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" ‘ABSTRACT

vgfckward movement is an aspect of daily life for most individuals
and it is a crucial element in most sporting activities. Backward
walking is a basic component of backward movement. In direct contrast
- ™~ ‘
to forward walking, backward walking has recgived only minimal attention
in the published literature. The present investigation was undertaken

: . ,
to provide basic information describing the backward walking cycle in man.
n» M

Two 16 mm film records were synchroniééd by means of an impulse
‘generator:which simultaneously activated internal timing 1iéhts within
each camera. Camera One photographed'Qhe subject's late;él aspect, while
Camera Two,.equipped with a split lens, photogréphed the subjéct's anterior
aspect aﬁd the.fqﬁr simultgneoug oscilloscope élect{omyograms: The subject

. ~. )
alternated backward and™~{orward walking trials until a total of nine

Awéiking trials had been;coméléggd iﬁ each direction. The positidﬁ of

<

the four pairs of surface electrodes was changéd'after threé walking:

4
- 1

trials in each direction, such that g total of twelve left lower
. extremity muscles were examined during each gait.

The backward ﬁélkiqgﬂ@ycle waé:ﬁirst divided into specific events,

ﬁhaseé and sub-phases which corresponded to the divisions of the forward
! , p , o

walking cycle. The principle of moments was utilized to calculate the

kY . N . -

position of the body center of mass and the cosine law was utilized to

calculate joint angles of the left 'hip, knee and ankle in selected frames

oﬁAFilm.One. The position of the late:qlmpstbpoint on the left"h&p;was
detéfﬁiﬂéd‘fréﬁiborresponding f{émes of Film Two.

k)

S
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“ The-following are the major results of the.study: (1) ‘the

backward and the forward walking cycles wére each divided into thred stance
. : ¢ .
phase sub-phases and two. swimg phase sub-phases on the basis of fiw .
k2l
. ' . . .
specific events, (2) normal backward walking was _slower than noémal

'I

Iorward .walking in terms of cadence and horlzontal velocity, (35
backward strlde arid step lengths were shorter than forward strlde and step

lengths, (4) within‘each gait the vertical dlsplacements of the top of

.
P the head and the calculated hody center of mass were 51m11ar, (5), peak- \\\\

to~- peak veftical dlsplacements of the body center of mass were 51gnif1cantly .

greater during bachardrwalking than during forward walking, Y (6) the

vertical high points of the body center of\mass during both gaits occurred
_shortly after.;alleoli—even of nid—stance oﬁ\éltérnate legs, (7) the
vertrcal low points during backward walking occdrred near the end of the
~—~J~4-_déuble~%imb“guppULﬁ.pELiUdb, whrite during forward walkrng thé‘vertical low
: . ) N ) )

: ) ) T
gbints occurred at the start of double limb support peri

ds,  (8)

.lateral and peak-to-peak lateral4medial‘di5jlacements of the\lateralmost

1

_boint on the left hip during backward walking were similar to corre-

;sponding forward walking’displacements. However, medial displacements
wﬁduring backward walking were:signlficantly greater than medial displace¥\ b
ments during forward walking, (9) changes in.the‘horlzontal velocity of\\\
the body cénter of mass; calculated over 5% d1v131ons of the walking cycles,.\\\\
”53 were small and 1ncon51stent during both galts - Overall, there was a 9
tendency for ‘horizontal veloc1ty to decrease sl1ghtly as the body ascended
to its vertlcal hlgh points and then to ingrease sllghtlv as the ‘body

~descended toward\lts vertlcal low points. However within each gait the

. ‘mean ascendlng horlzontal veloc1ty did not differ signlflcantly from the

mean descendlng horlzontal veloc1ty, (10) the joint excgrsions of the



!
ut
| .

lJeft lower extremity during backward sgpance arld swing phases were

the

}
|

4 approximate reversals of the joint excursions observed during
corresponding forward walk"g phase, (11) the total joint ravge of

-motion observed -at the hip and the knee was slightly greater during

forward walking, (13) ankle joint excursion was similar during both

gaits, However, during/backward walking this range was achieved
u ST ‘

through increased dors fiexioﬁxand decreased plantarflexion as compared

to forwafd walking, /14) the muscles of the left lowzr extremity were

&

=)
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\
CHAPTER ONE

STATEMENT OF THE PROBLEM
. ‘

I. INTRODUCTION

: )

Forward walking in man has been the subject of\considerab;F
diseussion.. The physical act of walking has been broken ‘down into
phases ahd.subjp?ases,‘ene antlysed in terms of temporal; spatial
(2,3,19,28,30,31,32,33,34,38,5L.54,55,59,62,63,67368,69,70,71,75,76,
77,78,81;85,86,87,93,103,106,107,108) and muscdzar ceordination (3,4,
8,§,11,12,13,1&,15,21,27,29,30,31,32;42,43,44,49,51,59,63,77,91,92,94,
99) parameters. | |

. : " ~

Medically oriented researchers have felt thag by establishﬁng
standards of normal variebility as a basis for comparison, physicians
and therapists could more readily and appropriately advise handicapped
individuals. Medically, knowledge of Whar“is normal is considered
‘neeessary to understand the causes.and effects of.abnormaiities.

Pﬁysical‘educators, en the other hand, have felt that by -
understandlng the parameters that characterlze top level performances

they could better prov1de coaches and athletes w1th the basic bio-

mechanical and physiological principleé - which to base the pursuit
of optimal performance. : \

Despite the interest in forward walking, published research
concerning backward walking has been minimal. Utilized to é leseer-
extent than is forward ealking and over much shorter distances
walkiﬁg backwards is, never—the—less, an important, although often
ignored, activity in t’e‘daily life of most in@ividuals. Walking

and running backwards are integral espects of most sporting



P

activities. Still, therapists and, particularly, coaches have failed

to consic . the significancé of backward mayement. The inability to

P

walk safely backwards is a security hazard for both normal and

handicapped individuals. In sport, defensive play-is %requently
cﬁaracterized by .the necessity to move rapidly and agilely backﬁards.
Often, backward locomotion is a key determinant in team and/or
individual success.

In both daily life and in sport the-physical activity of walking

is often complicated by the ne -:ssity to simultaneously perform other

skilled activities including balancing or manipulating obﬁects such

v

‘ , . .
as tools and athletic equipment. Simultaneously avoiding|or encourag-

ing coliision szh\;ther objects such as terfain, furniture and
Opponép: players can\fugther complicate moverent. When coupled with
yet additional variables ;ﬁqh ‘as changing direction, acceleration
and displacement, purposeful ﬁoVemgnt becomes increaéingly complex;

Backward movement often serves to place the individual in a

N

moré advantageous position ‘to carry out the task at hand, whether
‘sitting down in é ch#i; or maintaining defensive position in basket-
\pall, or to faciiitate éarrying.out another task such as raking,
swéebing, shoveling or.achieving‘an unguarded position in spér;s
competition.

Mediéélly, important diagnostic conéihsions are often drawn
from the &ayga person walks (9). In the medical specialities_ of

neurology, rheumatology, physical medicine and orthopedics it is

éuStbmary to observe the patient's gait for clues to pathological
conditions.‘mThe‘patient who lacks the ability to move backwards

safely is in a dangerous positdon because backward movement is a



necessary aspect of many daily activities.
In sports, backward movement is a crucial aspect ¢f most sporting
activities. Athletes and/or coaches who do not devélop this skill

L‘risk never realizing full athletic.potential in that activity.

i

The basic parameters that characterize backward walking in man

vy
e

‘have not been exténsively investigated. That which is normal or ab-

N

normal, efficient\or inefficient is undefined. The present invest-

igation focused on, backward walking as the basic unit in backward
movement. By describing this basic pattern it is'hOped'thét a

greater understanding of and appreciation for backward movement, both

in daily life and in sport, will be forthcoming.

N

I1, THE PROBLEM

The purpose of the present investigation was to provide a basic

4 a

descriPtion Qf backward walking in man, focusing on Fhe following:
1. The division of the backward walking cycle into component
phases and sub-phases which are of funceionél,significance and which
can be related to the forward walkiﬁg cycle. ' ) ' x
’ 2. The temporal and spatial relationships of gﬁe component
phases-and subfphases, and their significance in backward waiking.
3. The elecﬁromyographical description of the muscular pattern

characteristic of walking backwards and the inter-relationships of this

pattern with the temporal and spatial sequence of activity.

III. DELIMITATIONS
1: Walking backwards was restricted to the technique in which
the subject faced in one direction and walked in the opposite

direction. The path of movement was along the subject's YZ, or

LI



sagitai‘ﬁlane. The XY, or frontal plane of th. hedy remaiﬁed essentially
at right angies gb'the path‘of.movement.

2. DeéCription was restricted to the performance of one male
subject wélking backwaé% and fdrw;rd over a level, horizqngél indéor
suffacé.

'“.\3; Electromyographic description was restricted to E\menetioq
of twe;ve muscleé of the left lower extremity; the muscles t:ing exzmined
four at a Q}me on the four channél electromyograph.

4. Deécription was o-tricted to examination of singlé walking
&cyﬁ}es at a speed selected by the sﬁbject to be a normal or frée speed.

. .
5. Description was restricted to selected frames of film

corresponding to 5% intervals of the'walking cycles.

IV. LIMITATIONS

i. The accuracy of determining the body centér of ﬁass and the
lower extremity joint aﬂgles was limited Fo the acéuracy of the Humanscale
anatomicgl;data (26) and to the abil'ty of the examiner to locate joint

centers on the subject.’

-

2. The accuracy of determining the muscular pattern of activity

d
was dependent upon the examiner's apility to locate particular muscles 1
and to record and access accurately the elegfromyograms from these

7

muscles.

3. The accuracy of deter ing the temporal and spatial sequence

of activity was dependent upon the ility of the examiner to distinguish

accurately the various degrees pf foot-surface contact.



CHAPTER TWO

.REVIEW OF THE LITERATURE

I. INTRODUCTION

EaY

Consideréble research effort has centered on forward walking

: ; ‘
and the means bf,which data suitable for.detailed bioméchahical /
study could be gathered and analysed. HoWever,‘Eéckward walkingihas
received onlykminimal attention to date in the published lite:ature.r

Mény of the research ﬁethodologies and biomechanical principles
developed and disEuSSed‘with reference £o férward walking relate to
backward walking as well. A thogougﬁ understanding ofbboth the
experimental mgthodologies and the forward wélking cycle itself are

& : ;

.neéessary to permit a more logical;approach to the étgdy of backward

walking.

II. BIOTELEMENTRY
The confined laboratory situaﬁion cannot duplicatevprecisely
the  emotional or energy ‘demands existing in physical activities. The
time required to fit and align various scientific instruments attached
to the subject, as well as -their physical interference with normal
movement patterns, may impose additional stresses upon individuals, or
modify Fhose stresses normally present. ' .
:The term_biotelémetry refers to the measurement of physiological
éhenomena at a distance from where they occur (44). Préptically, ~
biotelemetry techniihes can be designed to leave the subject in a
relatively more Agfmal‘ﬂsychological aﬁd physiolpgical situation.

Interference with normal movement patterns can be minimized and the.



subject can be separated from the examining appg?atgf by relativeiy
: o . \\o
. . <
large distances, yet, still be fully monitored. ACinematdgraQEiéal
' %

and'electromyographical techniques can be modified.to this end. .

Electromyography (EMG) refers to the graphic representation
. . 5 '
of the electrical activity of mugFles (17). The task in biotelemetry

of EMG is to accurately transmit the messages of electrical activity

over distances to. points where they can be regorded and/or interpreted,
with minimal physical hindrance to the subject.

Cinematographical procedures‘permit the sﬁbject’s unhampered
o activities ﬁé be recorded under relatively natural conditions. The
film ﬁrovides a permanent record for detailed analysis.and makeé Tt

possible to evaluate the mechanics of complex physical activities
. o

(52, 65).
| e

ITI. - BIOTELEMETRY TECHNIQUES

Biotelemetry of the electromyogram has involved several

X

techniques, '‘each of which has particular advantages and disadvantages.

~

A primary objective here has been to maximize both the quality of the
EMG and subject freedom of movement, two factors which tend to be

inversely related.

.

1. Radiotelemetry Systems

Radiotelemetry utilizes electromagnetic energy to transmit
information over a distancé.'Radiotransmitters of varying dihensio:s
and transmission capabilities hgve been attached to the subjeét’t&
transmit the electromyogram, while a separate radiorecgiver was
located at a stationary point to receive..the ﬁransmitted signal

.

(8,9,29,42,57,60,61,66). ‘

%o



To date radiotelemetry investigations have generally been
confined to simple activities such as walking and stair climbing.
Subjects have often been restricted to movement along a narrow’ é

corridor, moving toward or away from a receiving antenna. Only
/

Lewillie (60,61) examined subjects engaged in a more strenuous

i
\

: \' . . ) . '3 3
activity, swimming, and in a relatively normal environment, swimming
pool. None of the studies r-.viewed attempted to examine EMG in a
competitive situation.

Moore et al. (66) and Baumann' and Hanggi (9) utilized miniatqge_

£ ? f

radiotréhsmitters, 225 g and 18 g, respectively attached to tpe

| ¢

subject near their respective electrodes. Dubo et al. (29) utilized

a belt mounted transmitter, Goldkamp (41) ytilized a transcitter which

was 'appropriately strapped to the body of the subject' and Walmsley

(99) utilized a 'box containing the telemetry system'. Battye and’
. y N

.

Joseph (8). and Josepki'and Watson (57) utilfzed an FM radiotransmitter

strapped to the sdbject's back between the shoulders with one aerial

going diagonally up past each shoulder. In all of these cases

dimensional information concernig§ the FM raddiotransmitters was not
o » ' e " .
provided. ’

‘iThe majority of studies reviewed utilized radiotransmitters h
which were capabie of singlg channel transmission of only one electro-
myogram (8,9,42,57,66). Dub;‘et al. (29) with four Chapnels of EMG and

two channels of time-event synchronization, Walﬁsley (99) with two channels
of EMG and Lewillie (60,61) with one channel of EMG and one channel of
electrogoniometry, were the only studies which_inaicated that they
transmitted ﬁore than one ch?nnel of information ﬁer radiotrahsmitter.

L 4 : ,

. Co. ~
Maximum effective transmitter range has been given as 50 m, in the open
-



air (8,57), but is frequently unspecified.
l?\\\\&\§ynchronization o%.Radiegelemetry and Cineﬁatography:~ The
radiotelemetry investigations reviewed did not use pictorial or cine
film records for detailed biomechanical analysis. Rather these records
were used .only to provi&e a gross indication of subjeéct activity at that
instant in time. Battye and Joseph (8) and Joseph and Watson (57)
utilize< :parate ﬁ%aeh photographs to reconstruct.ambulatory and
i i ~ :

stair ciimbing<ec§ivities, respeétively. The flash occurrence was
electronicaliy marked on the electromyogram. Moore et al. (66)
utilized electrogoniemetry to synchronize EMG and activity, while
Walmsley (§9) utilized foot—contact switches attached to the subject's
shoe. In both'casee an electrical connection from the subject to a
central recording station was necessary. Although EMG was by radio-
telemetry, the subject was net totally free of electrical connections.
Only LeW1111e (60, 61) synchronlzed radiotelemetry of EMG and radlo—
telemetry of electrogoniometry. \

Dubo et al. (29) used a polaroia camera to ﬁhotograph feur
electromyograms, plus foot-contact ewitch\information, displayeg on
an_oscilloseOpe. Videotape records of subject activity were npt
correlated with EMG and WEFQ not subjected to temperal'or spatial

~analysis. o L

o N ,
Baumann and Hﬁnggi;(9) recorded EMG activity on an FM tape

recorder and subject activity by means of two synchronized movie

LY .
cameras. A picture numbering device indicated each shutter opening
impulse on the magnetic tape and was used to match 16 mm film and

the FM tape record of the EMG.

Assessment of Radiotelemetry: Radiotelemetry techniques can

4
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eliminatep the need fgr electrical connections to the subject. However,
. :(" 5 3 N . .

[y \

. ' . 2
several other factors must be considered:

. . ‘\ .. .
1. Low power radiotelementry equlpment is necessary to meet
government régulatiohs;bh spurious radiation emmissions. Such :
&b /
VAL - . J
equipment is 3%§{iCult to set up and is highly dependent on antenna

positioning ifg%éliébility is to be obtained over a wide area (89).

. $ _
In a study. directed, at radiotelemetry of the electrocardiogram, Powell

and Walker (80) comﬁented that it was impossible to devise antenna
locations that woﬁld not éllow foreign bodies to come between the
/ .
transmitter and the receiving antenna. Once direct line of sight
transmission wag\broken, electrical noise tended to obSCUfe the

recording.

. _ N
2. A wide bandwidth FM transmitter and receiver arg required for
BY . . *

each channel of information recorded. If frequency or time multi—.
plexing, sharing,'are.emﬁloyed compromises in both fidellity and
complgxity of the transmitted message résult (89).

3. | Records are subject to congiderable noise interference becaug;
the réceiver.takes in éll available electfomagnetic energy in the

approximate pre-set range. The baseline drift, which often results,

complicates the interpretation of the electromyogram,

4, The'radiotransmitter equipment available for EMG is sufficiently

large that it may interfere with normal movement patterns and does pose
a danger t5" the weérer and other pgrticipants should it be used in a
Eompetitive situation.

2. Portable Recording Systems

In an effbét to eliminate tﬁe need for costly.and often

unreliable radiotelemetry apparatus Brandell et al. (11) and Dommasch

\¥al
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et al., (27) developed«tne muscle electronic recording device (MERD».
MERD is a small, modified tape necorder measuring 5 cm by 15 crm of ) 'ﬁ
20 cm, which is strapped to the back of the subject. 1Initiall--
MERD weighed 2 kg and could record two EMG channels simultaneously
(11). A later version weighted 3.2 kg and was capable of recording
EMG on six channels Simultaneously (2%3 ' The play- back unit, part of
MERD later changed the recorded FM signals on the magnetic tape back
to . replica of the- original EMG signal for oscilloscope display.:
Synchronization of MERD and Cinematography' Initially

Brandell et al. (11) utliized a foot-contact switch connected to MERD.
This switch was designed to fire almost exactly in the middle of the foot
flat position;of.tne running ssride and leave a marker signal od”one of
the two MERDﬁrecording channels. The foot-— contact switch also activated
a light which was attached to MERD and which was recorded on 16 mm
film, However; as the speed offthe runner increased the foot-contact
switch made multiple firings”and could not be used in analfsis. "
Fortunately, a hand held switch was nsed to signal the terminai strides,
thus permittiné some synchronization of MERD‘and cinematography.
[’\ In later investigations the subject.wore an arm band wnich ~
contained two llght sources and faced the camera (12,13,14 2/) This X
light source was connected to MERD eo that each time the light flashed
a mark appeared on the synchronization channel, approximately four
~“times per second. The subject .also carried a hand held switch

- marker connected.to MERD. By pushing the button, of this switch a
brief disruption of the synchronization channel resulted along withla

light signal and the beginning and ending of . actiVity could be

31gnaled by the subject. Therefore, any frame of 16 mm film could



be traced to its respective electromyogram by relating l2ght blinks

on the cinefilm to the light synchronization marks on the recordlng

. tape, after these had been related to the dlsruptlon signal. - -

Camera speeds varied from SQ fps (15) and 64 fps (12) for walking, to
80 fps (15) ‘and 124 fps (11) for running.

Assessment of Portable Repording Systems: MERD has béen used
succeSSfuily during both running and %alking activities, overgfound
and on a motor driven treadmill. Although it is-capable of recoraing
EMG during v;gerous\activity, uselduring comnetitive.situations is

questionab.e, as is its physical influence on the subject's normal

agtivity patterns, eg. posture, balance gait. 'For this reason

% -

Brandell (15) removed both the llght source and MERD -itself from the
subject attachlng them to.'nearby supports.
MERD does not utilize radiotelemetry. Consequently, range is

not llmlfed by transmitter ‘ot receiver capability. As well, electrical

connections to the subject are’unnecessary. However, synchronization

of MERD and cinematography ig¢ dependent on camera visualization of a

‘

light source on the subjett, or elsewhere in the camera's field of:
view. Thus, range is limited to camera lens resolution.

3. The Trailing Wire Method "

To date, the majority of gait oriented studies utilizing EMG

have employed electrode cables of various'lengths connecting the

subj -t to a central recording station. The extent to which the
sub j_ could move away from the EMG recording unit or be physically
. 5. .

active was largely dependent on the number of active electrodes, the.

length of electrode cable and the capabilities of the EMG system..

11
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Generally, subjec- excursion hazs bezn limited to,less than five meters
(43,49,63,85);
Hirséhbeig and Nathanson (49) utiiized suffacé electrodes and a
. =g
3 m length.of electrode caﬁle to exami@e{'simul;aneously, seven lower
extremity mﬁégles during normal and handieapped forwdrd waiking. The .
electrode éable connected to a-box‘attached to the subject's back ané
an a;sistant walked béhind~the subject carrying the electfode cable.
Close and Todd (21) ?écorded‘EMG activity, during nofmal
forward Qalkiﬁg and.following'tendon transfgr proceduresj both

[

oscilloscopically 'and with a 16 mm sound motion picture camera Ehat

also recorded subject activity‘photbgraphicéily. Only one muscle was
examined at one time using dual internal wire electrodes and a shielded

cable of unspecified length.

v

Gray and Basmajiah (43) utiliéed fine wire elecgrodes andvav o
4.6 m length of 'éicpil'gfiexible, multiwire cable to convey three
channels of.EﬁG and three channe}s of foog:pontéct éi}a‘in the exam-
ination of normal and flat feet during normal forward walking.

Margora et al. (63) and Rozin et al. (85) combined information

o . .
from three foot-contact switches, three electrogoniometers and four

coaxial needle electrodes to investigate normals.forward walking. The

A

' !
degree of discomfort associated with the teflon coated coaxial needle
electrodes was reported to be generally low. However, it was not

possible to examine the hamstring muscles owing to the 1arge'excursion

i

of the needle within the muscle during contraction, and the reshltant_

pain and altered gait pattern. The electrode cable and other feedback
cables were suspended from an overhead fféme, 4.m in . radius, so that the

4
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subject coula walk up to 7 m unhindered.

Sutherland et él. (91,92;93) upilized‘three pairs of wire
eleetrodes and an electrode cable of(approximately 4.1 m length to
examine lower extree;ty muscular activity durlng normal and handlcapped
galts. " The electrode cable was suspended by gn overhead pulley to free
the subjects' arms during forward walklng.

With the objectives of avoiding the‘interference and the peor
recording associated with radiotelemetry and the phyeital eneumbrance
of porteble recordiﬁg systeﬁs,'Spriginés’(SB)Autilized a»speciel

adaptation of the trailing wire method. EMG signals were transmitted

over a one hundred foot length of electrode cable with relative

, ‘absence of artifacts and minimal'physical impe§iment to the running

subject. A | - |
A spec1al belt mounted, pre—ampllfler unit, 12. 7 cm by 6.5 cm by
4.0 cm, welghlng 0.23 kg, was capable of driving f0ur EMG, channels

31multaneously over the entire length of:multiconductor cable without
X .

‘coupling of conductors within the cable during periods of  high
activity, Figure 1 illustra;es'the trailing wire,method ‘as modified

by Sprigings:(88) to investigate the muscular pattern of running at

speeds 1p tc 17.7 kph over a level gym surface and on a motor driven

ﬁreadmill_ oy ‘ , o
- R )
{2 Steadward (91) utillzed the EMG system developed by §pr1g1ngs

.(88) to examine upper extremlty mustular activity durlng varicus para-

o
plegip,activities including'sbog putting and wheelchair propulsion.
All four erﬁhe EMG channels were utilized 0o convey EMG; none where

'

required for synchronization of EMG and subject activity.

Synchronigation-of;EMG and Physical Activity: Foot-contact

iy . v A

13
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Subject Three pairs co. s. - ace electrodes.

J 3 . = L3 L
Containing fpour compact pre—amplifiers,
Belt Mounted h ived with ‘ . de fection
Pre-Amplifier each equiped with a common mode rejec
re P adjustment used to balance the input from

Unft each electrode in a pair
Cable ' One hundred feet of light weight, shielded
l : cable :
- Central Four channel FM tape recorder, head phones,
Recording ~ dual beam oscilloscope and electromyograph
" Station
s Figure 1. Schematic illus ration of the trailing wire method as

dtilized by Sprigings (88). The EMG record on the FM tape was lateruwwa 

played back to obtain the paper print-out.

switches attache. to one of the sybjects' shoes have been the most

% synchronization of the electro-

rcommonly utilized techniques for t
>gram and subject activity (43,49,63\85). Closures of the foot-

contact éyitches produced a simultagl {is mark on one of Ehe fecording
channéls. Margora et al._ (63) apd Rozin et al. (85) al;o synchronized
EMG-and~foot—contacF data Qith simultaneous electrogoniéﬁetry of the
hiP’ knee and énkle. All data was available on one prigt—outgéf

Gray and Basmajian i&B}\also syncHronized foot-contact swiﬁch'data with-

8 mm movies of the subjects‘ lower extremities. A specially adapted

.~ Fairchild Cinephonic Camera was used to film foot activity, as well as
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to record single electromydgramé along its magnetic tape audio edge. .
This was acéomplished by connecting the receptacle o£3rhe camera,
normally for microphone, to the individual monitoring outléts of;the
EMG duriné filming. When the movie film Qas played back the EMG could
be disgla&ed on an oscilloscope screén.“ By matching this,audio edge
electromydéram with its paper print—our.duplicate, which also
bontained foot-contact switch -data, synchronization of MG and ‘cinefilm
was obtained far‘the remainder of thg electromyograms on thé print-out.
Close ana.Todd (21) utilized a céntinuoﬁs recording 35 mm camera
to photograph a single oscilloscépé,electromyogram The vertlcal output
\ . .
of the osc1lloscope was connected to the ampllfler of a 16 mm sound motlon-
picture camera, which photograrhed the subject during dormal‘forward
walking. When the sound film was played back the magnetic tape récorded
dﬂelec:tromyegram along its audlo edge, could be dlsplayed on an oscylloscope.

By matching this play-back osc1lloscope electromyogram w1th that recorded

on 35 mm film, the 16 mm film, containing the recérd of subject activity,
,-

" could be precisely related to the EMQ at that instant in cime.

Su@herland et al. (91,92,93) and Vreeland et al. (97) described
\

a means of éﬁperlmp051ng electromyograms directly on 16 mm film of the
active subject. A silvered mirror system (Figure 2) was utilized to
. -

superimpose electromyograms onto 16 mm movie film so that each individual

frame of film carried the three oscilloscope channels of EMG identical

in time with the image of the subject shown. The Bolex camera, oscillo-

scope and mirror system were mounted on a turntable which was rotated to

U

photograph the subject who walked along a tangent to a circle centeréd

at the camera, 4.1 m radius. The -image from the oscilloscope was

prc ' =cted optically via a fully silvered mirrdr into the lens of the



’ 2

16 mm movie camera. The camera aimed thrqugh’ the half-silvered mirror

o

to photograph simultaneously the walking s&xbject and the three
L o
oscilloscope images on one frame of film. é,

The mirrors were placed at 45 degrees to the longitudinal axis

of the camera lens and the oséillosc_ope. A camera speed of 64 fps and

; \
. . WALL REMOVED ) \
TO EXPOSE ’ \ J

MIRRORS & LENS —l [

+——16 mm MOVIE CAMERA

50% SILVERED MIRROR —

AUXlLl RY LENS

100 /. SILVERED MIRROR

ELEVATION ADIJUSTHMENT

TURNTABLE

T
>T> STIMULATOR

CALIBRATOR

LOUD SPEAKER MONITOR

Figure 2., EMG - Cinematography synchronization via silvered

y mirror system {91). .
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an oscilloscope swe speed of thrée seconds were tpe settings”
urilized. A P7 phosphor, with a decay rime in excess of one second,
provided the three oscilloscope traces. The camera shutter angle
reported wés l80 degrees and exposure time 1/128th sec (92).

Flint and Gudgell (39) utilized a similar silvered mirror
system to simultaneously record'three‘channels of oscilloscope electro-
myograms, a data board, a timing clock andva subject performing
abdominal exercises. All film record ; were made at 12 fps, with *}}
oscilloscope sweep spegdsiof 2.3 and 3.0 milliseconds per cm, and using
surface electrodes. The length of electrode cable, subject—camefa
distance and film exposure time were %ot specified.

Sprigings (88) utilized intefnal.cameré ﬁiming lights to
'synchronize EMG and\cinefilm. The internal timing lights leff a 1ight
trdce on "he edge o% the 16 mm film and simultaneous triggered an évént'
mark on the fourth channel of the FM tape. Particular frames of film
were related to their respective EMG by counting back, first along the
‘'synchronizing pulse marks on the electromyogram, and then calculating
the distance from the last pulse mark to the frame of interest. Owing
to the disﬁapce between the cémera gate, exposed frame of film, and the
location of the interval timing lights within the.camera, the interval

kil

‘timing pulses preceded the frame of interest b? 14 frames. Camera speed
was.701fps, exposure time and shutter angle Qere not spe;ified: a
Steadward (90) utilized a split-lens, one-half section close-up
lens and one—halfksection.regvlar filter, to permit simultanéogs sharp
focus on a near-by' oscill :ope and on a distant subject. The frames

of 16 mm film were divided in half = :h that the left half illustrated

the active subject, while the right z1f carried the oscilloscope face
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‘and the four electromyograms. Camera speed was 64 fps. shutter anglg
Qas 45 degrges and an exposure time of‘l/512th second was utilized per
frame of film. The oscilloscope sweep speed utilized was 5 mflliseconds
per centimeter.

Assessment of The Trailing Wire Method: The trailing wire method
'ha; been the most popular investigative technique for EMG during walking.
Unlike radiotelemetry or portable recording systéms, the subject is
connected to the EMG'reéording apparatus by an electrode cable. This
cable does hinder mobility and does preclude inyestigation under com-
petitive condiEions, particularly team competitions< However, no
trénsmitting antenﬂa is required and the subject ;;n move’anyWhere in the
area which the.cab' permits. As well, he need not carry a bulky recorder
on his back.

Subjects have been held relaFively cloge,‘generally within five
meters, to the recording apparatus. In order to increase this distance

it is necessary for the subject to carry a pre-amplifier designed to
” .

_dfive cLeah EMG signals. ‘Trailisgiwire systems are generally acknowledged

to give .good quality recordingﬁ, o&ing to a mihimum of electromagnetic
.intérference, and afe adaétable to a‘variety of synchronizatioa‘techniqgés.

The system aescfibed byuSprigfﬁés (88,89).has been particula;ly“
effective in limiting the physical encumbrance to the subject. It ié also
capable of minimizing.éo Hz intgrference and balancing Fhe Jevel of input
from each electrode in a pair. The subject can be separaL:d‘fromvthéfﬁj
examining apparatus by up to one hundred feet and can car{y‘ouﬁ vigorous
activity. without diminishing‘the quality of records. ‘ ' ’ 'é?

4, ;Synchronizétién of Elecgromyography and Physical Activityp‘

The simple use of electromyography provides insufficient‘
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inform;tion from which to ing&rpret muscle actions in Specific skilled
mOVéments (3). Synchronized EMG - rhysical act1v1ty records are
essentlal if correlatlons are to be drawn between.the two, but Such
record;C;ust be interpreted in light of various inherent limitations. ’
Several methods for synchronizing EMG and activity have falready been
outlined in reference to gait studies. Many other synchronization
techniques .exist, but will not be elaborated‘upon here.
A few, of the many synchronization techniques employed are as

wfollows: electrogoniometry (60;61,63,66,85), flash photographs (8,57,
electronic flash units within the camera icself (56), interval timing
lights within the camera (88), flashing lights attached to the.subject
(l2,13,14); flashing lights placed within the camera's field of v1ew (15)
hand Operated electronic markers (11,12), electronlc foot-contact sw1tch
indicators (29,30,45?49,62,99), revolving discs placed within the camera's

’

field of view (40), modifications of the camera film counterdrlve (10),

superlmposlng EMG dlrectly’?nto movie film of the actlve subject by means
of 2 silvered mirror system (39,91,92,9;,94), superimposing without rhe
' SilQEred mirror system uslng a specially adapted camera (95), photographing
“ the electromyogram with a separate camera (21) and use of a split lens to
hplace both subject act1v1ty and electromyograms on the same frame of film
(30).
~Onl§ the superimposing and the split lens technidues eliminated-
the need for two‘separate records - the electromyogram and the‘physical
activity record - which réquired further correlation. Only one record is
necessary and the subJect can be relieved of many hlndersome mechanical

devices, such as electrogoniometers, flashing lights and fdot—contact switches.

However, mirror systems require more light on the subject to develop the film
’ e

expos@d through a half-silvered mirror. The subject and the ;

“h
<ES



oscilloscope electromyograms cannot both bevin perfect: focus because
camera depth oflfieid is insufficieﬁfly large to accompany both. As
well, a dark ﬁadkground behind the subjeét and in the oscilloscope
-area are neéessary to provide enough contrast so'that the oscilloscope
traces can be ade;uately recorded on film. The technique utilizing
a’Hycam camera equipped with two leﬁses, the front lens‘photographs
the subject while the back lens phdtograﬁhs the oscilloscope
traéings (95), appears to bevthe most practical, but it is also the
most expensive synchronization £echnique. The split lens techniqle
divides each frame of film so that the subject énd the electro;
myograms share the frame. Consequently, the film image size in both
cases is reduced and the subject has a smallér portion of the camera's
- :
field of view in which to be acti?e.
Although numerous EMG - physicai activity synchronization

techniques have been utilized, it is apparent that no one technique can

be ideal under experimental conditions.’

1v. WALKING ‘

As. previously stated, the biomechanical analysis of backward
wélking has received only Curso?y attention in the available liter-
aturef Consequently, a discﬁssion of fo;wara walking is presented
here because many of the p}inciples.and research methodolégies
involved relate directly to backward walking, as well as forward
walking. , ' o

Biomechanically, human lécomotion is considefed under two broad
hgadings: A
1. e Kinematics deals with bodies in motion, without regard to ‘the

0
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forces acting to produce the motion. 7Tt describes the position of

T a body in space at a particular time and the motion of body parts

relative to one another. Kinematics is essentially space-time

anal;sis.
2. Kinetics deais with the’forces acting on-bodies to produce or
alter motion, such as internally the muscles.and externally gravity
and friction (30,33,47,59).

1. Introduct;on

Considerable research, effort and discussion has centered on
gormal forwa}d wglking. As wgll, considerable discussion focuses
daily on the clinical evaluafion of walking styles. Throughout, one
persistent problem remains, the inconsistency with which many des-
criptive terms have been’utilized. Although frequently used inter~
changeably, these terms are not truly synonymous. Their appropriate
megnings are outlined below (i): .
Locomotion - refers to movement from one place to another and may be
classified as cfeeping,'crawling, brachial, quadrupedal and bipedal
Waiking - refers to progression on foot
Gait - réfers to the manﬁer of style of walking,.sucb as antalgic,
ataxic, paralytic and orthograde
Ambuiaﬁt - réfers to the ability to walk, not confined to bed.

Although largely taken for granted bipedal locomotion, with én
qfthograde gait (or normal walking) is_aﬁ éxtremely complica;ed
process. Thg illusion -of simplicity stems from the speed and co-

ordination with which millions of energy transformations are

controlled to produce or to prevent movement at almost every major

" joint ¥n the bbdy, in order to take just one step (75): Walking

-
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. forwards is not simply an act of falling forward and catching oneself.

Normal gait involves the transgbrmation of a series of controlled
and coordinated angular motions occurring simultaneously at the'various
joints of the lower extremities into a sméoth path of m6£ion for the
center of gravity (C of G) of the body as a whole (81). The ability
to maintain posture and to walk sﬁcceSSfully under a wide variety of
{Lircumstances deﬁends not only on the precision of intact muscle and
1pint structures, but also on thé integration made possible by a com—
plex nervous system (28,83) and many years of prgctice; The charact-
erist;c patterns £hat are seen in the adult are.not achieved until a
child reaches seven to nine years of age (54,86).

There are a muztitude of actions related to advancing the body
in a smooth and economical manner (77). Each individual diéplays
certain peculiarities which are superimposed on the basic patterﬁ"
of walking‘(SA). The wide spectrum of 'normal’' gaits which exists
might be partially attributed to factors such as body build, age, sex,
occupation, nafionality and geographic loéation (28). The walking
pattern exhibited by eéch individual represents his solution to the
problem ofvhow to get f;om one place to another with minimum effort,
adequate stability and accebtable appearance (32).

: .
2. Functional Tasks in Walking |

Normal forward walking; as cémmonly described, is a stridding
-gait (83); In orde; t; permit -this pattern three functional tasks
must be accomplished simultaneously: forward progression, siﬁgle

1imb balance and limb length adjustment. Perry (77) ou§§ined whese

functional tasks as follows:
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1. Foryard Progression fefers to ﬁhe advancement of the body in a
smooth and economical manner and involves primarily the following
mechanical tasks: shock ébsorption related to a rapid trangfer of
wéight onto the forward foot, control of movement that threatens thé
gtability of the limb as a weight bearing structure and generation

of sufficient force to carry the body forward (forward propulsion).

By utiliizing momentum to assist in shock absorption and in propelling

. the body forward, the work requirements of forward progression are

minimized.

2. Single Limb Balance refers to the ability to balance the 'body
over one limb while swihging the cher limb foryg;q. Without such
balance, or an adequate substitute, such as a crutch or a cane,
orthograde bipedal locomotion is impossible. In the normal standing
postufe the trunk is éentereQ\Petween th? two supporting limbs. As
soon as one foot is lifted the body becomes grossly off balance owing
to.the loss of one of its suppo;ts. To prevent galling and pgrmit

forward progression a massive holding force from the hip abductor

muscles, as well as a lateral body shift over the:weight bearing foot,

is necessary. ' K\\

\

)
3. Limb Length Adjustment involves the /felative lengthening and

shqrgeﬁing‘of the limbs to enable the fooq to reach the grogpd with
ease, whether the extremity is directed st>égght downpward, or is
reaching forward 6r’backward. If the iimb'fs_reachiﬁg'fbrw;rd or
backward, that limb must be longer than the limb which is pro%iding

.. . ;
vertical supporf. F!ilure to make a limb length adjustment and simply
drop the body down as it passes over the forward foot is potentially

detrimental. The jarring action as the body drops is uncomfortable
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and such a drop would cause an abrupt change in direction and hence
loss of forward momentum that might otherwise be harnessed for
forward travel.

The accomplishment of allwthree taské during each walking
cycle permits a smooth ride for the body and minimizes energy
gxpendituré (775 . s

3. Tert ‘Defining Normal Walking

Walking versus Running: During walking at least one foot is
always in coﬁtact with the ground and there are periods during which
both feet are in ground contact-(doable limb support). During

running there are periods .during which one foot is in contact with

the ground and during which neither foot is in_contact with the ground,

but at no time are both feet in contact with the ground (§9,75,102).
Running might be déscribed as a seriés of smoothly Coord;natéd jumps
during which the body weight is borge on one foot, bécomes airborne,
is then carried on the opposite foot and again becomes airborne (70).
Component Phases of Walking: The alternate standing and step-
ping aspects of normal forwayd walking are technicaliy_defined as the
staﬁcg and the swing ﬁhaseé, respectively; To better identify and
isolate related events within each, both stance and swing phases
‘have been divided into sub-phases, each of which involves a complex
.df activity related to accomplishing a particular task (77). Each
task is a composite of the appropriate components of forward pro-
gressioﬁ, singie 1imb balance and limb length adjustment (Figures
3 and 4) (43,77,83). Analysis of normal walking isvgenerally confé;;d

"N
to one leg at a time.

|

{ .
|
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Flgure 3. Dlagramatlc illustration of the component phases of a
51ng1e forward walking cycle (43).

Gray and Basmajian (43) are the only
authors to use the term 'full-foot instead of foot-flat

- STANCE SWING
' "
FEEL MID-STANCE PUSH-OFF EARLY LATE ' B
SUB—PHASE* ST _ “B- # . r_ :
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Figure 4.

Schematic illustration of the inter—relationships_
between forward progression, single limb balance, limb "length adjustment
and the sub-divisions of the forward walking cycle (77).

The term single
limb balance has been modified, by this author, from the manner in which it
appeared in the originmal diagram,

in order to illustrate two double limb
support (DLS) peridds before and after the single limb support perlod



Stance Phase ié'that péribd during'which the foot is’in
contaét with the ground. It bégins at the instant that the heél
strikes the ground (heel4strike) and ends at the instant that
ground contact is bggﬁén with that foot - (toe-off). The - 1imb then
swingé forward toward the next heel-strike (27;28,59,71,75,77,81).

Swing'PBase is that period during which the foot ‘is off the
grouﬁd moving forward toward tﬁe next heel-strike. It BegiAs at the
»instant that ground contact is broken (toe-off) and ends at the |
-Ehstant that ground contact is again made with that foot (heel-strike),
after having_gQung corward (28,70,75,77,81). |

During normal forward walking the stance phase occupies
approximately 60% of the walking cycle aga ﬁhe swing éhase occupies
approximately 40%. However, the relative duratioﬁs of these’two
phases may be altered by the cadenée of the wélk (43,7?,83).

The two phases of normal bipedal gait have been divided.-into

[

.sub—phases in order tO facilitate biagechanical analysis (Figgres 3
and 4). - Altﬁough mény authors have discussed the forward walking
c?cle in éreat detail, few have @efined the vario;$ sub—pﬁases o;.
ﬁthe events utilized as the boundaries of these sug—phéses: épecific
0ccurreﬁ§es,_such as the'follow;ng, have been utilizied as the
boundar Yes of'fhe sub—pha;es (27,59,67,75):

1. Heel-Strike —.the instant at which the heel oﬁ‘the previously
sw?ngingikeg contacts the ground B

2: Foot-Flat (Toe—ﬁbwn) - the ipstént at which the toe contacﬁs

the ground, such. that the entire sole of the foot is now in ground
‘\ . -

~

contact
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3. Mid—éﬁing -~ the instant-the axis thrdugﬁ the malleoli 5f the
isw;nging leg crosses thé frontal plgne in which the axié through the
malleoli;of the'stanAing leg lié; (75)

4. "‘Heel-dff - fhe instant.at whiqh thé heel'breéks contact with
the ground,.the toes.remaining in gquﬁd contact

5. Toe-Off - the instant at which the toes bryg

~ground.

Only Peizer et al.d(75)<defined mid-swing as above, -an instant
_ ’ . ;o - _ |
in time. Perry (77) did not define mid-swing as an instant in time,
: ' : . :
but did <uggest that it was the termination of knee flexion.

Sub-Phases of Stance PHase (59,77)
;

1.  Heel-Strike Sub-Phas - begins at heel-strike aﬁd ends at foot-

flat. It is a period of/yeight-transferende onto the new stance leg.
2. 7 Mid-Stance Sub—Ph%ée - begins dt %oot*flaf and ends at heel-off.

It is pritarily a per%#a of single limb support during which the entire

sole of the stance fgot ié in ground contact,
/ - . -
3. Push-Off Sub-Phase - ‘begins at heel-off and ends-gg toe—qff.
- // N '
: : / S .
During this period/the body is propelled forward by the forceful

action of ﬁhe calf muscles (75).

-Sub—Phasésﬂof §ying Phase (77)
1. . Early-éwiné Sub-Phase —Abegins at toé—off and ends at,mid—swing.
The forQard swingiﬁg leg céfches up tp_the stance leg at mid—sQing.
2. Late Swing Sub-Phase —'bégins at mid-swing and ends at heel-
"strike. The forward swinging leg reaches ahead of the stance leg
toward thélnext groﬁnd contact.

The sub-phases of sw;ng.phase haveflso been classified as

\ .

acceleration, mid-swing and deceleration (43,59,67,75). These terms



have been described as follows: °

- 1. Acceleration Sub:Phase - that period foilowing toe-off, during
which ﬁhe swinging iég commences to travel thfougﬁ space. At fhis
point igxfime the swinging leg:must be accelerated in order to catch
up to and get in f;ont of the body in preparation for the next heel- )
strike. ' - o . b

C2.7 ‘ Mid—Swing"SuB;Phase‘— that period during which the contralateral
leg is fﬁllx sgpporting Fhe Body weight and the ipsiléteral ;eg'is
st;rting to e§tgnd at the'knee preparing to heel—strike; %he

swinging leg'has caught up to and passes directly beneath the body.é@A&
3. Deceleration Sub-Phase - that period just ﬁrior‘to heei;strike
during which the swinging leg begins to stop its forward travel
through spacérand is iq the réach positibn preparatory for weight
acceptancé; The forward momentum of the leg is restfained to

contfol the pOSition and veiocity of the féot immediately_befdrg heel-
s strike.

In this second classification system the lack of specificity-
:in terms of assigning EOundaries$to the sub-phases makes distincticn
»beﬁweén sub-phases ungleér,ﬁ%érticularly distinction with the naked

eye. Also, mid-swing is not defined as an instant in time, but as a

sub-phase with no clear boundaries. : : T
] e ;
|

Perry (78) has outlined a more ‘Versatile terminology desiéﬁcd‘
fo describe the gait of both normal and handicapped individuals.

This non-anatomically based terminology is illustrated in Chapter Five
of ithe present investigation,
N

X,
\\ Other Terms Describing The Walking Cycle: The
N,

O
v

élkihg cycle
extendg\from heel-strike of one foot to the next heel-st¥i7e of the

S
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same fooﬁ, one stance and one swing phase. Walking cycle duration
is inversely related to cadence and involves two double Lifmb support
pefi%éé.(l53832. The opposite leg moves in a,réciprocal manner
dur;ng‘its simultaneously occﬁrring, but out—of—phése walking cycle.

Double Limb Support refers to thosevperiods of time during
which both feet are simultaneously in contact with thé ground. Ino
normal walking the sﬁance phases of the two legs overlap so that
the periods of doub%e‘limb support‘occupy approximately 25% of the
walking&cycie (33,81). | h

 Stride Length refers to the linear'distance in the plane‘of
progression between successive floor-to-floor contacts of the same
foot.
: /

Step Length refers to the linear distance between successivg
floor-contact points of opposite feet (69,70).

StridelTime referé to‘Ehe time elapsed between successive floot—
to-floor contacts of the samé foot.r It is. identical to waiking cycle
time or duration. ‘

Cadence refers to the number of steps, or stridés, per unit
length of time. Tt may also be considered as the step; or stride

. '
frequency. : J.

4. Dimensions‘of The Normal Walking Cycle

Many studies have concerngd themselves with the ;émporal agd
spatial aspects‘of normal forward walkigg. waever, few studies have

provided detailed analysis of more than a few of the basic paraméters
L3

P

descriptive of the normal forwafdealking cycle itself. Table I illustrates
mean values of selected.:empoyal ang- spatial parameters, based on a sample

of tﬁirtyvnormal males (69). Table II illustrates a more frequently
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Values For Selected Parametérs of The Normal Forward Walking Cycle (69)

Parameter or Gait Component

Value Reported

Walking Speed (cm/sec)
Walking Cycle Duration (sec)

Stance Phase Duration (sec)

{
Swiné Phase Duration

Stride Length (cm)

(per cent of cycle)

(sec) )
(per cent of cycle)

<

151 (20) \
1.06 (0.09) RS

0.65 ¢0.07)
61

0.41 (0.04)

G

2

156 (13)

( ‘) Standard Deviation

S

TABLE 1II

Forward Walking Cadences Reportedf;;\¥fevious Investigations

Author (s)

Description of Investigation

Cadence (steps/min)

Drills et al.

Dubo et al.

1976

936 persons timed over 20
yards on a New York City

30 normal males, ages 20 3
60 normal males, ages 20
64 normal males, ages 20

20 normal males, mean age

20 normal- females, mean age

28 subjects, age and sex

1958
‘street
Murray et al.
1966 to 65 years
Murray
1967 to 85 years
Murray et al.
1969 to 87 years
Zuniga et al.
1973 36 years
27 -years
Winter et al.
1976 ' not specified

?

20 normal males, ages 8 to
72 years, mean age 37 years

112 free speed

N\

113 free speed
138 fast speed

113 free speed
138 fast speed

111 free speed
132 fast speed

89 free speed
106 free speed
82 slow speed
93 free speed

114 fast speed

106 free speed




reported parameter, cadence.

5. Displacement of The Body Center of Gravity

The body center of gravity (C of G) is not a precise orlfixed
point. Its position at any instant in time is governed by the pos-
ition of the body segments, as well as the distribution of body
fluids and clothing (47,75). In the standing position the location
of the body C of G is approximately one inch anterior to §he
second sacral vertebra and lies at approximately 55-56% of the body

: :
height, measured from the floor (86,102). Its displacemedﬁ pattern
may be regarded as constituting the summation or end result of all
the forces and motions acting upon and gpncerned with the translation
of the body from one point to.another (28,86).
1. Vertical Displécement: The vertical path described by.the
body C of G during normal walking has been referred to as elliptical
singsoid stretched in the plane of prOgressién (86)-. IWithin each
walking cyclélthe body éently oscillates through two vertical peaks g
and two vertiéal valleys, which coincide closely with the lower limb
positions in their times of occurrence.(30,68,69,70,71,86).

The vélley; octur during double limb support, when both feet
are on the gyound and the body weight ié evenly distributed between
them (75). At ﬁhis time one limb is déé;cted.obliquely backwards
and the cher is outstretched oSliquely fprwérds (70). The pelvis
then begins to rige shortlyvafter;heel—strike (30).

The peaks ocCur'during'periods of single‘limb.suppért, at

- mid-stance of alternate legs, also the middle of swing phase (86) .
At these instances, during mid-stance of alternate legs, the swinging

1ég is passing the supporting leg (30.75). Although the two

N
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oscillations appear equal and symmetriéal, the stance phase peak

has been reported to be slightly greater (30). At its ambulatory summ-—
it thé body C of G is slightly lower than in the erect standing
position (86).

Vertical displacement has generally been de-:cribed in reference
to a fixed point on the body. Inman (54) stated that the vertical
displacement measured at the‘top of the head is approximatgly the ,
\samé as that measured at the sacrum. However, comparison of the
vertical diépiacément patterns of the head or the sacrum with the
calcﬁlated'body C of G was not located in the literature examined.

Peizer et al. (7%) reported normal vertical displacement of a fixed

AL

point on the pelvis to be 5.08 cm. Inman ﬁS&) reported a vertical

displacement of 4-5 cm measured at a point on the pelvis opposite

~

-
)

the second sacral segment. Saunders et.al. (86) reported a mean

vertical displacement of 4.57 cm for the body C of G, but did not
&

state how the C of G was determined.; Eberhart et al. (30) reported

a vertical oscillation of approximately 5.08 cm measured at the iliac
<y e : ’

crest. Murray et a%, reported that the vertical.displacement

measured at’ the top of the head (71) and at a neck target avéraged

4.8 + 1.1 cm during free speed walking:

’

é. Late;él Displacement: As the body weight is transferred from
one leg to‘the othér‘theré is a éorrespondipg shift of the pelvis
and trunk toward the weight begriﬁg side (30,54,595. This displace-
ment.reaches it lateral limit“at midstance of alternate legg and

“has been tescribed as a smooth, oscillating curve which relates

)

closely to the position of the lower extremities (54,55,69,86). !

Peakr-to-peak lateral displacements of approximately 5.08 cm ;

T,
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(30,31) and 4-5 cm (54) have been-repSrted for a point near the body
C of G. ’Saunder5~et al. (86) gave a value of 4.45 cm in referencge
to lateral pelvic displacement, while Murray et al. reported lateral
displacements, ﬁeasured at the head, of 6.0 + 1.7 cm (68,71) and
5.9 + 1.7 cm (69) during f-e¢ speed, normal forward Jalking. \
| 1f tﬁe vertical and.lateral displacements are combiped and
projected on the XY, or frontal plane they Aescribe an §iﬁost perfect
figu:e eight occupying approximately 5.08 cm square. The vertical
and later;l deviations are also equ;l and symmetrical in both
planes (86). -
3. : .Forwara Displacement: During the'normaiiwalking cycle the : L
hoviz ntal velocity of the boﬁy C ?f G in the plane of progression is
a: constant, at 4 kph (2).‘ Hod%ver, undexr closer‘examinaﬁion it
is i.served that the instantaneous vechify of the body C of G
changes constantly és the body wéight/is applied to or removed from
each foot successivély (55,68;69,70,71).
| The changes in horizontal velocity preclude visual percepgion
{ ' <
because they are execute@'so smoothly, Horizontal velocity decreases
slightl& as the trunk»climgs to\iFs highest elevation during mid- ‘ .
stance. lIt thenqinéreases slightly as thé trunk descends to.iﬁs lowest
level during‘douﬁle liggssupport (68,69,70). The horizontal velocity

of the body C of G is characterized by a rhythmic lurching of non-

uniform velocity as the body weight is shifted from one leg to the other ;@

—

(75). Horizontal velocity in the line of progréssion oscillates and is Y
. , —_—

characterized by phases of gentie incréase and decrease. N
6. Energy Considerations

~

Normal forward walking conforms to the minimum ‘energy expend-




iture'principle. Fundamentally, it is the translation of the body

C of G thréugh space in a manner-requiring the least expenditure of
energy supplies.(86). The body integrates the motion of the various
segmgnts of the body and controls tﬁé activity of muscles so as to
.minimiée énergy expenditure (54).

- In terms of caloric expenditure norﬁal forward walking L;
extreﬁely efficient and no other common activity compares favérably.
Walking:speeds up to 6.4 kph require approximately 0.63 Cal/min/kph
(75). °Evén minor alterations in the normal gait pattern'increaseA
energy expeﬁditure and decrease efficiency (75);

To walk with a minimum of energy it is necessary to minimize
the Variatioﬁs in 'the vertical,»lateral and forwara displacements of
the body C of G. Abnormal displacements in any direction are
accompanied by dispropoftionately high increases in the ehergy‘
required to walk. The'coordinaﬁéd knee and. ankle aotiohs are the

-~

principle mechanisms by which the vertical displacgment of the body
Cldf G are limited (54). h

The optimal speed for walking is a free ér'éomfortable speed
at which energy expenditure is minimal (46). It is the speed adopted
'naturally' by the subject under the éérticular‘éircumstancés'(2,54).
. wAlking speeds less than, or in excess of this_'ffee' or 'natu;al'
speed résult in increased energy usé;ggv(SS). ﬁétu;e's goal is to "
get from one place to another with the least expeh@itgre of energy.
Each individual e@ploys whatever nature géVe him in his attempt to do
so (54,55).

7. Lower Extremity Joint Excursions.

The excursions of the joinFs of the lower extremities during

34
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normal forward walking have beeﬁ described graphically by several
snvestigators (12,15,30,63,68,69,70,71,75,85,92,95) and are illustrated
invFigure 5. The significance of joint excursion information lies in
the fact that the_joints éct to smooth the path of the body C of G
" and thus limit energ§ expenditure (30,33,54,75). As we}l, joint
excursions are readily apparent to the trained observer énd such
‘ipformation can readily be of va]ue.in gajit training aﬁd re—education,
particularly in the case of lower extremity amputees.
ﬁormal forwérd walking is an example of general motion,
translatory mot;on'of tTe body as a whole is broﬁght about by means of

the angular motions of the Jower extremities (102).
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Figure 5. ‘Hip, knee and ankle joint angles related to the forward B
walking cycle (75). ' ‘ , _ﬁ




8. EMG Related To Walking

The rhythmic intermittént contractions of the muscles of the
lower éxtremities during wggzing are related to the evénts of the
walkiﬁg cycle (Figures'é and 7). If continuous electromyograms'aré'
recorded from‘individual»muscles and synchronized with thelphysical

activity at hand,‘é phasic description of the walking cycle is avéilable

(21,87). There exists uniformity of individual patterns of muscular

s

. 1
activity (30). ‘ I

It should be stressed that dnder normal conditions the EMG

accurately portfays the timing, but not the force of mus&le contraction

. .

(éZ). The visualization of peak ﬁusclé action potentialstprécedes the
development of peak muscle‘tensién by approximately (.08 + 0.02 sec
(53).; Hoyever, the muscle tension ou;lasts the electrical potentials
(62,91).f,Eléctrode‘placement may effect thé relat ionship between actual
tension development and the appearance of;nuscle‘actign potentials (62,
79). |

Electromyography serves to illustrate -he phase rélatipnships
of muécle actions>and enagles investigators to r 1.:iLe the muscular-
pattern of activity to the'mqtion of ‘the skeletal parts (Figure .7).
rInspection of muscle activity patté:ns during forward walking reveals
that most muécles act. only once, over short periods of time and are
éilent during the remainder éf the gait cycle (55,79). Muscles act to
stabilize, accelerate and deéelerate the lower;extremities (30).\~

Walking is not solely the result 6f muscular activity. Rather,
intrinsiclmuscu’ir forceé and extrinsicfgraviﬁational forces .intéract

to produce or to prevent motion at the various joints of each segment
. g

of the body «(30,75). During large intervals in the walking cycle the
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Figure 6. Diagramatic illustration of idealized electromyograms
of stance and swing phase muscles (21).
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Figure 7. Graphic representation of EMG and joint excursions
related to the forward walking cycle, stance phase (91).



limb is carried forward solely by it's own inertia (30). Electro-
myography must be supplemented with other biomechanical techniques,
~such as cinematography and electrical synchronization in order to

correlate the EMG and the physical activity under consideration (3).



CHAPTER THREE
METHODS AND PROCEDURES

/
d T
1. INTRODUCTION &Y

i . "‘
The study combined the techniques of electromyogréphy and

cinemasogfaphy to examine the temporal and spatial, as well as the

muscular pattern of activity, of the lower extremities and the inter-

: J , v
relationships of these factors during normal backward and forward

walking at a free>speed over a horizontal surface.
Electromyog;aphic techﬁiques were utilized to detect
- eléctribél activity in. twelve lower extremity muscles and muscle groﬁps,
thch were considetred by the.igVestiggtor to be relatively écceSSiblé
via surface electromyography and which Qere also cohéidgred to be\major
contributors to normal béékward wélking. The muscles were the
tibialis anterior, the peroneus longus, the gastrocnemius (medial Head),
the vastus meaialis, the vastus lageralis, the rectug femoris, the
hamétrings {as a.group), the medial.hamgtrinés, the lateral hamstrings,
ﬁhe gluteus maximus, .the glutéus med&us and the adductor longus. .
Cinemgtographic procedures were utilized to Aeﬁerminelfhé
temporal andisbatial relationships ofAthe component phases and sub-
phasgs of the backyard andAforwérd walking cycles, and their relétibn—r
ships to the muscular pattern of acfivity. Two synchronized film
record; provided pefhanent records‘of theltemporal, spétial and elec-
tromyographic sequence of activity. One record iilustrated'oniy
the lateral view of thé subject, while the second illustrated both "

the anterior view and the four simultaneous electromyograms. " ‘ e
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II.  APPARATUS
| ‘lfr Electromyograph (EMG) ;
The electrical pattern of muscular activity was detected by
. |
means of a specially designed EMG unit illust 'ed in‘Figure 8 (88,89).
;zne subject wore a belt-mounted pre—amplifier or>remote transponder
;nit measuring 12.7 cm by 6.5 cm by 4.0 cm and weighing 0.23 kg.
This pre-~amplifier unit contained four compact pre amplifiers and was <
capable of driVing four EMG channels Simultaneously over the entire
one hundred foot length of multi-= conductor cable Without coup}Qng of
conductors within the cable during periods of high electrical actiVity.
The’iightweight four conductor -shielded cable transmitted the EMG to a

fixed amplifier and filtering system. The compactness of the pre-

amplifier unit, combined With the light flex1ble nature of- the electrode fp

EER¢

cable offered minimal physical impediment.to tne subject.

The pre—amplifier unit contained four common—mode balancing
circuits which enabled the investigator to compensate for differences
in skin'contact~resistance, tissue impedence and,eiectrode impedence.
~ In this way the electrodes of each pair were balanced with respect to
initial levels of's#in potention.j The main EMG amplifier unit contained
iour 60 Hz notcnifilters, designed to minimize common 60 cycle inter—i
ference. An integrator4was not used. The raw electromyograms;for EMG'
signals, displayed on the Tektronix 564 Four Beam Oscilloscooe-ksee
Appendix B €or a listing of equipment manufacturers) represented an
interference pattern indidative of a summation of all the eiectrical
activity in relatively large sections of muscle tissue (3,24,10&).

Electrodes: Four pairs of collodian type, stainiess'steei



Fieure 8. Plectromyvographical apparatus (lefr to rivht), top
rovw: DC power paclt .and central amplifier unit: bottom row: clzctrode
cable, pre-amplifier unit and electrodes. v '

3

o :

Figure 9. Cinematographical apparatus: Photo-Sonics camera
with zoom lens, impulse generator and split lens. ‘

3



disc electrodes two cehtimeters in diameter and having a one cent-
imeter diameter cup wete utilized to Wetect electrical-activity. The
‘paired bipolar surface electrodes were located and spaced longitud-
inally, over the belly ofleach muscle near the respective motor point (20)
& ' - 4

such that minimal electrical overflow from near-by muscles was recorded
when these muscles were coutracted. Electrode position and overflow
oick—up were examined thro&gh'manual muscle testing procedures (25).
The two ground electrodes were placed over near-by bony areas to
ensure their relative elect;ﬁcal inactlvity.

2. Cinematographic éecording System

The subject was photographeg simultaneousl} by two synchronized
Photo- Sonics -1 PL 16 mm movie cameras Placed orthogonally Camera -
One photographed the subject s lateral aspect. as he walked toward

or away from Camura Two (Figure 10). The lens‘of Camera Two was

equipped with a split lens designed to permit simultaneous sharp

~

-~

focus of both the osc1llosc0pe screen and the subject (Figure 9)

PR

B

The Spllt lens comblnedva regular fllter with a half-section clOSe -up.
lens to permit single frame.couposition of near (oecilloscope) and
far (subject) objects. The front'half—section of:tﬂe split ‘lens
rotated S0 that the near- by osc1lloscope vlewed thlﬂngh the clos P
portion of the split lens, could be set at any select position, e.g.
to either side, top or bottom ot the field of view.
2 ;

The oscilloscope screen was placed facing Camera Two and ro
the rlght side of the camera's field of view. After focusing sharply’
on the subject standing in the center of the filming zone, througn

the regular portion of ‘the split lengjthe oscilloscope was moved

towards or away from the camera lens until the oscilloscope light
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Camera One - 2J m

Camera Two - 12 m

Figure 10. S :matiC'iliustration of filming protocol, The
.subjédt's path of p.ogression was along the volleyball court boundary. -
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traces were in sharp focus.

Fach démera ;aé equipped with two internal timing lights
designéd to leave light traces along each edge lf the double perforated
film. The Photo-Sonics Timing Pulsé Generator was connécted to both
cameras and manually alternated between 10 H; and'IOQ Hz, so that light
traces could be made to appear simultaneously on the edges of both
film records at frequéncies of ten or one hundred per second. In this
manner camera speed could later be calculated and_synchronization of
both films was p05C1ble by matching the timlng light matrks.

The time base of the 0301lloscope was set at 1 mllllsecond per
centimeter. Both cameras were previously calibrated under load ‘at 58 fps
using a Strobotac Type 1531 Timing Light, camera shutter angles were set
at 160 degrees and exposure time calculated to be 1/130th second per '
frame. A spirit level was.used to. horizontally orient hoth cameras
and the oscilloséope screen. ngh cgmeras were fitted with 12-120 mm
zoom lenses, f 2.8-22 (Anfenieux, 72 mm diameter) set at a height of
100 cm, cotrespoﬁding t;.éhe approximate height of the subject's
center of mass, Kodak Ektachrome 7250 indoor film ASA 400 was used in
both cameras. | =

The term center of mass (C of M) teplaces the term center of

gravity (C of G) throughout the reméinder of the present investigation.

3. Subject
A male éthlete, amateuf soccé£\player, who was considered by

‘the investigator to be in excellent physical condition and whé had no

history of significant lower extremity injury served as the subject.



At the time of final filming‘the supject's weight was 72.6 ké,y k
height 180.0 = and age 28.4 years.

1 .ect had been familiarized with the task of walking
backwards over a four weék period dbring which he practiced Qalking
backwards at a free or comfortable speed five to seven’ steps in ‘

sequence, for approximately five‘minutes-per day. His gaitf@ag examined
 by the investigator once per week during this time period. The subjecp
was familiarized with the tésting.situation and equipment fhrough
pilot filming carried oui fhree weeks prior to final filming. He was
further familiarized with the EMG apparatus throggh six practice ses-—

sions held during these three weeks. At theée:times the EMG system

was

completely operative and the subject walked about, forwards and

backwards, in order to become accustomed to the equipment.

IIT. TESTING PROCEDURE

Final filming was carried out at the University of Alberta

Physical Education Building, West Gymnasium, in order to permit ready

S - .
access to electrical outlets for the flood lights, the oscilloscope and

and EMG. Piiét,filming had been carried out three wée%é p;ior to
final filming in or&er to familiarize the subject with the appaf;tus
and to assist in standardizing the experimental'procedurem The subject
had not played soccer within two days éf either filming session.

White adhesgive maikers 4 cm square were attached over the
joint centérs oflthe subject's extfemities‘(79,104) so as to be
visable from Camera One. The subject wore his own running shoes, the

soles and edges of which had been covered with white tape to contrast’

sharply with the walking surface.
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The subject's skin at the point of electrode placement was
first shaQedﬁ It was then cleansed with etﬁanol, dried and lightly
abraided with sandpaper to remove the horny, dehydrated eéidermig. A
gauze pad é;s used to massage Parker 360 Electrode Pagte into the
designated area for a period of thirty seconds. Excess paste was
wipeﬁ off to prevent forma£ion of an electrical bridge betweén elect-
rodes and .to prevent electrode slippage, which could cause artifacts
in'ﬁhe electromyogram. The disc e%ﬁFtrodes were secured to the
‘subgecf,vié Hewlett Parkard.Two Sided‘ﬁlectrqde AdhesiQe Discs and
elano?last tape.

| Specific manual muscle Lesting procédures‘(ZS) were utilized
té verify electrode positioning over the désired muscles. Each of the
four EﬁG channels was;;djusted so that ;n oscilloscope tracing of
approximately one céntimeter péak ar; litude was avilable when the
subject practiced backward walking, prio; to éc:ual testing.. In this
way tﬁe four osci]loscbpe beams, which were positioﬁed twé centimeters
apart, iﬁferfered with one another minimally and still provided a
satisfactory im;ge~for.later analysis. 411 electrode pair; were
placed approximately two ;entimeters apart over the respective muscle

| ,

belly, but were moved cloé@r together and/or repositioned if necessary

|
\

to minimize overfl&w p}ck—&p froﬁ adjacent muscle groups when these
contraqted. '
To eﬁsure that wire sway was minimdl a thin light-weight,
stretchy, polyurethane foam rubber bandage (75 cm wide) was wrapped
ardund the left leg and over the electrodes and shielded electrode
wires. This was cqmpleted in such a manner that joint centers were

A

not obscured and complete freedom of hip, knee and ankle motion was

46
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. <»5u ’
retained. # .Qf
CLER

The subject was then allowed to walk freely about the gym,
backwards and forwards, to become accué@bmed to the feel of the belt,

pre-amplifier and eleédtrodes. If he reported any ‘hindrance to his
" normal gait patterns or a feeling that the belt was not adequately
¥
secure, adjustments were made and the subject allowed to resume

walking. Such adjustments were made until the subject reported that

he felt no gait abnormalities resulted.
The individual common mode balancing unit available to each
~ .
channel and located vn the remote transponder unit was utilized to

balance input from each electrode of a pairw, By viewing the oscillo-:

scope electromyograms and/br listening to the audio electromyogram
|

over headphones it was readily possible to balance the input from

. 4
each electrode in a pair. The balance point was defined to be that

point at which oscilloscope artifact and audio hum were minimal.
) g
ow level of electrdmbignetic interference at the time

Owing to the,
: .

of final filming the 60 Hz notch filte;s, built into the amplifier
unit, were usdd during‘oﬁly,one trial, for comparison purposes only. )
Camera e was positioned such that the optical axis of the
lens.horizontally isected the middle of the filming zone. Camera
Two was positioned along the path of progression and its lens adjusted
such that the subject'standing in the center of the filming zone was
in sharb focus through the regular filter portion of the split lens.
The oséilloscope and data éard; which was attached to its face just
below the screen, were moved toward or away from Camera Two until

they were both in sharp focus through the‘close—up portion of the

split lens. 1In this way the film taken by Camera Two was divided



such that the right haif contained the osdillgéébpe and data card,
while tﬁe left half carried the image of the subject as .he moved
toward or away from Camera Two. A 250 watt‘light was directed at the
oscilloscope from behind the camera and positioned sé that light ////
meter_reédings off the data card and from the subject's thighs were
similar.

Eight phofographic lights of\?SQ\watts éach and twa 1,060 watt
lights were positioned such thét-Camera One filmed ét “A>f—StOp of 6
with a 70 mm lens setting. The filﬁ in.éamera.Two.'és pﬁshed ﬁwo times
during development in order to pefmit filming-at én f-stop of 11 wi§b4ﬁ
a 20 mm iens\setting. Puéhiné the ;Eﬁﬁrggs cé‘ried out in order to '
inctease Cam%ra Two's depth of field. An As_hi Pentax Spotmeter V was

)

used to complete light meter readings and to guide final camera-adjust-

ments.
The subjéct walked backwards and forwards using a line painted
on the floor, volleyball court boundary, as a reférence line (Figure

10). gHe was not asked to walk along this line, but only to use it for

guidance. Prior to each .filming sequence a resting EMG in tl
standing posifion was recogded to use as an indef of electrical act-
ivity. The squect'walked approximétély three meters before entering
the filming zone, continued walking tﬁrough the zone.and two meters past
ﬁhe zone. Strips of reflectivé whitevzape one meter in length, which
were placed perpendicular‘to the guidaﬁce line and positioned one

meter apart,.provided refereﬁce scale markers. As well, horizontal and
verficél range poles, one meter in length, with their axis at a
height’éf one meter, were kilmed at the start, middle and end of Fhe

filming zoﬁe by both cameras at’ the termination of final filming.

A:



A

49

Since\there were only four EMG channels available at one time

. . 5
1t was necessary to reposition the electrodes over a different group

<

- - | e .
of muscles for each-sequence. Only the‘TeﬁZj%Eyer extremity was

I

A
examined. The following muscle groups were examineGi
Sequence No. 1 ' Sequence No. 2
1. Rectus Femorts 1. Medial Head
2. HMedial Hamstr}ngs " Gastrocnemius
3. Llateral Hamstrings 2. Peroneus Longus ‘
4. Vastus Lateralis 3. Tibialis Anterior 4. Adductor Lo

4. Vastus Medialis

Six trips, or.walk pasts;'here recorded for each ‘electrode
positioning ;equence, three trips ;orward and three tribggégékward.
Beginning\at the backward subiéct start mark the subject walked
backwards, away from-Camera Two, through the filﬁing zone and beyond
it. Hé then positioned himself on the forward subject start mark and
walked forward toward Camera Two, through the filming zone and beyond
it. In this ménner backward and forward walking trips were alternated.

c-mae first trial was defined to include the first backward and the first
{;.‘; % f\;,."_ . ' )

'f$Qérd walking trips. The second trial included the second trips
€ |

v the third trial included the third trips.

IV.  DATA ANALYSIS

Two synchronized 16 fm ]

gait from anterior and lateral

contained the EMG record. The! -Jeloped films were first matched

according to sequence number and trial number. The interval timing’
- : %
‘ : !
light marks located along the edges of both films were used to

provide a precise frame-for-frame match-up of Film One and Film Two.

Each trial was then spliced out of- the copy films; marked and placed

.
B
S 3y
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in a separate cantister so thar both the latcfgl and ﬂk@ anterlor vid

were available, together. Fach frama of Flfﬁ One was num
.,(i‘*
T

the matching frame on Film Two was ideﬁticalky §umberedw
. i, :

The. timing light marks were used to determine actual

camera speed. The Tniad—V/R—lOd Motion Picture Analyser was utilized

Loat

to determine the points of occurrence of specific evensd, such as heel-

strike, foot-flat and toe-off, first in the forward walking sequences

@
and later in the backward walking sequences. Theé backward walking

£rials were reviewed with the intent of locating specific events which
. could cofrespoqd with events obéerved during the forwérd walking cycle
and the backward walking cycle sub;dividea‘accordingly.

Film One, the lateral'View, WasAprojecth onto a Bendix
Digitizer Board (accuracy i_07001 inch) “and an alignment program was
utilized to horizontally orient the floor, in the projected film,

‘paralleito the X—akis of the digitizer board, for £he firsg frame of
film. A Bendix Cursor was utilized to—entef first the caordinates of
a standard reference poing, which ,became the origin,'énd-then,'in |
constant order, thérﬁwgnty;eight reference pqints into a Hewlett-
Eackagd 98254 Calculator. A program stored on magnetic tape was
utilized to calcﬁlate the position of ‘the top of the head and the
ilocation of the body C of M, with respect tQ the standard reference

point.  Humanscale Anatomical Data (26) on the relative masséé of the

body segments and the location of the segmental C of M's was utilized

%

in the computer program. All frames of film analysed were approached
with the film projector moving in one direction, forward, so as to
minimize film slippage owing to changeé in direction. Vertical

displacements were later transposed to a scale such that the initial

o
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floor strike position of the body C of M and the top of the head became
zero reference points.

Theyjoiﬁt angles of the left.hip, knee and ankle were atso

i

determined from Fi&@ One using the HP 9825A and another stored program,

based on the cosine law. Joint angles were later transferred td scaleé
‘based on the joint angle nomenclature proposed by the American Academy
? ,
of Ogthopaedic éurgeons (48).
s

Film Two was examined using the Triad-V/R-100 Motion Picthe
Analyser. The initial floor-strike position was utilized as the zero
reference point and the cootdinates of the lé%gralmost point on the left
hip Were’determined with respect to this point. Because the subject
did not walk perféctly alopg the-guidance line, toward or away from
Camera Two, the initial floor-strike coordinates did.not match the
finad floor—striké coordinates. That is, the subject's line of
progression was generally diagonal to the guidance line, not parallel
to it. Tovcompenéate for this divergence the 1ater;l displacements
were calculated as the perpendicular,distance from the hip coordinates

in a specific “rame of interest to the line joining the initial and

‘the final floor-strike coordinates, at the start and the end of the

" walking cycle.



CHAPTER FOUR

RESULTS

.I. ;NTRODUCTION

The two camer :s Ead been calibrated and synchronized under load.
Matching Film One .and Film TQO on a framé—to—fréme basis was-.a simpl%
and convenient procedure because the two cameras ran near a frame—for-
frame speed. All measurements from the film were taken by this

author in order to avoid inter—-individual differences in measurement.

II.  TERMINOLOGY . o o o
The initial task was the division of the backward walking cycle -

into specific events which could act as the boundaries for component

phases and sub-phases. Film One was intensively reviewed and the

o

backward walking cycle examined in light of the specific events and

sub-phases of the forward walking cycle. On this basis the

Lo ovward ‘ng cycle was sub-divided as follows (see Figures 11 and
12 and Tablec. T and 1IV):
~ Starce . se waé that period dﬁring which the foo;iwas in \
contact wetl ' - ground. It began at the instant that the toe strugk
the « .und .—strike) and ended at the instant that ground conﬁact
was broke :h that foét (heel-off). The limb then SWUng backward
we o1 next toe—strike.

swing Phase was that period during which the foot was off the o
ground moving backward toward the next toe-strike. It began at the * ’
instant that ground’contact was broken. (heel-off) and ended at the

instant that ground contact was again made with that foot (toe-

strike).

52
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es SUrike

Heel -Down

Toe-0ff

Heel-0Off

5

Malleoli-Even

-

Toe-Strike

Figure 11. Specific events of the backward walkiﬁg cycle, -
left lower extremitv,.and the simultaneous electromvograms (top to
bottom of oscilloscope screen: rectus femoris, medial hamstrings,
lateral hamstrings and vastus lateralis).
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Figure 1Z. Graphic illusﬁration of events,;p ases and
sub-phases during backward.and forward walking cycle

(means of nine
walking rvcles). _—
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TABLE ITI

Duration of Phases and Sub-Phases During Backward and Forward Walking Cycleé

,; (means of nine walking cycles)
I \
Duration Percent of Cycle
Phases and (sec) Standard (%)
Sub-phases Mean . . Standard
Deviation © Mean Deviation
BACKWARD -
Stance Phase . .
Toe-Strike Sub-Phase 0.197 . 0.025 15.5 1.9
Midiﬁkance Sub-Phase - 0,382 0.036 30.2 3.1
Foot-0ff Sub-Phase 0.208 0.031 16.4 2.2
Phase Total 0.788 0.021 62.1 0.7
Swing Phase 1_
Early Swing Sub-Phase  0.245 0.021 ©19.3 1.5
lLate Swing Sub-Phase 0.235 0.017 18.6 1.2
Phase Total 0.480 0.016 . 37.9 0.7
Walking Cycle Duration  1.267 0.032 100.00 '
FORWARD
Stance Phase
Heel-Strike Sub-Phase 0.138. 0.017 11.9 1.4
Mid-Stance Sub-Phase 0.319 0.030 27.5 2.8
Push~-0ff Sub-Phase 0.277 0.044 23.9 3.6
‘ Phase Total 0.734 0.015 63.3 0.8
Swing Phase ’ ' .
Early Swing Sub-Phase 0.182 . 0.0009. _ 15.7 0.8
Late Swing Sub-Phase 0%.245 0.008  21.1 0.7
‘ .Phase Total 0.426 0.008 36.8 0.8
0.013 100.0

Walking Cycle_Dufation 1.160 -




TABLE IV ' S
Values of Selected Parameters of The Backward and Forward Walking Cycles

(means of nine walking cycles)
-~

BACKWARD : . FORWARD
‘Parameter :
, A&ean Standard Mean\ Standard
B Deviation" - Deviation
Cadence (steps/min) 94.76 2.34 103.46 1.12
(strides/min) 47.38 1.17 51.73 0.56
Stride Length (cm) 145.30 4.05 161.76 3.64
Step Length (cm) r
-Right : + 0 73.33 3.12 81.57 ©1.88
-Left ' 71.97 2.49  80.19. 2.37
Horizontal Velocity (cm/sec) .
Measured At: : : .
-Top of Head 115.39 3.90 137 .44 2.94
~Body C of M - 113.88 4.03 138.18 2.09
-Left Foot - 114.72 . 3.87 139.45 3.28
. ) L . [
Double Limb Support Duration (sec) » '
~-First Period '0.153 0.010 0.157" 0.010
-Second Period 0.161 0.015 0.141 0.012
-Both Periods . o ,
Combined *0.313 0.021 0.298 0.017
Step Length Expressed As A
Percentage of Stride Length
-Right 50.5 1.3 50.4 0.7
-Left 49.5 1.3 49.6 0.7
/-
Double Limb Support Period(s)
Expressed As A Percent of Walking
Cycle Duration . '
-First Period . 12.1 0.6 13.5 0.8
' -Sécond Period | .12.7 1.1 12.2 1.0
-Both Periods \ - : ‘ . |
- Combined 24.7 1.3 25.7 , 1.3 '




The following specific events were used to assign boundarizs to
the component‘phésés and sub-phases of the backward waiking’cycle: o
1. Toe-Strike — the instant at‘which the toe of the préviously
swinging leg contacted the ground
2.M Heél—Down ~ the instant at which the heei of the foot made
contact with the ground, the toes of the foot also being in ground
contact. | ‘
3. Malieoli—Evgn - the instant at which the medial malleoli of
the swinginé and the stance legs lay in the samé plane, which was the
subject's frontal plane, or a plane parallel to it
4, Toe-0ff -~ the instaﬁt at which thﬁ toe broke contact with the

L 4

ground, the heel of the foot remaining in ground contact

5. Heel—Off - the instant at which the heel broke contact with the

I

grouhd.

Sub—Phases of Stance Phase were defined as follows:

. - Toe-Strike Sub-Phase - began at toe-strike and ended‘at heel-
Lown |
2. Mid;Stance Sub-Phase - began at heel-down énd ended at toe-off.
It was a period ofvsingle limb support, with the entire sole of the

. .

stance foot in ground contact
4 ‘ ’

3. Foot-0ff Sub-Phase ~ began at toe-off and ended at heel-off.

Sub-Phases of Swing Phase were defined as follows:
1. Early Swing Sub-Phase - that period during which the backward
swinging leg began to travel backward through space (heel-off) and

caught uptto the stance leg (mallesli-even)
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2. Late Swing Sub-Phase - that period during which the backward
swinging leg moved from a position of malleoli-even to ground contact

(toe-strike) behind the bodyi.

III. ' SELECTED TEMPORAL AND SPATIAL PARAMETERS

The backward walking cycle was defined to extend from toefstrike
of one foot until the next toe-strike of the same foot. It encompassed
two steps, one left and one right, and was equivalent to one completé

’ -

st?ide of the lower extremity under examination. Tables III and IV
ané Figure 12 illustrate temporal and spatialwaspects of both the
backward and the forward walking cycles.

. Double limb sypport periods were defined to consist of tﬁose
périods during which bQth feet were simulténeously in contact with the
ground; Two 7eparate périods of do bLle iimb suppo;t were .observed as

the stance and the swing phases of both legs overlapped, in both

“backward and forward walking.

IV. DISPLACEMENT OF fHE BODY CENTER»éf'MASS AND THEfﬁI?V i

During each walking cycle the body .center of mass (C oﬁ M) and
the top\of the head oscillated through two vertiéél'high points, during
mid-stance of opposite legs, and two vertical low points, ddring doublé
1limb suéport periods.(Figure 13 and Table V). |

“

At the same time the left hip oscillated about the line of

progression, reaching its peak displacements during mid—stance of
alternate legs. Figure 14 and Table VI describe the path of the

lateralmost point on the left hip during single backward and forward

walking cycles, as viewed from a position anterior to the: subject.

59
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tages of the
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TABLE V
Vertical Displacements of The Body Center of Mass and The Head Dcring

Backward and Forward Walking Cycles (means‘of nine walk{}g cycles)

BACKWARD , FORWARD

Displacement (cm) Measurement . Standard Standard
: " Mean . . Mean . .
. Point Deviation Deviation
(cm) ’
Peak-to-Peak " Cof M 6.13 0.77 5.29 0.58
Head 6.60 0,57 5.37 0.49
Stance Phase W

-Low Point T C of M ~2.63 0.79 -0.21 0.21
Head -2.41 1.06 -0.41 0.26

=High Point C of M 3.34 0.33 4.85 0.63
Head 3.79 0.60 . 4.85 0.52

Swing Phase ' C :
-Low Point ' C of M -2.09 0.97 - 0.10 0.27
Head -2.58 1.01 -0.01 0.27

-High Point C of M 2.82 0.65 442 0.38

' 0.49 4,42 0.52

Head 3.04

The zero position was taken as the p051t10n at the instant of initial
foot~ floor contact. {
i,
7

TABLE VI
Lateral - Medial Displacements of The Lateralmost Point On The Left Hip

During Backward and Forward Walking’ Cycles (means of nine walklng cycles)

T IBACKWARD FORWARD .

Displacement '
. ; Standard Standard >
Direction . Mean .. Mean . . .
Deviation Deviation

. . (cm)
Laterally o 3.16 - 0.46 3.44 0.63
Medially 2.12 0.41 A.720 0 0.31
Peak-to-Peak " 5.28. 0.60  5.17 °  0.79

The zero position was taken as the position at the instant of 1n1t1al
foot- floor contact, . -
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Figure QA. Laterql —“ﬁédial displacements of the left hip during
backward and forward walking cvcles (means of nine walking cycles).

1

TABLE VII
Mean Horizontal Displacements and Mean Horizontal Velocities During Ascent
7 - T : .

v ' ~
and Descent of The Trunk As Measured At The Body Center of Mass During

Backward and Forward Walking

A
Ascent : Backward Forward
] Orqht Displacemeént = Velocity | Displacement Velocity
esc Me Standard Me Standard Mean Standard an Standard
én Deviation an Deviation ea Deviation ,Deviation
Ascent 7.04 0.65 111.16 10.27 7.94 1.06 136.98 18.27
Descent 7.40 0.867 116.78 13.51 8.10 0.81 139,71 13.88
Overall 7.22 0.76 11113.97 12.03 8f01 0.93 138.21 16.08

Horizontal displacements expressed as cm/S/ division of the walklng cycle.
Horizontal velocities expressed as cm/sec.
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Horizontal displacemenfs (cm/5% division of the walking cycle) and
horizontal velocities (cm/sec) of the body C ¢i M were degerminéd
’fof both gaits. Throughout, horizoétal‘displacements'and horizontal
velocities demonstrated erratic‘changes. .However, horizontal dis-

placements and horizontal velocities decreased slightly as the trunk

ascended and increased.siiéﬁﬁly as the trunk descended (Table VII).

V. ‘J‘O)INT ANGLES
_Tﬁe-excdrsion? of the joints of the left lower extremity are
illustrated in Figure 15. All joint angles are expressed according

to Ehe\nomenclaﬁrre suggested by the American Academy of Orthopedic

‘Surgeons (48). The maximum angles observed at each joint were as

follows:
Hip ~ Backward 10° extension and 25° flexion
- Forward 16° extension and 26° flexion
: / .
Knee  Backward -2°' extension and 67° flexion
Forward . -3° extension and 71° flexion
S ‘ o :

Ankle Backward 22° dorsiflexion and 6° plantarflexion
Forward 12° dorsiflexion and 16° plantarflexion

VI., ELECTROMYOGRAPHIC SEQUENCE OF ACTIVITY

At the time. of final filmihg; early'Sunday morning? there
appeared po be a felatively loQ level of ele;tromagnetic interference.
This low leyél of aﬁmbspheric interferenq@aLcombinegfﬁigh‘meticulous

,
care in attaching individual electrodes, made it unnecessary to

utilize the 60 iz notch filters in order to obtain a flat, resting

"\\ Al ”

EMG baseline. , .

Film One and Fiim Two were first matched frame-for-frame on_ the

‘basis of the interval timing light marks éibng the edges of both films.
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Figure 16. Electromyographical séquence of activity during backward walking
) (means of three walking cycles), expressed as percent activity
duration of the walking cycle.
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Each individual frame of Film Two, which carried the.EMG pecord,1
wagkgxamined. Muscles were considered to be ‘consistently electrically
active at a specific time if thevdegree of electrical actiQity during
all three cycles was judged to be at least 257 that observed at maximal
inteﬁsity during each particular stride (Figﬁres 16 and l7j. Muscles
were considered ﬁo be inconsistently electrically active if one of the-
three strides was judged~to be not active, but the other two étrid?§
were considered to be active. Muscleé demonstréting electrical activity

’

during one, or none of the three trials were classified as not active.



CHAPTER FIVE

‘DISCUSSION

I. INTRODUCTION

The use of tyo synchronized cameras and an iﬁpulse generator to
simultaneously acgivaté the timing lights within each camera proved to
be a satisfactory éeans of recOrding Both EMG and subject actiyity;
and permittiﬁg synchronizétibn of the two films. By combining.EMQzand
subject activity on‘Filﬁ Two thé need for a separate EMG recérd was
eliminated.

. The present investigation relied on visual detecﬁion of‘

specific events to assign the boundaries to the walking cycle, and
its component phases and sub—phaseé. The:only point of difficulty in
establishing foot-surface céntact instgnces Qas the precise deﬁermin—
ation of heelfoffcduring backward walking. The subject tended t&
lift:thé heel vertically very little and the first indication of heel-
bff was often backward movement éf the.heel. Sutherland et al. (91)
were the only investigators to comment on thg use of visﬁal versus |
electronic indicator determina£ion of heel-strike and toe-off dufing
forward walking. No significant differences ﬁgtween the two méthpds
were observed in subjects with normal feet. The statistical procedure

utilized was not'specifigd.

II.  TERMINOLOGY
Corresponding terms have been utilized to describe the component
phases, subéphases and specif?c events. of the backward and forward

walking cycles. The point of division between early and late swing -

o
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for hse<with both normal and abnormal forward gaits. The more trad-

‘itional terms were *etalned in the present 1nvest1gat10n because they

present investigation is designed for normal gait and use :in non

|

\
medial malleolus of the swinging leg and the medial malleolus of the é-
stance leg lay in the~eame plane, the frontal plane or avnlane parallel |
ro it. This Eoint can be readily appreximated by the naked eye and : ‘ J /

. ‘ |

can.be applied to both the backward and the forward walking cycles. As !
nell,‘it specifies an insrant in time, Whereas the_termlnid—swing ds
less definitive and has generally been used ae a sw1ngbphase sub phase‘

The correspodglng events and sub—phases utilized in the present

A

investlgatlon are-outlined below: . | | /

CorreSpondiné Events - Correspending Sub-Phases R -

Backward - ‘Forward Backward ~ Forward

1.  Toe-Strike Heel-Strike 1. Toe-Strike  Heel-Strike |

: ~ 3
2. Heel—Down _TToe—Down 2. Mid-Stance Mid-Stance

TN ‘
S . _Malleoll Even_ Malleoli—Even 3.  Foot-Off “Push-0ff
L ' C .

4, Toe—Off : %’ Heel-Off s 4, Early Swing . ‘Early Swing
5. Heel-off Toe-0ff . 5. Late“Swing Late Swing

o

o~

Pérry (78) outlined a telatively new gait terminology designed

~

‘are both £unct10nally meanlngful and they can readlly be made use of .
1n.tbe cllnlcal 51tuat10n, where it is necessary to work w1th non é
technlcally tLalned individuals, 1nclud1ng patients. However, Pe{ry's 'E
.nomenclatdre wiil be considered here because it is the first nomdn: ‘ E
: : , 4

— : £

clature that is adaptable’ to abnormal‘gait. In such cases it is not » 4
feasible to uSe'an‘anaQomicall§ based nomenclature because the
individual may make floor' contact with only part of the foot and/or

may. have an’ incomplete swing phase. The terminology outlined in the

L

5
TR




technical situations. Perry's terminology is compared to that

utilized in the present investigation, for backward walking, below:

Perry (78) Present Investigation
1. 1Initial Contact ' Toe-Strike
¥
. _ S P )
2. Loading Response T H Heel-Down
o A ha
3. Mid-Stance N g,ﬁ» No Corresponding Event
: CE
4. Jferminal Stance . E Toe-0ff
. L ]
5. Pre-Swing o Heel-Off T
1. Initial Swing ‘ Early Sying Sub-Phase
) - 'SP
2. Mid-Swing Sub-Phase W H No Corresponding Sub-Phase
. » 1A .
3.+ Terminal Swing Sub-Phase N . Late Swing Sub-Phase
' ’ G-E

‘111. SELECTED TEMPORAL AND SPATTAL PARAMETERS

Temporal and spatial. parameters for e backward and forward
. ) .
walking cycles were reported in Chapter Four. Overall, the backward

walking cycle was slower in terms of cadence and horizontal velacities

-

- - . . A
- (measured at the head, the body C of M and the left foot) and

"demonstrated shorter stride and sﬁep ﬁengthsn» Within each gait the

horizbntaliyelocffies measured at the topiof the head, the body C of M
- . : ) + 4 .
~and the left foot, varied little from one another. Left and right

steb lengths within each gait/ also differed little from one another,

representing approximately 50% of the stride length in each case.
: 8

The.ﬁempbral and spatial values observed in the present

v

investigation are similar to those reported by~Mufray et al. (69), as
listed in Table I. The major ;rea of difference lies in the forward
T

walking velocity, 151 i_ZQ cm/sec fepo;ted by Mufray.ét al. #9), as
compared to 138 + 2 cm/sec feported in .the present investigation,
I : o

o
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Despile the additional backward walking practice carried out
specifically for this stud;, it is probable that tde subject devoted '
considerably more time to forward walking than to oackWard walkiag

during each day. During backward walking'he‘could:not see directly
\ R

~ where he was going because he faced opposite to his dlrectlon of travel,

. ,Q
Consequently, backward walking was guided more by proprloceptlve thform—

ation, and less by visual information, than was forward walklng Hip
- . .

extension range of motion, belng less than hip flexien range of motion,
o

limited the extent to which the subject could step backwards. The

slower‘walking cadence and horizontal velocity, and shorter stride and

_step lengths observed ddring backward walking may be largely-attributable

»

to these factors. As well,_ other studies have generally averaged values

from several subjects to obtain a mean walking speed and have generally
: . v . / _
examined only one or a few trials per subject.

The mean seconds duration of the backward walking cycle, back-
v ) .

ward stance phase and ‘backward swing phase wasdsignificantly greater than
its forward counterpart. The mean proportion of the forward walking

cycle spent in st..c. phase was significantly‘greaxer than the mean pro-
»

~

oortion of the‘oackward walking cycle spent--in staoge phase. Sioilarily,
the mean ploportlon of the backward walklng cycle spent rn swing phasg
was 51gn1f1cantly greater than the mean proportion of the forward walklng
cycle speht in swing phase (Appendix C). ;

The duratlon (seconds and percent’ of the walking cycle) of doudble
N . / \
1imb support period, both periods combined, did not dlffer 51gn1f1cantly
\
when backward and forward mean duration¥ were compared. No 51gn1f1cant
dlfference was observed between the mean durations of the flrst and the

— X

second periods of double limb support during backward walking. However,
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during forward walking the mean duration of the first period of double

1imb support was significantly greater than the mean duration of

v

the second ﬁ&riqdrof double limb support (Appendix €).

Within ‘each gait the duration of mid-stance sub-phase
(seconds and percent of the walking cjcle) was significantly -
greater than the duragion of‘any other sub-phase. During backward‘
walking this sub—phaée was engirely a period of single limb
support with a much longer period of single limb support,_for the
left iower extremity. The mid-stance sub—phasé porgion of the right
lower extremity forward walking tycle was a total single limb
support period, owing to the reversai of tée—off ahd toe-down
instants of occurrence.

Backward walking was characterized by similar periods of

time (seconds and percent of the walking:'cycle) spent in the
»

initial floor-contact sub-phase (Toe-Strike) and the pre-swing - ¢

sub—phaée (Foot-0ff). Significantly greater and similar lengths

of timé were spent in each of the two backward swing,sub—phases."
‘ - - & .

During forward walking ‘the smallest proportiom of the walking
R roL :

N . i i
cycle was spent in the initial floor contact sub-phase (Heel-

=,

Strike), while significantly greater time was spent in. the pre-

swing sub—phasé (Push—Off). Late swing sub—phase‘was quﬁign— o (
ificantly greater duration than was early swing sub-phase ‘
2 ) .
e
(Appendix C)} The greater stride length and horizontal velocity

J _
observed during forward walking can be partially attributed to the
extendéd push—off and lage swing sub-phases observed dﬁring E A

forward walking.



5

'
T
The order ,of occcurrence of specific. events was consistent
,

throughout all trials of both gaits. However, the precise points of

occurrence, percent of the walking cycle, of specific events varied

slightly from trial to trial and from left leg. to right leg,' see

Figure 12 and Table VIII. Since complete walking cycles for the right
lower extremity were not examined, it is not possible to comment on
[4

right-left comparison of the pre-swing sub-phases, foot—off and push-

~off, during either gait.

During backward walking the sequence of specific events was the
' A R ' ~
same for both legs, h £ Hy¥Yences in the instants of occurrence

o e ., ;
abteréﬁfﬁﬁght—left sub-phase durations

3

.

of heel-down and toe-off
b3

slightly. 1In comparison to the left lower extremity, right hee}—down

was delayed, while right toe-off was early. |
t

ot

During furward ‘yalking the moét obvious différence between
the lower extremities was the reversed order of occurrence of toe-down.
and toe—offAduring the left and fight walking cycles. The left foot
reaéﬁéd toe—éown;Ato complete its heel-strike sub-phase and initiate
its pid—stance sub-phase, bgfore £he r}ght foot had made tbe—off.to

initiate right swing phase. Thus, the left lieel-strike sub—phaée was

=

oneeof tbtaf doubl. limb support and left‘mid—stanc@ sub-phase -

encompassed afbrief.pefiod of double limb support and a longer period

-of single limb support. The right foot did not reach toe-down, to

complete its heel-strike sub-phase 'and initiate its ‘mid-stance sub-

N [

‘phase, until after the left foot had made toe-off to initiate‘left

swing phase. Consequently, right toe-strike sub-phase included a, :-

,brief périod of single limb support, but was predominantly a period

of>d6ﬁblé limb support. Right mid-stance sub-phase was totally a-

pe}iod of single limb support.

73
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During both gaits the subject spent more time in the initial
stance sub-phase during the right lower extremity cycle, as compafedl
to the left lower extremity cv:':. He then spent 1e§s time in the
right mid-stance sub-phase, during both gaits. Similar periods of
time were spent in.the left and right swing phase sub-phases during
both gaits. |

As previoqsly stated, the order ofioccurrence of the specific
events wés/consistent from triaiﬁto trial during both gaits. This’
indicates tha; the sequence of events observed represen;ed the

o

ol .
individual's normal gait pattern. Similar data describing the

¢ . .
¥ .
instants of occurrence of specific events, involving both lower

extremities, was nogni;cated in the available literature. The

uneveness of timing of some events observed in the present

investigation is in probability an individual idiosyncrasy.

IV, DISPLACEMENTS OF THE BODY CENTER OF MASS AND THE HIP ' -
1. Vertical Displacement of The Body Center og Mass
The vertical displacement curves of the body C of M and the top\

.0f the subject's head during normal backward and forward walking were

Jtude ihd sinusoidal in natufe (Figure 13). However, the

5

- . R . T - : -
curves 'were neither identical nor perfectly sinusoidal. The zero- s

-

goéition was t%ken'as the position at the instant of foot-floor contact
and the iéitiatién of the walking cycle.

%he baékw;rd walking curves @emonstrated‘marked differences
from'tﬁe correspondiﬁg forward walkfng curves. The low‘points durihg
-back@ard walking ocecurred aft;r toe-strike, just before contralateral

heel-off and the termination of double 1imb support periods. The low
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points during forward walking occurred near heel—strike, the“beéinning

of double limb support periods. The high points duriné\both gaits

\‘, .

occurred shortly after the respective malleoli-even points, during
\

AN
é,events of malle011 -even, left and right legs, \\

v

d1d no oorrespond to the maximum vertical high dlsplacements du%ing
‘%‘B \.0 . %

either - éa;t although these occurred closely together During \,

0

body'C of M were already rising by heel-off.

. e Previous investigations have reported similar, although slightly

slower, peak to-p&ak vertlcal dlsplacements iurlng forward walklng

r""

(30,54,55,68,70,71,85). 1In the present investigation vertical dis-

placéments during .the backward walking cycle were characterized by

lower-vertical lows and lower vértical highs than the forward walking

5 : !':.l:"’. . o . )
cycle. €Ehe mean vert#cal range, or peak-to-peak displacement during

s Eae

backiw +d walking was significaotly greater than the mean displacement

during forward walking, measured at both the.top(of the head and the
. :
body C of M (Appendix C), : j ‘ 7
o _ : : /
The present investigaﬁion'Eook'info‘considération‘thé.influence

of the variqus body segmen?s on the body C of M and utilized ‘the principle

of moments to calculate the location of the body C of M in selected frames

of film. .The position of the top of the subject's head (distal head

T

and ‘neck) was also output by the same computer program. Comparison
/4

" of the vertical paths of the top'of the head and the calculated body ‘ ;

'C of M, as illustrated in Table IX of Appendix A and Figure 13, indicated

only two instances of significant difference in thirty-eight separate

b

§




‘comparisons during both gaits (Appendix C).

The investigator was unable to locate a previous gait study
which simiiarily calculated the location of the body C of M in each
freme of film examined. Previous investigations have diecussed the =
path of the body C of M with reference tq;a~fixed point: on the pelvis
(54,55,85), the top of the head (715 and a neck target (68,69,70).
Although these investigations did not attempt to aébount for the
chahgihg position of Ehe body C of M, they did repo;t peak-to-peak

N

vertical displacements similar to those observed in theepresent

o

‘b . -
investigation.
7

\‘ Inman et al. (53) stated that there was no difference between

\

the p\ﬁhs of the top of the head and a fixed point on the sacrum. . In
N\

view of\'is complexity of determining the location of the body C of M

number of. frames and the fact that in the present invest-

eye, as would be e case in the clinical or practical situation.

© 2.

N

walklng has also been df&gussed w1th reference to a fixed p01nt in

the central area' of the peIV1s (30,54, 86), and the head (68,69,70,71).
\

These  curves have-generally\h en described as,low amplitude and sinus-

oidal, reaching their peaks at\iid—stance of alternate legs'(68,69,70,

N

s

«\\ A
The present investigation utilized the instant of initial foot-
A ©

71,86).

.

floor contact as the zero reference poiﬁp from which lateral-medial.
_— \
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displécements of fhe'lateralmpst“point on‘tﬁe left hip were.ﬁeasured.
’Thesdisplacementé 6; the léteralmost point on the left hip, iﬂ the frontal
plane, were similar during backw?rd and for&érd Walking‘cycles (Tables
YVI and X, and Figure 14). Withinleach gait the mean lateral displacement
waé significantly greater than the mean medial displacement. Comparing
_disblacemehts,dﬁringabpth gaits, the mean backward lateral displacements
did not differ signifiéantly, while the mean medial displacement during
backward‘Walking was significantly greater than thé mean medial displace-
ment observed during forward walking. The m?an peak-to-peak lateral-
medial displacement during backward Walking did not differ sighificantly
frém the mean displacement during forward walking (Appendix C).

During both gaits the occurrence of thqﬁgeag&lateral‘%nd ﬁed;al
displacements did not correspond with a particd&ar specific event, eg. A
malleoli-even. The peak displaceﬁents during tzckward walking oceurred
prior to malleoli-eyen, whilé during forward.walking'peak_displacements

“bccurred after malleoli-even,

The peak-to-peak lateral-medial displacements observed in the

present investigation were slightly gréater tham. the displacements
‘}eported by previous investigators for the body C of ¢ (30,54,86) and

. N i
for the hip (31), but were not as great as thos:z displacements reported

for'the top of the head (68,69,70,71).
.The present investigation examined ghe path of the later;lmost
point on the léf; hip during backward and forward walk%ng cycles., Only
one previOﬁs inye;t}gation was located which ex:mined the frontal disf
placement of thg hiﬁidgring forwapd walking. 1In this caée the path of a . é
fixed point in thé ce;k;r of the pelvis was described in‘reference to

- L . .
the frontal displacement of the hip (30). However, in a later publication
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utilizing the same data, the hip displacement was described with respect

to the anterior superior iliac¢ spine (31). 1In both cases the displacement
% N
was given as approximately 5.08 cm (30,31), but not discussed in depth.

The present investigation is in general agreement with these dis-

placement curves preéented«for the hip (30,31);§&y0wever, the presenﬁ
investigation oBserved a displacement curve whidh: followed a course on
both sides of the line of progression, mean 3.44 + Q.63 cm laterally and
mean, 1.72 + 0.31 cm medially. Eberhart et al. (30,31) reported a dis-

placement curve which remained primarily on one side of the 1line ot

progression, approximately 5 cm laterally, and which qrossed over-;¢‘:

other side medially for a short distance and a short time just befd
termination of the walking cycle. Both studies utilized the initial foot-
floor contact position as the zero reference point on which measurements

were baged. . ST

-

Differences between the curves presented in these publications
{

and that observed in the present investigation may lie largély with the

‘exact point’ at which the measurement was taken and/or individual subjects.
// .

Only one subject was examined in each case, over one trial (30,31), as

‘compared to nine trials in the present investigation.

' 3. Horizontal Velocity ' ‘ _ ' _
Eberhart et al. (30) discussed the forward velociﬁy'of the body

Cof G repreéeﬁted by the gfeater trochanter of’thé femur and also

utilized force plate data to calculate the forward velocity of the body

C of G. Murray et al. examined forward Qelocity measured at the head

(71) and a neck target (68,69,70). Both groups of investigators reported

forward velocity peaks at the three floor-contact insiances during the

wélking cycle. That is, at points where the body C of G was near its

vertical low. Forward velocity lows were obsérved near the two C of G

>
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high points, near mid-stance of alternate legs.

In the present investigation the mean horizon;al velebity during

forward walking was gﬁg?teg?lhan the mean ho;izongél veiocity observed
during backward walkiﬁg, aﬁ:each of three measurement points (Table v) .
When consideréd over 57 idlervals of the respective walking cycle, erratic
;ghanges in the forward and ackwar% horizontal velocities measured atwthe
 calculated body Center of MTSS, were observed in thé present investigation
(Table XII of Appendix A), :Forwérd and backward horizontal velodiﬁies

did not lurch in a rhythmicalvmanner and no consistent pattern was readily
discerniblg during either<gait. However, the mean backward and forward
horizontal velogcities duriné vertical ascent of the body were slightiy

{ i
lower than the mean horizontial velocities during trunk descent (Table VII).

o

Overall, the forward and backward horizontal velocities did—decrégse
I ”/

slightly as the body descended. However, within each gait the méan
ascending horizontal velocity did not differ significantly from the mean

descending horizontal velocfty (Appendix C).

V. JOINT EXCURSIONS

The jognt excursionsg, or sagital Totations, of the left lower

-4

extremity observed in the present investigation are similar to graphical.
\ e B! il 2re SiI

“tllustrations presented’

/ . >
/ B

brief synopsis of joint motion follows. Maximum ranges of motion have
ynop

By,dthe:»investigations (30,68,69,70,71) A

“been indicated because these ranges approximate the minimum ranges of
motion necessary for the sﬁpject'tb walk normally. Figure 15 and Tables

XIII and XIV illustrate joi&t eXcursions. ..
‘1. Hip - ‘
Forward: At heel—s%rike the hip was moderately flexed (mean 19°). ~
' b ' : o

It gradually extended throuéhout most of stance phase, reaching>walkiﬁg

'f
|-
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oytle maximum extension (mean 16 ) near heel- -strike of the contra-—
lateral foot. Rapid flexion took place throughout most of the swing
phase, reaching walking cycle maximum (mean 26°) about three-

quarters “he way through swing phase. A brief period of extension

.0ccurred just before heel-strike to re-attain a mean 19° flexion

by heel-strike.

-Backward: Beginning from ; walking cycle maximum extension
(mean 10°) at toe-strike, the hip gradually f&exed throughout most
of the walking cycle to reach maximum flexion (mean 25°) just before
malleoli-even of swing phase. It then rapidly extended throughogt
late swing sub-phase to re-attain a position of ext6nsidgﬂ(mean 9°)

J
in preparation for the next toe-strike. '

Whether or not the hlp joint is capable of e\tenslon beyond 0°
is a matter of question (48, 83) Extension beyond 0° may be the

result of pelvic tilting and/or rotation and/or lumbar extension.

e

These factofngere not controlled for in the present investigation.

2. Knee

¢
Forward: At heel strlke the knee was near complete extension

4 1\l .
(mean -3°). 1¢. flexed throughout heel—strtke sub-phasge to attaln lgf

stance Phase maximum (mean 18° of flexion) near the end of this sub-

“~\‘phaée. Gradual extension followed during mid-stance sub-phase,

\,\.t

)reachlng —6 éxtension- near the end of this 3ub—phase Thereafter,

' ~¢ :

_the knee flexed rapidly, beginning near toe- off, and continued to

walklng cycie andsmingphase maximum flexion (mean 71° %@Q&ar the
mid-portion of early sw1ng sub-phase. It then underwent rapid

extension during laté‘swing sub-phase regaining maximum eXtension

)

-~
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(mean ~3°) just before heel strike. |
Backward:  From a position of flexion (méén 52° at toe-strike)
the knee extended gradually throughout stance phase, reaching walking
cycle maximum extension (mean -2°) just priqr to heel-off and the

beginning of swing phas®. It then underwent rapid flexion in order
e
s

to permit the swinging leg to move backward under the body. Maximum

AN
i

flexion (meah 67°) was'anéachievedluntil the middle pf.lafexswing
sub«ﬁpase. Thereafter the-knée extended until the next toe—st;iﬁé,
re-attaining a mean 51°.flexion by this time.

3. 'kﬁkle

Forward: A bfief/period.of plantaffiéxioh féii;wed’heel—strike
in otder té permit a smooth descent of the forefoot.to the floor.
Having achieved foot-flat, and maximum stance phase plantarflexion
(mean 3°), the ankie doréiflexed gradually; reaching walking cycle
and stancé phase maximum (mean 12°) near the eﬁd of mid—;tance sub-
phase. During push-off sub-phase thé ankle again plantarflexed,
reaching walking cycle and swing phase maximum (16°) just after»toé—
off and the beginniné of the swing phase. Gradual dorsiflexion then
followed, reachiﬁg swing phase’'maximum (ﬁeaﬁ 6°) just before heel-
s;rike.

Backward: Toe—str%ke ﬁas made in near neutral positioﬁ (mean
2° dorsiflexion) and-was'followed by rapid dorsiflexion, reaching
stance phase and walking cyéle mé#imuml(mean 22°) near the end of
toe-strike sub—ph;se, until tbe-éﬁd of this sub-phase. Plantar- | o ~5¢‘ B
flexion followed, reaching stance phage and walking.cyéle maximuin ‘
(mean 6°) near toe-off, and then changed to a dorsiflexion patternk

reaching swing phase maximum (mean 9°) just before malleocli-even.

-
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Plantarflexion to a swing phase maximum (mean OO) followed as the o

’

foot approached toe-strike, but changed to a brief period of dorsi-

g ‘ ) o
- flexion, reaching a mean 3 at toe-strike.

Wright et al. (107) repofted that ankle joint excursion during
stance and swing phases of backward walking were reversals of the joint
excursion-pattérns observed during the corresponding phases of forward
walki?g. As well, an in;feased overéll range of mg¢tion was reported

a

at the ankle during backward walking. . In the present investigation- ) - ks

~fhe rbackward’ waliing pattern was found to be a general reversal of the

forward walking pattern at all three joints, hip, knee and ankle, when

v

stance phases were compared and when swing phases were compared. The

patterns were not exact reversals, but close approximations.

During forward walking the hip apd the knee demonstrated slightly

8

greater total ranges of motion. At the ankle a similar total range

. . 3 Y / »
of t>tion was observed during backward walking. ' However, this range
of motion was achieved through greater dorsiflexion and less plantar-

flexion than was observed during forward walking.

VI. ELECTROMYOGRAPHY ) -

1. Electrical Activity

\

The electromyographic sequence of activity was detected by
i

means of surface electrodes placed over the belly of selected muscles.’
' T C .

An electrical integrator was not utilized and+it was recognized that

the electrical activity detected (raw EMG) represented a summation

of the detectable electrical activity in the area of the particular

electrodes. _ . g
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Clectromagnetic interference was minimal at the time of final
R ’ - o . s} .o o ~
\ filming owing to the lewered level of eleetrical‘useage in the &«
- P ‘ - ]
general testing area early on Sunday mornlngs The s4bject had worn

the apparatus on seveial occasions: and Stated that he felt no dis-
. : v ;o N

comfort or hindrance to his nbrmal walking patternsiresulted. .

’

The overall sedueneé‘of electrigal activlty oBserved during

forward walklng was 51mllar -to that reported by bther investigators

(8 30 91,92). Differences between previous inveétigations and the

Present investigation might be largely attributed to the& fact that
. ' - !
the EMG criteria utilized in the present study were relatively
o . ) il : .
.7 conservative. The muscle action potentials-were .: least 25% that

observed at maximum intensity during that walking cycle before the

mustcle under consideration was judged to be.eleetrically alive. As

/

{

. {ill,’all three trials for each muscle had to be judged active before
N . - )
e muscle was considered to be consistently active. Other.invest-

igators have utilized a variety of criteria fb evaluate the electro-
. : f -~
myogram. Cradedfscales; numerical and percent maximum, have been

°
- . 4

. ‘y s . )
" utilized (13,14,15,29,30,63,85), while other investigatbrs have.-
reported EMG in terms of active and non-active (7,8, ll 12 42, 66) of
this latter group only Battye and Joseph (8) spec1f1ed a critical

- " EMG value. Muscles were con51derea to be ele:trlcally active if

. ‘

the EMG ampgatude was consistently 15% greater than peak electrical

- . »
interference value.

o ' .

Although muscular activity is responsible for movement-gg the

limbs in a non gravity situation, it ckould be recognized that
(J - .

without the resistance, friction, offered by the ground, locomotion
]

as we know it would be impossible (30,31,33,54,55). As well, without

v

o

-
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the use of pravity walking would require much more energy (30,75).
) \,

-~ . - - e f
For these reasons muscles do not act as groups of prlmaﬁﬁovcrﬁ and

antagonists in the traditional anatomical sense during walking (30).

H

L ! . .
Their roles during locomotion, where the foot is fixed, and {ree

movement of the 1limb are out of phaée (3).
~—'\‘ ’\ . N

.

Sutherland (92) emphasized that the realistic appraisal of a
. IS

movement requires evaluation of all the other muscles which can

affect the movement. Since it is not possible to precisely state

the action of one muscle during walking, it is even more difficult to

state how groups of muscles interact.

Previous authors have emphasized the theoretical nature of

e]rctrumyographical analysis in gait studies (30,75). It is not
possible 'to state with absolute certadniy the. precise function of a

muscle, owing to the free limb positidéns and the large number of
Voo -
musclﬁgtgimu]ganeously active. However, electromyography 1is the most

effective means available of detecting muscular activity, and

N

muscular acfiijy is the basis of human movement (3). Although

absolute precision is not possible, an improved undeTrstanding of

[

normal walking can-still be achieved. . ‘ ;

v '

2. EMG Modification ) : >

Inman et al. (53) and Ralston et al. (82) have painted out
that electrical activity per se (EMG) is not a precise index of
\

contraction and/or tension of the muscle concegged.. Recent work

T - - a ‘
involving the human rectus femoris muscle demonstrated time lags of

/

30-40 msec between the onset of electrical activity and the onset of/
‘ ' - : ) . - /
joint motion. Time lags of 200-350 msec occurred between cessation

~

. L : . :
of electrical activity and the cessation of musclular tension ot

and/ joint motion. For these reasons the authors suggested

84
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that much of the electromyographical work cargied out to date,

particularly in relation to gait studies, might be re-evaluated
in view of these time Tags. In support of Eﬁﬁs suggestion it is

. ) ’ .
emphasized that proper appreciation of muscle involvement in movement
is more related to the 'duration of contractile activity than mé:ely to

the duration of electrical activity. EMG work, to date, has generally -

been desériptive ofrelectrical activity and has not incorporated time

lag information into its analysis.
. ’ » -
Presently it is unclear as to precisely how long these time

Y
~

lags are, and if there is a different time lag for each muscle or

muscle group. Incorporation of time lag data into EMG research might
o : ! o ‘

best await, further investigation s that consistent and uniform

interpretation of electromyographical data is forthedming. However,

e

it 'is apparent that major alterations in the interpretation of EMG data

may be necessary if these time lags are demonstrated to be consistent

i

and universal.

’

D VII. INTEGRATED ANALYSIS OF THE BACKWARD WALKING:CYCLE

* . Detailgﬂ analysis of the forward walking cycle‘has been provided

by previous authors (30,31,33,77) and will not be repeated "ere. Of

primary'interest in the present investigation was the backward walking

%gaﬁﬁﬁwwhiéh will be cénéidered in terms of its phases, sub-phases and
specific evegzs;vcombining kinematic amnd Kinéﬁic descriptionf Figures
18 and 19 summarize temporal, spatial and electromyodgraphical information
. . “ . ‘ " B .
during ba: “ing. s ) , .
l | ' 't

P ‘-ase i >

1. 7 Toe Sub-Phase (Toe-Strike to Heel-Down: 0.0% - 15.5%)

The functional demand during the toe-strike sub-phase was

>

‘ .
!
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PERCENT OF CYCLE

-

Specific Event
Left Lower Exiremity

Sub -Phase

Support Phaze
{Single Limb -
or Double Limb)

Vertical Displacement

{Upward /Downward) -

Direction of Hip
Displacement

Joint Excursions
Hip
Knee
Ankle

PERCENT OF CYCLE

Figure 18:

Lr”

.
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Summary of temperol and spatial parameters of the backward walking cycle.

%/
Stance Phase . Swing Phase,

0 10 20 - 30 a0 50 60 70 80 . 90 100
Toe Heel Toe Heel Malteoli Toe
Strike - Down oft Off ‘ Even Strike

Toe-Strike Mid-Stance Foot-Off | Early Swing | Late Swing .

Double Single Double Single

& N
! ~
Down Upward ‘ Down Upward Down
Lateral ~Media!
_ Flexes Extends
Extends Flexes Exten_gf

Dorsi Plantar ) Dorsi Plantar Dorsi

Flexes Flexes Flexes Flexes™ - Fk?i(es

0 10 20 30 40 50 60 70 80 90 100

W\



Stance Phase . * 7 Swing Phase
PERCENT OF CYCLE -0 19 20 30 4 50 60 70 80 S0 100

&

Specific Event Toe  Heel Toe Heel ~ Malleoli Toe
Left Lower Extremity Strike Down Off Off Even Strike
JOINT EXCURSIONS Flexes . Extends
Hip l Extends Flexes— o -Extendé
Knee -D.o—r&_ - P_lan_tar— _— T D6r51 Plantar—_D1Oré|
Ankle X Fiexes , Flexes T TFiexes  Flexes Floxes
ELECTRICAL ACTIVITY
Rectus Femoris — - _ B
Vas—tus. Lateralis ' .
Vastus Medialis I i _ =
"Total Hamstrings ‘ ?
Medial Hamstrings : -1
Lateral Hamstrings B B
Gluteus Maximus ]
Medial Head Gasiroc- — ‘ ‘ i
nemius
| Peroneus Longgs ' ‘ e
Tibialis Anterior",‘ - - ===
Gluteus Medius ]
Hip Adductors — — ‘ ek

PERCENT OF CYCLE ~ 0 .10 20 30 40. 50 " 60 70 80 90 100

Figure 19: Summary of electromyographical sequence of activity during backward walking. '
Al . »

-
-
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smooth weight transference to and acceptance by the new stance leg,

without impeding backward travel. «loe-strike sub-phase was primarily
™ . > » s '
a period of double limb support, biut also involved a short period of
single limb” support as the contralateral swingtphase commenced just prior
. PN < S

to the emd of this sub-phase,. ' e

A

During'this initial foot-floor contact sub-phase the body¥C of )
. [ 2 v

v -

. w ' . . : {
M descended to its lowest point, a mean 2.63 cm below its level at the >
instant of toe-strike. - This low point occurred just ﬁrior to the term-

ination of the first period of double limb support and the beginning of

single 1imb support.

Preparation for the following single limb suppoft phase neces-
I

sitated a lateral shift of the pelvis toward the stance, or weight

bearing side. This lateral shift was well under way and was ncar its

" y . hd ’
lateral limit by the end of toe-strike sub-phase. Through the lateral

shift body -C of M was moved toward the weight be%ring foot. to assist in

single limb balance. ¢
: /

Ankle dorsiflexion. throughout toe-strike sub-phase seerd

e

e S ¢

primarily to permit shock absorption and a smooth transference of
R S R

_,body weiéht oﬂto tﬁé new stance foot, and a gradual termination to
theibody C of M's descent. Dorsiflexion' terminated at the end of the
first period of double iimB support and the onset of single limb
support. Gradual knee e#tension>aﬁd hip flexion ;hroughouﬁ this
sub-phase served to'minimi%e thgvextent to whicﬁ the body C of M
descended. . The combined jo%nt a:tivity permitged minimal impedi—

mlnt‘ofubackward travel andrminimized-the loss ‘of backward momentum.
B \
‘\

By the time that the foot—flatnposition had been Echieved the ankle

had undergone a backward walking cycle maxim%T dorsifiexiohf(méénf22°)’



I

” .
as comnared fg/z—?;}ward walking cycle maximum dorsiflexion

(mean 12°), observed near heel-off of forward walking.

. , * .
- The gastrocnemius and the perbneus longus were electrlcally

.

active throughout this sub -phase taq %aontrol ankle dor51flex1on eccent—

rically and functioned chiefly in shock absorption ahd the smooth

transference of body weight onto the new stance foot. The peroneus

longus also'dcted to limit the tendency toward ankle inversion at

this time. - A -0

The quadrlceps muscles were active in control of knee extension
r
and resisted forward buckllwg of the knee while the body C of M was .

behind the knee joint. The rectus femoris and the hip adductors acted

to flex the hié and puil the body over the stance foot, now that toe-
strike had been made and resisténceiwas offered by the floor. .Along
with momentum, the hip’flexor activity wa;‘chiefly responsible fof
pulling the body over. the stance foot and assi§tiné with E;ckward

pfopulsion. -" . &

()r

s

~The contractlon of the gluteus maximus throughout toe—strike
sub~phase served to resist the tendency of the pelvis to rotate.

forward with the hip flexor contraction, and in the maintenance of.
upright trunk stability and posture. v
L4

2. Mid—Stanée Sub~Phase (Heel—Down to Toe-0fr: 15.52—45.72)(

Boqy weight had been trans ferred to.- and“accepted by the stance
B .
foot during late toe-strike sub—-phase. The oody new - sed through an

entirevsub—phase.of single limb support and balance, all—the—while,

maintaining backward progression. e

-

The body C of M entered mid-stance sub—-phase-just after reaching

its vertical low near the end of the first period of double limb

G
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support. It then rose fapidly to reach a vertical high just after

malleoli-even, the approximate mid-point of the single limb support

period. The lateral displacement‘of the hip reached its peak just

-prior to malleoli-even of mid-stance sub-phase. By the  termination

of mid-stance sub-phase both the vertical and the lateral displacement
curves were returning toward their toe-strike fevels.

The knee and anRle continued tos gradually extébd during mid-

I

stance sub-phase, while the hip tlexed gradually, As the body
contiriued to progress backwards thelstance foot moved from a position

behind the'body to one in front of the body. Subséquently, the body

. ) N . )
C of M rose'until the stance foot was under the body and then

RN

bqgan to descend .once again 'as the foot moved in front of the body.

Throughoug mid-gtance sub-phase the stance leg continued to lengthen,

however, .the perpendicular distance from the.hiﬁ to the ground

increased first, until just after malleoli-even, and then decreased.

Knee extension did not reach maximum level at malleoli-even of mid-

stance sub-phase, because this would have resulted in an abnormal
3

vertical rise of the body C of M and increased energy cost. By ™

combining stance leg extension and swing leg flexion the vertical

‘rise of the body C of M was kept to a minimum and energy cost

minimized.
The vastus lateralis maintained activity thioughout, while

the vastus medialis demonstrated inconsistent electrical activity

I8 .

throughout, mid-stance sub-phase. The rectus femoris was active
during the latter portion of the mid-stance sub-phase. These muscles
all act to extend the knee, the rectus femoris also serving as a hip

flexor. Hip flexion and knee extension until malleoli-even of mid-



lateral exftremity. _ \ : ‘
" . i

The descending body.C of M reached its left toe—stﬂzke level,
zero point, almost at the same instant as right foe-strike was
made. These -instants in time corrgéponded with the initiation of
the first and éeconé aouble limb support periods. The bOprC of M

. continuéd descending throughout most of foot—off sub-phase, r?aching

its second vertical low, a mean 2.09 cm below ghe toe-strike level,
ne;r the én% of the second period of double iimb support.; Both vert-
ical lows during backward walking were reached near the.ends of double
limb support periods and were of similgr magnitude;

By the beginning of the foot-off sub-phase the left hip had_
commenced to move, frqm a position near its peak lateral displacement,

rapidly medialward. This pattern of movement was indicative of the

trahsferengg of body wgight from single limb support to double limb -
support. Ne;r the same timé as the vertical low was reached, the
lateral displacement curve for the hip again reached its zero point,
or toe—strike displgcémént. |

The knee and the ankle changed patterns of movement at opposite

ends of foot-off sub-phase. The knee changed from extension to.flexion,

while the ankle changed from»plantarflexibn to dorsiflexion at the

‘beginning of the sub-phase. Knee flexion occurred in preparation for

- .swinging the leg under the body, to shorten the limb. Ankle dorsi-

~ flexion served to achieve toe-off and the termination of the footr-flat

position, thus avoiding plantarflexion which was no longer of practical

value since the body C of M was-already well behind the stance foot

and balance was now primérily achieved with the contralétaral foot.
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The continued knee extension and hip flexion during the foot-off sub-

phase wa;?%iif?ly passiye'with the foot in front of the bLody C of M.
Jéint ircursions and backward travel combined to ldwer and transfer
the body C of M onto the newvstance foot. \

:”The quadriceps continued to assist with inee'extension and
béckward;propUISioé during only ﬁhe first portion of.foot—ofﬁ sub-
phase. Thereaftér the body was sufficiently behind the left foot
and®the knce méved passively into further extension, guided by the
hamstr;ng muscles, contracting.eccentrically. The gluteus medius and

' * . ' -
- the gluteus maximus maintained electfical activity until almost
precisely toe-strike of the contralateral foof, the initiation of the
seéond geriod of double limb éupport. The gluteus medius was no
longer required to control drop of the contralateral hiﬁ_now that
ground contact had been made. Assuming a reéiprd;al pattern of
activit; on the contralateral side, the right gluteus maximus was
. already active to stabilize the.trunk on the pelvis.

vTiBiaiis anterior a;tivity was'as;odiated with active dorsi-
flexion of the ankle observed ‘throughout foot-off sub-phase.:
Gastrocnemidg'actiyity:during the later portion of foot-off gub—phase
served to assis; at both‘the knee and the anklevproviding stability
through cé—contraction. .

VThe'bfief burst of hip adduccor.activity observed just prior to
the\ené_éf;foot—qff sub—ﬁhasé served aé an eécentric control of
backwafd pelvic horizontal rotation gﬁ\the swing side. The peroneus

longus activity obser&ed during "the first‘portion of the sub-phase

served to counteract the inversion tendency of the ankle dorsiflexors.



B. Swing Phase

1; '~ Early Swing Sub-Phase (Heel-@fﬁ to Malleoli-Even: 62. 1% - 81.47)
Durlng early swigg ;ub phase the: foot broke contact ‘withsthe i

ground, tr;velled.bapkward and paught—up to the stance leg at malleoli-

even. &he contralateral extremity began the-siﬁ%lellimb support'and

balance portion of its stance phase at the start oﬂ.thi§'subhphase.

wing sub-phase was a phase of C of M transition from its

(
B

second r] low; near the beginning, to a second vertical high, near

the end. e vertical high point ocgdrred just after the termination
of early swing sub-phase. During th£s~ﬁériod of contralatefal stance
phase the vertical displacements ofvthe tfunk were attribufable to
métion of the contralateral'extremity: )

Shortly before malleoli-even of Swigg phase, the lefg hip
reached itsvgreétest.medial deviation. This;diSplacemen; was not as
g;eat in magnitude as the lateral displaceméhtAobserved during the
stance phase. By this time the Body Qeight was borne solely on the
contralateral extremity and the medlal dev1atlon served to place the 
body C of M ovet the contralateral stance foot to fac111tate single
limb balance and support, ‘

Early swing sub-phase combingd ankle dorsiflexion and knee
flexién to shorten the s%inging extremity.and fﬁrther facilitate
backward passage under the body. Owing to the extert of kneé flexion

at this time the instant of malleoli-even was ained while the hip

was still in approximately 20 degrees of flexion. The rate of knee

 f1ex1on begLnnln& at the orset of early swing sub -phase was rapld

‘moving from 4 to 35 degrees before malle011~even.: Hip .extension did



s | | :

not begln until approx1mately two- thlrds of. the wa) through this sub--.
phase. Knee flehlon rather than hip exten51on, was prlmarllv *\
1espon51ble for heel- off and backward movement of the swing heel.
¢ The hamstrinés were the major musclee concerned with hlp
extension during.ba%kwardealk%ng, particularil§ initiating backward
‘\@oyement of thelleg. The. hamstrings ceasedFelectrical activity near’
the end of rly swing sub-phase and momentum was largely responsible,
for carrying\the swinging ieg backward to its toe-strike position.
The hamstrings were the main knee flexors during early swing
sub:phase, but may have g;en assisted by the gastrocnemius. Th?_
tibialis anterior was aggive.during early swing sub-phase to nrovide ' oo
dorsifleQAOn so that knee flexion need not be excessive during the
" backward swing in order to clear the toes.
2. late Swing Sub-Phase (Malleoli-Even to Toe—Strike: 81.47%-100. O/)
Dnrlng late sw;ng sub- phase the left lower extremlty'reached
behind the body to make floor contact once again. The contralateral
foor, in stancelphase, madeM;oe—off near the middle of'late swing sub-
phase. Although late swing sub-phase was totally a'period of single
limb support, the stance foot was in only partial floor contact nQEh
of the time. 1
During 1a;é swing suh—phase the body.C of M deéscended from its
swing' phase high to near its zero ooint (mean 0.02 cm) at the ‘tstanr .
of toe-strike. Thie instant marked the end of that stride and also
oorrespondeovwith the onset of another double limb support period.
verrical motion was under control of the contralateral extremity
moving through its stance phaae.i

LY

Throughout swing phase the left hip was displaced'toward the
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supporting the right foot. iite .swing sub-phase was'a period of
> : - N . ' o
continued movement of the pelvis back to its zero position at the end -
of the walking cycle. - ‘ .

Late swing sub-phase was characterized by ankle plantarflexion

-

designed :o lengthen the backward reaching extremity prior to floor-
contact. Although pleatarflexion reduced toe-clearance, the continued

‘knee flex.on pr-vidr. adequate clearanpce for the toes. Ankle dorsi-
. . ) B \ )

flexion just prior to toe-strike was aimed at cushioning toe contact

and insuring that ground contact was made with the plantar surface

of ‘the toes, rather than the dorsal surface. . !

Knee’ flexion reached its peak near the mid—pgrtion.of late .

swing sub-phase and then changed' to knee extension. The return of

hip extension to zero and peak knee_flexibn occurred simultaneously:
Because the;thigh was now in a relatively vertical posifion-and the
S . |

ankle was plantarflexing, maximum knee flexion Wwas required to clear
‘the backward traveling toes.AAContinued hip and knee extension during
late swing sub-phase comhined to léngthen;the}backwérd reaching

extremity so that ground contact could be ggée withouﬁ qn,abrupﬁ.cﬁaﬁge
in the path of the body C of.M.
Late swing sub-phase was a period during. which momentum,

generatedgby-é;rlier muscﬁlar activity; carried the limb:backwards tq
vhe next toe-strike. iThe brief pefibd of hamétring actiVify'6§§er§ed
curing la;é‘swing'éuﬁ—phase was ngceSsary go ma;ntain ﬁoméntua\bf_thé
baégward swinging leg and/é? to ihsuré adequate knee flgxion‘tO“clear
the toés. Inconsigﬁent electrical acti?ity bf tﬁé tibialis ?nteridfvl
‘was observed throughout this éubﬁphésé.aﬁd mafvhgve EEEﬁ\related to'

RS
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low 1eve}’contractiqp of the tibialis anterior.
Just prior to toe =trike electrical activity was observed in
the quadricéps, glutgus maximus, peroneus lo qg and the.hip adductors. .
The fectus femo%is_aﬁd'the hip adductor activity just prior to toe-

Y

strike served to decelerate the thigh and to limit the extent of

.backward hip extension and subsequently, stride length. Peroneus

lbngus activity at this time resisted the tendenby toward ankle inversion

associated with plantarflexion. The gluteus maximus was active to limit

: . /s .

the tendency toward forward rotation of the pelvis as the rectus femoris
' w '
contracted and functioned to stabilize the trunk on the pelvis. The
quadriceps muscles served to limit the ter ..y toward forward xnee buckling

3

at the-instant of toe-strike and following toe-ggtike.

\
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_ CHAPTER SIX
) : . . -

r SUMMARY "AND CONCLUSIONS

I | I&TRODUCTION

Walking'backwards is a form of bipedal plantigrade progreésion;
: élghgggh utiliéed to a lesser extent thaﬂ ié forward walking, ir is
nevéf—the—less é daily component-in the translation of the body center
of mass (C of M) from one place to another. The significance of
backward movement becomes more readily apparent in situations of.~
physigal handicap and during sporting activities. Similarily to ;alk-

ing forwards, the abiliEy'to walk safely backwards is taken for

'grénted by those who can perfoﬁ% this activity safely and without

o~ o -

difficulty. o

The pfesent investigation examined one gspect of*béckwaﬁd
movement,\wa}king backwards at a free or comfortable speed, employing
a_specif;c-walking téghniqug. By providing information describing
what 1is c0nside€éd, by the author, to be the basic pattefn of‘baék¥
ward movement a beginning‘has been made toward the improved under-
standing and greater appreciétion of backward loéomotion as a whole.

The presént inves&igatioh examiged the backward walking gait of
only one subjeét; It was’recognized that the external.Qalidity was
subsequently low and thé degree of confidence in generalization from

a non random sample of one to a population as 'a whole must also be
: 1 .

low.
|

A substantial valume of }nféfmation was gathered in the present’

. . o '
study, describing both the backward and the forward walking c

SN : o .
..examined over nine walking cycles each. Includ%S in this _:I¢ .. ion

P 3



was the displacement-of the body C of M, wlich was calculated for

\\ . . '
each frame of film examined, and the elegﬂromiggraphic sequence of
activity of twelve lower 'extremity muscles. Previous investigations
.have generally examined féwer parameters and have been confined to

the forward walking cycle alone.
. a4

The present investigatitn utilized a simple two camera

synchronization technique and incorporated EMG and subject activity
e 4

v

into one fr;me of film, thereby eliminating the nced for a separate
EMG recérd. The equipment and the filming technique are readily
adaptable to’a variety of sc.! es, which can be carried out indoors or
outdoors. B ’ e ‘
of partiqular significance in the present investigation was the
utiliziation of electromyographical and cinematographical té;hniqucs
designed to minimize the phy;iqlogicél and psychological infiuence
the experimental situation. The EMG system provided good qualiéy
recordings yet minimized ghe pbysical impediment to the subject.
The cihematographical rc  rding system provided a permanent aﬁd
-yaetailea\tecord, and permitted synchronization of the EMG and subject
actiQify wiéhoutvthe need to attach additional coquipment to the
subject.
_ Inman (54}, commenting on personal experience in a large number
of/gait inveStigatiQns, stFessed that t* = is no such thing as.the_
avefage man. ‘Individual variations fer 2¢ to disappear when averaged

\

over a large number of subjects and upon re-examination of individual
; :
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Esubject_performances it was noted that the averaged values themselves

did not apply to a single one of the #ubjects. Averaged values simply

i

v

.represent the basic pattern of movement upon which individual variations
| : )

are superimposed. However, it is necesgary to understand the basic Q
pattern rder to understand.the variations seen in norﬁal, and,
particularly pathologicai éaits (54,55). - E

Human biﬁedal locomotion has beén'termed a phenomenon of extra-
ordinary complexity (86). Many different investigative techfiqdes
must be utilized in order to obtain quantitative data on Sgecific
aspeﬁts of the entifé motor act of walking and no one technique can.
yield all the desired informétién (30,86).

Presently only the most obvious, or apparent, factors can be
integrated'and even thése cannot, with absolute certainty, be felated

to their order of importamce (30). It is not possible to completely

describe locomotion in anything like its actual complexity because
I

there are gaps in the knowledge of how events take pléce and how they

are.coor&ihated. Eberhart .et al (30), in 147, suggested that the
s?nthesis of all tﬁe elements which simultaneously participate to
achieve locomotion appears too difficult for early attainment.‘ A
great deai more information is presently available describing the .

normal forward walking cycle, however, a complete understanding of

*

the normal walking cycle has not been ‘achieved.

IT. SUMMARY

. | -
. The purpose of this study was to provide basic information

| ' . B . .,
descriptive of the backward walking cycle. Temporal, spatial and

electromyographical data were gathered by means of two synchronized



101
16 mm films and a four channel electromyographic systém.

Ohe volpnteer‘male subject, who was judged to be in excellent
physiral COnﬂ}fibn and whg had sustained no significant lower cxtremity
injuries, was éxéminea. The subject was familiarized with the equip-

- ment and the task over a period 6f_four weeks. ’

Cameré One photographed the subject'é‘lateral aspect, while

Camera Two photographed the subject's aﬁterior aspect, as well as the

oscilloscope [screen. A total of twélve muscles, four at a time, were

examined via

qrface electromyography. An impulse generator was useq
to simultaneous\y activate the internal timing lights within each
camera. Frame—for—framg syncﬁfonization of the two films was achieved
by matching tﬁa interval timing light traéesraiong thé edges of botﬁ
films. The subject completed three backﬁard and three forward triaisv
with each electrode sequence, or positioning. All walking was carried
out at a free speed selected by the subje t t be 'normal' and 'com-
fortable' for him.

The, backward walking cycle was first divided into component
events, phases and sub—pﬁases which cdrresponded to the divisions of
the forward Walking cycle. Tewporal, §patiai and electromyogréphical
data was gatﬁered erm.the two synchronized film records and presented
by means of tables and graphs, illustratiﬁg both seéohds duration and
the percent éf the respective walking cycle.

.Thé fpringiple of moyents' was utilized to calculate the
location of the body C of M in seleeted frames of Film One and the
cosine law was utiliied to calculate thé joint angles of the left
lower extremity in these same frames of film. The la;eraimost point

on the left hip was determined for corresponding frames of Film Two.
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Electrical activity was classified as active d&/;ot active, and was

expressed as percent activity duration of the respective walking cycle,

III.  CONCLUSIONS ///
Within the delimitations of the design of the study and the \\\

limitations of the acquisition of the data, the following conclusions

are drawn:

]

'l; The use of an impulse generator to synchronize two film
records was a simple, inexpensive and effective means of matchiny two
viewshof subject activity and the simulpaneOus electromyogr .ns.

"2. The use of a split lens to permit sharp focus on Lol
the subject and theoscille. Jﬁa screen was a,simﬁle, inexpensive
and effectlve means of récordlng subject activity and the 51multaneous
'elpctromyogréms on one film. By doing ;o.the need for a separate
EMG record,vwhich later needed to be c&rrelated with both lateral and
anterior views of the subject, was eliminated.

3. The terms commonly utilized to descrlbe the forward walklng‘
cycle” havg been modified to describe the backward walking cycle
Corresponding phases,Asub—phases and specific events exist in both
gaits.

4. In terms of seconds dyration, the walking cycle as a whole,
and both stance and swing phéses ere of grea§¢r duration Quring

~"backward walkigg. In terms of per ént duration of the wgiking cycle,

‘ fforward stance phase was of significantly greater duration than
backward stance phase and backwdrd swing phase was of significantly
greater duration than forward s ing phase. . . . (ﬁj

5. The duration of (skdonds and percent of the walking cycle)



of dbubleilimb support period, both‘periods combined, was similar for
both gaits. First and seﬁond double li;b'suppoft ﬁeriods were of
simil;; duration dufing backward walking. However, during forward
walking the first period was of significantly greater duratién than
the secona period of double limb support.

6. Duringkbackward étance phase, mid-stance sub-phase was of
significantly g;eaper éuration (seconds and percent of tﬁﬁﬁ@alking cycle)
than either toe-strike,or foot-off sub-phases, which were of.similar"
dgration. During fgrward stance phase, the duration (secpnés and ‘
{?rcent of the walking cycle) of mid-stance sub-phase wés significantly
g;eater than the duration of push-off sub-phase, which was significantly

greater than the duration of heel-strike sub-phase’

7. During backward swing phase, early and late swing sub-

. Phases were similar in terms of seconds duration and proportion of the

backward walking c?éle. Dur;ng fPrward swing phase, iate swing sub-
phase was of si%nificantly greater duration than early swing sub-phase.
8. Mid—stahéé sub—phasé was ﬁhe longest sub-phase (secénds aﬁd
percent’ofutﬁe walking cycle) observed during both gaits. Backward
mid-stance sub-phase was of‘significantly gréater Auration thag forward
mid-stance sub-phase, Backwara initial floor-contact sub-phase
(Toe-Strike) was of significantly greater duration than was forward

initial floor-contact sub-phase (Heél—Stfike); Forward pre-swing

sub-phase (Push-Off) was of.significantly greater duration than was

backward pre-swiﬁg sub-phase (Foot-0ff). Backward early swing sub-phase

s

was of significantly greater duration than was forward early swing
sub-phase. Backward and forward late swing sub-phases were of similar

seconds duration. However, forward late swing sub-phase represented a

k]
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sign .cfrily greater proportion of the fofward walking cycle than
backw. ird late swing suﬁ—phase represeﬁted of the backward walking cycle.

5. " Backward walking Eadgnces and horizontal velocitiégusgre
slower than forward'walking‘cadences and horizontal velocities.

10.- Backward walking stride and step lengths were shorter-
than forward walking stride ana step ‘lengths. .During each gait,
right.and left step lengths represented similaf distances and pro-
portibné of the stf;de'lengt}.

ll. Within each walking cycle tﬂe body C of M was displaced
through two vertical high points and two vertical low pointé. During
backward wélking the low points occurred near the end of double limb
support periods. During forward wélki;g the low points occurred.near
tﬁe s;art of double limb support beriods. During both gaits the high
points occurred shortly after malleoli—evgn; during. mid-stance of

b4

alterncte legs. \

12. The peak-to-peak vertical disp¥acements during backwafd
walkingagére significantly greatér than the peak-to-peak vertical
displaceménts observed during fofward‘walking. Backward walking was
characterized by higher high points and lower l§w points in terms of
displacement of ﬁhe body C of M relative to its position at the instant
of floor-contact.

13. The vertical displagements of the top of the'head and the

verticai displacements of the calculated body C of M were similar.

- Only two, of phirty—eight individual comparisons were found to be

significantly different at the .05 level ofasignificénce.
14. Peak-to-peak displacements of the lateralmost point on the

left hip during backward walking were similar to displacements during

104
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forward walking, when measured using the initial fcot-floor contact as

the zero reference point.

15. Within each gait lateral hip displacements were significantly
greater than medial hip displacements. Lateral displacements dﬁriﬁg both
gaits were similar, while the mean medial displacemént during backwérd
walking was significantly greater than thg mean.medial displacement
during forward walking. ) (

16. Ch;nges in the horizontal velocity of the bod C of”Ma
(calculated over 52 intervals of the respective walkiﬁg'cycle) during

both backward and forward walking, were small and erratic. A consistent

pattern was noted only after the mean ascending horizontal velocity
! - p

was compared with the mean descending horizontal velocity. In this case
the mean horizontal velocity during both gaits, deéreased slightly as
the body C of M ascended to its vgrtical highs and velocity increaseM
slightly as_the body C of M descended to its vertical lows. However,
within each gait the mean ascendiné horigontal velocity did not differ
significaqtly from the mean descending horizontal velocity.

17. The total range of motion observed aﬁ tﬁe hip and %Ee knee

was slightly greater during forward walkiqg{v The ankle demonstrated.

>
<

aAsimilar total range 6% motion during baﬁkward walking, however,
o . . .
this range was achieved tﬁrough'increased dérsiflexion and decreased
plantarflexion as compared to forward walking ankle excursidns.
18.‘ During backward wgiking the mugples tended to be
consistently eléctrically active for longer periods of time than during
forward walking. However, a gréater degree of inconsistent eiectric;l

activity was observed during backward walking, as compared to forward

walking.
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1V. RECOMMENDAT IONS.

1. That further investigation of backward walking be under-—

-

taken, utilizing a larger number of subjects.

2. That additiomnal information describing-the backward

_walking cycle be gathefed. A third synchronized camera placed
g -
- \ :

—

orthogonal to the other two, eg. top viewing, could provide informat-
ion on the ax&al rotation of body segments. Force plates incorporated
into the walkway could provide information on floor reactions. Suchb
procedures can be carried out @ithout hindering the subject to a

fur;h extent. é
\ 3. That'investigation of other movement techniques be under-
taken: moving ;ideways,'running forwards and backwards, pivoting,
jumping, skating and cycling. These activities can all be examined in

relatively normal‘gnvironments with minimal hindrance to the subject

using the techniques outlined in the present investigation.
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TABLE VIII o

J
Mean Instants of Occurrence of Spécific nts During Backward and

Forward Walking Cycl%s (means of nine walking cycles)

o B

R \

Event Mean Point of Occurrence
Left ~ Right ‘ Percent of ‘ Time
Lower(f/ Lower Walking Cycle
Extremity Extremity ) (sec)
Standard Standard
Mean Mean
Deviation Deviation
BACKWARD
TS " 0.0 0.0 0.0000 0.0000
"HO . 12.0 0.6 0.1529 0.0103
HD 15.5 1.9 0.1968  0.0245
ME 31.1 1.0 0.3956 0.0172
TO 45,07 2.0 0.5791 (0.0192
TS . 49.5 1.0 0.6268 0.0194
HO ‘ 62.1 0.7 0.7874 0.0207
. HD » 72.6 3.1 0.9192 0.0376
ME 81.4 1.2 1.0320 0.0298
: TO ' ~90.2 3.1 1.1428 0.0464
TS - 100.00 .0 1.2671 0.0322
FORWARD
HS - 0.0 0.0 0.0000 0.00Q0
TD 7.9 1.4 0.1376 0.0172
TO : 13.5 0.8 0.1567 0.0103
ME 28.5 0.8 0.3306 0.0115
HO o 39.4 3.3 0.4568 0.0366
HS 51.0 0.8 0.5924 0.0125
TO 63.2 0.8 '0.7339 0.0149
TD 66.7 1.9 0.7740 0.0272
ME 78.9 0.7 0.9155 0.0152
HO 83.3 2.8 0.9629 0.0344
0 0.0 1

HS 100. .1600 0.0125

4o



118

2 JuawedeTdsI|
6v°0  LE°S 850 62°S 1670 099 LL°0 €19 jead 03-yead
[2°0  T10°0- 67°0 00°0 12°0 LT°0 220 20°0 00T
66°0 %670 S0 29°0 €9 0 12°1 8.°0 - 580 56
99'0  T1°C $5°0 00°Z 69°0 0°¢ <90 69° T 06
6.°0  8S'E 09°0 ne' e LL°0 £6°2 1670 0L°7 .58
9v°0  8E'Y . 8£°0 'y 19°0 L2 610 857 08

—96°0  £9°¢€ . 650 s ¢ 9670 96° T gye0.  €6°T wm
€170 w%T 6670 ez ST T 00 160 01°0
60 89°0 570 T0° T 8¢ T 08" 1- €1 0z° T- mw
8c'0  80°0 090 02°0 €T' T . TvUI- C6p°T 1L T-
[Z°0  9€°0- 61°0 £0°0- <80 w9 1- 08°0 2T 1- mm
1g¢'0  zr'o-  0€E°O $T°0 €L°0 €2°0 1870 vZ' 0 y
0L°0  89°0 97°0 02" T 20° T 66° T €L°0 68" T 4%
pC 0  8T°T 8v°0 697 08°0 69°7 * 2970 65°C 0y
69°0  06°€ <y 0 98" ¢ <970 €5 ¢ €€ 0 [7°€ .wm.
S9'0 9% 8L 0 68" Y 60° T 9T € <90 68°C —0¢
990  9¢% 29°0 vy 091 86" T 69°0 66 T mw
9¢'0  8€°€ - 1€0 T0°€ 19°1 80°0 SE°T <z°0 . o
G0 [8°1 16°0 7717 891 oL 1- 96°0 60°Z-
65°0  $6°0 £9°0 90" T 12°T 97°Z- w80 Sui- 0T
700 090 6€°0 9E"0 $9°0 99" 1~ L0 06° T~ :
00'0  00°0 00°0 00°0 00°0 00°0 00°0 - 00°0 .
UoTIBTAS(Q uoy3BTAR(Q (u2) uoTIBTAR( uofleTAR(Q
uBay . ueay T uesp ueay
piepuels paepluels paepuelg p1lepueils (2)
peESIT W 30 D puoH W 30 D oT94n BuyTEM
. 10 3UIDI3J
VMU0 CIVMAOVE.

(sa1o4Lo 3uty

ATen

auTu jo sueaw) s$3T24) SupiieM pilemio] puUB PIBMYOER( m:H j0 sa3ejusdiag OT3Foads 3y sjusuwedeTdsE(q [EDFIIBA

4

~XT dT1dVL



Displacements of The Lateralmost Point on The Left Hip During Backward

and Forward Wall

TABLE X

king Cycles (means of nine walking cycles)

Displacement

BACKWARD FORWARD
Percent of
Walking Cycle Mean Sta?dard _ Mean StagdaFd
~) ~ Deviation Dev;atlon
(cm) (cm)
0 0.00 0.00 0.00 0.00
5 1.10 0.26 0.80 0.26
0 1.89 0.37 1.56 0.39
15 2.59 0.42 2.20 0.50
20 2.89 0.35 2.65 0.79
25 2.89 0.35 2.68 0%.54
30 2.83 0.72 2.66 0.67
35 . 2.54 0.80 2.97 ‘0.76
40 2.51 0.41 3.11 0.82
45 2.12 0.39 3.01 0.69
50 1.30 0.58 2.20 0.52
55 0.66 0.63 1.57 0.54
60 -0.48 0.59 0.86 0.56
65 =1.02 0:55 0.00 0.46
70 -1.40 .0.65 ~-0.73 0.45
75 -2.05 0.49 ~1.30 0.54
80 -1.70 0.50 -1.57 0.46
85 - -1.35 0.44 -1.44 0.26
L 90 -1.06 0.35 -1.02 0.26
95 -0.53 0.27 ~0.67 0.26
100 0.00 0.00 0.00 0.00
Peak-to-Peak 5.28 0.60 5.17 0.79
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TABLE XII
Mean Horizontal Displacements Measured At the Body

Center of Mass During Backward and Forward Walking

Percent of BACKWARD FORWARD

Walking Cycle (cm/5% division of the walking cycle)

0 0.00 0.00
5 8.52 8.99
10 5.87 8.71
15 8.44 7.50
20 6.84 8.37
25 6.86 7.11
30 6.53 6.74
35 7.12 7.16
40 7.38 8.09
45 7.47 8.86
50 8.27 8.30
55 8.27 C7.42
60 6.67 10.18
65 7.42 7.03
70 7.66 8.27
75 6.83 7.16-
80 \ 6.45 7.30
85 J 6.27 8.44
90 N 7,42 6.8l
95 - 6.46 ©9.13
100 7.65 8.72

Values calculated as the difference between the means of the cummulative
displacement means at the percentages of the walking cycle dindicated

Displacements indicate distance travelleq\in the previous 5% interval
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APPENDIX B: LIST OF MANUFACTURERS
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EQUIPMENT MANUFACTURERS

Tektronix 564 Four Beam Oscilloscope

Photo Sonics 1 PL 16 mm Cameras
Photo Sonics Impulse Generator

Ang€nieux, 72 mm diemeter,
12-120 zoom lenses

Split Lens
. s :

Strobotac Typellj3l Tiﬁing Light

<

Parker 360 Electrode Paste

Hewlett Packard Two Slded X
Adhesive Discs

Ace Athletic Wrap
. (polyurethane foam rubber>
bandage)

Triad V/R 100 Motlon Plcture
Analyser '

Bendix Digitizer Board

Bendix CursQr

Hewlett Packard 9825A Calculator

>

. . C.
Tektronix Inc., Beaverton,

Oregon 97077

Photo Sonics Inc.
Burbank, California

Angenieux Corp.
Paris, France
Toshiba Photographlc Supplles Co.
Tokyo, Japan

General Radlo Company #
Concord, Massachusetts

Parker Laboratories, Inc.
Irvington, New York 07111

Hewlett Packard Canada Ltd.
Edmonton, Alberta

Protective Products Division
Becton-Dickson and Co.
Grande Prairie, Texas 75059

Triad Corp.
Glendale, California

' Bendix,Corﬁ.

Advanced Products Division

. Farmington, Michigan

Hewlett Packard Caf@%lator
Products Division,
Loveland, Colorado
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I. Comparison of Mean Phase and ¢ “~Fhase Dur: ions During Backward

and Forward Walking (see Table III for standard deviations)

SECONDS DURATION

Walking Cycle Means '~ Calculated t

Comparison ) Backward Forwand\ Value
Stance Phase ' 0.788 0.734 ‘ 6.28%
Initial Floor Contact ) S
Sub-Phase . 0.197 0.138 , 5.86%
Mid-Starice Sub-Phase 0.382 . 0.319 4.04%
Pre-Swing Sub-Phase 0.208 0.277 ' 3.85%
" Swing Phase | 0.480 0.426 | 9.06*
Early Swing Sub-Phase .0.245 0.182 ) 8.28%
Late Swing Sub-Phase 0.235 0.245 - 1.60
Walking Cycle Duration 1.267 1.160 o 9.30%
ihe critical t value was (t.05,16) 1.75

* indicates a significant difference between the two means at the .05 level

PERCENT OF THE. RESPECTIVE WALKING CYCLE

»

<X .
Comparison Walking Cygle Means\\k/ Calculated t
Backward Forward Value
Stance Phase - 62.1 63.3 ’ 3.57%
‘Initial Floor‘Contact ' '
Sub-Phase 15.5 11.9 4.82%
Mid-Stance Sub-Phase 30.2 27.5 ’ 2.04%
Pre-Swing Sub-Phase 16.4 23.9 5.62%
Swing Phase 37.9 36.8 3.27%
Early Swing Sub-Phase 19.3 15.7 6.70%
Late Swing Sub-Phase ; 18.6 21.1 5.59*
The critical t-value was (t

.05,16) 173

-
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CTI. Comparison of Mean Sub-Phase Durations D:: " 1g Backward Walking

(see Table II7 “or standard deviations)

SECONDS DURATION OF THE BACKWARD WALKING CYCLE

D

Specific Event LS ES FO Ms TS
Mean 0.235 0.245 0.208 0.382 0.197
TS 0.197 3.77% 4. 41% 0.83 12.67" -
Ms | 0.382 | 11.08%  9.87%  10.99% -
FO 0.208 2.29%  2.97% -
ES 0.245 1.11 - -
Ls 0.235 -

. The critical t valué was (t.03,16“ 1.75

PERCENT OF THE BACKWARD WALKING CYCLE

Specific Event LS ES F0 MS 1S
Mean 18.6 //'T§\3 16.4 30.2 1535
TS 15.5 4.36% 4296k 0.98 12.79% . -
MS 30.2 11.04%  10.01% . 11.48% -
FO 16.4 2.78% 3. 4h4% -
ES ©19.3 1.15 -
LS 18.6 - | f | \\\\4/

The critical t value was (t-05,16) 1.75

2



ITI. Compari

son vf Mean Sub-Phase Durations During Forward Walking

(

(see Table III for standard deviations)

/

SECONDS DURATION OF THE FORWARD WALKING CYCLE

Specific Event LS ES PO MS HS
Mean 0.245 0.182 0.277 0.319 0.138
HS 0.138 | 17.09%  ¢.g87% 8.84%  15.76% -
MS 0.319 7.15%  13.13% 2,37+ -
PO 0.277 "2.15% 6.35% -
ES 0.182 15.70% -
LS 0.245 -
The érltlcal t value was <t;05,16) 1.75
€ \\
PERCENT OF THE FORWARD WALKING CYCLE
Sﬁecific Event LS ES PO MS HS
Mean 21.1 15.7 23.9 27.5 11
HS 11.9 18.59% 7.45% 9.82%  15.7¢% -
MS 27.5 7.01%  12.81%  2.50% - 4
PO 23.9 2.41% 7.03% - ‘
ES 15.7 16.06% - {
LS 21.1 -
The}crltical t val?e was (F.Os;le) ;;75
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1v, Comparison of Mean Double Limb Support Periods During Backward

and Forward Walking (see Table IV for standard deviations)

SECONDS DURATION OF DOUBLE LIMB SUPPORT PERIODS

Double Limb . Forward Forward Backward Backward
Support "Period Second First Second First
Mean 0.141 0.157 0.161 0.153

Backward .

First 0.153 2.31%* 0.85 N 1.23

Backward !

Second _ O'lél 3.13* 0.67 -
Forward ' '

First 0.157 . 3.07%
Forward ) '

Second 0.141 -
T . .

he critical t value was (t.05,16) 1.75

f<4
PERCENT DURATION OF THE RESPECTIVE WALKING CYCLE
Double Limb Forward Forward Backward ‘ Backward
Support Period . Second First Sécond First
‘ Mean 12.2 13.5 12.7 12.1

Backward 12.1 0.27 4.63% 1,51 -
First : 5 .

Backward :

Second 12.7 1.06 1.86% .- *
Forward : s ]

First 13.5 3.21% -

Forward . ) - -

Second .12.2 - ‘

*The critical t value was (t ) 1}75

05,16
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IV. continued

)
%
DOUBLE LIMB SUPPORT PERIOD (BOTH PFRIODS COMBINED)

Comparison '  Backward Forward Caleculated t
, Value

Seconds Duration 0.313 0.298 1.67-

Percent of Walking Cycle 24,7 25.7 1.72

The critical t valug was (t.05,16) l<75 i

V. Comparison of Mean Peak-to-Peak Vertical Displacements (cm)

During Backward and Forward Walking (see Table V for standard'deviétions)
\

4
Direction of ) Forward ‘ Forward Backward Backward
Displacement Head Cof M - Head C of M
Mean 5.37 5.29 6.60 ' 6.13
pac ard 6.13 2.51% -+ 9,63% 1.48 -
ward 6.60 4.93% 4.86% -
cad _ :
Forward .
C of M 5.29 0.32 -
Forward l
Head 5.37 -

The critical t value was (¢ - 1.75

.05,16)
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VI. Comparison;of the Vertical Displacements (cm) of The Top of The
Head and The Calculated Body Centef of Mass During Backward and Forwar%
Walking
The displacement of_the top of the head‘waé compared to the
displacement of the calculated body center df mass at eaﬁh of nineteen
points (5% intervals) dur;ng each gait (see Table IX of Appendix A).
. 0f a total thirty—eight comparisons during Both gaits only two were found

y -
to be significant at the .05 level of significance. These comparisons
L -

are illustrated below:

Forward Walking

Z

geiiégt Zf fze Displacement Calculate t
ariang Mye Cof M Top of Head o Value
50 0.15 . -0.12 1;89*

55 ~0.07 -0.36 - o 2.65%

The initial foot-floor contact position was utilized as the zero
reference point on which measurements were based.
The critical t value was (t 1.

_ e wa ( .05’16) 1.75

VII. Comparison of Mean Lateral, Medial and Peak-to-Peak Lateral-Médial
. [} ! . s . k .
Displacements of The Lateralmost Point On The Left Hip During Backward

and Forward Walking (see Table VI for'standard deviations)

¥ t
Comparison Backward Forward Calculated
' . Value
Lateral 3.16 3.44 . 1.08
Medial - o 2.12 - L2 . 2.35%
Peak-to-Peak - 5,28 - 5.17 , 0.33

"The-critical t value was (t 05’16) 1.75



VIITI. Comparison of Mean Horizontal Displacements and Mean Horizontal
Velocities During Ascent and Descent of The Body Center of Mass (see

Table VII for standard aeviations)

Gait . Calculated t
. . . Parameter Ascent Descent
Direction _ Value
Backward Displaéement 7.04 7.40 ; 1.01
Velocity  111.16  116.78 1.01
Forward Displacement 7.94 , 8.10 o 0.36
 Velocity 136,88 . 139,71 0.36

Horizontal displacements expressed as cm/5% division of the walking cycle
Horizontal velocities expressed as cm/sec, determined over 57% intervals
of the walking cycle '

The critical t value was (t 1.73.

.05,187
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