle 10°/division /‘////‘
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Perimeter

With changes in the angle at elther joint there is a
corresponding change in the perimeter of the angle-angle
dlagram. If any angular varlation is jerky (uncontrolled or

incoordinate) the angle-angle diagram will

be lengthened in sapite o‘ the fact that conjoint range or
bound area may stay, approximately constant (See Figure 5.2,
loops 1 and 2). Although the perimeter is a function of
both the knee and hip anglea, a change in only one of the

angles (keeping tne ~other constant) could increase the
’ |

Nperimeter without contributing to the area. In this case ,

(See Figure 5.2, loop 3} the angular changes might occur in
disqrete jumps panq&lel to elther axis resulting in an
angle-angle diagram with rectangular segments. This would
be a reflection of a robot—like gait in which only one'joint

angle changes while the other 'is maintained fixed. The

perimeter would change accordingly with again possibly no

increase in the conjeint range. The perimeter would seem to

provide a reflect}on of the coordination between the two

Joints during gait."

- . 3

{

Perimeter//area Py

The dimensionless ratio Py suggests itself cas -a
quantif}er of the shape of the angle-angle diagrah for a

, given value of the ratio knee angle range/hip angle range.

e
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- those encountered in, say, angle-angle diagrams.
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P, was chosen to be the perimeter/varea instead of Varea/
pPerimeter in order to achieve more sensitivity in
distinguishing between different shages. In order to better
appr’e'ciatej the relationship between P, and shape we Hhave
examined a number of. well known geometrical shapes and
plotted P, versus length/breadth (rectangle, parallelogram,
rhombuﬁ and sgquare) and P, versus major axis/minor axis
(ellipse and circie). Figure 5.3 shows graphically the
var ious relationships.' It i8 clear that for a given ratio
of length/breadth (or major axis/minor axis) a given value
of Pp can be associated with a particular geometrical shape.
However, the absolute value' éf PA ddés not always
necessarily uniquely specify a particular geoﬁetric shaée.
In particular, see Figure 5.3 where curves 2 and 3

intersect. -Such intersections may possibly occur with other

" shapes. Thus it can be concluded that P, has potential

»

value |{n reflectlnq relative changes in shape relating to

-

L3

- It should -be noted thak if the shape of the
angle-angle diagram sﬁays constant the value of Py will also
stay constant in spite of the fact that the area of the
diagram might change dramatically. For the situation where
the ranges of angular mdion stay constant but. the 1limb

movements are uncoordinated and jerky as compared with
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P )
1: rectangles ?L/B = 1.0, cyrve tends to a square)
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parallelograms subtending angles of 45°
(L/B = 1.0, curve tends to a rhombus)
ellipses (L/B = 1.0, curve tends to a circle)

L is length of larger side in the case
parallelograms and length of major axis
ellipse.

B is length oihémaller side in the case

parallelograms-bdand length of minor axis.
ellipse.

normtal locomotion, the ratic P,

of rectangles and

in the case of an

of ‘rectangles and
in the case of an

/

? would tend to 1increase.

Conversely where the gait is such that apgular changes occur

in discrete jumps as compared with normal locomotion, P

A

would tend, to decrease (assuming, a constant range of

m e e gl
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motion). This is lustrated by Figure 5.2. Here we show
three spperimposed'ﬁﬁale-angle diagrams. The diagram drawn
with a solid 1line (loop 1) represents a t§pical normal
angle-angle diagram similar to the one shown in Figure 5.1

(P, = 4.46). The angle-angle :diagram drawn with dashed
ﬁﬁﬁ%;/ (loop 2) represents a hypothetical motion of equal
range to that of the normal but with limb movements tha; are
uncoordinated and jerky (Pp = 6.03). The third superimposed
and hypothetical diagram drawn with dot-dashed lines (loop
3) represents an equivalent range motion but where the gait
is such that one of the joint angles is kept constant while

the other varies resulting in an angle-angle diagram with

' rectangular “segments (P, = 4.11).

5.1.8 Experimental Procedure

. Hip and knee angle histories were collected from all

subjects incg 5 normals, an A/K amputee and a C.P.

patient using electrogoniometer measuring systems based on-

the design of Lamoreux (1971). Figure 3.11 is a typical
electrogoniometer attached about the knee of a subject. The
hip and knee angle information were " obtained froﬁ
electrogoniometersystems aththe,hip and knee joints usually
of both sides of each subject by sampling the corresponding
voltage signals at 200 Hz and storing the digital

information in a PDP 11/10 computer, Footswitches located

]
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under the heel and toe of the shoes on both sides and in all
cases eﬁabled the times of the various gait phases (swing
and stance) to be computed. The average speed over a
measured diatance was determined by timing the walk of each
subject. Eﬁhr metronome frequencies (56, 66, 88 and ‘112

-

beats/min.) were used for those subjects for which %our
gpeeds of walking along a 1eve1 sur face were prescribed.
These resulted in very’slow, slow, medium and fast/walks for
each subject. These constraints were imposed with a view to
creating fairly repeatable stride perioda. Each gait cycle
could then be uniquely identified by the average apeed and

period.

Each attached electrogoniometer.was calibrated using
‘two selected angles in toe rangé of movoMent. For each
angle the corresponding electrogoniomatric voltage was
acquired and stored by the computer.. Foilowing final

. ) r :
acceptance of the calibration informgtion,-each subject was

allo@ed to walk the length of the waikwaQ_at his (or her)
moat' comfortable cadénce  for each of the 'requ}red
experimental conditions. When the g&;;ect appeaied to have
attained a relatively'constant Golocity, the computer Qas
fremotely ;Liggered to colléct 10 seconds of“igta sampled at
’200 " Hz. the . analog daof were then d&eplayed

oocillog:aphically for verification and aoceptance. %35
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Above-Knee Amputee

In the case of the A/K amputee, in addition to the
first study, which was concerned with the effects of walking
speed on both legs, a second study was carried out. This
atudy examined the effects of changing the alignmert on the
prosthesis- and ' allowing the patient to walk at his most
comfortable speed. Given that "medial whip x©" means that
an external rotation of x© with respect to correct alignment
was applied to the prosthesia below the knee, in such a way
that, during the forward swing of the prosthetic leg, the
prosthetic heel rotated medially towards the other foot
(medial whip) the ‘three new settings examined were:

J (1) Medialwhhlg_Zo unpractiged gait

(2) Medial whlp 20 practised gait

(3) Medlal_whip 15°7§racfiaed gait

C.P. Patient

"'A 33 year eld.male with spastic cerebal palsy capable
of independent gait was chosen for Fhia atudyl A cerebellar
stimulator waa‘ implanted two and a half yeara.‘ago and
coupled to platinuﬁ disc electrodes in a silicone coat mesh

located over the anterior lobes of the cerebellar cortex.

Stimulation-was with 200 Hz bipolar rectangular pulses with
© less rhan'u45 p C/mm2 of charge delivered per phase.

.Previous studies of the effects of cerebellar stimuation on

L)

. w
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this patient include H reflex responses, V; and V3 -1ate
responses, somatosensory evoked potentialé, and visual
evoked potentials (Upton and Cooper, 1976); more recent
investigations have included brain astem evoked potentials

-

and respliratory studies (Table 5.1).

‘ . 4
“PABLE 5.1 #

C.P. patient neurological data

- e
q Vi Vs SSEP VEP
Patient D.A. RLB R LB R LB RLB RLB
Male. 33
Cerebral Palsy
"Ef fect : + v ¥ + + 4 + v % + + ¢ 00O
Times seen 3 3 . 3 3 3
»
BSEP Sleep/Awake Gait EEG Poly-
. Patient D.A. RLB Respiration R L B RLB graph
RLB
Male., 33

Cerebral Palsy
ffect 000 4] + 000 ¥4 b

Time seen

This table\ summarises the rebults of various neuro-
physiologicai investigations in the 33 year old cerebrai
- ' .
palsy patient. Note the effects of. right-sided’ (R), left-

sided (L) and bilateral (B) cerebellar stimulation (CS) at’

i P
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. 200 Hz on H reflexes in aoleus/gastrocneplus muscles (H), vy

and V3 late responses, somatosenaof?ﬁévoked potentials after
median nerve stimulation (SSEP),' visual evoked, potentials
after flash stimulation (VEP}, brain stem .evoked botentials,
after click stimulation (BSEP), respiratory studies
(RESPIRATION), gait studies (GAIT), electroencephalogram
(EEG) and polyéraphic recordings of involuntary movement and
muscle tone (POLYGRAPH). A significant reduction in

amplitude (+), a significgnt effect (+) and xg;»effedffio}i\*a

are shown. A blank space indicates that the test was not

performed.

The ,patiént has  been_seen on numerous occasions
(FIMES SEEN) fo¥ the different) tests and the results have
been remarkably consistent over the courge of 14 months with
no app#fent change in thresholds of stimulation two'and'a
half years after implantation of the stimulator. The
correlation between the results of studies of reﬁlexes, lz:Z
responses and évoked potentials with the gait analysfs wb
indiéate that the physiologiéal responses may.be used to
predict clinical effects. However, in some other patients
reflex effects of CS could be detected in the absence of
clincial response and clinical effects could be detected in
the absence of measurable changes in refleies or late

responses; further studies will be required to assess the
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most valuabie objective measureme'ﬁts which will allow
"biocalibration" of stimulators and prediction of clinical
outcome of cerebellar stimulation. E . !
' )

_E‘ollov};ng. on “a number of pilot‘;_experiments to
determine suitﬁﬂble subsegquent strategies,‘ fhree exper iments
were performeé.‘ in which electrogoniometric data ‘ were

gathered only on\‘-‘_\the left side and they are reported here.

h
\

\

Experiment \I_was preceded by five hours with the
stimulator off. Electrogoniometers wekgs piaced' on the
appropriate joints as described 'above, the stimulator was
turned on and data were collected for traverses along the
walkp_ath at times 0,3,,5.,14.and 21 minutes later. The
patient was not told whether the stimulator was active or

not and no results were displayed to him during the -,é\sting.

Exper iment II beg after 25 minutes of stimulation.
The stimulator was turned off and data collected at times
0,2,4,6,8,10 and 12 minutes later. Experiment IIX was done
with the stimulator off following two months of uninter-
rupted stimulation. Data ‘were obtained at ‘times 0;2,4_,6,8,
10,12,14 and 20 minutes later.

Before each experiment the patient was told. to walk

/

7
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at a comfortable pace and rest stations were set up at each

end of the walkway.

Calibration Error

Several subjects were calibrated before and after the

-experiment to obtain -an estimate of calibration error. The

“maximum change in calibration values that ever occurred with

any subject was 20%. It was estimated that observer error

would account for less than half that range, with the main

. o
source of error due to slippage of the electrogoniometer

system on the limb segments during the experimental run. In

order to estimate the effects of calibration error on the -
\

quantita£ive results, one set of exper imental data,. (C.P.
patient, experiment III) was analyzed again under the
fo}lowing conditions:
(1) Hip angle only reduced by 20% ¢
' (2) Knee angle only reduced by 20%
(3) Hip and knee angles both reduced by 20%

In each case the effect of the error was to reduce

-area and perimeter in such a way that the ratio P, remained

# N
egsasentially unchanged both in magnitude and “rend. The

maximum changes in area and perimeter were approximately 30%

© .and goi respectively but even though the area and périmetér

changed in each case, thelr prends'remained constant.

e it T A PO b S s T
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Footswitch Information : ' ~

- With the aid of a pattern recognition algorithm

implemented interactively on the PDP 11/10 computer (de

Bruin and Milner, 1977) the various ﬁdo:switéh patterns were

'separated into individual foqtsteps (Figure 3.2) and the

associated hip and knee angle informdtion written into

separate records on disk. ' The various data records were

then amenable to quantitative analysis and the parameters A,.

P and pp were compuEfd.

"Methods of Comgutétion

The computer programs (Hershler, lQ?fb) were-writfen'

in Fortran IV language and realized the following functions:
(1) The x,y coordinates of the points where thg angle-
angle diagram intersects {tself were computed. These loop
intersects (if any existed) divided the larger angle-angle

di%gram into a number of smaller loops.

{2) The area of each individual loop was computed using

an analytic formula from Edgett et al (1960).

(3) The ‘total  bound area of the angle- angle diagram was

obtained by summing the areas of the individual loops. The

error assotiated with the computation of the area was found

to ‘be < 1%.

+

(4) The perimeter of the angle-angle diagram was computed

—

by successively adding the distance between two adjacent
" ) - - \—/'%

v §

€
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points as one moved around the” loop. The error associated

+

with the computation of the perimeter was found to be < 2%,

5.1;9§ Results and Discussicnﬂ

Normal - _ -_(v

Figure 5.4 is a plot cf 4 successive knec—angle)hip-

-angle diagrams for, one of the normal subjects.. In this

TN 2
figuret ST represen{é onset of~stance that occurs normally

at heelstrike. "Reading" the loops in a clockwise direction
brings one to SW which is onset of swing occurring at the

toe-off,. Following heelstrike there is a small amount of

hyperextension followed by a'yrapid knee flexion and’
‘extension which shows up as a "kink" in the loop and which

& . , .
s due to the shock absorbed atMthe knee joint during the |

initial weight-bearing phase of stance. The hip extend

throughoht this manoeuvre, In the latter part of stance the

L}

knee begins a smooth, rapid flexion that will reach a peak

"in mid-swing phase, when knee extension begins in

preparation for the next heel satrike. The hip flexes
cpn;inuously but relatively 8lowly during this change from
knce flexion to extension during swing phcsé giving the top
of the diagram a peaked cppearance. These knee-angle/hip-
angle diagrams ‘are typical of all the normal scbjeccs

studied and show smooth control throughiswing and back to

v
. n ’ . - .
- - AN T AT

poTe

o -

[
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TOXMr T

10 19 20 30 40

i _ - MIP ELEXION -

. Figqure 5.4
Three superimposed angle-angle diagrams for normal Subject A
(Female: height 5'3"; welght 115 1b.; walking speed .95
m/sec). Note the high. repeatability in both shape and size
(area) . Dashed line divides any 1oop into a stance segment”
and a swing segment.

-

'etance. This is indicated by the smooth’ roufded appearance

of the correeponding segmenta of the 1oops The abrupt
change in the shape of the loop following the onset of

stance (ST) again ghows, the nature of the control mechanism
4

.that allows the eubject to absorb rapidly the ﬁnpulsive

. shock at the knee apd hip joints.' Note the repeatability in

+ 0

+
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b?th shape and ‘area. ,éigurels.s-consiSts of plots (for the
right leg of normal -subject A) of total area, perimeter and
P, Vversus walking speed respectively.‘ Drawn thrpudh the
expérimentally measur ed points. 1ﬁ each case 1is the best
. 1ineaf'fit as.determihgdhpy‘the least squares method. Table

T - .
- 5.2 contains the values of the y-intercepts and slopes for

the best linear fits of area, perimeter aﬁd PA versus
walking speed for all five normal subjects. Examination of
this table 1ndicates that both area A and perimeter P have a

close linear relatid%ship to walking speed while P, is

s - essentially dbnstant with ualkfﬁa\speed for both legs of all

i
.

normal subjects tested. Significantly, fhe repeatability
assoclated with each of the gait pérﬁmetgrs examined was
hidh for all the normal subjecés tested. This is shown by

" the widths of the standard deviations in Figure 5.5.

' " . With the a:ék of a planimeter (for measurement of

areas) and a ca;;?tated- wheel (for measurement of peri-_

meters) area A an périmeter P weré‘meaaured for the stance
(ST - SW - ST) and sﬁi’&”sw - 8T - SW) segments of 3 angle-
angle diagrams rep:esenting 3 , footsteps of the right leg.of
a normal subject. For each angle-angle diagram the rat1os
(area in the stance aegment)/(area in the swing segment) and

‘ *(perimeter of stance segment)/(perimeter of swing segment)

. éfﬁﬁ*gq_,,wﬁere C°m§0teq- Also, P, for the stance and swing segments
4 . - ’ 4 ! . RN

7
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Figure 5.5 t
for the right leg of normal ‘subject A. ' Drawn through the

experimentally measured points in each case is the bést
linear fit as determined by the least squares method.
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TABLE 5.2

Best Linear Fits for Normal Gait

Area versus

ng peed'
Subject Leg ,
Coefficient*
(d_egrees)2 (degrees)? of
; m/sec Determination
Y-intercept Slope .
Right  1093.57  1073.73 " es
A Left 1124.73  1748.45 .96
Right  -17.41  3038.55 .99
? Left  716.99  1654.33 .89
Right  1283.79  1206,69 .83
%\.\~ji Left 786.17  1106.58 .91
| Right  1595.33  1246.90 .98
° Left ,  1351,57 876. 4 . .99
. Right  1353.45 297.57 .66
g Left 1546..57 748.43 .67
* The coefficient of determinatidn = o ”}
- § (Yiit , ;,2

§ exp _J%‘I

fraction of the varilance of the experimental data
- explain d by the fitted curve._

L)
g



TABLE 5.2 (continued)

Perimeter versus
Walking Speed

164 ™\

Subject Leg : . Coefficient
degrees of h
' (degrees) masec Determination
Y-intercept Slope .
Right 178.95 56. 6 .97
A Left 169. 51 73.51 .98
Right 174,03 110.6 .98
° Left 169, 31 113.76 .98
Right -~ 181.23 51.56 - .95
‘ Left 149. 67 47.54 .. .92
Right = 159.30 96.15 .98 v
> Left . 145,87 76.0 .95
Right 144.42- 38.46 96
g Left 134.99 89.33 .99
,

] op— AW SRR ST

© e
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TABLE 5.2 (continued)

gﬁ vergus
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Tking Speed
Subject Leg .
. -1 Coefficient
. {m/Beag) of.
Y-intercept Slope Determination
Right 5.19 -.10 .33 Af
A ;
Left 4.r60 -.04 .01
Right 6.27 -.88 .92
B .
Left 5.81 .07 .01
Right 4.47 .36 .52
C
Left 4.42 .66 .05
Right 4.00 .78 .87
D o
. Left 4.11 .04 .49
Right 3.95 .55 .68
B
“left 3.5%7 1.10 .76
& -
/
. v
‘ &
: I
9
P
rd /.
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were computed individually and these ratios are shown in

' Table 5,3.

TABLE 5.3

Stance/swing ratios for area and per;méter of angle-angle

diagrams taken from a normal subject

Footstep Pp(Stance) Pp(Swing) Stance Area Stance Perimeter
ioototer _A A Swing Area  Swing Perimeter

1 4.72 4.08 0.54 .85
2 6.26 4.11 0.34 .88
3 5.17 4.38 0.48 . 82

This type of segmental analysis gives additional

information. The above results seem to }ndicaté that for

normals. conjoint angular motion is shared in the ratio 1:2_

(Qpproximately) between the stance and swing phases of a
footstep. Intuitively it 'can be considered that émore
control and cobrdihatidn-would be cailed éor dqripg stance
than during aying on the side being‘atudigd. The value of
the stance/awiﬁg_gii}meter ratio together with that for the

stance/swing area ratio indicates that ‘a substantially

-

greater amount of perimeter is associated with t stance

segmental area. This is further supported by the
Pp (stance) is astbstantially greater-than ph'(awing) while
the stance perimeter is fairly close in value to the swing

,perimeter. The implication of thia 1q‘9:pretation lends

PR ‘ -

that

e

~
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_ gﬁa slopes for tbe best linear fits of area, perimeter and

- flexion nor extension of the
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support to the abpve intultive -view. It is of interest.to

compare these data with those ‘for the A/K amputee and we do
- “\I . . . .

this later.

. N e v

-

A/K Amputee

FPigures $.6, 5.7 are multiple plots of knee-angle/ ;

hip—angle-diagramé"for the left (prosthetic) and rigﬁt legs

|
respectively of the A/K - amputee. . Pigure 5.8 consists of IJ [
ared, peériméter and P, vVersus walking, Epeed for. the left
(prosthetic). leg while Figure 5.9 gontaihs corresponding

plots for the.right leg. Figure 5.10 is a plot of Pp Versus
walking speed for both legs of the A/K amputee with each

measured point representing a different alignment of the

prosthesia{ Table 5.4 contains the values of y-intercepfs

Pp versus walkiné speed for both lggs of the

It is pertinent to note in Pigure oﬁinggpoints:

1

(1) Lack of "shock absorbgr" effect/after heélgtrike

(ST) reading"™ the loop in a

irection (i.e. mo_
after heelgtrike).

The knée is locked.

(2)' Brief flexion follows Y 3ubstantia1 exteng}on_‘?

of hip after heelstrike with the knee locked in“position. ¥ .
' (3) wWith the knee locked, the hip extends until

ongset of swing (5W). 'The control exhibited by the A/K

-3

-

P e R
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SW,

by

. Figure 5.6 -
Four superimposed angle~angle diagrams for the left
(prosthetic) leg of the A/K—amputee
Note: (i) lack of "shock absorber" effect after heel-strike
(ST} reading loop in a clockwise direction (i.e. no flexion
nor extension of thée knee occurs); (ii) Brief flexion and
extension of the hip after heel-strike with the knee locked
in position; (iii) Symmetric flexion and extension of the
knee and hip. '
Ordinate: Knee Angle 10°/division
Abscissa: Hip Angle 10°/division

b
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Flgure 5.7

Five super imposed angle-angle diagrams for the right
Teg of the A/K amputee

Note: (i) Extremekcomplexity of loop shape compared wlth

prosthetic side and with normals; (ii) Large amount of hip
extension; (iii) Right leg seems to be compensating in a

fairly repeatable yet highly abnormal manner'for the-

prosthetic leg on the contralateral side. - -
- Ordinate: Knee angle - 10°/division
Abscissa: Hip angle 10°/division

Ry
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Figure 5.8
Plots of area, perimeter and Py versus average walking speed
for the left (prosthetic) 1led' of the A/K amputee, Drawn
through the experimentally fleasured points in each case is
the best linear fit_ as determined by the . least squares
method. : ’
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Figure 5.9 -
Plots of area, perimeter and pp Versus average walking speed
for the right leg of the A/K amputee. Only the area plot
shows the best linear fit. . :
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A '

Figure 5.10
Plot of P, versus average walking speed for both legs of the
A/K ampdl with each measur’ed point representing a
different setting of the prosthesis. The unlabelled point
is the normal setting. .

A: Right (intact) leg

B: Left (prosthetlc) leg

Setting (1)} is a medial whip 2° unpractised gait

Setting (2) is a medial whip 2° practised gait

Setting (3) is a medial whip 15° practised gait
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amputee during stanc; is evident from the shape'df segment

(ST - SW - ST} of Figu;e 35.6. (ST-8W) along the perimeter

of the angle-angle diagram is for the most part a straight
line parallsl to the X-axis. r 8

(4) Smooth and symmetric flexion and extension of

the kn a flexion of the hip through swing (BW) until
atlﬁézjiz;:niith the thigh and prosthesis acting as a douyble
pendulum. '

- -(5) There ig repeatability in both shape and area.

. The uhape of segment (sw = 8T - 8W) shows the smooth

control exercised by the prosthetic leg during the swing

phase. The symmet:y of the_step'il indicativé of -the double

pgndulum action proathetic

exercised the

by . 8idé.
Examination of Table 5.4 shows .that for the pfoatheti; leg

of the A/K amputee the area A and ‘perimeter P vary linearly *

" with walking speed while Pp ia'esaentiglly constant ' with

walking speed. a o .

. Again, with the aid ‘of a Planimeter ~and calibrated
r )

wheel the aiea A and perimeter P respectively were measured
for the stance (ST - SW - ST) and sw ST -
¢

aegments of 3 angle-angle diagrams repreaenting 3. footstepa

g (SW - SW

- of the .prosthetic leq of the A.K, /ﬁmputee. FJ% each of
these angle-angle diagrams ratioa ‘of (stance area)/(sying

- @.‘
=

-

e =

. BN e
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1’ ) TABLE 5.4

BEST LINEAR FITS FOR AMPUTEE GAIT

Area Versus
Walking Speed

Subject Leg ) -t i
Y-intercept slope 2 Coefficient
< - - (degrees)d ;dearees) of
’ m/sec Determination
F " Right  69.38 1129.79 .94
Left .
(Prosthetic) 317.31 1694.8 .97
y
| T . .
\~ Perimeter Versus.
‘ ) 3 Walking Speed r~
Subject Leg o ' ' :
. JY-intercept slope Coefficient
(degrees) (degrees) of
m/sec .- Determination
F - Right  241.12 -21.87 .25
. Left . .
(Prosthetic) 121.96 74.21 . 947
Py _Versus
WaIﬁIng Speed
Subject Legq -
_ . slope Coefficient ‘ *
Y~intercept . of
Determination .
F Right 11.07 -4.6 .88
:  Left -
- (Prosthetic) 5.21 -2.0 .06
BN
i
1/

~ - —y—

- e e e =
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Q

area), (stance perimeier)/(swing périmeter), P, (stance) and

pA‘(swing) were momputed. These are shqﬁn in 'Table 5.5.

[

TABLE 5.5

Stance/swing ratios for area and perimeter of

anqle-angle diagramg taken from the prosthetic leg

of the A/K amputee

Footstep P, (stance) Pp(swing) Stance Area Stance Perimeter

Swing Area Swiﬁg Perimeter

1 7.11 3.83 -,08 . .53
2 7.88 3.78 .07 .56
3 7.69 3,775 .08 .57

*

it is clear from these data that over 90% of the conjoint

angular motion occurred during swing.

The value of the stance/swing perimeter .ratio
together with that Eof the stance/swing area ratio indicates
that ; substantiall& greater amount of periméter is
associated with the stance segmental area. This -is not
unlike_the robot-1ike gait alluded to earlier in this dumuﬁ;
Here- a mechanical constraint is imposed maintaining a fixed
knee anéle while the hip angle varies during stance. These

data reflect a tight imposed control during stance. The

4
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_’

[ ' N . D
@i;nlues of PA

‘\_,F

gstance) are substantially ‘higher than the
corresponding nofmnl values shown in Table 5.3 while those
for pp (swing) are fgzﬁ\cf. Figure 5.3 pa (clircle) = 3.54) .
These values for P,(stance) and P (swing) reflect the tight
control during st;nce as well .as tne econbmical control
occurring during swing. This latter .type'-of ‘control is

Kl
typical of the double peffdulum action mentioned before.

>
In Figure 5.7 one is able to observe pertinent
features allied with the contralateral and 1intact 1limb

rotations:

(1) A complex loop shape compared with the prosthetic

" gide and with normals.

(2) Large amount of hip extension.
[+
(3) This leg seems to be compensating ‘in a fairly

repéotable yet highly abnormal manner for the prosthetic leg

action. ; .

The convoluted appearance of the- portion of the
angle-angle diagram following onset of stance (ST)”"reading“
the loops in a clockwise direction 1ndica£es the type of

control exercised.

Following this convolution or "folding over" .of the

perimeter the next portion of the angle-angle diagram is



- -
-
: i

. o 177

somewhat pﬁrallél to the 'X-axis indicating !that the.
. kneé—angle hardly varied while ~the hip was extendéd-
substantially. Conjoint angular motion then takes place at
\Ebth the hip and knee joints with the knee flexing,
extending and then flexing again just before onset of "atance
(ST) . flmultaneously the hip isa flexing until just befor;
stance when hip flexion is ahurply diminished. Again the
ahapes of the angle-angle diagrams are indicative of the
type of control mechaniem in opetation. _ The - "rounded”
portions jndicating a smooth -gg&dual contyol while sharp
edgeh which change direction show up a } tm of "bang-bang”
control., Examination of.Table 5.4 for thy' right, intact leg
of the A/K. amputee elicits the tollowing observations. The
area variea linearly with walking lpeod but the linearity is
less' pronounced than that of_ the prosthetic side.
Concerning the relationship of pertnete: versus walking
-{ speed, the best fit 1is a ‘quadratic with the parabola ‘
reaching a minimum at the subject's most comfo;table speed
and then increasing {ith speed. - The relationship of Pp
versus walking speed for the intact limb is .radically
different from that of the prosthetic  side. Pp £Or the
intact side decreases with speed until a minimum is reached
whereupon 1t.stayé constant. The raﬁge of values covered is

6-0 = 9-0. ' :
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Using a planimeter and caiibr&ted.wheel a sgsegmental
analysis similar to that described before was completed on 3

angle-angle diagrams ylelding results as in Table 5.6.

TABLE 5.6 R
.

Stance/swing ratios for area and perimeter of

angle-anqle diagrams taken from the right (intact) leg

of the A/K amputee

<
Footstep PA(stance) P, (swing) Stanceé Area Stance Perimeter

Swing Area Swing .Perimeter

1 6.99 - 4.98 5.1 1.1

2 7.42 11.1 2.3 1.0

3 6.83 9.55 . 1.9 0.9

¥
AN

@g;//gzépce/awing ratios ,for area and perimeter

indicate tht more conjoint angular motion occurs during the
stance pha7é’§ggn’during swing on the right leg. This is
dramatically different from the conjoint angular activity on

the prosthetic side. * The values o{/,PR\\(gtance) and Pp

duday

(swing) in Table 5.6 illustrat thdé compensatory control
*

i
€

mechanisms are present both dur}ng the stance and swing

segmentp'of the non-prosthetic siée
-
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Effect of alterat&gf in prosthetic setting for the A/K
amputee '

A second study was carried out on the A/K amputee
e

.which examined the effects of changing the metting of the

prosthesis and allowing the patient to walk at his most
comfor table speed. The three new settings (in addition to
his normal setting) were: .
- (1) Medial whip 2°, unpractiled gait

(2} Medial whip 20°, practised gait

(3) Medial whip 159, practised gait
An examMpation of the various duangitied parameters elicited
the following information. For the left (prosthetiq) leg
changing the setting of the prosthesis hardly affected the
gait at all. The variations that d4id occur in '‘area and
perimeter could be accounted for by natural variations in
the subjecg's walking Bpeed:and interestingly the ratio P,.
remained constant in all case; at the same valiule of 4.5.

This was the same value that had been obtained previously

during the "whole range” study. For the contralateral side,

however, there were significant changes in the gait

b

"patterns., The variations in area and perimeter could not be’

accounted for by.variations in walking speed which had been

established earlier'by the whole range” study.
N -

-

There also was a significant increase in the value of



i )

the P, from 5.5 (normal)-to/éis (new prosthetic settings).
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The control mechanism eff:é¢ing the gait of the A/K patient
gyeems  to predominate on his non-prosthetic sidn. The A/K
pEient 1is limited in what he can accomplish with his
pro.etic leg. It is not unlikely that postural control as
manifested by trunk and upper extfemity movements has a role
to play. These aspects have not been examined.

C.P. patlient

The angle-angle diagrams 1in Figures's.llr 5.13 and
5.15 reflect .loops for each walk cycle in expe:iments I, IIX
and I1I resp;étively. Figures 5. 12, 5.14 and 5.16 are
graphic rep:esentations of |p, a8 2 function of stimulator-on
(off) time. 1In section 5.2 an in-depth study of the results

of these experiments

rformed on the C.P. patient is
presented. A similar ségmental analysis using a planimeter
and calibrated wheel was completed on 3 angle-angle diagrams
of the C.P. patient. [ The results are shown in Table 5.7.

The values of the 8 ance/swing ratios for A and P taken
. together from Table 5.7 show that significant variability
exists from footstep to fooéstep in the case of tne C.P.
. pafieﬂt. In gengral it appgars'though that more éonjoint
angular acéiv?&y occurs during stance than during swin;3-

/ ' . .
; ‘
Y
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o TABLE 5.7

e
4

Stance/swing ratios for the area and perimeter of

" angle-angle diagrams taken from the C.P. patient

L)

Footstep P, (stance) Pp(swing) Stance Area Stance Perimeter
Ywing Area  Swing Perimeter

-

2.1

4.00 5.30 7.8
3.78 4.00 1.5 ' 1.1
4,51 © . 4.74 2.0 1.3

TABLE 5.8 . . \\~)

- . )
summary of Results for Normals, A/K and C.P. SBubjects

L8

Relationshgﬁ Subject Legq ' Porm of
’ - Relationship
- Area vs. Normal ﬂeft and Righi Linear
Walking Speed A/K Prosthetic(Left) Linear
h Non-prosthetic
(right) Linear
Per imeter vs. Normal Left and Right Linear
Walking Speed A/K Prosthetic(Left) Linear
: Non-prosthetic ,
(Right) Quadratic
Py VS- Normal Left and Right Constant
Walking Speed A/K . prosthetic(Left) Constant
Non-prosthetic Two linear
- (Right) segments
A, P, p va. ' ’
‘Stimulaﬁop-on Left Undulating
A, P vs. CP Left .Undulating
Stimulator-off :
Py vs, Left Unduylating:
S%imulato:—o!f with distinct
. cyclic

periodicities
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5.1.10 Conclusions

The results of both the global and segmental’ analyses
of angle-angle diagrams suggest that together with temporal
information one has a guantitative indicator of gait

patﬁology. A sumary of the results presented is shown in Table 5.8.
‘

fhe three parameters area A,"perimetEr P and the

dimensionless :akio Pp 2B related .to'.knee-angle/hi§Janglel

diagrams emerge as ugeful quantitative descriptors of géiﬁ.

o The physical meanings of these parameters have been
some detail. The total area A of an angle-éngle
diagram is/ gshown to be expressive of the total conjoint
range o angular motion experienceé at the hip and gnee
joints. areas of segments of the angle-angle diagramishow'
how much “conjoint aﬁgular motion océurred during‘the

associated phase of the gait cycle.

The total' perimeter P of the angie—angle diagram
reflects the amount.of coordination that occurred betwéE:J’
the hip, and knee joints during the entire gait cycle.* The
same intérpretation applies to Bégmental P in the case where
the stance and swing phases are studied.

The ratio Ppemerges as a useful relative quantifier

of the shape of the angle-angle diagram. As the results of
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section 5.1 show, the shapes of the angle-amgle diagrams
appear to reflect control mechanisms inherent in the
obgerved gaits and Pp 18 thus potentially a quantifier of

the neuromusculo-skeletal control of the lower 1limb. The

same interpretation applies to segmental Pp in the case

where the atance angd swing phases are studied,

5,1.11 Potential Use

It is evident that this type of qunntitative analysis
coupled with a vigual display of the angle—gpgle diagram
assists in pProviding a more complete assessment of locomotor
function. An obvious extension %of this work would be to
perform similar quantitative analyses on a number of quite
distinct gait pathologies in both the sagittal and frontal
Planes to sée whether corresponding characteristic patterns
emerge. Brugger and Milner (1977) describe an

optoelectronic system which would be especially amenable to

this type of study, -

In this study we have examined each leg of 5 normal

subjects at 4 different walking speeds. Extension of the

study to include more Subjects walking at a greater number
of speeds would enhance the reliability of using normal gait
as a "basgeline" for the quantitative asmessment of locomotor

function. It is conceivable that this type of loop analysis

R — - e L 2
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: : ®
might be valuable in other fields where cyclic loops are
found e.g. vector-cardiogram loops and P-V loops in

respirology. ) »

Pattern Recoqnition

An egnmination of the pattern recognition literature

- .
(e.g.. Underwood, 1975) after this work was well underway

"revgaled that the descriptor P2/A (i.e. Py nquqred) had been

used in_ expressing the shapes of planar sections of
particles of single-phase materials, _Fur thermore it 1is
evident_that there are nuneroua ‘other ways of attempting to
quantify shape (Underwood, 1975). :Pfeeman {1961) makes the
comment that one of the difficulties in any shape processing

task is the lack of a definitivéqﬂgy of describing»shape.

-

It seems then that the gse of pattern recognition
techniques in the assessment of 1ocomotor function holds

promise as being both a challenging and rewarding endeavour.

5.2 a PRELIMINARY INVESTIGATION OF INFLUENCE OF CEREBELLAR

L]
STIHULA;}QN ON GAIT BY ANALYSING ANGLE-ANGLE DIAGRAMS

"5.2,1 Introduction

Evaluation of the alterations in gait after

cerebellaf stimulation have until now been mainly

—
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observational (Cooper ‘et al 19733 Cooper et al, 1976).
Video tapes of posture and gait are ﬁ;;ae "before and at
reqular periods after placement of a stimulator. Changes in
" gait are oftép eviaent when‘ygiiying serial video tape;
spanning several months. Up to now the characterisations of
such long-term changes have neither been quantified nor
objectively'described. Also, no suitable technique has been

applied to the study of immediate on or off effects on gait

of cerepellar stimulation. | =~

Standard means of assessment and evaluation now

] ]

commonly in use for any therapeutic intervention in sphaticﬂl

patients include: (i) static evaluation of joint uobility,
.muscle tone, strength and range of movement; (ii) clinical

im@ression of changes in gait (including raw video tapes)"

‘ lboking for such recognizable abnormalities as scissoring,

“toe walking, dragging through in swing phase, and jerkiness

Foof @ovement:\\ii}i) clinical asseasment of abnormal deep

tendon and postural reflexes. .

Deficiencids. in these procedures . are readily

discerned. It is sometimes impossible to correctl§
interpret the effect’ of static deformities on a dynamic

process such as wélking; Ofiken, even the most careful

observer cannot describe the mechanisms’ producing an

a

- ——————— g T
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/\\\ abnormality in gait because there are too many obgérvations

AN

y /
41~Jb// immediate hard-copy display ava lable for

{
N

' be considered. Subtle

?

/

-~/
st

v
J

v SN
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that must be mide concurrently if all the variables. are to

s in gait may not be readily

apparent to the observe¢r and may \obe important in p:oducing a

more efficient pattern )

N

In recent years technidéea and inmtrumehtation have
been developed which are capable of yi ing detailed
kinésiologicél information about a}t with acceptable
accuracy (Grieve, 1968, Lamoreux:/:;jls Milner et al, 1973,
1974; Radcliffe, 19743 Smith et al, 1976) é compptérized'
electrogoniometric analysis used in our La oratory (de Bruin

and Milner: 197Tf permits rapid. and accurake quantification
of gait parameters in the sag%;tal plane and yields an
ur ther analysis.
This section-of the chapter gives an intf uction to the use

ijent with the

of guantitative gait anEiifis in the atudy-of immediate and

short term alterations in walking seen inap
- . '

stimulator on and off. The description of the e rimental

procedure fo iowed fn the tﬁree exper iments performed’ on the

Cc.p. patient has been previously described in section 5.1.8

(gee C.P. patient). The results and ingerpretation of the

above three exper iments now follows.

o » - S—

}
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5.2,2 Results and Interpretation

Multiple angle;angle diegrams fromf exper iment
involving cerebellar stinuation cnaracter tics have been
acquired together with plots of-PA vergua‘gime llowing, on
transitional states of the stimulator. ~ In what fof;ocs

3
A -~

these data are depicted for each experiment. - A

- l | ’ . )

Before proceeding with details pertinent to each'

experiment it is of value to examine some of the Jnore
general qharacterietics of the patient ] gaitu - By

‘*\
obhervation and-the examination Et left footswitch patterns,

the patient generally commenced the d%ance phase by making

initial surface contact with his’ toes. _The contact
.sequences were as followsa: toe, heel and toe, toe, swiﬁé,
etc. . e '

. » ¢ ]

-

The angle-angle diagr#ms in Migures 5.11, 5.13 and

. ) L ) .
5.15 reflect loops for each walk cycle in all experiments.
These loops invariably differ fron/each other more markedly

than those exhibited by normal subjects (see. for example

Figure 5:4).‘ There are segments of each an@ge—angle diagram

that can be'.reasonably well fitted By straight lines. In a
number of instances these straight-line segments are fairly

parallel towphe axes of the diagrams.  This signifies that

‘angular movements are controlled Beparately for each joint,
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i.e. the members'abput one joint remain .fixed while those

about the other joint move, thereby giving a more mechanicab”

. - /
appearance relating to 1imb movements. *

Movement ranges :or the hip ;ppear to be normal to
excessive,-ﬁﬁf&st those for éhe knee are generally iess than
normall The approximgte positioh of tbe'Eentroid of_}he
diagb&ﬁé remains roudhl? constané througﬁout the experi-
mental runs and does not differ markedly f}om normals. At
heel-strike . the Xknee flexion angle is in the range 30-40
degrees. fhis.is unlike the situation for normals where at
heel-strike the knee flexign angle approaches 10 degrees.

Comparative ahalyses,- of diagrams\lgenerated may be
dpné taking cogniﬁance of variations in éhe parameters

listed as follows: -

(1) ranges of angular motion -

(ii)‘ shape of each .closed loop _ - ’

(1ii) area of each closed loop or defined éegments —_—

(iv) perimeter of each closed loop or defined segments

A{v) positidn of the centroid for each loop
(vi). Py for the c¢losed loop (see sections.5.1.6 énd
sl |

It should Le stressed at this point that since this was
a pilot experiment, only a limited humbér of footsateps were
anaiysed. Hence the various ;onclusions and interpretations
outlined later in this secti®n should’ be considered with

»

this in mind. , . : ‘.
radr

[PPSR
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5.2.3 Experiment I

Angle-AngquPatterns

:After five hours with the stimulator turned off, the
patient produced angle-angle paﬁterns after the manner shown
in Fiqgure 5.11. The following'ggbervations are pertinent.
In "reading" the loops of Figures 5.11, 5.13 and 5.15 one
proceeds in general‘from ST (stance) in a clockwise fashion

around the loop to follow the sequence of the gait cycle

[EIN TR EIRI 1L [SLF IR ETLVN

. Figure 5.11 ,
Angle-angle diagrams obtained in Bxpt. I when performance is.
easured at successive times with the stimulator on. ST and
SW ‘respectively reflect the start and termination of the
stance phase, Hip angles are on the abscissa and knee

gles are on the ordinate with graduations indicating 10
degree increments.
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Figure S.ilA shows two loops prior to turning the
stimulator on. Substantial motions occur at both the hip
and knee joints during execution of the stance phase. . From
the footswitch charaneristics it is noted that stance is
commenced with toe-contact followed by rapid knee extension
to heel-contact whilst the foot 1s subject to passive
dorsiflexion. It is by the latter action that some &ingtic
energy of the swinging limb is taken up. During this period
of stance, hip flexion remains substantially constant. With
the subsequent "diminution of hip flexion there occurs a
momentary small knee flexion followed by conjoint
extensions. The heel soon comes off the ground-and push-off
occurs with the hip in extension while the knee ‘flexes
substantially. It can be noted tht the awing phase is
executed with the knee flexed at about 50 degrees, Note the

difference between the two loops.

Figure 5.11B shows. the immediate effects of the
stimulator having been turned on, The most dramatic 7
observations to be made are the distinct changes in shape
(from that in 5.11A} that oécur in both the swing and stancé
phases, In addition substantial variability in the shapes
of thé loops can be noted. The commencement oé. stance
occurs with the knee flexed at approximately 10 degrees.

During the first part of the stance phase, until the knee is
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fully extendeé, the anéular histories are similar to those
for the gait described in S.IiA. Ag’ the knee flexes, until
onset af “the swing phase, there are two distinct shapes
present one of which is similar to that described in 5.11A.
The s8wing. phase 1is generally divided into two distinct
facets in which firstly the knee angle remains fixed whilst
the hip flexes and then with fixed hip flexion, knee fleiion
diminishes markedf&. Although the knee range 1is
approximately the same- for 5,11B as in 5.11A, the hip range ,
has been extended by’'about 15 degrees. |

In Figure 5.11C stance commences at about .25 degrees
cf knee flexion. There is then a rapid knee flexion and
extension pattern which together with diminution of the hip
flexion produces a 'kiﬁ¥' in that 1loop segment. This
indicates some for of shock-absorber activity at the knee.
The lobp segment from maximum knee extension during stqnce
. until onset of swing has ‘a very repeatable shqpe and
resembles that of the corresponding segment in 5.11a. ‘Therg
is'chéiderable variation in the swing phase segment of the
ioops. In addition the two digtinct facets of- the swing
phase observed in 5.11B are still evid;nt. " The hip range is

approximately the same as that in 5.11B but the knee range

has extended by about 10 degrees.

—

U VP
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In Figure 5.11D the early part of the stance segment
in some of the loops resembles that of the corresponéing
segment 1in 5.11C. However, the latter par}of stance and

early swing resemble that of Figure 5.11B. ‘I8 general thﬁ?e

is considerable variability in the shapes and bound areaé of

/’
the loops.

In Figure 5.11E the starts of swing and stance phases
occur at about the same angles as in 5.11A. The early part -
of the stance phase resembles that of 5.11A-‘up to and
including values about the origin of the‘diagram. In the
subsequent part of stgnce_two distinct slopes emerge one of
which resembles the normal pattern, and proceeding through
the swing phase two distinct shapes are apparent. For the
first shape the swing presents as a relatively constant knee
flexion during hip flexion,tfhile in the second case
initially there is conjéint knee and hip flexion folldwed by’
a reduction in knee flexion witﬁ continuing hip flexion.

This is not unlike a normal pattern.

Figure 5.11F shows that the commencement of the
stance and swing phases occur at about the same relative
positions as in 5.11A and 5.11E. The patterns for ea%f;
stance Are not unlike those for 5.11E. Significantly the

subsequent phases of stance through the early part of swing

L)
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are very similar to the characteristics displayed by nbrmal
subjé&ts - see for example Figure 5.4. In addition max imum
knee extension occurs with the hip neutral or extended
unlike the patterns shown in 5.11A to 5.11D. As for 5.11E,
two distinct shapes are-obtained for the swing pﬁése‘with a
shape not unlike normal p;ttern predéminating. The ranges

for both joints are larger than those reflected in 5.11A.

It is apparent that with continual stimulation over
.the 21 minutes of experimental observation that there h&s
been an evolution in the angle-angle diagrams from robét—
like movement characteristics to diagrams which {nclude
essential facetsiof more normal gait patterné. A major
difference, however, lies in the fact that the stance phase
commences with toes rather than heel contact. This accounts
for the distinctly™different pattern for the early part of

the stance phase.

Area, perimeter and P, for each set of patterns

genefated at each observed time interval are presented in
Table 5.9, Figure 5.12 is a graphic representation of P, ag
a funqtion of stimulator-on time-and follows directly from
Table 5.9. The plotted values with increasing time
correspond sequentially with‘the diagrams depicted in\

Figures 5.118 through 5.11F.

-



e e e A—— s~ g =g

194

TABLE 5.9

Loop Parameters Derived from Data in Experiment I

T

Figure 3 Stim. Time Area Per imeter P
minutes +0q degrees? +9, degrees Ai 93
‘A 300 OFF 1282 + 17 173 + 5 4.83 + .18
B 0 ON 1659 + 471 198 + 53 4.82 + .61
c 308 1410 + 341 172 + 13 4.67 + .46
D "5 on 1620 + 801 182 + 36 4.82 + 74"
E 14 ON 1405 + 186 189 + 24 5.08 + .80
F 21 ON 1676 + 211 186 + 20 4.56 + .37

IS |+

The' loop parameters are given as means + one ‘standard

deviation.

Quantitative analysis is an -adjuﬂbt to the viéual

examination of the angle-angle diagrams presented above.

.-

The mean value for P, over the range of experimental values
acquired was between 4,5 and 5.0. 1Interestingly the nominal
value for the normal subject (see Fig. 5.4) is about 5.2.
This suégeats that the two processes are similar. It is
noteworthy that after producing an undﬁlating trend, the
least illue and standard deviatioen occur at 21 minutes (Fig.

5.11F) . The next lowest value and standard deviation occur

at 3 minutes (Fig. 5.11C). 1In general the larger values of

Py are also accompanied by larger standard deviations. ‘The

»
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Figure 5,12
pp versus stimulator-on time for Expt., I.
The error bars indicate +1 standard deviation.

increasé in the sténdard deviatiohq/is/:n‘ore marked than
would be expected by the increase in the means alone,
—

Commencing with the value of Pp allied with Figure

5.11B as reference, the influence of perimeter (P} and area

(A) Eeapectively ‘'on  subsequent mean values of Pp Can be

described. At 3 minutes (Fig. 5.11C), the decrease in Py

can be attributedto a larger decrease in P than in A. At 5

minutes (Fig. 5.11D), relatively little change in both P and

=,
»

\v

N\
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A relative to the reference has occurred. At 14 minutes
(Fig. 5.11E), the increase in Po can be astributed to a
larger decrease in A than in P. Similarly at 21 minutes
(Fig. 5.11F), a larger increase in A accounts for the

decrease in Ppp- -

It is suggested that the reduction in perimeter in
proceeding from Figure 5. llB to 5.11C implies an improvement
in coordination. Next, moving from 5 th to 5.11F, the area
increase is more substantial than the corresponding increase
in perimeter. This Again reinforces tgL notion of improved

ceocordination.

Relative values of Py within an experimental set of
data such as those Presented ‘above appear to have potential

as quantitative indicators of overall co-ordination and

control. ' - i

Stance and Swing Timing Characteristica

An examination of the “bilateral footswitch timing
characteristics originally acquired showed that the left
side sequence, atarting ¥rom onset of stance conaisted of
toe only, heel and toe, toe only and swing. The right side
footswitch 8équence, however, consisted of toe only' ahd

8wing with no heel contact whétever. Table 5.10 .gives the
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velocity of walking, the 1left footstep period, left

stance-swing ratio (ST/SW) and the corresponding right
footswitch parameters. For the entire set of .data acquired
in Experiment I, the velocity was substantially constant
with-a mean value of approximately 0.7 metres per second.
The only major deviation eccurs for stimulator-on 3 minutes
agd this does not appear to have a marked influence on the
gait patterns and derived daté. Left and right footstep
periods are substantially identical. It is significant to
note that the stanée-swin ioc for the right side tis
generally-lower than the :t::::;;nding ratio for the lefé
side. This suggests that the 'time spent in stance on the
left side 1iBs usually  greater than on the right side.
Interestingly, aféer initial divefgence éhe stance-swing
ratios for both legs come together, agaih indicating an
evolutionary trend. Note that the stance-swing ratios for
the right side are often close to the nominal value of 1.5

for normal subjects. It is useful to realize that the

‘stance-swing ratios provide an indication of time scaling in

Figure 5,11.>—Ror example, in Figure 5.11A the time spent in
going in a clockwise direction from ST to SW is approxi-

mately £ time that

continuing from SW to ST.

wf
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5.2.4 Experiment II

~

Angle-Angle Diagrams

After 25 mingtes'of_stimulation, that is 4 minutes
after the completion of Experiment I, the stimulator was
turned off and the patient produced angle-angle 'patterns as

shown in Figure 5.13. "The loop parameters: area, perimeﬁer

-

and P, for each set of ‘patterns generated at each observed

time interval are presented in Table 5.11. Figure 5.14 is a

graphic representation of P, as a function of stimulator-off

time and follows directly from Table 5.11. The plotted

values with increasing time in Figur%® 5. correspond

sequentially with the diagrams- depicted | Figurés 5.13A

‘through 5, 13G.

For the sake of brevity a detailed discussion of

these results similar to‘thoae for Experiment I will not be

r

*‘bresented. However, certain general observations are

pertinent.
- |
A visual examinationlof the angle-angle diagrams

depicted in’ﬂigure 5.13 shows| that some of the patterns are

similar to those in figure $.11. For example Figures 5.13E

and 5.13G correspond fawourably with FPigures 5.11E and

5.11F. Whereas in Figure 5.11 an evolutionary trend in the

A e
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Figure 5.13 —
Angle-angle diagrams obtained in Expt. II when performance
is measured at successive times with the stimulator off. ST
and SW respectively reflect the .start and termiantion of the ..
stance phase, Hip angles .are .on“"the abscissa and knee
rangles are on the ordinate with graduations indicating 10

degree increments.

- — - T ey e
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Figure 5.14
p, versus stimulaton-off time for Expt. II.
The error bars indicate +1 standard deviation.
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\;XELE 5.11 :

Loop Parameters Derived from Data in Experiment II

Figure 3 Stim. Time Area\\ﬁ2 © Pperimeter Pp
minutes +% degrees? 40, degrees + %3
A 0 OFF 1067 + 238 145 + 10 4.48 + .27
B 2 OFF 1344 + 127 179 + 16 4.89 + .56
c 4 OFF * 1313 + 321 179 + 12 5.06 * .79
D 6 OFF 1269 + 184 155 + 8 4.38 + .24
E 8 OFF 1167 + 224 169 + 27 4.98 + .61
F 10 OFF 1318 .+ 420 164 + 9 4.74 + .84
+ 200 156 + 20 4.21

I+

.G 12 OFF 1374 .27
The loop parameters are given as means + one standard

deviation.

patterns is evident as one progresses with time, a similar

progression through ‘the patterns of Figure 5.13 shows

different characteristics. , _ o

It is interesting to note that Figures 5.13A, 5.13D
~and  5.13G contain similar pattefns. In addition these
patterns show some characteristics of normal gait. In
"contrast the patterns shown in Pigures 5.13B, 5.13C, 5.13E
and 5.13F are more abnormal An imp:easion is gained that

'following both periods of markedly abnormal gait ' (Figures
M/f//;,&aa; 5.13C and 5.13E, 5.13P) a return occurs to more
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normal patterns (Fighres 5.13D and 5.13G}.
.C‘

A
associated with Figures 5.13A, 5.13D and 5.13G are the

Examination of Figure 5.14 shows that the P

lowest with again the smallest standard dev1at10ns {see also
Table 5.11). Generally the trend of Pa with increasing
stimulator-off time 1s markedly undulating. This confirms
the visual impression gained from Figure 5.13. Figure 5.14
shows that there is a greater variation in P, than for
Experiment I. Reference to. Table 5.11 indicates that the
predominant influence on P, is variations in the perlmeter
" gince the area remains substantially constant. Essentially
coordination and control appear to fluctuate and are best at
succghsive 6 minute intervals. It would certainly have been
of interest to exg%ore further 6 minute epoche. However,
data storage and time limitations when this experiment was

conducted precluded further data acquisition.

Stance and Swing Timing Characteristics

Bilateral footswitch sequences were the same as those
observed for Experiment I. Table 5.12 presents data after
the manner of Table‘s.lo. The velocity for the entire set
of data acquired in Experiment‘II was essentially constant
with a mean value of .77 metres per 8econd. This was

somewhat higher than the average velocity in Experiment I.
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Left and right footstep periods are substantially identical
to each other and to the corresponding footstep periods
obéerved for the previous experiment. With the increase in
walking velocity, this indicates that the average stride
lengths during Experiment II were essentially constant but
about 10 per cent greater than those for Experiment I. It
is interesting to note that generally the footstep periods
are longest and the velocities least at 0,6 and 12 minutes
stimulator-off. These sBix minute'épochs correspond to\the
epochs noticed for P, depicted in Figure 5.13. It appears
that at these times thg patient was able to'walk more slowly
with a greater degree of control and coordination. It

should be noted that he generally walked with a rabid

lurching gait.

~ The stanéé-swing ratios do not show tﬁese six minute
epochs. As for Experiment I, the'atance-swing ratios for
the right Eide'are significantly less than those for the
left side and in addfrion, are much more repeatable.
Fur thermore, wpereas the stance-swing ratioé for the left
sid? varied considerably- with time, those for the right
remained essentially constant. This indicates not only that
less time is usually"spent in stance on the right siae but
also that"1¥§e periods of stance and swing are more

= .
repeatable. It is also interesting. to note that after

L
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"initial divergence the bilateral stance-swind tatios do not
come together again,. Since thé bilateral temporal
footswitch’patterns are gubstantially different, one is led
to believe that the angular patterns will also be ﬁarkedly
different. ?uture-investigationa should therefore include

bilateral angular patterns.

5.2.5 Experiment III

s

: ; L)
Angle-Angle Diagrams : "k\

After 2 months of uninterrupted stimulation, a series
i .
of angle-angle diagrams was collected, firstly, with the

R

stimulator on and then at essentially 2 .minutes intervals

/

a;ter the stimulator was turned off as shown in ?igure
5.15. ' The loop parameters: area, perimeter and P, for each
set of patterns generated at eaéh observed time interval are
presented in Table §5.13, Flgure 5,16 is a ‘graphic
representatioﬁ‘of Pp 88 .2 function of stimulator-off time
and follows directly from Table 5.13, Thé plotted’ values
with increasing time in Figure 5.16 correspond sequentially
with the diagrams depicted in Figures 5.158 through 5.153.
An examination of Figures 5.15a through 5.157 shaws
that the angle-angle patterns are not dramatically di}ferent

in shape.. There are variations 4in arda that occur

ALY
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Figure 5,15
Angle-angle diagrams obtained in Expt. III when performance
is measured at successive times with the stimulator off. &7
and SW respectively reflect the start and termination of the
stance phase. . Hip angles are on the abscissa and knee
angles are on the ordinate with graduations dndicating 10
degree increments. .
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" PABLE 5.13

Loop Parameters Derived from Data in Experiment IXI

Figure 7 Stim. Time '\ Area ~Périmeter Pp
T+ W S P LI
B 0 OFF 2146 *+ 225 210 + 16 4.37 + .48
C 2 OFF 2154 # 313 194 + 16 4.20 + .26
D . 4 OFF 1905 + 644 196 + 39 4.30 + .24
B 6 OFF 3152 + 475 . 265 + 48 4.70 + .50
F 8 OFF 1186 + 208 143 + 8 4.20 + 15
G 10 OFF 2306 + 784 220 + 67 4.54 + .58
W 12 OFF 1804 + 556 190 + 29 4.58 + .67
I 14 OFF 2626 + 324 211 + 18 4,13 + .13
3 20 OFF 2030 + 791 197 20 . 4.61 + .78

S

. The 1loop param%:i:ij are given as means + one standard
L]

deviation.

particularly in Figures D,F and H. In mid- and 1ate-stance
phase there is substantial consistency between the diagrams,
and the major variability occurs in the s;lng and early
stanée phasges. The patterns. are markedly different from
those reflected in Figuree'S.ll'anQJE;;3. Primarily, there

are more “substantial hip extension excursions, with a

pronounced "nose”
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Turning tO‘FiQUf; 5.16, FA fluctuates about a mean
" value of approximately 4&.4. This cgnatituteé a dramatic
. drop from the mean value of Pp for the stimulator-on as
reflected in Figure 5.15A and Table 5.111 This latter value
coiresponds clnsely with those‘preaented in Tables 5.9 and
5.1i. By using similar ardumentat to those presented in

Experiment I in regard to co-ordination and control as

expressed through P,, it appears that "swlitching off the

stimulator after 2 months leads to an improvement of these
factors in the period of obaervatidn. This result coupled
with those results from Experiment I suggest that there are
short-term and long-term influences associated with
cerebellar stimulation and (future experiments should be
conducted with time scales appropriately adjusted to attempi

to elucidate these effects.
. _ A
It is interesting to note that at 6 .minute epochs

commencing at 2 minutes stimulator-off, there are distinct

minima in P,. ° It should be recalled that the (same

phenomenon has manifested itself in Experiment II.

- .
Stance and g}ing Timing Characteristics

Examination of the footswitch characteristics
acquired for Experiment III showed that there were marked

improvements from the patterns observed for the previous-

%

.
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experiments. The-left side Qequence starting from onset of
stance consisted of heel only, heel and toe, toe only and
swing. The only difference from the pattern generated by

normal ‘subject is a somewhat -shorter "heel only"” phase. In
addition, the right. footswitch paitern showed frequeﬁt
inéTééﬁEa\Pf heel-strike just before onset of stance and
e;en infre&uent "heel only" phases at the, 6nset of stance.
Two, months of stimulation has therefore resulted in more
normal footswitch patterns. The presence of the "heel only"
phase in .early stance is also manifested in Figure 5.15
wﬁich sﬁdws on the average less and more normal knee flexioa

7

at onset of staﬁce (ST) than in Figure 5.13.

Table 5.14 preseﬁ;s data after thé manner. o# Tables
5.10 and 5.12. With the exception of 4 and 14 ﬁinutes
stimulator-off times, the velécitY, for .the set ‘of data
acquired in Experimént III was essent@ally constant with a
mean value of .82 metres per second. There does not‘seem to
be a marked difference in the other gait parameters for
these two times othér than shorter average footstep peribds
for the former. As for Ehe previous ef%eriments, left and
right footstep periods are substantially identical and
somewhat less for the early stimulator-off times than -the
corresponding periods for Experiment II. The average stride

lengthé were again essentially constant and identical to
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those-for Exper;ment'II. éenerally, the footstep periods
~are longest and thebvelocitiea least at 2,8 and 14 minutes
stimulator-off. These six minute eéocha correspond to the
epochs noticed for pA‘depicted‘in figure 5.17. It appears
that at these times the patignt was able to walk mofe slowly
wiEh a greater degree of control and coordination. It is
important to note that while Experiments II and III were

conducted two months apart their protocols were identical.’

Significantly, in both sets pf experiments, the phenomenon
of the simultaneous occuyrence of minimum Pp- minimum
velocity and maximum footsbep period is exhibited at six

minute epochs.

The bilateral stance-swing ratios behave similar1§
with time to those measured for Experiment II. However, the
left ratioa,demonsérate less variapilitﬁ and in addition are
more repeatable ;for‘ each time th;n in the previous
exper iment. Alad, both ratios are lower with Ehe right
ratio substantially less than normal and the left ratio

somewhat higher than normal. | -

~

»

Several parameters of the patient's gait in
. Experiment III showed improvement over those for the
previous experiments. The footawitch patterns are more

normal with the addition of a "heel only" phase at the onset
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of stance. Although the angle—anglé.patterﬁb depicted in
Figure 5.15 are still ?bnormal, they have a mére repeatabfe
shape at each time interval. -This is supported by the fact
that the sténdatd deviations for PA depicted in Figu;e 5.16
are generdlly smaller. Pinally, the stance-swing ratios are
.closger to nofmal-vaiueg especlally for the left side and in

raddition are more repeatable at each time during the

experiment. These bbae;vatidns with the stimulator turned

off after two months of continual stimulation suggest that
there is a tendency for the gait of the patient to begin to
incorporate features that attach to the gat \characteristics

of normal aubjecta.

5.2.6 Summary and Conclusions

e

The‘pati‘ent automatically selects an ﬁverge walking
speed which for each set of exper iments remainsa eﬁsentially
'_ constant. The angle-angle pattefns show evideﬁce of a
general lack of smooth coordinatibn in the control of the
conjoint motions about ﬁhe hip and knee. It is observed
that in all.eiperiments marked variations (as compared with
normals) occurred in both the average value; and the
standafd deviations of Yirtuplly all pg;ametets. Turning to
_ Pp in particular, it is no ¢d “that tﬁroudhout the entire set

of experiments Pp lies bgzween i,z and 5.5. This range_of

J
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values is embraced bn--the.studies of normal subjects that.

have been conducted tbhus far, but for normals the

Qafiabilityk in P, is significantly less. Minimum -

variability in pA accompanies minimum average values of this
parameters  Hence, the relative- values of \ P, within an
é;perihental get of'data such as those presented for each
‘experimeht .apPear to. habe potential as quantitative
indicators of overall coordination and control.“POr PA_t°
, fuliy .conVey its meaning ,from-ﬂone condition to another
within a set of experimentﬁl data, it‘ia_necessary also to
note the corresponding\valuea of P And A. v
.

A sidnif;cantlfinding is8 that left and right‘footgté?

periods remainéd essentially identical toieach other.

Aithough ‘thete is symmetry in respect to ~the footstep

periods, the footswitch patberns and stance-swing ratios are

markedly different with the right gide ratio significantly

less.

! : o
S;rikinglf, a number of pafahetera in both

& ' v
Experiments II and III appear to undergo significant

-

' coqsiatenﬁ phasic wvariations at cyclic intervals of six

minutes. At the pertinent times pp and its standard
deviation, as well as velocity attain minima while bilateral

fpotsfep periods‘a#tain maxima. Experiment I on the other

[P

[ DR SO

.-
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hand does not show these six minute phasic variations. The
b
implication of these fingi:gs is that irrespective of two

months of continual stimulation,. the -control mechanism

“aa

associated with the patient's gait appear to be making

contindal

cyclic adjustments, It would have been
interesting\ to have acquired data from the patient prior to
h~th$ implantation of the stimulator to determine whether the
cycilc phenomenon is inherent in the gait or is a function
‘of gny previous stimulation. A question Zieo arises

regarding the persiatenée time of this cyclic'ph omenon.

-~ ) . e

The ehort-terﬁ effects of turning the etimulator oh
can be described as follows, In general, 'the gait
parameters for Experiment I exhibit an evolutionary trend
with the_angie-angl; patterns evolving from diagrams which
exhibit robot-like movement characteriatice to diagrams
which include some esgsential fdtete of more normal gait
patterna. This is markedly different from the phasic trends

for Experiments II and III. Conaidering' he variatione with

'time of the gait parameters in all three
rd N

"be concluded that turning the stimulator off results in

ehort-term effects on the control machanilms different from

those elicited by turning the atimulator on..

Certain angle-angle diagrams from each set for

T e -y

xp ‘iments, it can‘
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Experiments I and II exhibited sonme ‘characteristics in
common.g The long-terp effects of two months of continual
stimulation resulted in angle-angle patterns which were
markedly. different "from those obtainea for the previous
experiments. In addition the variability of Pp and the
stance-swing ratlios were significantly reduced. Pinally the
footsw;tch' pdtterns ‘demonstrated more normal stance
sequenéea. Therefore turning the stimulator off after
long-term stimulation ﬁhs resulted in several improved gait
charaéteribtica. However, it should be noted that the
improvement in the pafameters mentioned above was marked
only after the stimulator was turned o . This leads one to

augéeat that possibly the stimulation parameters were not

optimum for long-term stimulatioﬂ.

The pilot experiments reported here demongtrate that
objective data are able to be acquired which ré;ords the
fun?ﬁionpl performance specifically relating to gait of a
cerebral palsy patient implanted with a cerebellar
stimulation. The procgssing, display and aubsequent

interpretations of the data acquired have peén done 1n what

. is believed to be a unique fashion with considerable future

potential for these kinds of patients. The measures ddcpted

are sgensitive to changes in functional perforfiance and

'provide quantitative and statistical information. Where

Kl
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possible physical interpretations:.of acquired information,

have been indicated and in particular stress has been laid
on the issues of coordination and control. while ﬁhehe
studies have been confined to measures associated” with the
consequences of stimulation effects, it is evident that the
tools described could be uééd to evaluate the consequences
of other therapeutic and surgical strptegieg. ﬁecent
technological advances in the optoelectronic tracking of
body motions (Brugger and Milner, 1977) have the potential

for expediting the acquisition of kinematic data which wil}
lead to angle-angle displays. . <

? Much has been learnt from these expe;iments to the
extent that future work should reéogniie the need for
acquiring bilateral angular and temporal information; that
the protocol for studies should include recordings prior to
implantation and that time scales should E; selected to more
fully elucidate long and Qhort—tarﬁ effects during and after
stimulation. The character of this work is such that. a
multifactorial analysis involwing statistical techniques is
necessitated and one |is lgd to ;quest that electromyo-
graphic analyses of.major‘mqscle groups Ybulé serve as a
valuable adjunct. Furthqrmore correlations with other

neurological findings would be of value. It should be noted

~at this point that the amplitudes of the H-reflexea for the

T P

CEa e
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same C.P. patient follow an undulating trend with stimulator
. Even moreé striking is the evidence of cyclic

ities in this trend similar to those observed in the

t of Pp versus stimulator off {Milner, et al, 1977).



CHAPTER 6

TRANSFER FUNCTION TIME SERIES MODELLING

& .
6.1 Introduction >

In this chapter an initial attempt has been made to
model the neuromusculo-skeletal (NMS) system, which is
. ;ép;esented by a black box, with the ;veraged and rectified
electfomyog:aphic (EMG) activities of selected leg muscles
as inputs and the angular :otatioﬁa in the sagittal plane of
‘ ihe limbs about the hip and knee joints as outputs. There
are.alnuuber of reasons which justify this type of work.

" These are listed as.follows:

(1) By attempting to obtain physical interpretations
for the vafiohs parametérs in the model and by noting the
sensitivity of these parameteraQéo various changes dne might
answer some of the queries put forward by physlotherapists
and other concerned medical personnel. For ex;mple, qﬁ;s:
tions might relate to the best therapy to be used in gait
rehabilitation or to the optimal surgical Qfocedure to be
employed in a certain circumstance.

(2) If one were then'able to model on a digital

computer the transfer functions relating the inputs_ and -

220
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A

b7
outputs of the system, one would be able to incorporate the
computer in utilizing the model for adaptive control of

gait,

(3) At this stage one could consider the

possibilities of programmed electrostimulation of paralysed

musculature. By placing electrodes over the appropriate -

muscle groups of the lower limbs, percutaneous electro-
stimulation of the musculature could be invoked and
c':ontrgc_tion of the muscle groups could be accomplilhed;
In order to recreate the gait pattern, however, it |is
imperative to know which al‘:o_tht dominant’ muscle groups
involved, in what 'seqdenco they contract and then lengthen
and what the re{ative magnitudes of muscular activity are

({.e. the electromyographic activity is taken to be
e

representative of muascular activity). Knowing this-

information one could pass apprapriate amounts of 'current.

thr'ough localized regiona_c} the chosen muscle groups in a

certain phasic cycle so as to artificially recreate as far

as is p‘Qgsible. gait pattern, A study which provides an

insight into some of the problems inherent in programmed
electrostimulation is available in the literature (Milner
and Quanbury, 1971b). Buch a digital model would bé \an
invaluable aid towards the successful realization of

programmed electrostimulation.

A\

-
e -
+ i« ¢ i i e o + e ————— = . s /-———-—“\-
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A careful perySal of \the literature (see Chapter 2)

has indicated that \there. hds been no study made of the
causal relationship D& an |patterns of muscular aq&ivity
the lower extremities during
walking. It .must ed, therefore, that such a
rglationship is very mu Rpen quéation. It would be
iﬁtereatinq to determine whether such a model, if found to
be reliablg under trepeated laboratory testing, could provide
a one-to-one correspondence between model form and class of
subject with the latter being defined by both the gait path-
ology and the physical dimensions of the aubjecf. varying
each of, the stride length, pace frequency and gait speed,
independently or conltraining two of these factors at once,
could then move the .model to different portions of the
parameter space without necessarily changing the form of the
model. - The successful realization of, thé’proposed model
could then bring to the study of locomotion in both normal
and pathological subjects a unity and a generalization yhich

ig lacking in the present literature.

The rationale for using the black-box approach will
now be presented followed by a brief review of those authors

who have used transfer-function models in biological

o
regearch.
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6L2 Justification of the Black-Box Modelling Approach

In trying to uaderstand the workings of physical

ps

systems, attempts have generally been made ;iaanaiyse such
systems by breaking them into smaller an

smaller sub-
systems which are physically realizable. An understanding
of the function and role of each sub-system_could then lead
to an explanation for the whole.  One major disadvantage of
this approach, particularly for biophysical systems, 'is that
it is usually almost impossible to do such an analysis w@th-
out causing some sort of permanent damage to the organism.

’Epée is especially true in the analysis of Jnormal and

pathological gait in human subjects. To ‘analyse the

locomotot system by the method described in the - first

paragraph would imply the removal of muscles from limbs

.
”»

which would be highly impractical. It was for this reason

that animal models have been introduced as an indirect méans

of studying the system. There is thus justification for

regarding the whole locomotor syﬁtem as a black box (or grey
depending on the amount known about the sttem). From a
careful examination of the inputs and outputg of the system,
which can be obtained with the use oflexperimental techni-
ques which hardly affect the physical system at hll,
conclusionp miéht be reached about the inner workings of the

gsystem.,
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One disadvantage of the black-box approach, used with

" the input—oqtbut data collected in jhe manner described ih_

this chapter, is that beécause of interactions between

the  inputs (both known and -unknown), cause-effect relation-

ships mjght be mis-interpreted. In Eact, using this method,

oﬁe is able only to postulate hypotheses concerning cause

andeffect and make predicfions which have to be verified

~

expérimentdlly. In grder to understand cause and. effect in

a system as well as investigate cross-correlations between

hidden inputs and the inputs beiﬁg recorded “one needs to

interfere ,with the system so as to perturb the biological

loops.

An experimental technique that holds promise in this-

regard is selective nerve blocking of various muscle groups

in the leg. Wwith the aid of a local dilute anaesthetic
. _ et

' injected into the appropriate nerve(s), the selected muscle

group could be effectively blockéd of its neural inputs.
This technique has been used already in other_areas e.g.
Edeland; and Stefaqsﬂbn -(1973) blocked the suprascapular
nerve in reduction of acute anterior shoulder dislocation
aﬁd Angle et al (1973) examiﬁed the mechanism éf the

unfoading reflex by blocking the antagonist muscle nerves.

It is hoped that the utilization of this experimental

1 .

b —————— g g
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technique in conjunctidh with the collection of pertinent
input—output data will yield useful information on cause and

!

effect relationships in the Nusxiyatem.

. f

It is pertinent to 'examine the literature for those

pape concerning triﬁsfer-tunction modelling xof biological

systems.

6.3 The Use of Transfer-Function Models in Biological

Research
et } (

Those papers in the area of muacle physiology which
have attemptﬁd to model the transfer functidns of load-
'novihg systems have resorted to asugntidiiy statistical
approaches. Williams _et Ei) (f97-i used the Pourier
transform of the input auto-correlation finction- and the
input-output. cross-correlation o obtain a transfer
function. Tfansfer\functions of load-moving muscle systenms,
the human oculomotor aysteﬁ and séveral types of mechano-

' receptors have been obtained using this technique.

’

!

Coggshall and Bekey (1970) by using steqpest'dencent
methodé have related muscle force to the average.reétified
valuer of the electromyogram. Inbar and Baskin (1970)
datermined‘certain parameters of striated muscle 6; using a

least squares method for nonlinear discrete system identifi-

r
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cation, Groupe and Cline (1975} achieved the functional
separatlion of EMG (electromyocgraphic) signﬁlé from noise and
other fnteracting EMG signals via an autoregressive - moving
average {(ARMA) model’ and used this model for prosthesis
control purpoaes_; Conscious of the need,-for a rigorous
ststistical analig«ﬁ of EMG s8ignals and noting the
application of rigdrous time-seriaes anaLyaib techniques to
the EMG of the upper extremity muscles by Groupe and Cline
(1975), to the ECG by Zetterberg (1969) and.to the EEG by
Fenwick et al* (1971) the initial approacﬁ chosen for
@dentifitgtion of the neuromgsculo-skeletal system ‘during

~—
normal locomotion has been the methodas of time series

gpalysis. The excellent text of Box and Jenkins (1970)

contains the essential mathematics as wéll‘as m#ny of the
programs associated with time series analysia.. Appendix 2
contains a summary of the theoretical sackground to the
transfer functioﬁ ﬁodelling procedﬁfe' taken from Box and
Jenkins' fext. . ‘ .

!

For the reader who is intJ{:sted in additional usesg

"of time-séries analysis the IBEE.Eranaactions on Aujomatic

Control has published a .special issue on System Identifi-
cation and Time Series Analysis (Vol AC-19, No. 6, December
1974). This issue contains a good cross-section of papefs

applyiflg aimilar'techniqdea of time serlies analysis to those
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described in this chapter bt in a number of different

areas. The system that is being studied in the work

Presenfed here is multi-input and single output. Although
some work has -been doné in the identification of
multivariable sygtems using time series analysis (Priestley
et al, 1974) tﬁe theory and application of these methods

have not vyet sufficiently advanced to be of immediate use.

The method invoked in this thesis is to initially
guess the form of the traﬁsfer function model incorporating
as much khowledge of the physic£1 system as is possible.
The transfer function model is then fitted by first aséumlng
white noise and the residual auto and partial auto-

correlations (see Appendix 2) are then used to identify a

better model for the noise.

6.4 Proposed Form of Modél

The general form of the model proposed for' the
neuromusculo-skelétal system is
(system dynamics) Ytnee = _
C8+(Cy XLp-p*C2 X2p.p+C3 X3pop+Cq Xdp-p) *+ Np
and (system dynamics) Y%ip =
C7(Cp Xlgp + €3 X2pop *+ C3 x3gp) + Ni

where (system dynamics) = £(B).

— A ot i
i

PP B
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" walking on a level surface.
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)

where (Cy, ,.. i = 1,4) = knee input coefficients
(€{, +.- i = 1,3) = hip input coefficients

L] .
Cv,Ca = level parameters

[

b = délay-(msec)
X1l = m. rectus femoris BEMG .
X2 = m., biceps femoris EMG
. . & <
X3 - m, aemitg%iinaaua BEMG’
. ' X ‘

X4 = m. gastrocnemius EMG : é&
yknee w knee angle h

" yhiP = hip angle
Ny . = noise model
v

The noise model N, models the contributions to the

output of all the oihe: muscle groups not being used as

inputs. N, also includes all experimental and measurfement

errors.

6.5 Design of Experiment

A description now follows of some of the methods

employed by this author in an effort to nminimize the
experimental errors aasopL“‘ad) with the \collection of

pertinent input-output data o £ an anbﬂidting subject
. ¥ .

o

(1) As described in Chapter 3,-_the_ choice of a

b 1= 47 =+ wam e
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m.o\iion-measur ing system is crucip'l {f- one wishes to measurne
the angular rotations at the hip ar{d knee joints in the
sagittal plane with minimal grrot. In this work the angularﬁ
- rotations were acquired using self-alignlng electrogonio-
l.met'ers after the design of Lamoreux (1971). The advantages
and disadvantages of such a ayatu -over the stroboscopic
lahh-photoq:aphy aystem have been carefully outlined “in
Chapter 3. Preliminary work utili:ing an optoelectr;nic
system (Brugger and__ Milner, 1977), honve:, show that this
systeu would bean “even better system tor future studies.
The advantages and disadvantages of the optoeiect:onic
system have also been included in C}mptor 3. Essentially by.
" carefu cement of ‘the/\electrogoniolete: system about the
hip and knee joints (see !':l.guu 3.11) errors due to motion
in other planes and’ movement of uulcle bulk during gait have

been minimized.

(2) The rectified and averaged EMG activities of
. selected skeletal muscles in the leg were considered as
inputs. The choice of this . form of processed signal is
justified sinc_e it has been shown by de Bruin (1976) that
the rectified and averaged'BHG signal is as sensitive to
changes in muscularc contraction (ilonotric) as any other_-'
commonly considered amplitude processor. Also simplicity in

both hardware and software applicat.ioni is an added reason



'S\amplifier.

b ]

fphe EMG signal {less 60 Hz interference) 1ia

A S | 2o

L

for choosing the rectified and averaged EMG signal as the

form of processed signal. Chapter 4.deaqu9£\;:ngth with a
method in which the ‘optimal dGéraging- window for the

rectifer and averager can be tomputed as }ell as the optimal
position for

muscle. This method enables the rqse&réher ‘ enhance the

. - b
reliability of his results by averaging out randomigitjes in

thepéﬁignals a8 well as providing a consistent means of
r

comparing results with those in other laboratories.

(3) Tbe use of surface electrodes "floating® on an

electrode-akin tissue',interface consisting essentially of

electrode paste and other chemicals on the skin allows one

to minimize errors due to relative motion of the sgkin under
the electrodes.

i~

(4) Motion artifacts are further’ reduced by using
short leads between the electrodes and, the differential

The characteristics of this differential

amplifier is .summarized in-Table 3.1, Chapter 3 and with a-

high common mode rejection ratio, high‘input impedance, low

- output impedance and shielded cable, a clean aéquiaition.ot

attained.
Pinally the use of high pass filters (Chapter 3, Pigure

3.17) eliminates. the low frequency component daz_‘ié any

*

plavement of the surface electrodes on the

ﬁf@‘“‘lam s e LM stk v bkt Fo
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remaining motion artifact.

(57 Amplf{iﬁjf}ﬁn of the signals prior to computer
acquisition reduces quantization_noise'due to the A/D

converter. These amplifiers are described in Chapter- 3

{Figure 3.17).

6.6 Experimental Acquisition of Input-Qutput Data

With the subject walking comfortably along a level
walkway, the EMG signals were acquired simul taneously from
four different muscle groups (m. rectus femoris, n. bieepe
femoris, m. semitendinosus and m. gastrocnemius) of the left
legQ The OpFimal positions for placement of the snrface
.electrodes on each muscle group had been determined from an
earlier exneriment using the method described in Chapter 3.
The optimal averaging window for obtaining the rectified and
avere;;d EMG eignal to be used in this analysis was derjived
again using the method described in Chapter 3. Por the
subject‘etudied in this chepter and for each muae}e group

examined the optimal averaging window length was fonnd to be

74 msec. /
* T — .

L]

The reasons for -the choice of the four muscle groups

mentioned above as inpute were:

(1) Examination of the relevant section in Chapter 2
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éhowed that these muscles were considered to play active
roles in rotation about the knee during normal locomotion.
Excluding the m. gastrocnemius the remaining muscle groups
mentioned were .considered to‘ be active during the hip
rQtation while walking.

(2} The muséle groups were superficial and easily
able to be palpated. With the aid of an experienced physio-
therapist each' muscle group was carefully delineated and

v . “~
surface electrodes were applied to the skin. '

Figure 6.1 depicts the four rectified and average EMG
signals for the aforementioned muscle groups as well as the

hip and knee angles for the period of one footstep of the
/g_‘ .

subject.

~6.6.1 Order of the System Dynamics

In order to determine the order of the system’
dynamics the modelling procedure was tepgated using the data .
for a given footstep with 1linear and quadratic system

dynamics for the case of:

Nt = (;L,.- GB)at

where B is the backward shift operator defined by BNt =

t-1* -
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n RECTUS FENORIS ' "__'—_/_/-/
/\.—W :

M. BICEPS FENORIS
e,

M. SEMITEMDINCSUS

M. CASTROCHENIUS

‘ Figure 6.1
Input-output data for footstep #4
2,3,4 = inputs -
6 = outputs

-

’
’

The variances of the reéiduals obtained in each case
are shdwﬁ'in Table 6.1, Clearly the model incorporating a
2nd order dynamics in the denominator converges with better
statistical significance. This result seems to confirm the
work of Crochetiere et al (1967) and Coggshall and Bekey
(1970) among others who suggestéd that muscle behaves as a
2nd order dynamic syatem.' The results obtained with 3rd

order hip and knee dynamics showed- no improvement over those

~
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Table 6.1

Determination of Order of System Dynamics

ad Variance of

System Dynamics (b=4) Noise Model Residuals
lst Order Hip Dynamics Nt = (l-dB)qt 0.34
2nd Order Hip Dynamics N£ = (l-sB)at 0.24

o
lst Order Knee Dynamics Nt = (l—sB)at 1.89 /
2nd Order Knee Dynamics Nt = (l-aB)at ) 0.40

obtained with the corresponding 2nd order dynamics.

6.6.2 Delay b

Ralston et al (1576) simultaneously recorded
elecfﬁ%izl activity in the m. rectus femoris, acceleration
of the \\;ﬁnk and force at the ankle during reflex and
voluntary extension of the knee. They found that time lags
of the order of 30-40 msec occurred between onset of
.electrical activity and onset of extension and between
cessation of electrical activity and onset of flexion.
Since the sampling frequency used for the rectified and

rage EMG's and knee, hip rotations was 1l00Hz their work

uggested a value for ‘b of either 3 or 4 (i.e. a delay of 30

)

B LR

At
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or 40 msec). If a différent sampling frequency were to be
utilized, other delayé between 3 and 4 could be
invegtigated.' This was not done for this study. In order
to establish the value of b the modeiling procedure was
repeated far b=3 and b=4 using the model form-with a 2nd
crder denominato nd Nt=(1—eB)at. The statistics displayéﬁ
in Table 6.2 for four different footsteps make it clear that
in general a delay of b=3 provides a statist\pally more
" significant model.

Table 6.2

Statistics for Detegmbnation of Delay.b

Variance
Explained
Delay Variance of by T.F. Model
Footstep Model {msec) Residuals Only (%)
1 Knee 30 , 0.38 59.08
40 0.40 63.97
Hip 30 2,38 50.04
40 ~° - 2.41 59.54
2 Knee 30 0.413 81.06
40 0.415 75.86
Hip 30 0.26 86.42
40 0.23 - 85.58
3 Knee 30 0.37 . 96.6
: 40 0.39 93.8
" Hip 30 0.19 95.9 -
40 0.18 84.6
4 Knee 30 0.49 91.9
40 0.50 69.9
Hip 30 0.24 92.8
40 0.26 50.2

e e ——

ey e -



2

6.7  Results
The final forms of the knee and \hip models which
incorporated the least number of parameters and’which also
reduced the reaiduals to white noise in the most
statistically significant manner were
(1 - Cgp - CgBZ) . yiénee = Cg + (C1X1lg.3 + C2X2¢-3
+ C3X3g-3 + c4x4t'_3) + (1 - CyBlag '
Ba, = a,.] backward shift operator
and
(1 = CiB -~ cgazl . y‘,’;ip = Cy + (C]Xlg_3 + CiX2¢-3 +
CiX3p_3) + (1 - CiB) ag

Model édequacy in each case was checkeé (see Appendix
2) by examining the autocorrelation function of the
regsiduals Jﬁg-c:oga-correlation functions involving the
inputs and residuals. The chi-square statistics associated
with the autocorrelations of the residuals and
cross-correlations of the residuals and inputs are compared
with the corresponding numbers in the chi-square
distribution table (for.a given significance and number of

degrees of freedom). )
. zIﬂable 6.3 contains the final parameter values and
confidence 1limits for the parameters in the 'knee and hip
- ”

-

models for footstep #4 of the same subject.

~

'
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Table 6.

Final Pérameter Values for Knee and Hip Models

Knee Model Final Parameter Values Footstep #4

. 1
-0.2562E-02
5

0.1999E 01

Individual Confidence Lyﬁi§s

1
0.2750E-02
-0.7873E-02

5
0.2023E 01
0.1976E 01

2
0.1304B-03

6
=0.1005E 01

3
0.1275F-01
- 7
0.84428 00

(on Linear Hypothesis)

2
0.4181E-02
~-0.3920E-02

6
~0.9813E 00
-0.1028E 01

0.23;33—01

0.5203E-02

2
0.9480E 00
0.7405E 00

4
0.2356B-03
8

~ 0.2159E-01

for Each Parameter

-4
0.1409E-02
=0.9381E-03

8

0.4445E-01
-0.1275E-02"

Hip Model Final Parameter Values Footstep #4

1
-0.1280E-03
5
-0.9604E 00

7/

2
~0.2628E-02
6
0.1022E 01

3

0.6216E-02

7
-0.5282E-02

4
0.1960E

Individual®Confidence Limits for Each Parameter
(on Linear Hypothesais)

1
0.8686E-03
-0.34358-02

5

~0.08976E 00
- =0.1023g 01

2
0.5489E-03
-0.5806E-02
6
0.112CE 01 -
0.9239E 00

3 ' s
0.1080E-0
0.1627E-02

7
0.3387E-01

-0. 4443E-01

4

0.2020e 01
0.1899E 01

237

0l

-
YR W7 i VEPPRERLY 8

.
e sim s



238

/

Figure 6.2 contains the actu$f/knee and'hip ocutputs
foutput data for the footstep shown An Figure 6.1), modelled
_ (transfer function and noise) knee ahd hip-outputs, modelled

(transfer funstion only) knee and hip outputs for the

" input-output data/hhown in FPigure 6.1.
X P ek -

. Figure 6.2
Model predictions for footstep #4
. l: Modelled knee output (Transfer Function Only)
2: Modelled knee output (Transfer PFunction + Noise
Model) lying on top of actual knee output
3: Modelled hip output (Transfer Punction Only) .
- 4: Modelled hip output (Transfer Function + Noise
Model) lying on top of actual hip output
e ‘<

Table 6.4 contains -the chi-adua:é statistics
associated with the autocorrelations of the residuélé‘and

cross~correlations of'the reaiduqls and the various inputs

for the footstep described in Figure 6:1.

L - —r—— Mk se il
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Table 6.4

- " Chi-square Statistics for Footstep #4 (b=3)

Ny Variance
\M,J//ﬁ\\"“’ Variance _2 2 2 2 2 explained

of XAauTO-CORR. XCROSS XCross Xcross Xcross by T.F.
Model Residuals RES 1,R 2,R 3,R 4,R Model &
Knee 0.49 40.0 '0.44 1,95 8.95 21.05
‘cf 40.1 CE36.4 C£36.4 CE36.4 c£36.4
Hip 0. 24 34,92 29.01 16.88 23.25
cf 40,1 CE£37.7 c£37.7 c£37.7 92.8
6.87 Discussion of Reauits

' The:reaults of the modelling procedures outlined in

the preceding sections elicit some interesting observations. .

1. The .crxoss-correlations betweenlinpués show up lnputs
which are highly correlated. One of these 1inputs
could ‘then be possibly removed frém modelling
consideration.. It wéa fagnd that consistently for
the subject studied that the m. biceps femoris and m.
semttendénosus_wqre highly correlated; 'This seems to
indicate that one could characterize the m.
haméiringa by .a single muscle group an& that anyone
‘of‘wtﬁe muscle groups within the hamstrings group

would be equally good for prediction purposes.

[—

-



The varilan

ce explained by the transfer function model

alone shows whether the inputs usad were adequate f-r

predicting

the output. For the results analyzed in

this chapter, 1t .was found that the four inputs

chosen accounted on the average for > 80% of the

var iance,

hip angle

difference between the output predicted by the:

The three iqputs used for -predicting the

accounted also on the' average for > B80%.

_If it should turn out, nowever, that there is-a large

transfet function alone and the actual output, this

difference
additional

prediction

b ) r
could suggest the phasic activity of an
muscle group that 1is needed - for better
of the ocutput. u

The product of an input coefficient and its standard

deviation
contr ibuti

It should

(Ci°xi) reflects the weighting of the
on of each input in predlcting the output.

be stressed again that this prediction is

obtained from passively observed data in which no

perturbation of the system has taken place.d Table

6.5 shows

weighting

weighting).

the.inputs sequenced in order of decreasing
(i.e. the first input has the highest

The‘se' resu}.ts indicate that as far as-

predictions of the knee and hip angles are concerned

. the hamstring muscle group represented by m.

240
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Table 6.5

+ Weighting of Inputs

Footstep Model Weight
1 - Knee S BF RF G
Hip BF s RF
2 Knee S BF RF G
Hip S RF BF
3 Knee S RF BF "G
Hip S BF RF
4 Knee .S BF RF G f)g
Hip ] BF ‘RF
S - m’ semitendinosus
RF - m. rectus femoris
BF - m. biceps femoris
G - m. gastrocnemius
- semitendenosus and mi biceps fermoris seem to be more
important than the m. rectus femoris (in case of hip)
and m. rectus femoris and m. gastrocnemius- (in case
of knee). ’
. . . 1]
4. As can be seen from Figure 6.2 the modelled outputs

(transfer function only) seem to follow ‘certain
segments of the actual outéuts better than other

segments. - As far as the knee angle is concerned

flexion-extension during stance was not modelled as

well as flexion-extension during swing. FEgr the hip

angle, extension during stance was not .followed as

-

o
Sequence of Inputs in order of Decreasing
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-

well as flexion during‘swing. These observégions‘“":
generally held for all the footsteps studied. .'_.' pY
. _ — A
5. It is interesting to note that when the input-output
data of three footsteps were modelled as one set of
input-output data there was less success in modelling -
tﬁe output than when each footstep .wgs modelled
separately. This reflecté the inability of ﬁhis

modelling procedure‘jdfmodel~the transitions between

, . foatsteps and illustrates a limitation of the
modelldng procedure. \\-
} " f - N
6;3 Conclusions

-

It is noteworthy that Transfer Function Time Series

Modelling has' produced .a number of intergsting
physiologically-based hypotheses viz.

1. ‘The model is able to suggest which:muscles[ forming
pért of'a la;ger muscle grdup, are synergistic.
l.‘ h
2. Model adequacy can show whether the muécles chosen as
inputsi are good pfedictors of the output.,
xDifferepceB between predicted output and:actual
output allow one fo poasibiy determipé the' phasic

activity of an unrecorded muscle . input. \ -

N &=
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~ I |

3. The resﬁlts of the modelling can allow the user to
assoclate with “each muscle input a weighting thus
giv 1ng the relative contr ibution of each 1nput in

predicting the output.

LY ' L V4

) 4
It is appareq@,J”however, that for . further
underatanding to be gained of _the nature of the
neuromusculo-skeletal system, the: modelling procedure should

‘. * be extended primarily in the following two ways:

M. A mechanistic model describing the possible
nonlinearities of the system should be included in

the time series modelling procedure.

2. The systetﬁ should be perturbe& in such ‘a way that

Input-output data could be more causally rqlatéd.

Nerve-blocking , a8 described .previcualy preseﬁts

exciting possibilitiea in this direction. "

'
~
v
Coe

L. - . 't
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SIGNALS AND ANGLE-ANGLE DIAGRAMS.

Program 1

" Name:

TWO PROGRAMS USED FOR QUANTITATIVE ANALYSIS

3 «-
b
+APPENDIX 1

N *

10E2 . FOR

Subroutines: None ) ‘

ch/mj

Alm of Progqram: ‘The EMG signals associated with a specified

-number of footsteps can be read in and processed (rectified

and averagéd).- _Before pfocessing, the-individual 6;;3519

are “massaged" to equal iength by either deleting or adding

data pqints uniformly ;shtoughout tie signal 1length.

variaace ratio is then computed (see Chapter d).

Variable

NUM

NSTEP

_ INUM

IREC

IDIC1

Meaning of'VariaSle

L]

Number of data points inﬁthe signal record

Initial number of footsteps to be read in

-Total-nuhber of channels- (inputs)

- First channel number to be read

IDIC2 .

-1

NUMP

NSTEP

IRECL

-

Do you want Full-Wave Rectification? Yes or No

Do you want an EMG envelope? Yes or NO
Window length for averaging (Even no. of

increments)

Maximum number of footsteps to be read in

Maximum channel number ) (:r/

A

Format

14,
14
13
13
A2
A2
14
LR
13
13

=7



VARIABLES ARE
INIALIZED

INTERACTIVELY

DATA ARE
READ IN

!

FULL=WAYVE
RECTIFICATION?

‘SIGNALS
YES
e ARE EW.

RECTIMED

NS

EMG
ENVELOPE ?

Yes SIGNALS ARE

!

SIGNALS ARE
"MASSAGED 'TO
EQUAL LENGTH

<

AVERAGED |

.y

VARIANCE
RATIO IS
- COMPUTED

ANALYSIS
COMPLETED ?

_T.“.. END .\

s

Figure Al.1l

~ +  Plow-chart for Program 10E2.FOR

245
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Program 2 :/5

Name: 10XYX . FOR m\v//

Subroutines: OUTXY, LABEL, MOMENT, LOOPS, CENTRO, CRPTS

Aim of Program: This program accomplishes quantitative

246

analyses of the.gngle—angle diagrams. Three -data records

are read in containing successively footéﬁitch,'hip angle
and knee angle data. Depending on the user's need the X, ¥y

coordinates of loop intersection pointa, area and perimeter

.and even higher order'moments can be computed. The program

displays the angle-angle diagram including coordinate axes
on an oacilloscopg. Using the footswitch daf:a, temporal
information can be obtained ‘and time labels affixed to the

angle-angié diagram.

Var fables Heaning of Variable | Format
NUM Number of data points in signal record 14
NSTEP ‘ Number of footsteps in file 13
‘INUM : Number of channels \ I3
IBU . -visual scale qutérfﬂkr oscilloacope display 13
IREGF - Footawitch record number - f I3
IRECX X~-data (hip angle) record number I3
IRECY - Y-datax(knee angle) record number I3

IN Noise level for pattern recognition of I3 -

footawitch'data

~

S A R P PR S
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VARIABLES
ARE INIALIZED
INTERACTIVELY

FOOTSWITCH AND

ANGLE DATA ARE
READ IN

DISPLAY OF

.| ANNOTATED ANGLE -

ANGLE DIAGRAM
ON OSCILLOSCOPE

QUANTITATIVE
ANALYSIS "OF

' ANGLE-ANGLE
- DIAGRAM

MORE DATA
FOR ANALYSIS ?

NO

YES

Figure Al.2

Flow-chart for program 10XYX.FOR

247
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. APPENDIX 2

THEORETICAL BACKGROUND TO.THE MODELLING PROCEDURE

a2.1 Transfer Function Models

Since the model describes a dynamic response. it is
called a transfer function 'model, and since the observations
of input and output are made at equispaced intervals of
timg;‘the assoclated transfer function model will then be

called a discrete transfer function model.

r

Even under carefully controlled conditions,
‘influences othér than X will affect Y. The combined effect
on Y of such influences 1s referred to as disturbance -or
noise. -A model such as can be related to real data must
take account not only of the dynamic relationship
assdciating X and Y but also of the noise disturbing the
‘syatem.: Such joint models ;:e\ obt;ined by combining a
deterministic .transfer function model with a stochastic

noise model.

248
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For simplicity it is proposed initially to make use

only of linear transfer function models and to extend this

to the

necessary.

non-linear case only If the results deem it

-

The relating of the model to data is accomplished by

the following processes:

A2.2

(1) Identification of the model

(11) Estimation of the parameters

' (11i) Diagnostic checking of the model

-

Discrete Dynamic Models Represented by Difference

- Equations

4

Discrete dynamic systems are often represented by the

Ci general linear difference equation.

(1 - 61 B - ... -GrBr)Yt - (uo - n]_B = savw ‘sBa)xt—b
B /_..o . .
or a8 8(B)Yy = W(B)X¢.p S

rd

where B 18 the backward shift operator defined by

BYy = Yg-)
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and (X,,Y,) are observations of the input and output data at
time t.-
-,

Thus if () = ,(B)E°

$(B)Yy = B(B)X¢

or Y, - s"l(Bya(m)X, (Yo = 0)

initial conditions

specified

[N
Thus knowing r, 8, b and the values of the

corresponding parameters $;, ..., &, and %, ..., Y we can

employ the difference gggel recursively Fp compute the
output for any input whatsoever.

v

A2.3 Transfer Function Models with Added Noise

\

’ It. we assume the disturbance or noise Rt td be

independgﬁt of the level of X and additive with respect to

the influence of X, then we can write

Yy * G'I(B)P(B)xt + N¢

If ‘the noise model can be represented by an

Autofegressive InEegrated Hovgng Average ﬁ:oceas
. . ' .
(ARIMA (p,d,q)) _

J R T

o " ;s‘fi“"-‘g' 0 ot an md AE

oL,
Y

vd



where &,
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is white nolse (random normally distributed with

<.
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A2.4 Identification, Fittiné'and Checking of Transfer
Function Modaels

In this sect methods are described for

identifyj:gj' fitting and checking tranafer function-noise

models whén simultaneous pairs of observations (Xy,v1),

(X2,¥32), ..., (XN,Yy) ©of the input and output are available

at discrete equispaced times 1, 2, ..., N. -

. The approach *is to estimate parddeters~ in
parsimonious difference equation models. Throughout‘both Y,
and gt are assumed to be stochastic ‘processes.

E
~

In the same way that the autocorrelation function was
used to idéntify stochastic models of time varying

quantities, the data analysis tool employed for the

identification :of transfer function models is the cross

correlation fhnctidn between the input and output,

We regard the pair of time series (sampled-data) as

realizations of a hypothetical population of pairs of time

Series, called a bivariate stochaatic process.'

The¢ dimensionless quantity

r_ (k)
pxy(k,) - %_

Xy

is called the cross correlation coefficient at lag k and the’

function pxy(k) defined'fdr k = 0, 1, +2, ... the cross

. s

+
R

WA G PLIT I VD
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L

correlation function of the bivariate stochastic process

gy (k) 18 the cross covariance coefficient ai, 05, are the

varjances of the -time series, Since"oxy(k) is not in
general equal to oxy(-k), the cross corfélation function in
contrast to the autocorrelation function is not,égmmetric

about k = (.,

' -

Estimation of the Cross Covariance, Cross Correlation

/quFunctions

!
It can be shown  that an estimate of ‘the cross

covariance coefficient at lag k is provided by

l n-k — — W - s
ﬁ'tfl (xp = X) (Ypup - ¥)» k= 0,1,2,...
ny(k) =" 1 n;k _ .
. H Eml (Yt-- Y) (xt+k - x) k = 01-1.!-2!"'

where n = i of pairs of values (x,, yt);available

X, Y are the means of the x series, y series
Thus the estimate rxy(k) of the cross correlation
coefficlent pxy(k) at lag k may be obtained bf subatiguﬁing
estimates Cy,lk) for Yy, (k), 8y = ’gx,(O), 8y = ’CYY(O) for

°y and’ °y respectively

C,. (k)

rxy(k) g;x—s‘; k .01 11' :2, "o
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gy

A2.5 Identification of Transfer Function Models

We now show how to identify a combined transfer

function-noise model
-1 o
Y = 6H(B)A(BIXy + Ny .

or

-1
Yo = 8TL(B)u(B)Xy_p + Ny

for a linear system corrupted by noise N, and assumed to.be
generated by an ARIMA process which 1s statistically

independent of the input X¢-

Specifically, the objective at this stage is to
gbtain some idea of the orders r and s of the left-hand and
rightnhand operators'in the transfer function model and to
derivei initial guesses fér the parameters 3§, ‘w and the delay
parameter b. In addition, we aim to make rough guesses of
the parameters p, 4, g of the ARIMA procesa‘deacribing the
noise at the output and to obtain initial estimates of the
parameters g, 8 in that model. The tent;tive transfer

funétion and noise models so0 abtained can then be used as.a

starting point for more efficient estimation methods to be

-

described later.
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. and Ergga-correlationfunctionL of the (X¢,Yy) Beries fail

. . . 255

An Outline of the Identification Procedure

Model: ¥y = '6”1(B)uw(B)Xy- b + N
= V(B) xt + Ne

The basic tool which is employed here in the identification
. . N - .
process is the cross correlation function between input -and

output. When the'processes are nonstationary it is assumed
that stationarity can be induced by suitable differencing.'

Nonstationary behaviour is suspected if the estimated auto-
-

< . .
to damp out - quickly. We ssume that a degree .of -

Qifferenciné d necessary to induce stationarity has .been:
achieved When the estimated auto- and crosa-correla£ions |

yx (k) s Tyy(k) and ry (k) of x, = "X, and y, = ¥y, damp
out quickly (9 = y, - Yeo1) ' '. N

Identifyinggthe Noise Model

o S LR

Model: Y, = v(B)X, + Ng ’ N

Given that a preliminary estimate G(B) of the transfer
function has .been obtained as described in the previous

section then an estimate of the noise aeries is provided hy
e~

~

-Nt = Y¢ ~ V(B)xt

v -
-

n . \/ ). -
then a study of the estimated autocorrelation functign of Nt

'(

- N 1
Bl nra § e e i o oo Lo Rl . b el e B
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can lead to identification of the noise model in the Qg)mal

manner. ‘ i

" R2.6 Fittiﬁgﬁthe Transfer Function Model
- ’ i ' ¢ . .!...;
- Wé now consider tﬁe problem oé efficiently and‘
simultaneously estimatiﬁg the 'parameters b, & « g, @ in

the tentatively identified mode}k '
_ Y if ¥ .

f - - : " 2

' Yo = CLEB) B Xy + ng d

Ghere Yy " ‘dYt, x't = det, ng = ‘ﬂNt are all stationary . i

. processes and
n_ = g~1(B) o(B)a - N
t t N

If starting values X5, Yor a9 prior to the commencement of

oy AR g mr 4 A=
.

the series were available then given the data for any choice

of the parameters (b, §, w B, © and of the- starting values

P

(xo, Yor 3g). We could calculate succeasively values of . !

. i
@ ]
'r

ay = at(br 8 w, @, elxol Yor ao-) t=1,2, ..., n
Under_ the néc;;i agsumption for the  a's a close
approximation to the maximum likelihood estimates of these

. /

parametefs can be obtained by minimizing the conditional sum «

—

-
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= _ 1
- of Bgu&res'function. i
|
]
) n 2 :‘ 3
So (b' 5' w, ﬂ' 3) = tfl at (b, 8, w, ﬂ, a |n°' Yoo ao) i
. , }
o _ : |
Three Stagé Procedure for Calculating the a's ;
. . ¢ i
!
- Firét the output Qt from the transfer function model T
. -~ ) N o . * ' 1
may be computed from (/
¥, = &1(B) w(B) X
. - t (B) . m(‘ ) t-b. -
lie. from ¢(B)Y, = w(B) Xtib ‘ﬂ
toe A . !
. o ?
OT £rom Yo - 8)¥y_j-...=8Yp_p = OoKp_p=U1Kgob-1=-- - YgXt-b-8 . B
" Having qalqulated the iE)series then the noise series can be |
. . :geherated from R , SN |
S Ne = ye- fel . ﬁ . .
: . J . ) . ‘ . . . :.
, 'Finally the a's can be obtained from )
""'g‘ k ! Y f‘ - ’
i . . ' ) . v . .o -J . S
S ‘ N . . ,_ll(B)g('B)-nr - . - . ) - . T . A . L o
, at = ‘B : t - ‘- . » . . . . -~
. ' g . e "
1 o b4 . . . - 1 |
N : - . : -
Li . | ‘
S . . - S
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Note: For - stochastic model estimation, the geffect of

tfansients can be miﬁimized if the difference equations are

started off from a value t for which all previous x'8 and

y's are known. Thus Yi is calculated from t = u +.1 ‘onwards

. = . ~ ., ‘
where u = max(r,(s+b)). This means that n, will be 4

available from n ., onwards; hence, if unkndbm a"s are set

equal to their unconditional expected values of zero, the

a's may be calculated from Ay+ptl onwapd&bj Thus the
conditional sum of squares function becomes

. . A

n -
2
Sq(br s, él np 0 = t-u:p+1 at,(br‘ﬁn , ﬂlxo; Yo ao)

Clearly we can slightly alief the parameters until the 5o

function 1s minimized and we should then have the optimal

aet'of parameteTrs.

N L

Nonlinear Edtimatigg

-

A nonlinear least squares algorithm may be derived as
follows: At any stage of the iteration, and for some fixed
value' of the delay ‘parqmetgr -b, let the .best guesses
available for the remaining parameters be denoted by Be

(61,0: Yeee 6:,03 NI'O! Ng,pl'gl,OI Bp,Of-

Now 1gt at,d be that valué'éomputed frgp thé modei as

fe e e e e 1R

. . .
e TTTTUL LW e e —_— T s e Bkt i
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described in the previous section and denote Ehe'negative of

the derivatives of ay w.r.t. the parameters as follows:

K

-a, (6
t*1,0
ﬂp o’ gl 0 *+°-

(6) _Bat

= {at (61;0 .o p nyo,.NO'o LRSI ] ms'o --.’

gy

]
i

e 0
0 an ey ﬂp'o’ 1'0 . e q’o)

%10 +)}}3 ceer 82401 99,0 <eev Yg,07 F1,0 -0er

éQro

al™ .

L]

aat
w
8
) (o]
3# S
t -y
7, N
: 8
o]
aat
h g
o]

Then expand@ng a, in a Taylor Seriéa about ag o and

neglecting higher orders we get

- . . . B .
ag * ag,o -,i§:\xai - 8,004 ¢ + jil l“j - “4,0 d},t

—_

—~

P Q
+ L (f, - ai? I8 -
g=1 g 59:0) ng + h=1 n h o) dh L *
Y 8 I
. . . s L oLq@
- or at'o ifl (61 - 5i,o)d{,L + : (mj - mjlo}dJrL -



a1

~(a)

260

vk g - ﬂgQO”é%_‘“ ; Cn - *n,o)af ) + a . ¢

gul h=1

We can now obtain the adjustments 61 - 51,0, mj -
wj,o by fitting this linearized equatlon‘by standard least
squares {i.e., by multiple regression). By adding the
computed adjustments (viz. the coefficieats found by the
regresﬁidn) to the first-guesses Bo A'aeéopd sét of guesses

can be formed and the process repeated until convergence is

reached. . ' s

"The derivatives can be computed recursively. If b,
which 1is an integer, needs to be estimated then the

iteration may be run to convergence for a series of values

_of b and that value of b giﬁing the minimum sum of squares
Al

will be selected,'

" Ugse of Residuals for Diagnostic Checking

p, ' N

Serious model ingdequacy can f:j;lly be detected by

examining

correlation gunction r;;(k) of the residuals
-~ 4 A/ ~ -~

a, = ap b\ 3, v, g, %) from the fitted model.

(b) certain cross correlation functions involving ingut
15@

and residuals in particular - the cross correlat

L '_\ )
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&

~ function ra;{k) between the prewhitened inpui ay and

the residuals ;t'

LR

If a wrong model is selected in general the a's will
be autocorrelated and also cross correlated with the X¢' 8
and hence with the ay's which genérate the x.'s. (This

would occur 1£ the transfer function model only is

incorrect). I1f, however, the transfer function model were

-

incorrect and the noise model correct then the a,'s would

only be autocorrelated,
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