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ABSTRACT

Little is known about the kinematics and trunk muscle
activity of stair or ramp walking, tvpes of locomotion that
are required in many jobs. There is a high incidence of back
injury in heavy industry, thersfore it is important to
understand the demands that are placed on the spinal
mechanizm by the locomotor requirements of a work situation.
In this study slectromyography was used to analyze the
activity of erector spinae and rectus abdominis muscles in 18
normal male subiects during five different forms of
locomotion: Level Walking, Staivr Climbing, Stair Descent,
Ramp Climbing and Ramp Descent. Foot switches were used to
identify the temporal events in the gait cyvcle, and
simultanesous high speed cinefilm was used to record the
digplacement of uwppesr body segments during sach tvpe of
locomotion. & cusitom—designed computer program was used to
store and analvyze the data. Duration of the gait cyele,
cadence, body segment displacement in the sagittal planes and
myoslectric activity were comparsd between the locomotion
Lypes. Gignificant differences were found. LCycle duration
was longer in the two climbing locomotion types than in the
descending types with the opposite being true of cadesnce.
finterior inclination and excuraimn»mf trunk and pelvic
segments were greater in climbing than in descending, as was

hip excursion. The svoslectric activity of erector spinae



was also greater in the two climbing locomotion tvpes than in
the descending types:; the myoelectric activity of rectus
abdominis was low in all instances. Triphasic activity was
obhserved in both groups of muscles and may be related to body
segnent displacement in all three planss. It was concluded
that the load on the back is increased during stair and ramp
climbing, therefore these activities should be restricted or

moditied for the bhack—injured worker.
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CHAPTER I

INTRODUCTION



Low back pain may be defined as pain or discomfort
occurring in the arga of the lumbosacral spine and can be
classified as acute, subascute, chronic or recurring
{Nachemson % Andersson, 19823 Snock, 1983). Although the
exact cause of low back pain is unknown in the majority of
patients, it is generally conceded that mechanical stress is
a factor in the etioclogy of the condition and it is well
accepted that mechanical stress, particularly that caused by
forward bending, can aggravate existing low back pain
{(Berkson et al., 1?77; MNachemson, 1%78; MNachemson &
ndersson, 1982; dndersson & Ortengren, 1984; Marras et al.,
i784; Bendix et al., 17985). According to Tichauwer (1971, a
minor back injury may result in major disability because it
interferes with the individual ‘s ability to react promptly
and effectively to physical work stress.

It is known that low back pain is associated with jobs
that involve freguent bending, twisting and lifting {(Frymover
et al., 1980; bAndersson, i981). Stubbs (1981) stated that
low back pain and back injury arising from smaterials handling
jobs, which involve frequent bending, lifting and carrving,
are constant factors in industry.

Bigos et al. {(1984) studied 31,000 employees of the
Boeing Company in the United States and found that materials
handling jobs accounted for 58% of all back injuries with the

most common type of injury being "strain® (B84%). Spengler st



al. (1984}, reporting on the same sample, calculated that
betwesn 1977 and 1780 back injuwy cost the Boeing Company
#¥1.8 million, and represented 4174 of the total incuwrred cost
of all types of injury. In Manitoba, back injury constituted
aver 184 of all compensated injury claims in 1985; when the
average number of lost work days per accident is calculated,
back injuwy accounted for a loss in wages of approximately $2
million (Morkers Compensation Board of Manitoba, 1985).
Langrana et al. (1784) estimated that in the United States
back injury resulted in an average loss of 28.46 workdays per
vear per 100 subjects and, in 1975 in the United Kingdom,
Benn and Wood stated that back injuwy accounted for a greater
loss of work days than strikes.

Howsver, in spite of numerous investigations into the
possible relationship betwesn work, mechanical loading of the
back and back pain, it is not known which load factors are
the most likely to give rise to back pain, and little is
known about the load on the back produced by various work
situations or occcupations (Andersson & Ortengren, 15984;
Mardin et al, 1984). fGccording to Berkson st al. (1977},
hiomechanical analyses of the loads on the vertebral column
created by different activities are nesded.

In addition to work, many everyday activities involve

freguent flexion of the vertebral column (Soderberg, 1786}, a



position that is known to aggravate and may be an stiological
factor in low back pain (Bendix et al., 1985). Level
walking, climbing and descending stairs are common activities
of daily living {(Andriacchi st al., 1780} and, with the
addition of climbing and descending ramps, may be components
of jobs in construction, shipping, mining, forestry and
farming. It ise known from studies by Thorstensson et al.
(1982, 1984, 1985) and Thwston and Harvris (19283) that
flexion of the vertebral column occurs during level walking.
Empirical svidence suggests that flexion of the vertebral
column also occuwrs during stair and ramp climbing.

Therefore, the locomotor component of a particular job may,
by itself, generate a mechanical load on the back.

No direct means exist by which to measure loads upon the
human lumbar spine in vivo, however the indirect measurements
of intradiscal pressure, intra—abdominal pressure and the
myoslectric signal from paraspinal muscles have been shown to
be directly related to loading of the lumbar spine in sitting
and standing postures (Marras et al., 1984},

Studies of human locomotion have concentrated on motion
of the lower limb and Gracovetzky {(1785) stated that the
contribution of the spinal mechanism to walking has been
almost totally ignored. However, Carlson and Thorstensson

{1981} and Thorstensson et al. (1982} observed that the



trunk, because of its large mass, plays an iaportant role in
eguilibrium control, therefore smooth interaction between
trunk and limbs is essential for efficient locomotion. Trunk
muscles have the potential to control motion of the vertebral
column, but little is known about the specific roles of the
grector spinas and rectus abdominis muscles duwing functional
activities, including locomation (Soderberg & Barv, 1983;
Basmajian & Deluca, 1985).

Al though some investigations of trunk muscle activity
during level walking have been carrisd out, only one study
was found that reported activity of trunk muscles during
stair climbing (Joseph & Watson, 19467). Only one study was
found that reported on the activity of trunk muscles in ramp
climbing {(Haters % Morris, 1970). Likewise, motion of the
trunk during level walking has been studied (Thorstensson et
al., 1982, 1984, 1983; Thurston % Harris, 1%83%3; Bejiani et
al., 1984}, but no reports were found of guantification of
trunk motion during stair and ramp climbing. Therefore,
there is a need to gather basic information about trunk
motion and trunk suscle activity during locomotion.

The pressnt study was conducted to gquantify trunk
motion in the sagittal plane and to clarify the role of
gractor spinas and rectus abdominis smuscles duwring the types

of locomotion commonly found in the workplace — level



walking, stair climbing and descent, and ramp climbing and
descent.

Cinefilm was used to record the position of the trunk,
and slectromyography (EMB) was used to analvze the activity
of the erector spinase and rectus abdominis muscles during the
five different types of locomotion. The teamporal events in
the gait cycle were defined by footswitches whose signals
were stored and displayved simultaneously with the EMG
gignals. The cinefilm was synchronized with the EMB tracing
by means of a signal light in the field of view of the
CAmEr .

From the accunulated data, comparisons between the
differaent typés of locomotion were made. These included
duration of the gait cycle, cadence, amount of total ouscle
activity during the gait cycle, points of peak muscle
activity during the gait cycle, excursion of the trunk and
pelvic segaents and excursion of the hip angle in the
sagittal plane.

Because of the limitations of the study, the
investigation was confined to sagittal plane motion of the
body. Only angular displacement data for trunk; pelvis and
hip are reported in this thesis.

The data on trunk motion and muscle activity occocwrring
in normal subjscts during different types of locomotion can

serve as a bhaseline for investigations of individuals with



low back injury sustained in the workplace, or may be used in
studies of locomotor requirements in specific jobs. Data
from this study may also be used in workplace modification to
gnable back injured workers to retuwrn to their jobs, a stated
goal of the Workers Compensation Board of Manitoba (Workers
Compensation Board of Manitoba, 1982). Finally, data from
this study might alzo be used in workplace modification to

prevent low back injury.



CHAPTER 11

REVIEW OF THE LITERATURE



EMBRYOLOGY

FORMATION AND DIFFERENTIATION OF SOMITES

By the snd of the second week of intravterine
devel opment the inner cell mass of the human embryo has
differentiated into a bilaminar germ disc consisting of an
epiblastic laver and a hypoblastic laver. The epiblast will
give rise to the embrvonic ectoderm and mesadermi the
embryvonic sndoderm is formed when epiblastic cells migrate
ventrally and displace the cells of the hypoblast. 6t the
beginning of the third week the primitive streak appears on
the caudal surface of the embryonic disc and epiblastic cells
begin to migrate toward it. These cells invaginate the
primitive streak and move laterally to forem the mesoblast or
mesodermal germ layver. Initially the mesoblastic cells form
& thin sheet on sach side of the midline, however as the
ricgtochord and neuwal tube develop, the cells adjacent to
these structures proliferate to fore a longitudinal column of
paraxial mesoderm. By day 20 this paraxial mesoderm begins to
divide intoc paired segmental blocks or somites. The first
pair of somites develops adjacent to the cranial area of the
notochord and subsequent paivs develop in a craniocaudal
saguence until, by the end of the fifth week, there are 42 to
44 pairs of somites (Hamilton % Mossman, 19725 Williams %

Warwick, 19803 Crelin, 1981; Moore, 17823 Sadler, 1785).
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Each somite consists of tightly packed epitheliod cells
which begin to differentiate by the end of the fourth week.
Those cells forming the ventral and medial walls of the
somite loss their epithelial characteristics and become
polymorphous. KEnown now as the sclerctome, the cells then
shift their positions with respect to adiacent structures
such that they surround the notochord and developing neural
tube, and extend into the body wall. The sclerotome will give
rize to the connective tissue, cartilage and bone of the
axial skeleton. The cells of the dorsal and lateral walls of
the somite constitute the dermomyotome. Cells from its
medial aspsct proliferate to form a closely packed mass, the
myotome, which will ultimately fore the striated musculature
of the trunk. The remaining cells, constituting the
dermatome, spread out beneath the overlying ectoderm and give
rise to the dermis and subcufanenus fascia (Hamilton &

Mossman, 19723 Crelin, 198l Moore, 198Z; BSadler, 1985).
DEVELOPHENT OF THE AXIAaL BEELETOM

The notochord is the primitive axis of the embryo.
However , because it is a flexible celluwlar vod, it is
inadeqguate az a supporting structuwre and is retained only as
a central axis about which the sclercotomes will organize to

form the vertebral colusn (Sensenig, 1942:; Moore, 1982).
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During the fourth wesk sclerotomal cells swround and
enclose the notochord. Each sclerotome is divided into a
more dense caudal portion and a less dense cranial portion,
both areas being briefly separated by a sclerotomic fissure.
The cells in the caudal portion proliferate and spread into
the intersegmental tissue until eventually the caudal portion
of one somite fuses with the cranial portion of the adiacent
somite to form the precartilaginous veritebral body. The
mesoderm adjacent to the sclerctomic fissure condenses to
form the perichordal disc which will give rise to the
intarvertebral disc (Hamilton & Mossman, 19723 Langebartel,
19773 Crelin, 1981; Moore, 1982¢:; Sadler, 1%85).

The notochord degenerates and wltimately disappears from
the area of the vertebral bodies, but in the area of the
intervertebral disc it persists, enlarges and undergoes
mucoid degeneration to form the nucleus pulposus. The
mesodermal cells suwrounding the nucleus pulposus
differentiate to form the fibrocartilaginous anulus fibrosus
{(Crelin, 1981; SBadler, 1785).

The sclerotomal cells suwrounding the neural tube form
the neural arch of the priasitive vertebra; those in the body
wall form the costal processes. In the cervical region these
pracesses form the anterior tubsrcle of the transverse

processes, in the thoracic region they extend ventrally in



the body wall to fore the ribs, in the lumbar region they
form part of the transverse processes, and in the sacrum they
form the lateral masses (Crelin, 1981; HMoore, 1982; SBadler,
17835y .

During the sisth week, two centres of chondrification
appear in the primitive vertebral body to form the
cartilaginous centrum. Centres also appesar in the neural
arch and extend ventrally to unite with the centrum, dorsally
to fuse behind the the newral tube forming the laminae and
spinous processes, and laterally between the myvotomes to form
the transverse processes (Hamilton & Mossman, 1972).

Ossification ocows in approdimately the same sequence,
beginning during the embryonic period and ending at
approxdimately the twenty-fifth year (Hamilton & Mossman,

1972; Langebartel, 1977; Moore, 1982).
DEVELOFMENT OF HMUSCLES OF THE TRUNK

&t the beginning of the fouwrth week the cells of the
myotome are mononucleate myoblasts. By the fitth week the
myablasts have elongated, divided and fused with sach other
to fore myotubes, with centrally located nuclei.

Myofilaments begin to appear in the cyvtoplasm and, as.
increasing numbers are laid down, thé,nuclai and mitochondria

are displaced to the periphery of the mvotube which is now

known as & muscle cell (Crelin, 1981).
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A1l trunk musculature is derived from the myotomes, with
the exception of certain bead and neck muscles that develop
from branchial arch mesenchyme. Because of the fusion of
adjacent sclerotomes, the centre of sgach myotome lies
opposite an inter-vertebral disc. This position will allow
the muscles derived from the myotome to move adjiacent
vertebral bodies (Langebartel, 1977; Williams & Warwick,
12803 Sadler, 1985).

During the fifth wesk of development there is rapid
growth of the myotome such that it comes to lie adjacent to
the neuwral tube dorsally and extends into the somatopleure
ventrally. Gxons from the ventral roots of the developing
spinal nerves reach their respective myotomes at this time.
Between the fifth and sixth week a longitudinal constriction
develops in the myotome, dividing it into a small dorsal
portion — the epimere, and a large ventral portion — the
hypomere. These portions will later be permanently separated
by the developing transverse process. The spinal nerve also
divides into a dorsal primary ramus which innervates the
spimere, and a ventral primary ramus which innervates the
hypomere (Hamilton % Mossman, 1972; Sadler, 1985).

The espimeric portion of the myotome will fore the
extensor muscles of the vertebral colummn. It splits into a
medial division, from which will develop spinalis,

sgmigpinalis, multifidus and rotatores, and a lateral
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division from which will develop longissimus and iliocostalis
{Hamilton & Mossman, 19733 Sadler, 1905).

The hyvpomeric portion of the myotome extends ventrally
into the somatoplewe to form the lateral and ventral trunk
musculature. The lateral portion splits into three lavers to
form the intercostal muscles in the thorax and the external
aobligue, internal obligque and transversus abdominis muscles
in the abdomen. & longitudinal muscle column forms at the
ventral tip of the hypomeres to form the rectus abdominis
muscle in the abdominal region (Hamilton % Mossman, 1972,

Sadler, 1989},

DEVELOPHMENT AND CLOSURE OF THE BODY WALL

During the fourth week the rapid growth of the somites
results in lateral folding of the flat embrvyonic disc to
establish the ventral body wall of the smbryo. This consists
of a thin layer of somatopleure which is subsequently invaded
by myvoblasts from the hypomeres, causing an advancing
thickening of the primitive body wall. By the late embryonic
periocd this muscular thickening has advanced to the point
that only a broad, diamond-shaped area of somatopleuwre
remains around the attachment of the umbilical cord. Fusion
of the sdges of the muscular body wall begins in the upper
thoracic region of the embrvo, then in the suprapubic region.

From these two areas fusion esxtends towards the umbilicus,



the line of fusion being the linea alba. By week 12 the
fusion of the definitive body wall is usually complete

{Hamilton & Mossman, 1972, Badler, 1985).

NORMAL. ANOTOMY

VERTEBRRAL COLUMM

The vertebral column forms the central axis of the body
and is the central pillar of the trunk (Kapandii, 1974;
Clemente, 1285). It is a strong yet flexible bony and
ligamentous structure comprised of 33 vertebrae and
interposed intervertebral discs (Last, 1978). The vertebrae
show regional variation and are differsntiated into seven
caervical , twelve thoracic, five lumbar, five sacral and five
coccygeal vertebrae. The caudal bones in the column fuse
and, by approximately age 25, the sacral and‘cmccyge&l
vartebrag have united to form the sacrum and cocoyy,
respectively. The average length of the vertebral column in
the male is 71 centimeters {(cm), of which the cervical
portion contributes 12.9 cmy the thoracic portion 28 cm, the
lumbar portion 18 ocwm and the sacrum and coccyx 12.5 cm to the
total length. The intervertebral discs account for one fifth
of the total length of the column {(Lockhart et al., 19&65;

Clemsnte, 1985).
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Because of its rigidity, the vertebral column gives
static support to the head and trunk, attachment to the ribs
and limbs, and protection to the neuraxis (Last, 1978;
Cailliet, 1981}. Since it is also a flexible structure, it
permits locomotion and puwrposeful movement (Hapandii, 19743
Cailliet, 1i981:.

Cailliet (1281} caneidareé the vertebral column to be an
aggregate of superimposed segments, each being a
self-contained functional unit. The functional unit itself
comprises an anterior slement consisting of two vertebral
bodies with their intervening intervertebral disc, and a
posterior slement consisting of the neural arch and two
synovial articulations. The functions of the anterior
element are to supporit, bear weight and absorbh forces, while
those of the posterior slement are to guide and limit
movensnt betwsen the two adiacent vertebrae (White and
Hirsch, 1971; Andersson, 1983; Bogduk, 1983).

During fetal life the vertebral column is curved into
ons continuous anterior concavity which is designated the
primary courvature { Lockhart et al., 19465; Williams &
Warwick, 1980). 6z fetal development proceesds, the
lumbosacral angle appears. A&fter birth, as the child raises
and balances its head, the cervical part of the vertsbral
column becomes concave pasteriorly. Eapandii (1974} stated

that during evolutionary development the transition from
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quadrupedal to bipedal stance led first to straightening and
then to inversion of the lumbar curvatwe and that similar
changes are recapitulated during ontogeny. Therefore, at
birth the lumbar column is convex posteriorly, but by 13
months the convexity disappears and from three yvears of age
onward posterior concavity is evident {(Asmussen & Klausen,
1962 .

By sarly childhood the vertebral column has two primary
curvatures, in the thoracic and sacral regions, and two
secondary curvatures, in the cervical and lumbar regions
Williams & Warwick, 1980; Clemente, 1985). The cervical
curve is considered to extend from the first cervical to the
second thoracic vertebra, the thoracic curve from the second
to the twelfith thoracic vertebra, the lumbar curve from the
twelfth thoracic vertebra to the lumbosacral angle,; and the
saciral curve from the lumbosacral angle to the apex of the
cocoyx (Williams % Warwick, 1980).

The spinal cuwrvatwes that result from normal
developmnent are termed “"physioclogical® and are produced
partly by the wedge-shape of thse vertebral bodies, but
chiefly by the intervertebral discs f{Last, 1978). Because
they decrease the longitudinal stiffness of the vertebral
caluan, these normal curves increase its shock absorbing

capacity {(Adams % Hotton, 1985).
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VERTEBRAE

Each of the 24 presacral vertebrae has certain common
slements which vary somewhat in specific regions according to
function. & typical vertebra has a cylindrical body which
consists of a dense bony cortex surrounding a spongy medulla.
The cortex of the supericor and inferior aspects is thickened
at the periphery to form & distinct rim which is derived from
the espiphvseal plate and which fuses to the vertebral body by
age 23 (Williams & Warwick, 1980). Attached to the posterior
aspect of the body is the vertebral arch, composed of a pair
af cylindrical pedicles laterally and a pair of flattened
laminae which fuse in midline to completes the arch
posteriorly.  Seven bony processes take origin from the
vartebral arch. The single spinous process arises from the
junction of the two laminae and is directed backwards. The
two transverses processes originate at the junction of
pedicles and laminae and are directed laterally, while the
four articular processes arise from the same region with two
directed superiorly and two inferiorly. In addition, each
vartebral arch has associated with it costal elements which
become independent units, the ribz, only in the tharacicv
region. In the other divisions of the vertebral column the
costal slements remain undeveloped and fuse with the

vertebras (Williams & Warwick, 1980},
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8 typical cervical vertebra has a small body which
displays prominent upturned rims laterally and an overhanging
lip in midline inferiorly. Its spinous process is bifid and
the transverse processes are distinguished by foramina
transversaria. The short articular processes form a bony
column cut obliquely into segments such that the facets on
the superior processes face upward and backward while those
of the inferior processes face downward and forward (Last,
1978; Williams & Warwick, 1980; Clemente, 19835}).

The body of a typical thoracic vertebra is characterized
by bilateral upper and lower demifacets for articulation with
the heads of ribs. Costal facets are also found at the tips
of the transverse processes. The spinous processes are long,
zlant backward and down, and overlap. The articular surfaces
of the superior articular processes lie on an arc of a circle
whose centre lies approdimately at the centre of the
vartehbhral body, and these face posteriorly, slightly
laterally and upward. Those of the inferior articular
processes face forward, slightly medially and downward (Last,
1978 Williams & Warwick, 1980 Clemente, 1985).

fHttached to the thoracic vertebras are the sxpanded
costal elements of the vertebral arch, the 12 pairs of
costae, each costs consisting of a rib bone and costal
cartilage (Williams & Warwick, 1980). The head of =ach rib

iz shaped like & blunt arrowhead and articulates via synovial
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joints with its numerically corresponding vertebral body and
that of the vertebra immediately above. The apex of the head
iz bound to the disc between the two vertebras by a
transversely—-placed intra-articular ligament. The tubercle
af the rib articulates with the transverse process of its
numerically corresponding vertebra and is strongly attached
to it by costo-transverse ligaments. By means of the
superior costotransverse ligament, the tubsrcle of the rib is
bound to the transverse process of the vertsbra next above.
Grteriorly the costae articulate directly and indirectly with
the sternum. These articulations are all synovial except for
that of the first rib which is a synchondrosis. Therefore,
in the thoracic region a semi—vrigid cage of bone is formed by
the vertebral column posteriorly, the ribs laterally and the
sternun anteriorly (Hollinshead, 197463 Last, 1978).

In the lumbar region a typical vertebra has a stout,
maszsive body which is slightly higher anteriorly than
posteriorly and thus is wedge-shaped. The spinous process is
short, thick and guadrangular, while the transverse processes
are long and thin. The facets of the articular processes are
arisnted verticallyy those of the superior processes face
madially and backward while those of the inferior processes
face laterally and forward (Hilliams & Warwick, 1980;

Clemente, 19835).



The sacrum, composed of five fused vertebrae, is the
foundation platform upon which is balanced the superincumbent
spinal column and thus it besrs the weight of the head, trunk
and upper extremities (Last, 1978; Cailliet, 1981). It is
triangular in outline, concave anteriorly, convex posteriorly
with a large awicular surface on either side for
articulation with the hip bones. Superiorly, the base of the
sacrum presents all the featuwes of a typical vertebra in a
slightly modified form. The upper surface articulates with
the fifth lumbar vertebra and slopes downward and forward.
any tendency for the lumbar vertebra to slide forward on the
sacrum is prevented in part by the large, upward projecting
superior articular processes of the sacrum. These ares
directed medially and backward to articulate with the
inferior processes of the fifth lumbar vertebra (Hollinshead,

19763 Williams & Warwick, 17803 Clemente, 1985).

JOIMNTS OF THE VERTEBRAL COLUMM

The anterior elements of adjiacent vertebras are joined
by the fibrocartilaginous intervertebral disc, therefore the
resultant articulation is classified as a svmphysis. The
intervertebral disc has two component paris — the peripheral
anulus fibrosis and the central nucleus pulposus. The anulus
fibrosus consists of concentric lamellae of dense fibrous

tissue and fibrocartilage, each lamella being oriented
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agbliguely to the one adijacent to it. The lamellae are firmly
attached to the vertebral baodies {(Bhadially, 1978: Stockwell,
1979 Clemente, 1985). The nucleus pulposus is a strongly
hydrophilic colloidal gel that is confined and held under
pressure by the anulus fibrosus. It consists of
approximately 88% water and is essentially incompressable
although its fluid nature allows it to change shape sasily
{Last, 1978; Lindh, 1980; Cailliet, 1981; Clemente, 1785).

The anterior elements of vertebrae are also joined by
ligaments. The anterior longitudinal ligament extends from
occiput to sacrum on the anterior aspect of the vertebral
body and is thicker and narrower in the thoracic region than
in the cervical or lumbar regions. It is firmly attached to
the anterior surface of the intervertebral discs and the
margins of the vertsbral bodies, but is loosely attached to
the middle of the bodies. The posterior longitudinal
ligament alsc extends the length of the vertebral column and
ig located on the posterior aspect of the vertebral bodies,
inside the vertebral canal. The margins of thiz ligament
appear serrated as its fibres extend laterally to bind
closely to the intervertebral disc and adiscent sdges of the
vartebral bodies while the fibvwes spanning the middle of the
vertaebral body fore a narrow band that is not attached to
bone (Hilliams & Warwick, 19680:; Clemente, 1785). These

ligaments also reinforce the anulus fibrosus of the
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intervertebral disc and hold the disc under tension
{(Karzarian, 19753 Hollinshead, 19746; Stockwesll, 1979},

The posterior elements of the vertesbral columsn are
united by synovial joints between the supsrior and inferior
articular processes. These apophyseal joints have all the
featwes of a btypical synovial articulation. Ligaments join
the vertebral arches, spinous and transverse processes. The
laminae of adjacent vertebras are united by the strong,
elastic ligamentum flavum. The spinous processes are joined
by the thin, wealk interspinous ligament and by the more
suparficial and strong supraspinous ligament. Adjiacent
transverse processes are joined by the intertransverse
ligaments which fore rounded cords in the thoracic region,
but are thin and membranous in the cervical and lumbar
regions {(Hapandii, 1974; Romanes, 1976; Last, 1978; Williams
& Warwick, 19803 Clemente, 1989).

The articulation of the fifth lumbar vertebra with the
baze of the sacrum is very similar to that of the joints
betwsen the lumbar vertsbrae. Howsver, the lumbosacral
intervertebral disc is very thick and is more wedge-shaped
than the lumbar discs in order to accommodate the 30° angle
between the two bones. Stability is enhanced by the widely
spaced sacral superior articular processes and by the strong
iliclumbar ligaments (Romanes, 19763 Lindh, 1980; Williams %

Harwick, 1980; Clemsnte, 1285).



249.

8t the bilateral synovial sacroiliac joints the sacrum
is firmly wedged between the iliac bones and is held in
position by the strong sacroiliac, sacrospincous and
sacrotuberous ligaments. These structures prevent the sacrum
from being displaced downward and rotated anteriorly as a
result of the superimposed weight of the vertebral column.
The sacroiliac joint transmits the weight of the head, trunk
and upper limb to the lower extremities and prevents the
direct transmission of ground reaction forces to the

vertebral column (Kapandii, 1974; Romanes, 197463 Last, 1978).

IMNERVATION OF THE VERTEBRAL COLUMN

focording to Bogduk (1983}, the anterior and posterior
slemnsnts of the vertebral column have separate innervation.
The anterior slement is supplied by the meningeal branches of
spinal nerves, also known as the sinuvertebral nerves. These
branches arise from the anterior ramus of the spinal nerve
immediately after it emsrges from the intervertsbral foramen,
then re—enter the vertebral canal via the intervertebral
foramen. They ascend and descend within the vertsbral canal
to supply afferent and sympathetic fibres to the anterior
aspect of the dwural sac, blood vessels, posterior
longitudinal ligamesnt and amnuli fibrosi {(Williams & Warwichk,
1980; Clemente, 19835). The posterior element is supplied by

afferent branches of dorsal rami of spinal nerves. These



pass through the intertransverse spaces to supply adiacent
apophyseal Jjoints and ligamenta flava (Hollinshsad, 12653

Bogduk, 1%83%; Forkals et al., 1985).

BLOOD SUPPLY OF THE VERTEBRAL COLUMN

The blood supply to the boness and joints of the
vertebral column is derived regionally from spinal branches
of the vertebral artery, the ascending cervical hranch of the
inferior thyroid artery, dorsal branches of the posterior
intercostal arteries, dorsal branches of lumbar arteries, and
the superior branch of the lateral sacral artervy. In
gensral , these spinal branches enter the vertebral canal via
the intervertebral foramina and then divide into two
branches. The first branch supplies the spinal cord and
meninges: the second branch divides into ascending and
descending branches which anastomose with corresponding
branches above and below to form two lateral and one central
arterial chains on the poaosterior surface of the vertebral
bodies (Williams & Warwick, 1%80; Clemente, 1985).

Yenous drainage is via the intricate plexusss that run
along the length of the vertebral column. In general, the
vanous network can be divided into internal and external
plexuses which anastomose freely and ultimately drain into
the intervertebral veins. The sxiternal vertebral venous

plevus consists of an anterior and a posterior plexus located



an the periphery of the vertebral column anteriorly and
posteriorly, while the anterior and posterior parts of the
internal venous plexus lie within the vertebral canal.
Drainage from the interior of vertebral bodies is via the
basivertebral veins which communicate freely with both
internal and external plexuses. 611 of these vessels drain
into the intervertebral veins which accompany the spinal
nerves through the intervertebral foramina and, io turn,
dirrain into vertehbral, inferior thyroid, posterior
intercostal,; lumbar and internal iliac veins (Williams %

Warwick, 1980:; Clemente, 1985}).

MOVERENTS OF VERTEBRAL COLUMN

Two adiacent vertebrae and their adioining soft tissue
constitute a motion segment (White & Hirsch, 1971). Each
motion segment has three degrees of freedom, the movements
possible being flexion and extension sbout a coronal axis in
a magittal plane, abduction and adduction about a sagittal
axkis in a coronal plane, and axial rotation about a vertical
axis in a transverse plane. In addition, translation can
opocour in all three planes resulting in antero-posterior,
lateral and vertical translation (Farfan, 19733 Panjabi,
19F7%.

Fure motion in any of the three planes rarely, 1§ ever,

aoccurs hecause the ogrisntation of the articular surfaces of



the apophvseal joints does not coincide exactly with the
descriptive planes of motion. Vertebral motion is therefore
the result of coupling in which motion about one axis is
associated with translation or rotation about another axis
(Farfan, 1973; Heis, 19753; White & Panjabi, 1978).

Movements in all three planes are possible in the
carvical region, however most of the movement occurs in the
upper portion of the spine between the skull, the atlas and
the axis vertebras. In the lower portion of the cervical
spine, the orientation of the articular facets allows free
flexion and extension and substantial lateral flexion, but
only slight axial rotation. In addition to facet
orientation, lateral flexion is enhanced by the lateral
convexity of the inferior suwwface of the vertebral bodies and
the corresponding concavity of the superior surface. Free
extension is possible because the cervical spinous processes
are short. In addition, the relative thickness of the
cervical intervertebral discs contributes to fresdom of
movement in this region (Hollinshead, 1976; Romanes, 1976:
Williams & Warwick, 19803 Cailliet, 1981: Clemente, 1985).

Range of motion is least in the thoracic region. The
grientation of the articular facets allows rotation and
lateral flexion, but restricts flexion and extension. In
addition, flexion is limited by the ligamentum flavum, and

axtension is limited by the overlapping spinous processes.



£11 movement is severely restricted by the ribs and sternum,
and also by the thin intervertebral discs {(Weis, 19733
Romanes, 19743 Last, 1978; Williams & Warwick, 1980,
Clemente, 1785). Although intersegmental movement in the
thoracic spine is limited, the cumulative motion for the
entire region is substantial (White & Panijabi, 1278).

In the lumbar region, the orientation of the articular
facets allows free flexion, extension and lateral flexiong
rotation is restricted. The intervertebral discs in this
region are large and contribute to the range of motion in
sagittal and coronal planes. The short spinous processes
present no impediment to extension (Romanes, 1974&:; Last,
1978; HWilliams & Warwick, 1980; Clemente, 1985).

#11 motions are possible at the lumbosacral joint,
however ftlexion and extension are most free and rotation is
least frese because of the orientation of the articular
facets. The intervertebral disc between the fifth lumbar and
first sacral vertebras is the thickest in the vertesbral
column, contributing to the range of motion. &xial rotation
is also limited hf the strong iliclumbar ligament {(Basmajian,
1980 Williams % Warwick, 1%80).

Little movement is possible at the sacroiliac joints
because of the shape and orientation of the articular
surfaces. The disposition of the intrinsic and extrinsic

ligaments restricts aection to slight rotation asbout a coronal



axis (Basmajian, 19803 Williams & Warwick, 1%80; Clemente,

1285} .

DEEF MUSCLES OF THE BACHK

The deep back muscles esxtend from sacrum to occiput and
are variably arranged in two columns on either side of the
vaertebral spinous processes. The deep back muscles are
further subdivided into superficial and desp groups
{Basmajian, 1980}.

Erector spinae,; the superficial group, has an extensive
origin from the spinous processes of the lowsr two thoracic
and all the lumbar vertebrae, the median and lateral sacral
crests, and the posterior aspect of the iliac crest. In the
lower lumbar area it forms one muscle mass; in the upper
lumbar area it divides into three bundles which ascend to
insert into vertebrae, ribs and skull. Spinalis, the most
medial bundle, extends between the upper lumbar and upper
thoracic vertebral spines. Longissimus, extending from the
lumbar area to the posterior aspect of the skull, constitutes
the intermediate bundle. In the thoracic region it attaches
to the tips of the transverse processes of thoracic
vartebrae. The lateral bundle, iliocostalis, also extends
from the lumbar region to the posterior aspect of the skull.
In the thoracic region it attaches to the angles of the lower

six or seven vribs, and extends in relayvs from the angles of
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these ribs to those of the upper six ribs (Hollinshead, 19763
Williams % Warwick, 192803 Clemente, 1%83).

Transversospinalis constitutes the deep group and is
made up of threes muscle bundles which $ill the gutter between
spinous and transverse processes. 1he bundles run obliquely
upward and medially from transverse to spinous processes and
axtend the length of the column from sacrum to occiput. The
most superficial bundle, semispinalis, is not found below the
thoracic regiong it arises from the transverse processes of
the sixth to the twelfth thoracic vertebrae and is inserted
into the spinous processes of the upper four thoracic and
lower two cervical vertebras. The intermediate bundle,
multifidus, is the largest and has an extensive origin {from
the dorsal aspect of the sacrum, the aponewrosis of the
overlying erector spinae, the posterior superior iliac spine,
and the lumbar and thoracic transverse processes. It
attaches by way of fascicles to the spinous processes of
vertebrag two to three levels above. The deepsst bundle,
Patatmves, iz only represented well in the thoracic region.
Ites fascicles run from the transverse processes to the
spinous process of the vertebra next above {(Hollinshead,
1974 Last, 1978; Basmaiian, 19803 Williams & Warwick, 1280g
Clemente, 1983).

In the lumbar and thoracic regions both groups of deep
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back muscles are innervated by dorsal rami of spinal nerves.
Blood supply is from the posterior intercostal, subcostal and
lumbar vessels (Basmajian, 1780; Williams & Warwick, 1980).
The specific actions and functions of the deep back
muscles are not yet entirely clear. However, it is generally
held that both groups of muscles control trunk flexion from
the orthograde position. Erector spinae is considered to be
the chief extensor of the spine, is a side flexor and also
possibly assists in rotation. Transversospinalis is
considered to be a rotator and extensor of the vertebral

column (Williams % Warwick, 1980; Clemente, 1985).
ABDOMINAL MUSCLES

Four large, flat muscles constitute the abdominal wall -
rectus abdominis, obliquus externus abdominis, obliguus
internus abdominis, and transversus abdominis.

Rectus abdominis is a long strap muscle extending from
the crest of the pubis to the front of the xiphoid process
and adjacent cartilages of ribs five to seven. It is
separated from its fellow by the fibrous linea alba and is
enclosed in a sheath formed by the aponeurosis of the other
three abdominal muscles (Williams & Warwick, 1280y Clemente,

1985} .



The external and internal obligue muscles extend
diagonally across the abdomen, the middle fibres of one
muscle running at right angles to those of the other.

External oblique originates from the extefnal surface of
the lower eight ribs and radiates donwards and medially to
attach to the anterior half of the iliac crest, the posterior
border being free. The middle and upper fibres end in an
aponeuwosis that is attached to the pubic tubercle and the
length of the linea alba. The aponeurosis of external
ablique contributes to the anterior lamina of the sheath of
rectus abdominis. Between the anterior superior iliac spine
(6518) and the pubic tubercle the lower free border of the
apaneurasis fores the inguinal ligament (Basmajian, 19803
Williams & Warwick, 19803 Clemente, 1285).

Internal obligue arises from the thoracolumbar fascia,
the anterior two—thirds of the iliac crest and the lateral
two—thirds of the inguinal ligament. Its fibres fan upward
and mediazlly, the posterior fibres areg almost vertical and
urtite the iliac crest and the rib cage while the uppermost
fibres form a short, free superaomedial border. The fibres
arising from the inguinal ligament arch downward and medially
to attach to the medial part of the pecten pubis while the
middle fibres end in an aponeurasis. Above the level of the

A5I8 the aponsuwrosis of internal ocbligus splits at the



lateral border of the rectus abdominis to contribute to both
anterior and posterior laminae of the rectus sheath. Below
the level of the ASIS5 the aponeurosis passes anterior to
rectus abdominis, contributing only to the anterior lamina of
its sheath (Williams % Warwick, 1980; Clemente, 1985).

The transversus abdominis is a thin muscle that takes
arigin from the thoracolumbar fascia, the anterior two—-thirds
of the iliac crest and the lateral one-half of the inguinal
ligament. Its fibres run horizontally and end in an
aponeuwrosis which superiorly blends with the linea alba and
inferiorly inserts into the pecten pubis with the inferior
fibres of internal oblique. The aponeuwrosis of transversus
abdominis contributes to the posterior lamina of the rectus
sheath above the level of the A8I8, and to the anterior
lamina of the sheath below the level of the A5IS (Last, 1978;
Williams & Warwick, 1980; Clemente, i?Bﬁ).

The abdominal muscles are innervated by the ventral rami
of the lower six thoracic spinal nerves. Internal obligue
and transversus abdominis also receive innervation from the
ilio-inguinal and ilichypogastric branches of the first
lumbar spinal nerve. The blood supply to the lateral
abdominal wall is from the musculophrenic, lumbar,
iliclumbar, deep circumflex iliac and inferior epigastric

vassaels. The upper part of rectus abdominis is supplied by



the superior epigastric vessels, the lower by the inferior
epigastric {(Romanes, 197643 Last, 1978; Williams % Warwick,
1780; Clemente, 19835).

Electromyvographic studies of the abdominal muscul atwe
have been summarized in the major anatomy textbooks. The
abdominal musculature supports the viscera during sitting and
standing. Contraction of the abdominal muscles raises the
intra—abdominal pressure, converting the trunk into a rigid
pillar and thus protecting the lumbar spine during weight
lifting. This raising of the intra—abdominal pressure is
also required during forced expiration and expulsion of
abdominal contents (Kapandii, 19743 Williams % Warwick,
1980).  In movements of the trunk, head raising and trunk
tlexion from the supine position are brought about by
contraction of rectus abdominis assisted by the obligues; all
muscles are active during lateral flexion from this position.
During extension of the trunk from the orthograde position
all muscles contract to prevent loss of esguilibrium. Trunk
rotation is brought about by contraction of the contralateral
external oblique and the ipsilateral internal obligue
(Hollinshead, 1974; Romanes, 19763 Last, 1978:; Basmaiian,

1980; Williams & Warwick, 19803 Clemente, 1985).



THORACOLUMBAR FASCIA

On the posterior aspect of the trunk, a sheet of
connective tissue extends from sacrum to cervical region. It
encloses the deep muscles of the back and provides attachment
for two abdominal muscles and a superficial back muscle.

The thoracolumbar fascia is thin in the thoracic region
and is attached medially to the vertebral spinous processes
and supraspinous ligaments, laterally to the angles of the
ribs and fascia covering the intercostal muscles (Williams %
Warwick, 19803 Clemente, 1985).

In the lumbar region the thoracolumbar fascia is thick
and attaches inferiorly to the median and lateral sacral
crests, iliclumbar ligaments and iliac crests. It is split
into three layers. The posterior layer passes superficial to
erector spinae, enclosing it, and attaches medially to the
lumbar spinous processes and supraspinous ligament. The
middle layer lies between erector spinae and guadratus
lumborum and is attached medially to the tips of lumbar
transverse processes. The anterior layer lies between
quadratus lumborum and psoas major and is attached medially
to the anterior surface of lumbar transverse processes
(Romanes, 1974; Basmajian, 1980; Williams % Harwick, 1980;
Clemsnte, 1985).

The posterior and middle layers fuse at the lateral

margin of erector spinas and then fuse with the anterior
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laver at the lateral margin of guadratus lumborum to form the
aponeurotic origin of transversus abdominis and internal
obligue. The posterior laver of the thoracolumbar fascia
blends with the aponeurosis of latissimus dorsi and provides
this muscle with attachment to the lumbar and sacral spinous

processes (Williams & Warwick, 1980; Clemente, 1985).

BIOMECHANICES OF SAGITTAL TRUNE MOTION

Although there is no universally accepted definition of
the term, there iz general agresment that “biomechanics is
the study of the structure and function of biological systems
by means of the methods of mechanics® (Hatze, 1974, p.18%9).
According to LeVeau (1977}, mechanics comprizes the areas of
statics and dynamics, with statics being the study of bodies
at rest or in equilibrium, and dynamics being the study of
bodies in motion. Dynamics in turn can be subdivided into
kinematics and kinetics. Frankel and Nordin (1980) define
kinematics as "the branch of mechanics that deals with the
motion of a body without reference to force or mass® {(p.294),
and kinetics as "the branch of mechanics that deals with the
motion of a body under the action of given forces” (p.294).
Therefore, a complete biomechanical description of trunk
motion in any plane includes both kinematics and kinetics. A
comprehensive review of trunk biomechanics is outside the

scope of this thesis, howsver an overview of trunk kinematics



37.

and kinetics and a brief discussion of the theories that have
been developed to explain experimental findings is necessary
in arder to understand the possible function of the trunk and
its components duwring locomotion.

fAccording to Yettram and Jackman (1980), the vertebral
column can be considered, in an engineering sense, as both a
mechanism and a structure. As a mechanism, it is a device
for transmitting movement and, as a structure, it is a device
for transferring force. Therefore hoth of these functions
must be taken into consideration when discussing vertebral
biomechanics.

Forward inclination of the trunk is a component of many
daily activities and, during forward inclination, the upper
part of the body must be both supported and balanced.

Support requires transmission of internal and external
farces, while balancing requires the generation of an
adequate extensor force to keep the trunk from falling

forward (Soderberg, 1784).

ANTHROFOMETRY

The trunk consists of pelvic, abdominal and thoracic
segrents (Winter, 197%9). In practice however, all segments
of the upper body are commonly used in biomechanical analyses
and are termed Head, firms and Trunk (H.A.T.) (Winter, 1979).

Experiments conducted by Asmussen and Klausen (1962) showed



that the line of gravity of the H.A.T. passed, on average,
anterior to the thoracic curve and one centimeter anterior to
the centre of the fourth lumbar vertebral body. Therefore,
gravity will tend to increase the anterior curvature of the
thoracic curve and decrease the posterior curvature of the
lumbar curve. fccording to LeVeau (1977), the centre of mass
of the total body is located anterior to the second sacral
body, while that of the trunk lies approximately anterior to
the eleventh thoracic vertebral body. To calculate the
position of the centre of mass of the H.4.T. and of the
trunk, Winter (197%9) gave the figures of &62.6% and S50%
respectively, of the length of the segment from C» to the
greater trochanter, measured from the greater trochanter.

The mass of the H.A8.T. and of the trunk can be calculated as
&7.84 and 49.7% respectively, of total body mass (Winter,
1779). Reid (1984), using computed tomography, calculated
that the mean centre of mass of the trunk was located at
4%9.35% of the total segment length of the trunk measured from
the greater trochanter to the suprasternal notch, while the
mean ssgmental mass of the trunk was S2.58% of the total body

MASE.

REANBE OF HMOTION

& variety of methods has been used to measure sagittal

range of motion in the vertebral column. Twomey and Tayvlor



(1983) , experimenting with postmortem material, found that
the range of lumbosacral flexion was approximately 30°,
Fearcy et al. (1984) used roentgenography to measure sagittal
plane movement of the lumbar spine in vivo and found the
total range of lumbosacral motion to be 70, In addition,
they found that forward displacement or translation occurred
only in the upper lumbar levels. Non-invasive measurement in
vivo is difficult because of the multisegmented nature of the
vértahral cmlﬁmn, howaver Loebl (1967) and recently Mayer et
al. (1984) used an inclinometer while Anderson and Sweetman
(1975) used a hydrogoniometer, to measure sagittal range.
Based on reports in the literature, the American Academy of
Orthopaedic SBurgeons (1963}, Farfan (1973), and White and
Fanjabi (1978) bhave compiled composite values for sagittal
plane motion.

A comparison of published values for sagittal trunk
motion is presented in Tahla 1. It can be seen that the
compiled values for lumbosacral range are in close agreement
with the recent in vivo measurements of Pearcy et al. (1984).
It can also be seen from the data of Anderson and Sweetman
(1975) and of Pearcy et al. (1984), that generally there is a
greater range of flexion than of extension in the T, ~ 5,
vertebral segment.

Functionally, the range of sagittal plane motion is not

only the result of motion at individual thoracolumbar



Table 1. EXPERIMENTAL VALUES FOR RANGE OF TRUNK MOTION IN SAGITTAL PLANE MEASURED IN DEGREES

STUDY 1 STUDY 2 STUDY 3 STUDY 4 STUDY 5 STUDY 6 STUDY 7
Flex. Ext. Tot. Flex., Ext. Tot. Flex. Ext. Tot. Flex. Ext. Tot. Flex. Ext. Tot. Flex. Ext. Tot. Flex. Ext. Tot.

c7—T1 A A 9

- A
T1 T2 4
TZ—TB 4
T,-T, 4
T,~Ts 4
TS—T6 4
T6-T7 32 5

PN A

T7--T8 6
T8—T9 85 30 6
Y910 6
T107T11 ?
T,,-T 39 18 12

11 712 v
T ,~L 20 12

12 71 A .
LI—LZ 3 3 7 12 8 5 13
L2—L3 3 3 7 14 30 10 3 14
L3-L4 65 9 9 18 15 12 1 13
L4—L5 12 10 22 17 13 2 16
L.-S 12 6 18 20 9 14
571 \4 v : v v \4 3
1 = American Academy of Orthopaedic Surgeons, 1965 *
2 = Loebl, 1967 **
3 = Farfan, 1973 (rounded off) #*
4 = Anderson & Sweetman, 1975 (rounded off) %%
5 = White & Panjabi, 1978 *
6 = Twomey & Taylor, 1983 (cadaver material) **
7 = Pearcy et al., 1984 (rounded off) #**
* = compiled values
*% = experimental values

‘o
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intervertebral Jjoints, but also includes movement of the
pelvis about the hip joints (Davis et al., 19865; Farfan,
1973). During anterior trunk motion or flexion, lumbar
intervertebral Jjoint motion accounts for &0° of the movement
with a further 25 taking place at the hip joints (Mayer et
al., 1984; Patwardhan et al., 1985). Dwing posterior trunk
motion or extension from the fully flexed position, initially
the pelvis rotates posteriorly at the hip joints, followed by
extension of the lumbar spine (Floyd & Silver, 19513 Farfan,

1975; Ortengren & Andersson, 1977; Kippers & Parker, 1984).

FORCES ACTING ONM THE TRUNK

The trunk is subjected to forces that result from body
weight, muscle activity, the passive elastic components of
muscles and ligaments, and externally applied loads {(Lindh,
1780} . Soderberg (19846) identified five types of forces:
compression, tension, shear, bending and torsion. The first

four forces ococuwr during sagittal motion of the trunk.
COMPRESSION

This occurs when equal and opposite loads are applied
toward the surface of a structure, resulting in shortening
and widening of the structure (Frankel % Nordin, 1980;

Rodgers &% Cavanagh, 1984}). Both in vitro and in vivo



experiments have been conducted to determine the compression
forces at the intervertebral joint.

Hirsch (1935} subljected the second and fowth lumbar
intervertebral discs of postmortem material to compression
and found that this caused the disc to bulge
circumferentially. He applied both sudden and sustained
loads to the discs and concluded that in sudden loading the
disc acts as a shock absorber. Bartelink (1957}, also using
postmortem material, found that a mean compressive force of
the sguivalent of 3200 newbtons (N} resulted in failure (Van
Mostrand's Scientific Encyvclopedia, p.&65) of the
intervertebral disc. adams et al. (1780}, in an sffort to
simul ate physiological conditions, applied off-centre
compressive loads to a lumbar. intervertebral Joint and
observed that these loads resulted in tension in the
posterior ligaments which, in turn, gave rise to a high
compressive force within the intervertebral disc. Machemson
and Morris (192464) used a pressure transducer to ssaswe
indirectly compression loads on lumbar intervertebral discs
in vivog. They observed that the lower lumbar discs have to
support total loads of 880 to 1180 M in relaxed upright
standing. Machemson (1981} later reported revised values of
SO0 N for standing at sase, 600 M for 20 of trunk flexion
and 1000 N for 40° of trunk flexion. Schultz, dndersson,

htengren, Haderspeck & Machemson (19B2) measuring ths Ls
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intradiscal presswe in viva, derived valuss of 440 N for
standing at ease and 1450 N for 30° trunk flexion.

Lin et al. (1978} investigated the role of the posterior
vertebral elements in both central and off-centre compression
of the lumbar spine. Using postemortem material, they
aobserved that in central compression {which rarely occurs
under physiological conditions) and in anterior compression,
the majority of the load was borne by the vertebral bodies
and intervening discs. However, posterior compression
resulted in part of the load being dispersed through the
articular processes. They concluded that in hyperextension
of the lumbar spine, the posterior slements of the
intervertebral Jjoint increase the load-bearing capacity of
the lumbar spins. They also found that compressive loads of
1360 to 3800 N resulted in failure of the specimens and that
this failuwre ocowred in the vertebral body, not the anulus
fibrosus.

Lorenz et al. (1983) studied the role of the lumbar
articular facets in vertebral compression. They found that
in cadaver material the average peak facet pressures weres
higher in posterior loading of the vertebral body than in
central leoading. 6lso, while peak facet pressures were high,
the loads borne by the facets were not large and the facet
load decresased with increasing central leads. They noted
that failure of the vertebral body ocourred with central

loads aof 1766 to 1844 M.



44,

Ressarchers have also used squations in a mathematical
model to predict the compression force on the intervertebral
joint. Bartelink (1957} calculated that the compression on
the fifth lumbae intervertebral disc would be 89200 N when a
F1 kg load was lifted. HMorris st al. (1961} derived values
of F225 N for the same load. OGracovetsky et al. (1981}
calculated that combined body weight and psoas muscle
activity would produce a compression fatce of 784 M at the
lumbosacral intervertebral joint during relaxed upright

standing with no external load.
TENSION

This occuwrs when sgual and opposite loads are applied
away from the surface of a structure, resulting in a
lengthening and narrowing of the structure (Frankel % Mordin,
1980; Rodgers % Canvanagh, 1284). During lumbar flexion the
centre of rotation lies within the intervertebral disc {(Adams
2t al., 19BOY, therefore it can be sxpected that tension
forces will be applied to the posterior structuwres of the

intervertebral doint. Because measwrement of tension in vivo

would have to be invasive and would be very difficult to
carry out, the majority of studies of tension force at the
intervertebral joint have been performed on postmortem
material. Hathematical modesls have been developed to predict

tension values in vivo based on in vitro observations.
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In studies of the intervertebral dizsc, Hirsch (1955)
gbserved that sudden loading caused the disc at first to
- gompress and then, fractions of a szecond later, to rebound.
This rebound resulted in tension forces being applied to the
disc. MNachemson and Morris (1264}, msasuring intradiscal
pressure in vivo, calculated that, in normal discs, tensile
forces of "sixty to eighty kilograms per square centimster®
(p.1091) existed in the posterior part of the anulus
Tibrosus. Balante (19467) experimented with sections of
anulus fibrosus cut from postmortem lumbar discs and found
that during tensile loading the anulus extended freely along
the vertical axis. He observed that the tensile strength of
the tissue of the anulus fibrosus was similar to that of
tendon. HMarkold (1972) studied the load-deformation behavior
of intervertebral discs from thoracic and lumbar cadaver
spines and found that the discs exhibited less stiffness when
tension was applied to them than when compression was
applied.

The behavior of the posterior ligamentous system has
also been gtudieﬁ, Thaczuk (1258) loaded the anterior and
posterior longitudinal ligaments of isolated lumbar spines
until failure. He observed that the average failure loads
for thesse ligaments wasz the squivalent of 21 M for the
anterior and 1% N for the posterior. He also observed that

both longitudinal ligaments were prestressed by the pressurs
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of the intervertebral disc. From his observations in_vivo,
Farfan (1973) concluded that the entire posterior ligamentous
system was not subject to tension forces until approximately
&0° of lumbar flexion had occurred. Adams et al. (1980)
measured the resistance provided by the posterior ligamentous
system in full and half lumbar flexion. They concluded that
in full flexion the capsular ligaments accounted for 394 of
the resistance, the intervertebral disc for 29%, the
supraspinous and interspinous ligaments for 194, and the
ligamentum flavum for 13%. In.half flexion, the
intervertebral disc accounted for 38% of the resistance, the
ligamentum flavum for 284, the capsular ligments for 25X, and
the supraspinous and interspinous ligaments for 8%4. Panjabi
et al. {1982) studied autopsy specimens of the Lz - 4 and La
- & interveritebral joints. They found that in flexion the
highest ligamentous tensions occurred in the supraspinous and
interspinous ligaments, but also found differences between
predicted and observed strain values for the supraspinous
ligament, possibly due to deformation of the neural arch.
Chazal et al. (1985) found that the intertransverse and
posterior longitudinal ligaments ard the ligamentum flavum
were most resistant to tension during physiolaogical rangeé of
lumbar motion in postmortem material.

Mathematical models for tensile forces applied to the

vartebral column were developed by Gracovetsky et al. (19773



47.

1i981). Based on in vivo obsesrvation, they postulated that
the posterior ligamentous system is slack from zero to 40° of
trunk flexion, but is taut from 40 to full flexion. They
calculated that ligament tension during trunk flexion could
reach the saquivalent of 8000 N. Fuwthermore, becausse
ligamentous tissue is passive, any tension that is applied to
a ligamesnt depends entirely upon external loads imposed upon
it. They also considered the role of the thoracolumbar
fascia. Experiments had shown that when longitudinal tension
was applied to the thoracolumbar fascia it stretched
lTongitudinally by 304 of its resting length but was also
narrowed by 304 of its width. They concluded that a tension
force applied to the lateral margins of the thoracolumbar
fascia to prevent it from narrowing would result in an

increase in the longitudinal tension in the structure.

SHEAR

This ococurs when a load is applied to the surface of a
structures resulting in angular deformation of the structure
{(Frankel & HNordin, 1780). &ntero-posterior translation
orcurs between adijacent vertebrae at all levels of the column
{(Fanjabi, 1977}, subjecting the intervertebral disc,
apophyseal Jjointz and the ligaments to shear forces. The

magnitude of the shesar forces will increase duwring flexion of
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the trunk as gravity will tend to increase the amount of
translation occowring at esach joint {(Soderberg, 198467

Galante (19&67) found that sections of anulus fibrosus
cut from postmortem lumbar discs provided high resistance to
shear forces. Based on in vivog observations, Farfan (1975}
calculated that contraction of the esxtensor musculature of
the back gave rise to shear forces at the intervertsbral
Joints. He proposed that the shear force could be resisted
by the apophyseal joints but, bescause of the limited strength
of the neural arch, shear forces in the opposite direction
would be reguired to protect both articular facets and
intervertebral discs from damage. The role of the posterior
ligaments and the apophyseal doints in resisting shear forces
was investigated by Lin et al. (1978} and theyv concluded that
these pmﬁterimf 5tructura$ prevent the vertebras from
slipping forward on one another. This was carroborated by
Twomey and Tayvlor {(1983) who sectioned the pedicles of
postmortem lumbar spines and observed that this resulted in
anterior translation of the vertebral body.

Gracovetsky et al. (1981} noted that the fibres of the
midline posterior ligaments {(supraspinous and interspinous)
are angled and proposed that bescause of this angulation,
these ligaments could produce a shesr force in the opposite
direction to that produced by anterior loads applisd to the

vartebral column.
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BENDING

This occurs when a load is applied to a structure in‘
such a way that the structure bends about an axis. The
structure will therefore be subjected to a combination of
compression and tension forces on opposite surfaces (Frankel
% Nordin, 1980; Rodgers % Cavanagh, 1984).

During sagittal plane motion of the luambar gpine the
axis of motion is considered to lie within the intervertebral
disc, therefore the anterior aspect of the intervertebral
joint will be subjected mainly to compression forces while
the posterior aspect will be subjected to tension forces
{Adams et al., 1%80).

The magnitude of the bending force or moment is
dependent not only on the applied force but also on the
perpendicular distance between the point of application of
the force and the axis of motion (Rodgerse & Cavanagh, 1984).
Lindh (19B0) calculated that in relaxed standing, the
perpendicul ar distance between the centre of the La - =
intervertebral disc and the line of gravity is two
centimetres. Assuming a body weight of 660 N (67 kg) and
using Winter's (1979) value of .4678 of Total Body Weight for
the H.A.T.,; the forward bending moment in relaxed standing is
2 newton metres (Mm). However, when the trunk is inclined
forward, the line of gravity is displaced anteriorly and this

will increase the perpendicular distance or lever arm between
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the line of gravity and the axis of motion. &6t approximately
Z0° of trunk flexion the line of gravity lies roughly 25 cm
from the axis of motion giving rise to a bending moment of

112 Mm.
INVEGTIGATIONS OF TRUNE FUNMCTION

Many investigations have been carried out to determine
the function of erector spinae and rectus abdominis duwring
sagittal plane motion.

Electromyvography was used by Floyd and Silver (1951} to
examine the activity of erector spinae dwring trunk flexion.
They found that upright standing resulted in slight
myuelectriﬁ activity, and that increasing angles of forward
flexion gave rise to increasing levels of myvoeslechtric
artivity. However, as the trunk approached full forward
flexion, activity in erector spinae ceased and did not begin
again until after trunk sxitension from maxieoum forwaed
flexion was well underway. In further sxperiments, Floyd and
Silver ((17359) found that the position at which srector spinas
became silent during teunlk flexion was approximately the same
az the position at which muscle activity reasppeared during
trunk extension from the fully flexed position. They also
noted that trunk flexion was a cosbination of flexion of the

vertebral column and flexion at the hip joint. They
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concluded that the erector spinae contracted to control trunk
motion but that the weight of the trunk in full flexion was
borne by the ligaments of the vertebral column. Kippers and
Farker (1984) used photography and EMB to determine the
positions of electrical silence and onset during trunk
flexion and return to upright standing. They found that the
anset and cessation of electrical silence occurvred at
approkimately the same position: 90% of vertebral flexion and
SOEL of hip flexion.

Rectus abdominis was investigated by Floyd and Silver
{1950) who found that trunk extension from the upiright
position elicited myoelectric activity whereas trunk flexion
from the same position resulted in electrical silence.
Similar results were obtained by Partridge and Walters (1959
and Flint and Gudgell (19&65). The latter invastigéturs
concluded that rectus abdominis was active to position the
trunk and balance the extensor moment produced by trunk
extension.

The simultaneous mvoslectric activity of erector spinas
and rectus abdominis has also been investigated. Asmussen
and Klausen (1962) found that erector spinas was active and
rectus abdominis was inactive in quiet standing, concluding
that the srect position of the vertebral column was
maintained by erector spinae acting as an antagonist to the

force of gravity. They also ocbserved that these muscles were



alternatively active during trunk sway with erector spinae
active during forward sway and rectus abdominis during
bhackward sway. They concluded that the muscles functioned
like guy wires to maintain trunk stability during movement.
Ekholm st al. (1982} studied the elschtrical activity of trunk
muscles during various lifting tasks and found that rectus
abdominis was inactive while srector spinae responded to
increasing loads by becoming active earlier duwing trunk
extension from full flexion. Schultz, fndersson, Ortengren,
Biork and NMordin (1982) applied resistance to trunk motion
and noted that erector spinae activity closely reflected the
magnitude of the net flexor moment while rectus abdominis
activity reflected the net extensor moment.

It iz well known that heavy lifting activities are
invariably accompanied by a Valsalva maneuver in which the
thoracic and abdominal cavities are presswized by voluntary
muscle contraction {(Kepandji, 1974). Electromvographic
studiess of the Valsalva mansuver by itaeif have shown that
sractor spinas, rectus abdominis and the lateral abdominal
obligue muscles are all active (Floyd & Qilvar, 19503
Camphell, 1952; Floyd & Bilver, 1935; Ono, 1958; Bearn, 174&1;
Matami, 1%&la,b; de Sousa & Furlani, 1974 Btrohl et al.,
1981y. In addition, Nachemson and Morris (1964) observed
that intra—abdominal pressurs increased during an isclated

Valsalve MAansSuver .
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The intra-abdominal pressure (IAP) generated during
actual and simulated heavy lifting activities has also been
studied. Davis and Troup (19464} found that the IA&F increased
during lifting while Grew (1980) observed that the IAFP
increased when flexor and extensor moments were each applied
to the trunk. Humar and Davis (1983) reported a close
relationship between increased EME and I8P in progressive
loading of the vertebral column. Mairiaux et al. (1984
measured IAP during lifting in a fived upright position and
found a linear relationship between IAP and the moment of
torce at bea - . Hemborg et al. (1989) measured ISP and EMG
ﬁ% trunk muscles to determine which muscles contributed most
to the rise in abdominal pressure. They concluded that the
diaphragm was the most important muscle and attributed some
importance to transversus abdominis, although acknowledging
that little is known about this suscle.

Simultansous measurement of myoslectric activity,
intra-discal pressue (IDF) and IAP during lifting has also
been done. Andersson et al. (1974) measwed these parameters
during lifting of a 100 N load with and without performing a
Valsalva maneuver and found that disc pressure did not change
significantly when the Valsalva mansuver was performed. The
same techniguss were used by rtengrsn et al. (1981 who

reported a linear relationship between load, EMB, IA&F and
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IDF. However, Schultz, Sndersson, Ortengren, Haderspeck et
al. {1982} reported low correlations between IDP and I8P
during lifting and concluded that the level of IAF was not a

good indicator of trunk loads.
DEVELOFMENT OF & THEORY OF TRUNK FUNCTIOM

The manner in which forces are balanced and transmitted
by the trunk is not yet clear, therefore a nusber of theories
aof trunk function have been proposed. Any theory of trunk
function must incmrpurate, reconcile and explain the data
from the various in vitro and in vivo experiments that have
besn conducted on the bones, joints and muscles of the
vartebral column.

& simple theory of trunk function in the sagittal plane
is based upon the concept of moments (Tichauer, 1971). The
cantre of the lowest lumbar disc is considered to be a
fulcrum Ffrom which extend a long anterior and a short
posteriom; lever arm. The anterior arm lies betwesen the disc
centre and the anterior body wall while the posterior arm
gxtends from the disc centre to the posterior limit of the
grector spinae muscle. &nterior flexor moments are generated
by the wesight of the upper body and are balanced by posterior
ertensor momsnts generated by the sxiensor muscles of the

frack. Because the length of the anterior lever arm is



approximately four times longer than the length of the
posterior lever arm, the esxtensor force must be about four
times the magnitude of the flexor force under conditions of
equilibrium.

However, Bartelink (1957), using this theory, caltulated
that the moment produced by holding a 45 kg weight would
generate a compression force at the fulocrum sufficient to
cause failure of the disc or of the vertebral body, and
recognized that some mechanism must exist to decrease the
load on the disc. He proposed that this mechanism consisted
of pressurization of the abdominal cavity by contraction of
the transversus abdominis muscle during a Valsalva mansuver.
An increase in pressure would convert the abdominal cavity
into & fluid ball that would resist deformation and would
transmit some of the load of the upper body to the pelvis.

An increase in pressure would also give rise to a distending
force between the thoracic and pelvic diaphragms which would
produce an anterior extensor moment and would therefore
decrease the net flexor moment and the compressive load on
the disc. Morris et al. (19241} found that results of their
expariments were congruent with Bartelink’'s proposal and used
it to calculate the actual loads on the spine.

Bearn (19461} had another explanation for the increase in

IAP seen during heavy lifting. He stated that contraction of
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the abdominal muscles would tend to flex the trunk and this
would reqguire éynergic contraction of erector spinaeg to
counteract the unwanted motion. The contraction of erector
spinas would increase the magnitude of the posterior sxtensor
moment which, in turn, would increase the compressive load on
the disc. He observed that latissimus dorsi muscle was
active during heavy lifting and proposed that the increase in
I6F was required to prevent chest compression dus to the
strong contraction of latissisus dorsi. Bearn (19461) also
commented on the finding of slectrical silence in erector
spinae during full trunk flexion. He stated that in this
postion a flexor moment would be counterbalanced only by the
tension in the interspinous ligaments and thet any additional
load might create a moment of sufficient magnitude to rupture
the ligaments.

Farfan {1973} proposed a mechanism that accounted for
the activity of the asbdominal muscles, the slectrical silence
in erector spinas after &0° of trunk flexion, the fact that
loads are borne entirely by ligaments, and the obssrved
motion of the pelvis. He had observed that during trunk
flexion from upright the extensor muscles worked alone to
lower the trunk to approximately &0, at which point tension
developed in the previously slack posterior ligaments. Also,

during trunk extension from full flexion,



the lumbar spine remained flexed until the &0° point, thus
maintaining tension on both posterior ligaments and muscles.
Farfan proposed that there was a limit to the amount of
extensor moment that the back muscles could generate; past
that limit, ligament tension was required to support heavy
loads while the turning moments would be supplied by the
large glutei and hamstring muscles. He concluded that
tflexion was the optimum postion of the lumbar spine during
lifting and that this postion was produced by contraction of
the abdominal muscles, flexors of the trunk, during a
Valsalva maneuver. He also stated that back muscle
contraction and forward trunk inclination gensrate a large
shear force at the intervertebral joint and proposed that
contraction of the internal obligue muscle would result in a
shear force of the opposite direction. Thus contraction of
the abdominal muscles would serve to maintain the lumbar
spine in the optimum position and also to decrease the shear
force at the intervertsbral jocint.

Gracovetsky et al. (1977} agreed with Farfan that,
without the posterior ligaments, the back muscles would be
winable to sustain a heavy load. They noted that the
supraspinous ligament and the thoracolumbar fascia both lie
posterior to the deep back muscles and proposed that these
two structures were the most effective elements to balance

flexor moments at the intervertebral joints because they have
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a longer posterior lever arm than any of the back muscles.
They also proposed that contraction of the underlving erector
spinae would create hydraulic pressure that would push the
thoracolumbar fascia posteriorly, increase tension in the
midline ligaments and flatten the lumbar spine. Midline
ligament tension would also be generated by an increase in
I86F, caused by contraction of abdominal muscles, which would
tend to push the thoracolumbar fascia posteriorly.

Building on this modified theory, Farfan (1978} proposed
that stretching of the supraspinous ligament would cause it
to straighten out between the third lumbar and second sacral
spinous porcesses. Because the ligament is attached to the
spinous processes of La and Ls and these lie within the
lumbar lordosis, straightening of the supraspinous ligament
would cause the fowth and fifth lumbar vertebrae to be
pulled backwards. This would create a bachkward shear force
which would tend to cancel the anterior shear produced by the
weight of the upper body and any external lead. Therefore
the posterior ligaments serve not only to balance flexor
moments, but also to neuwtralize anterior shear.

Bracovetsky st al. (1981} further modified the theory.
They argued that ligaments, because theyvy are passive, must be
under active control of muscle at a1l times in order to
madify their tension. They proposed that the longitudinal

tension in the thoracolumbar fascia could be modified by
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contraction of the abdominal muscles, specifically internal
obligue and transversus abdominis. These muscles are
attached to the lateral margins of the thoracolumbar fascia
and their contraction duing trunk flexion would cause an
antero-lateral force to be applied to the fascia, preventing
it from narrowing and therefore increasing longitudinal
tension in the structure. The correct angle of pull for the
abdominal muscles is dependent upon the shape of the
abdominal cavity which is maintained by the IAF generated by
the contraction of the external oblique muscle. Therefore,
the abdominal muscles, acting indirectly through the
thoracolumbar fascia, generate an extensor moment to
counterbalance the net flexor moment.

Bogduk and MacIntash (1984} proposed further refinements
to the theory based on their observations of the structure of
the thoracolumbar fascia. They noted that the posterior
layer of the fascia is split into two laminae, superficial
and deep. The fibres of the superficial lamina are disposed
in a caudo-medial direction while those of the deep lamina
run in a caudo-lateral direction, giving the posterior 1laver
a lattice—work appearance. The superficial and desep laminas
fuse with the middle layer of the thoracolumbar fascia at the
lateral border of erector spinae to form a raphe and both the
internal obligus abdominal and the transversus abdominis have

partial attachment to this raphe.
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The superficial lamina provides the latissimus dorsi
muscle with attachment to the lumbar spinous processes.
Because of the orientation of the fibres of the lamina,
contraction of latissimus dorsi will result in upward and
lateral forces being exerted on the lumbar spinous processes.
In addition, the superficial lamina acts as a retinaculum for
the lower bhack muscles. The deep lamina also acts as a
retinaculum for the lower back muscles, and in addition
anchors the spinous processes of La and Le to the ilia.

Bogduk and Maclntosh (1984} agreed with sarlier
proposals that contraction of back muscles results in
expansion of the muscle mass which is resisted by the
posterior layer of the thoracolumbar fascia, causing an
increase in longitudinal tension. However, they postulated
that the orientation of fibres in superficial and desp
laminae also contributes teo the generation of longitudinal
tension. These fibres form a series of overlapping triangles
with apices at the raphe and bases spanning two vertebral
levels in midline. Lateral tension applied at the raphe will
be spread over the area of a triangle and will genesrate
reciprocal upward and downward forces at the basal corners of
the triangle. These forces will tend to prevent separation
of the lumbar spinous processess. Because of the attachment

of internal obligue and transversus abdominis to the raphe,
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contraction of these muscles will generate lateral tension
and therefore will gensrate an extensor moment.

It can be sesen that the current theory of trunk function
is far more complex than the initial concept of a simple
balance of moments about the intervertebral disc. It takes
into account the experimental findings about back and
abdominal muscle activity, intra-discal pressure,
intra-abdominal pressure and ligament strength, however
further refinements will doubtless be made as mores data are

generated.

6OIT

Locomotion is defined as the act of movement from one
geographical location to another (Inman et al., 1981). The
normal adult commonly engages in bipedal locomotion in the
tarm of walking or running. Walking itself is the process by
which the erect body moves forward by continually falling
from one limb to another and has been described as a series
of prevented catastrophes (Rancho los Amigos, 1978
Soderberg, 1984).

Walking or gait is a repetitive process involving
cyclical displacement of the body segments and demanding a

co—ordinated response of trunk and limb muscles to



gravitational, inertial and ground reaction forces (Gray &
Basmajian, 17468; Lamoreux, 1971; Cappozzc et al., 197&).
Murray et al. (1944} proposed that the stereotvped nature of
walking represented the most energy efficient pattern of
movement and further stated that to achieve this degres of
efficiency requires highly developed sensory motor control.
Gccording to Conrad et al. (1983}, the individual must be
capable of simultansously executing the relatively
sterectyped motor act of walking, of adapting movement by
using atferent input, motor planning and efferent output to
meet changing external demands, and of maintaining constant
balance by stabilizing the centre of gravity within narrow
limits.

Although walking is a comparatively stereotyped process,
differences exist between individuals and even within the
same individual {Lamoreux, 19713 Inman et al., 1981).
However, the magnitude of the inter- and intra-subisct
variation is considered to be much smaller than that seen in
mast other patterns of vnlunt@ry moveamnsnt and certain
characteristics of walking are universal (Murray et al.,

1944 Lamoreux, 1971).



DETERMIMNANTE OF G&IT

During walking the moving body is supported alternately
by the lower limbs in such a way that the contralateral 1imb
swings forward as the body passes over the supporting limb
(Inman &t al., 1981). According to FPerry (1985), the body is
divided into a passenger and a locomotor wunit during walking.
The passenger unit consists of the head, thoracic, upper limb
and pelvic segmentsi these do not contribute directly to the
act of walking, but rather are carried relatively passively.
The locomotor unit consists of the pelvic and lower limb
zegnents which are the sffectors of forward motion. The
pelvis is therefore a transition segment, belonging to both
the passenger and the locomotor units and joined to each at
the highly mobile lumbar and hip Jjoints.

Ferry (1983) stated that walking has three components:
progression, standing stability and energy conssrvation.
Frogression is achieved by the forward fall of the body
weight plus the somentum of the swinging limb. Standing
stability is maintained by muscle contraction in the trunk
segment to ensure vertical alignment, and in the lower limb
segments to provide a firm yvet mobile column of suppork.
Energy conservation is achieved by substituting momentum for

muscle contraction whenever possible and by minimizing the



&4,

displacement of iths centre of gravity of the body from the
line of progression.

The centre of gravity of the body is located within the
pelvis (Inman et al., 1981). During walking the body moves
in all three planes, thersfore the centre of gravity will be
displaced vertically, horizontally and in the plane of
progression. The body is seen to oscillate wup and down and
to undulate from side to side as it moves through space.
These displacements reguire the expenditure of energy and
therefore, because esnergy conservation is a caoamponent of
gait, thes pattern of joint motion and muscle activity seen
during walking is designed to minimize the magnitude of the
displacenent of the centre of gravity (Saunders et al., 19583;
MacConaill &% Basmaiian, 1977).

Saunders et al. (1933} identified six factors that
contribute to decreasing the excursion of the centre of
giravitys

1. Pelwic rotation — the pelvis rotates about a
vertical axis passing throwugh the hip doint. The range of
rotation is approvimately 4° to sach of right and left sides
and the net effect of this movement is to decrease the
magni tude of the vertical displacement of the centre of

gravity.



2. Pelvic tilt - the pelvis tilts duwﬁward
approdimately 3° to the side of the unsupported limb as the
body moves over the supporting lieb. The net sffect is also
to decrease the magnitude of the vertic$1 displacenant of the
centre of gravity.

3« kKnee flexion — the knee joint flexes
approximately 13° as the body is carried onto and over the
supparting limb. This also decreases the magnitude of the
vertical displacement of the centre of gravity.

4. & 5. - Foot and knee mechanisms — motion of the
foot about the ankle results in an almost horizontal %urwara
displacement of the knees of the supporting limh. This in
turn smooths the path of the hip and pelvis and decreases the
vertical displacement of the centre of gravity.

&. Lateral displacement of the pelvis - by
shifting the pelvis horizontally, the centre of gravity is
displaced laterally over the supporting limb during walking.
& lateral shift of only fowr to five cm is required because
the femur and tibia are angled in such a way that the femur
is positioned in relative adduction. This angulation allows
the feet to be maintained close to the line of progression of
the centre of gravity and reduces the distance that the
centre of gravity must be shifted in order to position it

aver the supporting limb.
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The nesd for ensrgy conservation also determines the
spesd at which walking occurs. Bobbert (1960) defined the
optimum walking speed as that at which the energy expended
par meter is minimal. It has besen found that there is a
curvilinear increase in energy sxpenditure as spesd increases
{(Inman =2t al., 1981}. The optimal spesd for level walking
varies between individuals, but has been calculated to range
from approximately 895 to 80 meters per minute (nfmind for
both men and women (Coates & Meade, 19&1; Dean, 1965: Milner

et al., 1771; Fitch et al., 1974).

KINEMATICE OF GaIrTv

TEMPORAL EVENTE

Murray et al. (1964) defined the walking or gait cycle as
the interval betwesn successive ground contacts of the same
foot. They divided the gait cycle into two major phases:
Stance and Swing. Stance is that pesriod in which the foot is
in contact with the ground, and Bwing is that periocd in which
the toot is off the ground and is moving forward. During
walking the supporting foot remains in contact with the
ground until the advancing foot makes ground contact and the

pariod in which both fest are in contact with the ground is
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called the Double Support phase. During the gait cycle there
are two periods of single limb support, one for each 1lower
limb, and two periods of double limb support.

Each of the Stance and Swing phases can be considered to
be composed of different events (Rancho los Amigos, 1978).
The events poocurring during Stance ares

1. Initial Contact - This represents the moment that the

foot makes contact with the ground. In noraal

individuals, the first area of contact iz the heel.

2. Loading Response -~ The foot is lowersed to make full

contact with the ground and the body weight begins to

advance onto the foot.

3. HMid Stance — With the foot flat on the ground, the

body is positioned over the supporting limb.

4. Terminal Stance -~ The body has moved ahead of the

supporting limb and now falls towards the contralateral

limb.

5. Pre Swing — The limb is prepared for swing by the

shifting of the body weight onto the contralateral limb.
The events during Swing are:

1. Initial Swing — The limb is lifted from the ground

andAbegins to advance.

2. Mid Bwing — The limb is moved forward with the tibia

parpendicular to the ground.
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F. Terminal Swing — The limb advances to its furthest

anterior eXcursion.

It can be ssen that ipsilateral Mid Stance and contralateral
Initial, Mid and Terminal Swing occur during the first single
support period; while ipsilateral Initial, HMid and Terminal
Bwing and contralateral Mid Stance occur during the second
single support pericd. Ipsilateral Initial Contact and
Loading Response occuwr during the first double support
period, while ipsilateral Terminal Stance and Pre SBwing ococuwr
during the second double support period.

According to Inman et al. (1981}, Stance phase begins
with Heel Contact and ends with Toe 0ff: Swing phase hegins
with Toe OFff and ends with Heel Contact. However, the first
and last areas of contact are not necessarily the heel or the
toe, therefore the more inclusive terms of Initial Contact
and End of Weight Bearing are preferable (Buanbury, 1985).

If the gait cycle of one limb is taken to be 100%, the
Stance, Bwing and Double Support phases of both limbs can be
expressed as percentages of this total gait cyele. It has
been found that, on average, Stance canstitutes &04 and Swing
constitutes 404 of the total gait cycle in fres-speed walking
{(Hurray et al., 1944, 1964, 196%; Dubo st al., 197&;
Cappozzo, 1983; Thwston & Harris, 1983; Kirtley et al.,

1285. On average, the two Double Support phases constituts
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10% each of the total gait cvele (Murray et al., 1744, 19&4:
Thurston & Harris, 1983; Kirtley et al, 1985). Mwray et al.
(1244) found no significant difference between the duratiun
of Stance and Swing phases of right and left lower limbs
within and betweesn trials for the same subjsct. Therefore,
if the right gait cycle is considered representative of a
total gait cycle, then Initial Contact of the left foot
ooours at approdimately S0Y and End of Weight Bearing occwrs
at approximately 104 of the total gait cycle (Thurston %
Harris, 1283).

Besides considering the phases of gait as percentages of
a total gait cvocle, the time interval or duration of each
phase can be measuwred (Murray et al., 1986&6). Investigators
have found that the duration of the gait cycle in free—speed
level walking ranged from 1.02 to 1.16 seconds (Murray et
al., 19864, 1964, 194%; Waters & Morris, 1970; Cappozzo, 1983:
Thorstensson st al., 1984). It has been found that the
duration of the Stance phase decreased as walking speed
increased (Murray et al., 1964, 194663 Kirtley st al., 1985;
Milsson et al., 1985). However, the duration of the Swing
phase tended to remain constant regardless of changes in
walking speed and therefore accounted for a greatef
percentage of the total gait cycle as walking speed increased

(Murray et al., 19&6&). The comparative immunity of the Swing
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phase dwration to changes in walking speed is attributed to
the fact that Swing is essentialy a passive process in which
the advancing limb acts like a pendulum (Kirtlevy et al.,
1285% .

The number of steps (successive ground contacts of
alternate feet) taken within a one minute interval can also
be counted to give the cadence of a particular gait (Drillis,
19585 . I the investigations of Grieve and Bsar (1945} the
cadence of adults during level walking was found to range
from &1 to 1468 stsps per minute, while Thurston and Harris
(1983 found a range of BB to 124 steps per minute. Other
investigators have reported narrowsr ranges of 104 to 113
steps per minute for adults (rillis, 1958; ﬁurréy et al.,
1267 MWaters et al., 1973; Hinter, 1983: Kirtley et al.,
1285). Cadence has been shown to be reciprocally related to
the dwration of the gait cveole and directly related to stride
length and walking speed Murray, 1967; Hwray et al., 1?5?;
Winter, 1983; Hirtley et al., 1788).

focording to Hinter st al. (19763, the natural cadence
af an individual is close to that required for minimum snergy
grpaenditure and therefore represents the most efficient means
aof locomotion. Dean (19465 found that cadence was influenced
by footwear and ground surface, but not necessarily by leg

length. However, the results of Muwrray et al. (1964}
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indicated that l=g length may influence cadence as tall
subjects could not normally attain as rapid a cadence as
short subljects. Thurston and Harris (1983 found that

cadence decreased with advancing age.

DIMEMEIONS

The linear distance between successive ground contacts
af the same foot and alternate feet can be measured to give
stride length and step length, respectively (Murray et al.,
19643, UWhile the average stride length of men during level
walking was found to be 1546.5 cm (Murray et al., 1964),
stride length has also been expressed as approximately 894 of
the total body height at a freely chosen speed of walking
(Murray, 1947; Murray et al., 196%). Because stride length
is related to height, it follows that it will be greatest in
tall subjects and least in short subjects. Howsver, a recent
study by Hirtley et al. (1985 showed that there was no
significant correlation between stride length and height.

fn increase in the speed of walking can be achieved not
only by increasing cadence, but also by increasing step
length (Murray et al., 19643 Smidt, 1971; Milsson et al.,
1983 . Hurray (19467) found that stride length decreased with
advancing age, resulting in a decrease in walking speed.

Kirtley et al. (1985} found a moderate correlation between
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stride length and age. It has also been found that men over

age &5 increased the width of their stride by lateral
rotation or out—toeing of the lower limb, possibly to

increase the base of support (Hurray et al., 1964).

DISFLACEMENT OF UPPER BODY SEGMENTS

Digplacement is the change in position of a body and can
be either linear or angular. In linsar displacement every
point within a body segment is displaced along parallel lines
wihtile in angular diisplacement the body segment rotates about
an axis and therefore travels in an arc. Linear displacement
iz measured in millimeters or centimeters, angular
displacement is measured in degrees or radians (Kelley, 1971;
LaVeau, 1977; Gowitske & Milner, 1980; Rodgers % Cavanagh,

1284:.

Linear Displacement

Displacement can occwr in vertical, lateral and antero-

posterior directions.

Vertical Direction

Using photographic technigues, Saunders et al. (195%)
observed that the centre of gravity was displaced up and down
during the gait cycle. Subsequent investigators guantified

the displacement of the head, trunk and pelvis and found that



the mean vertical excursion of all segments was approdimately
touwr centimeters. The maximum upward displacement occurred
during Mid Stance at 304 and 80% of the gait cycle when the
trunk was centred over the single supporting limb. The
maximum downward displacement ococurred during Double Support
at 5% and 55% of the gait cycle when one limb was positionad
obliquely forward and the other obliguely backward. They
also found that the patterns of vertical oscillation were
similar, independent of height or age, however the amplitude
ef the.tatal vertical excursion decreased with age (Murray st
al., 1944, 1964, 194%F; Waters & Morris, 19723 Waters et al .,
1973; Cappozzo, 1981; Inman et al., 198i; Thurston % Harris,

128%; Thorstensson et al., 1984).
Lateral Direction

Investigators found that the mean total lateral
displacement of the upper body segments was approximately
five centimeters and the maximum excursion to sach side
coocurred during SBingle Support at 284 and 754 of the gait
cycle. The wupper body shifted laterally over the supporting
limb duwring Stance while the trunk shifted back towards the
line of progression during Double Support, placing the head
in a more central position (Murray et al., 1944, 19&46; Waters
et al., 1973; Inman et al., 1981; Thurston & Harris, 1983

Thorstensson et al., 1984). HMurray et al. (1959} found that



74,

the total amount of lateral displacement was greater for
older men. Cappozzo (1981 found a high degres of
variability both between and within subjects for the pattern
of lateral displacement of the head and shoulder girdle,
however he chserved a more regular pattern of pelvic motion

within subjects.
fAntero-posterior Direction

Although the body as a whole is carried forward through
space during one gait cycle, the upper body segments are not
displaced forward at a uniform rate, but rather oscillate
forward and backward during the gait cycle. MWaters et al.
(15973} calculated the magnitude of this oscillation to be
appraximately .5 cm at the head, 1.8 cm at the Tio level and
2.6 cm at the Sz level. Cappozzo (1981) confirmed that the
pelvic segment had a larger displacemsnt than did the
thoracic and head segments, and found this to be trus at all
spesds of progression. It has been found that the body
segments reach their maximum forward postion in the
oscillation early in Stance phase at approximately 15% and
&5% of the gait cycle while the maximum backward position is
reached late in SBtance phase at approximately 45% and 95% of
the gait cycle {(Inman et al., 1981; Thorstensson et al.,
1984 .

Velocity and acceleration dwing antero-posterior



dizplacement have also been calculated. Inman et al. (1981)
reported that the trunk excesded its average velocity over
the period of the gait cycle during the Double Supnport phases
while it moved at less than its average vélmcity during the
remainder of the gait cvcle. HMwrray et al. {1964, 1944)
found that the acceleration of the upper body segments was
highest in Double Support phase just after Initial Contact at
which time the trunk was descending to a lower, more anterior
position. Likewise, acceleration was lowest early in Stance
when the trunk was moving to its highest and most lateral
position. These findings were supported by Waters et al.
{1973} who concluded that acceleration of the upper body
segments was related to the push off that ocecurs at the end
of weight bearing, the deceleration of the Bwing limb and the
downward motion of the H.8.T. They related relative
deceleration of the upper body segments to the backward
thrust that ocours in late Stance, the forward acceleration
of the Bwing limb and the upward motion of the H.&6.T.
Cappozzao et al. (1978) found that the two points of peak
acceleration of the pelvis occurred just before Initial
Contact while the two points of pealk deceleration occurred

Just after End of Weight Bearing.



gngul sr Displacement

Angular displacement or rotation can occwr about
coronal , sagittal and vertical axes in sagittal, coronal and
transverse planes, respectively. Angular displacement can bs
measured using either a relative spatial reference system or
an absolute spatial reference system. In the former, the
position of a segment is measured with respect to the‘
position of ancother body segment, e.g. the position of the
thigh relative to the pelvis. In the latter system, the
position of a segment is measwed with respect to some
external reference paint, e.g. the position of the trunk
relative to a line perpendicular to the ground (Winter,
1979} . Because investigators have used two different
mEasuwring systems to guantify angular displacement of upper
body segments, it is difficult to compare data from one study

to another.
Coronal Axis/Sagittal Plane

Digplacemsnts about a coronal axis in a sagittal plane
are comnonly referred to as flexion and extension.

Using an absolute spatial reference svatem, Cappozzo et
al. (1978 found that angular displacement of the trunk
ranged from 2° at low walking speeds to S at high walking

speeds. Thorstensson et al. (1982, 1984) found the
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net angular displacement of the trunk ranged from 1.5° to
10, Relating angular displacement to the centre of gravity,
Carlson and Thorstensson {(1981) found that forward trunk
inclination began during the initial part of Double Support
and reached its maximum at the end of Double Support.
Thorstensson et al. (1782) found that the trunk was rotated
in a posterior direction at Initial Contact and that this
continued throughout the Double Support phase. Howsver, in
later work Thorstensson et al. (1984} found that anterior
trunk inclination was close to or had reached its maximum at
Initial Contact while maximum posterior inclination occcurred
during Swing phase.

Thurston and Harris (1983) measuwred the angular
displacemant of the Tiz to La spinal segment relative to the
palvis. They found that peak anterior inclination of the
sagnent occurred at approximately 104 and &60% of the gait
cycle at End of Weight Bearing, while peak posterior
inclination ococurred at approvimately 40% and 80% of the gait
cycle in Mid Swing. In general, they observed that motion of
the spinal segment was 90° ogut of phase with the pelvic
segaent although there was a great deal of between subject
variability. They concluded that the relationship between
sagittal motion of the pelvis and spine was still unclear.

Furray et al. (19464, 1944) used an absolute spatial

reference system to measure motion of the pelvis and found a
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mzan total excuwrsion of 3° duwring level walking. Maximum
anterior inclination of the pelvis occurred just before
Initial Contact as the trunk inclined forward toward the next
area of ground contact. HMaximum posterior inclination was
found to ooccw early in Mid Stance as the trunk moved into an
grect position over the supporting limb. Lamoreusx (1971}
foaund an average of 3° sach of anterior and posterior pelvic
inclination for a total of &°. Thurston and Harris (1983)
measured pelvic motion relative to the ground and found that
maximum anterior inclination ococuwred at 40% and B87% of the
gait cycle (ipsilateral Swing, contralateral Stance), while
posterior inclination occurred at 16% and 62% {ipsilateral
Stance, contralateral Bwing!. They concluded that the
insrtia of the acceleration and deceleration of the swinging
limb exerted a major influsnce on sagittal pelvic motion.

&t the hip, a relative spatial reference measurement
system has most commonly been used, the angle measuwred being
that between the pelvic segment and the thigh segment.

Murray et al. (19464}, using a photographic technigue, found
values of 30° flexion and 10° extension at the hip during
level walking. They observed that maximum hip flexion
ocourred at Initial Contact and that the hip extended as the
trunk moved over the supporting limb. They noted that the
termination of ipsilateral hip esxtension at approximately S0%

of the gait cyele coincided with contralateral Initial
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Contact. Johnston and Baidt (1949) used an electrogoniometer
to measuwre hip angle during walking and recorded a mean of
372 flexion and 15° extension. They ohserved that extension
began just prior to Initial Contact and then gradually
increased wuntil the end of Stances; flexion began just before
End of Weight Bearing and continued until just prior to
Initial Contact. Inman et al (1981} stated that maximum hip
flexion occurved at 834 of the gait cvcle while Nilsson et
al. {(1985) placed the onset of flexion during Double Support
at 324 to 55% of the gait cvocle. Both Smidt (1971) and
Milsson et al. (1983) found that increased walking velocity

led to an increase in the net amplitude of hip motion.

Sagittal fxis/Coronal Plane

Displacements about a sagittal axis in a coronal plane
are commonly referred to as abduction and adduction or
lateral flexion.

Thurston et al. (1981) used an absolute spatial
reference system to measwre angular trunk displacement in the
coronal plane. They calculated a displacement of
approdimately 7° from midline to each of the right and left
sides. The maximum displacement occocurred during Stance
Phase, ipsilaterally at approximately 15% and contral aterally
at approximately 704 of the gait cycle as the trunk flexed

laterally to the side of the supporting limb. Similar



results were obitained by Thorstensson et al. (1987 and
Thurston and Harris (1783). Thorstensson et al. (1984) found
that the trunk tilted to the ipsilateral side at Initial
Bontact and reached its maximum lateral flexion early in
Double Bupport.

Inman et al. (1981} raported that the pelvis was level
at Initial Contact, dropped to the side of the limb
approaching End of Weight Bearing during Double Support, and
then, shortly after End of Weight Bearing, rotated back to
level position which was maintained until the next Initial
Contact. Thurston et al. (1981) and Thurston and Harris
{(1983), using an absolute spatial reference system, found
that a mean maximum pelvic angular displacement of ge
ooourred during Swing, contralaterally at approximately 18%
and ipsilaterally at approximately &7% aof the gait cycle.

The angular displacement of the hip during level walking
was measuwred with an slectrogoniometer by Johnston and Smidt
(1956%). They found a total excursion of 12° of which 7° was
abduction and 5 was adduction. Maximum abduction occurrad
during Swing and maximum adduction occurred at Mid Stance.
Inman et al. (1981} reported similar values with maximum
abduction ococurring at 70%Z and maximum adduction at 20% of

the gait cvocle.
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Vartical AxissTransverse Flane

Displacemsnt about a vertical axis in a transverse plane
is commonly referred to as axial rotation.

FHurray et al. (1964, 1964) used overhead photography to
measuwre trunk rotation relative to reference markings on the
ground. They found a high degree of variation between
subjects but, on average, maximum rotation of the thorax was
approximately 7° and occurred at Initial Contact with the
thorax rotating to the side of the advancing foot. Similar
results were obtained by Chapman and Hurokawa (19469 who used
a mechanical external reference system. Gregersen and Lucas
(1767} used transducers attached to Steinmann pins inserted
into vertebral spinous processes to measure the relative
rotation between vertebrae and sacrum during level walkina.
They found that maximum rotation of approximately &° and 8o
occurred at the Ty and Ls levels, respectively with no
displacement observed at the Ty level. They concluded that
Tr was an area of transition between vertebral rotation in
the direction of the shoulder girdle superiorly and in the
direction of the pelvic girdle inferiorly. Lumsden and
Morris (19468) used a similar technique to eeasure the
relative rotation at the lumbosacral joint and found a mean
displacement of 1.3° which incrsased as walking spsed
increased. Thurston et al. (1981) also measured rotation of

the trunk relative to the pelvis and found a maximum



displacemsnt in the lumbar spine of 8° which occurred at
Initial Contact, resulting in rotation of the upper trunk
towards the side of the advancing limb.

Rotation of the pelvis with respect to an external
reference was measurad by Murray et al. (1964, 19&4) who
found a great deal of variation between subjects. They
calculated a maximum excursion of approximately 10® which
ooccuwrred at Initial Contact, resulting in rotation of the
pelvis away from the side of the advancing limb. Chapman and
Eurokawa (19467) measured a similar amount of rotation and
also noted that the point of reversal of rotation occcurred at
End of Weight Bearing. These findings were supported by the
data of Butherland and Hagy (1972), Thurston et al. (1981)
and Thurston and Harris (1983).

Thoracic and pelvic rotation are 0° gut of phase, i.e.
at Initial Contact the thorax is maximally rotated to the
ipsilateral side while the pelvis is maximally rotated to the
contralateral side. Murray et al. (1964) proposed that this
reciprocal motion has a damping effect which contributes to
smoothness of forward translation of the body and, according
to Thurston and Harris (i983), this reciprocal motion between
thorax and pelvis maintains the orientation of the head in
the direction of the plane of progression.

Hip motion relative to the pelvis was measured by

Johnston and Smidt (1946%) using an electrogoniomster. They



found a total range of motion of 13° of which 9° was external
rotation and 4 was internal rotation. HMadimum external
rotation cccwrred during Swing while maximum internal

rotation gococuwrred at Mid Stance.
TRUMKE MUSCLE AaCTIVITY DURING LEVEL LOCOMOTION

Waters and Morris (1972) stated that, compared to the
lower limb, little attention had been paid to muscles of the
trunk during ambulation. While research on trunk muscle
activity during locomotion has been published in the
intervening vears, the bulk of gait research continues to he
focused on the lower limb.

The body responds to external forces by contraction of
muscles and electromvography (EMB) can be used as an indirect
indicator of muscle activity (Asmussen % Klausen, 1962;
Grieve, 197&). Tichauer (1971} stated that the surface EMB
signal from the srector spinse muscle is a reliable indicator
of the moment exerted on the lumbar spine. ﬁlthnugﬁ EME has
been used to study trunk muscle activity dwing sitting,
standing and lifting, comparatively few studiss have bsen

carried out during walking.

Fhasic Sctivitv of Muscles

The relationship of onset, peak and cessation of

myoslectric activity to the gait cvele can be meassured.
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Battye and Joseph (1%446) monitored the electrical activity of
the right erector spinas during level walking and found two
distinct periods of activity coincident with the Doubls
Support phases of the right gait cvcle. Examination of their
data shows that muscle activity in the first Double Support
phase began at 76% of the previous gait cyvole and continued
urttil 9% of the gait cyecle: activity in the second Double
Support phase extended from 43% to 57%4 of the gait cycle.
Letts et al. {1978} recorded activity from right and left
paraspinal muscles and found biphasic and some triphasic
activity within the gait cycle. They found that the phases
of activity coincided with the Double Support periods and
that the duration of the activity of sach muscle group was
symmetrical. Carlson and Thorstensson (1981) recorded
activity from lumbar back muscles bilaterally and also found
two main periods of activity per gait cvcle at Initial
Contact. In addition, they monitored muscle activity when
the trunk was positioned at different inclinations and found
that the period of activity of the lumbar muscles became more
synchronous when the trunk was in flexion. Thorstensson et
al. {(1782) measwred eslectrical activity of right and left
longissimus and multifidus and also found a biphasic pattern
that was similar on each side. 6 burst of myoelectric
activity was seen bilaterally just before Initial Contact of

both ipsilateral and contralateral feet with the ipsilateral



burst consistently preceding the contralateral burst by 9% to
104 of the gait cycle. They noted that the two periods of
electrical activity occurred during or at the end of an
angular displacemsnt directed backwards in the sagittal
plane. These also coincided with activation of hip and leg
extensor muscles. In addition, they observed bilateral
symmetrical activity when sagittal plane movements
predominated and asymmetrical activity when coronal plane
moavements predominated. On the basis of a biomechanical
model ;, Cappozzo (1983) predicted that trunk extensor musclos
would exert peak force just before or just after Initial
Contact.

Rectus abdominis was investigated in 10 subijects by
Shetffield (1%&62) who found no activity in the muscle duwring
level walking at a cadence of &0 steps par minute. Using a
biomechanical model, Cappozzo (1983) predicted that the
mechanical activity of trunk flexors {(abdominal muscles)
would be seall or abszent.

The activity of erector spinae and rectus abdominis was
measured simultanseously by HWaters and HMorris (197%). Theay
observed peaks of electrical activity in iliocostalis and
longissimus at contralateral Initial Contact and, less
freqguently, at ipsilateral Initial Contact. They found

rectus abdominis to he active in five out of ten sub jiects and
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this activity ocewred simultaneously with that of the back

muscles,

Aompunt of Electrical Sctivity

The amount of myoelectric activity generated during the
course of one gait cyecle can also be measwed. Guth ot al.
(1979) recorded the electrical activity of erector spinae in
20 normal subjects during level walking. They found activity
in the lumbar and thoracic parts of the muscle to be
approximately &4 and 5% respectively, of a reference
cmﬁtra&timﬁu They also observed significantly greater
activity on the right side compared to the left.

Thorstensson et al. (1982) found a difference in magnituds of
the two bursts of activity of erector spinas during level
walking. On the ipsilateral side they found the second
burst, which occuwrred at contralateral Initial Contact, to be
larger than the first burst which occcurred at ipsilateral
Initial Contact. Similarly, on the contralateral side they
tound the +irst burst, which occurred at ipsilateral Initial
Contact, to be larger than the second burst which occurred at
contralateral Initial Contact. Aas walking spesd increased
they observed that the total amount of eslectrical activity
also increased. Waters and Morvis (1972) studied the deep
back muscles and rectus abdominis simul tansously and found

that erect standing elicited activity in the back muscles,
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but none in rectus abdominis. During level walking they also
obsaerved that the magnitude of electrical activity of the
ipsilateral deep back muscles was giregater at contralateral
Initial Contact than at ipsilateral Initial Contact and was

not always present at ipsilateral Initial Contact.

Proposed Functions of the Trunk Muscles

s stated in previous sections, the upper body segments
are displaced linearly and angularly in all threes glanes
during locomotion. Therefore, trunk muscle activity can be
related to motion in any or all planes.

In the sagittal plane, Battve and Joseph (1944} proposed
that the back muscles contracted simultaneously to prevent
the body from falling forwards. Waters and HMorris (1972)
also proposed this function for the back muscles. They noted
that a ground reaction force greater than body weight is
appliaed to the foot shortly after Initial Contact. This
force is transmitted from the foot to the lower limb
segments, pelviz and trunk and, because the force passes
through the centre of gravity which lies anterior to the
vertebral column, it tends to flex the trunk. This trunk
flexion could be opposed by the contraction of erector spinas
that is observed at Initial Contact. This proposal was
supported by Carlson and Thorstensson (1981) and by

Thorstensson et al. (1982,
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In the corocnal plane, Battye and Joseph (194&) proposed
that contraction of the back muscles could prevent trunk side
flexion. Waters and Morris (1972) noted that the trunk is
displaced laterally dwing walking in order to balance over
the supporting liesb, and they proposed that the back muscles
contracted to stabilize the trunk in the coronal plane.
Thorstensson et al. (1982) cbserved that back muscles were
active during trunk side flexion and concluded that the
muscles acted to restrict motion in the coronal plane. From
a biomechanical model, Cappozzo (1983) calculated that a
moment would be exerted asbout the sagittal axis by
contraction of the trunk side flexor muscles and that the
magnitude of this moment would be half of that exerted by
trunk extensor muscles about a coronal axis.

In the transverse plane, Battve and Joseph (1964}
proposed that bilateral contraction of back muscles would
prevent unwanted trunk rotation. On the other hand, Waters
and Morris (1972) proposed that activity of the back muscles
at Initial Contact exerted a force that contributed to the
narmal thoracic and pelvic rotation seen during level
walking. Gracovetsky (1983) proposed that asymmetrical
activity of paraxial muscles during spinal flexion in the
sagittal élana will result in the generation of an axial
torque, because of coupling. He postulated that lateral

flexion of the trunk is sufficient to induce counter rotation
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in the transverse plane of the hip and shoulder and suggested
that the pelvis is driven by the spine, not by the lowsr
limb. He also proposed that the ipsilateral erector spinas,
pEoas, latissimus dorsi and trapezius are responsible for
lateral trunk flexion and therefore cause pelvic and shoulder
rotation.

Trunk muscles may also act as stabilizers. Waters and
Marris (1972) proposed this function for rectus abdominis
which they thought might exert a stabilizing force on the
trunk. Letts et al. (1978) stated that the role of the
paraspinal muscles in gait was poorly understood; from their
results they concluded that reciprocal paraspinal activity
cauld have a major role in stabilization of the vertehral
calumn during locomotion. Carlson and Thorstensson (19813
contended that the primary function of the back muscles
during locomotion is to control the stiffness of the trunk,
thus restricting motion, and to maintain the trunk in the

upright position.
CONTROL OF LOCOMOTIOM

Walking is a synchronized, complesx pattern of movemsant
requiring close co-ordination between the musculoskeletal
apparatus and the nervous system (Lamorew:, 1%71). During
locomotion the body must be propelled smaothly forward in

such a way that a minimum of effort is expended, and



axcessive mechanical stimulation of the sensory organs of
eyes and labyrinth is avoided (Cappozzo, 1981).

Investigations of the control of locomotion have bhesn
carried out in fish, amphibians, arthropods and mammals
(Fearson, 19746; Grillner, 1981). Euperiments with
cockroaches have shown that there is a group of
interconnected neurons in the spinal cord that appear to
generate a reciprocal rhythm in the hind legq. In the spinal
cord of the cat there is a central pattern generator for sach
leg that is responsible for activating the limb muscles in
the correct sequence for locomotion te occur. Removal of
afferant input to the cord by transecting the dorsal roots
does not change the temporal sequence of muscle activation,
but that activation doss become more suscreptible to
disruption. Therefore, stereotyped locomotor movements in
both cockroach and cat appesar to be generated by groups of
newrons, called the central pattern generators, located in
the lower levels of the spinal cord (Pearson, 1974 Brillner,
1981,

From the results of studies on cats, it would appear
that initiation and maintenance of walking, plus modification
of walking patterns in response to changes in terrain, are
gaverned by higher centres. Locomotor centres have been
found at different levels of the brain stem in the

subthalamic locomotor region, the mesencephalic locomotor
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region and the pontine locomotor region. It is thought that
these higher centres command and control the sterectyped
locomotor patterns at spinal cord level by way of the
rubbrospinal , lateral vestibulospinal , reticulospinal and
cosrulaspinal tracts (Brillner, 1981).

In addition to influesnces from higher centres, the
neurons of the central pattern generators of the intact
animal also receive sensory input from the limbs. This
peripheral input regulates the duration and amplitude of the
different phases of the gait cycle. During the Stance phase,
a load is exerted on the extensors of the hip. &6t the end of
the Stance phase the inad decreases and this is thought to
promaote the initiation of the hip flexion that is reguired
for Swing phase. It has also been found that flexion is
initiated when the hip joint is placed in the position in
which flexion would novrmally begin, and extension is
initiated when the joint is placed in the position in which
edtension would normally begin. Finally, movement in the
direction of flexion reinforces flexor muscle activity and,
if movement in the direction of e%tensian ooours, flexor
muscle activity decreases (Grillner, 1981).

Co~ordination of locomotor activity is effected by the
cerabellum which receives input from the periphery, the
central pattern generators of the spinal cord and higher

brain centres. Output from the cerebellum can, in EUFT
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indirectly modify output from the central pattern generators
via descending pathways from the reticular formation,
vestibular nucleil and red nucleus. Thus the basic motor act
of walking appesars to be a stereotyped pattern, howsver
precision of performance depends on sensorisotor integration
of visual, vestibular and somatosensory elements (Grillner,
i981; Conrad et al., 1983).

Changes in walking surface or terrain regquire

modification of locomotor patterns. According to Conrad et
al. (1983}, high external demands require a wide spectrum of
sensory clues and the individual may respond to compl ey
locomotor demands by using a protective gait mechanism. This
is executed avtomatically and consists of a walking pattesrn
in which bipedal contact is prolonged, the surface area of
monopedal contact is increased (“flat foot") and speaed is
decreased, resulting in increased stability. This protective
gait mechanism can be seen when an sxperimental animal is
made to walk up or downhill., During uphill walking, the hind
limbs extend further posteriorly and the forelimbs are placed
differently. The reverse occurs during downhill walking.
The purpose of these adjustments iz to enhance balance by
maintaining the centre of gravity between the moving points
of support (Grillner, 1981).

It can be seen that locomotion is a complex mobor

activity with a basic rhythmic pattern which can be carried
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out avtomatically, but which can be modified, corrected and
adapted in response to changes in the environment and in the

volition of the animal or person (Grillner, 1981).

ETAIR CLIMBING AND DESCENT

fndriacchi et al. (1980) stated that stair climbing and
descending are common activities of daily living. However,
the kinematics and kinetics of these activities are different
trom level walking and there is the potential for significant
variations in the way different people climb stairs.

Gtair climbing consists of elevation of the body on to
the next highest step while stair descent consists of
lowsring the body to the step below. The dominant motions in
these two activities take place in the sagittal plane (Joseph
% Watson, 19&7; Townsend & Tsai, 1976; &ndriacchi et al.,
128063 .

Jozeph and Watson (19467} found that both stair climb and
stailr descent had Stance, Swing and Double Support phases.

In stair climb, Stance phase constituted approximately 714,
Swing phase approximately 29% and Double Bupport phases 29%
of the gait cyclep in stair descent, Stance phase constituted
approximately &34, Swing phase Z74 and Double Support phases
20% of the gait cycle. Corlett et al. (1973 investigated
both staie and ramp walking and cbhserved that the cvele

duration in stair descent was less than that in ramp descent
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when the stair riser was 15 cm high and the slope of both
stairs and ramp was 209,

Displacements of lower limb segments during stair climb
and descent have been measured. Townsend, Lainhart, et al.
(1778} observed that foot clearance in stair climb was
accomplished by hip and knee flexion. In stair climb
Andriacchi et al. (1980 found that the maximum valus of hip
flexion in Btance was 33.8° and in Swing was 40.8=. At
Initial Contact the hip was flexed, as the limb moved into
Stance the hip moved into extension and thiszs continued until
End of Weight Bearing. From End of Weight Bearing to Mid
Bwing the hip moved into flexion, while from Mid Swing to
Initial Contact the hip moved from maximum flexion into
extension. In stair descent they found that the maximum
value of hip flexion in Stance was 13.4° and in Swing was
23.0=, &t Initial Contact the hip was slightly flexsd, at
End of Weight Bearing it was maximally flexed, while during
Swing the amount of hip flexion decreased. They also found
ne significant difference in the amount of hip flexion in
Hwing phase between stair climb and stair descent.

The majority of investigators of stair walking who used
sglectromyvography as a tool have studied lowsr limb muscles.
Tawnsend, Lainhart, et al. (1978) related rectus femoris and
hamstring activity to trunk stabilization in both stair climb

and descent. During these activities they found that rectus



femoris and hamstrings were simultaneously active. They
proposad that during Stance, rectus femoris was acktive tg
pull the trunk {forward over the supporting foot while
hamstrings were active to provide support. Dwing staie
climb hamstring activity was higher in subjects with graater
forward trunk inclination, especially during the sscond
Dauble SBupport phase. During stair descent hamstring
activity was greatest during late Stance. Overall, they
found that the patterns of lower limb muscles were more
variable during stair climb than during stair descent.
fAndriacchi et al. (1980} stated that there were differences
between the patterns of slectrical activity of lower limb
muscles in stair walking compared to level walking. These
differsnces were evident in those muscles responsible for
vertical displacement of the body ie. hip and knees sxtensors
and ankle plantarflesors in stair climb, knee extensors and
plantar flexors during stair descent. Lyons et al. (1983
studied the hip extensors and found that less myaelectric
activity was generated in stair descent than in stair climb
ar level walking.

Back muscle activity during stair climb was studied by
daseph and Watson (1967 They found that myvoelectric
activity occouwrred at both ipsilateral and contralateral
Initial Contact. From their description, it appears that the

maximum peak of activity occuwrred during contralateral
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Initial Contact. They stated that both erector spinas
muscles contracted simultaneously in sarly SBtance during the
time that the trunk inclined forward and the body was
displaced vertically. They proposed that this anterior trunk
inclination assisted the forward displacement of the body and
that bilateral erector spinae contraction controlled the
amount of forward inclination of the trunk. They also
observed that the contralateral erector spinas showed marked
activity duwring the latter part of Stance but stated that
they could not offer an explanation for this. During stair
descent, biphasic erector spinae activity was also seen and
gpoowred in the Double Support phase. 1t was propossd that
the bilateral contraction of srector spinaes prevented trunk
flexion. Large variations in muscle activity were ssen
within subjects between trials during different sessions and
this was attributed to the fact that individuals may walk up
anﬂkﬂuwn stairs with varying degrees of trunk flexion, thus
giving rise to variable electromyograms.

Studies of energy expenditure during stair walking have
also been carried out and it was shown by Corlett et al.
(1972} that stair climbing was more efficient in terms of
physiological cost than ramp climbing and that steps with
high risers were more energy efficient than those with low
risers. Fitch et al. (1974) ohserved that the pattern of

energy expenditure was different in stair walking from that
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in ramp walking or level walking. During the latter two
tyvpes of lncmmatiwﬁ, subjects generally chose a speed of
ambulation at which total energy cost per unit distance was
minimal , however the spesd chosen during stair climbing was
seldom the most economical in terms of total snergy expended.
They also noted that, at the usual rate of climbing, the
enargy cost fell as stairs became stesper, but tﬁat the rate
of energy expenditure was greater for stairs with high as

opposed to low risers.
RAMF CLIMBING AND DESCENT

Few kinematic studiess have been donge of ramp walking,
also referred to as grade, slope or incline walking. Dean
(1765) considered ramp walking to be more comnplex than level
walking.

Drillis (1958) obsesrved that individuals adapted to
insecure situations such as walking in the dark, on ice or
ascending and descending slopes by taking shorter steps.
However, Bobbert (1960}, in experiments using a treadmill,
found that stride length remained essentially the same when
the gradient was changed, but that cadence decreased when the
slope exceeded B8=. Dean (19465} found that cadence was
unatfected for slopes up to 79, Gray and Basmajian (19&8)
observed that walking speed increased during ramp descent and

attributed this to acceleration due to gravity. Waters and
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Morris (1970} +ound that the mean cycle duration for walking
ug a 5° incline was 1.2 seconds.

With respect to displacement of the body, Dean (1965
stated that, given a sufficiently steep grade, the vertical
motion of the trunk would no longer be oscillatory, but
rather would be a smooth rise or fall. Gray and Basmajian
(19468} studied the displacement of the leg and foot during
ramp walking and observed that in climbing the foot tended to
be placed flat on the surface of the ramp rather than heel
first which is the usual point of initial contact during
level walking. They proposed that the slope of the ramp
acted like an obstacle to the foot which could be cleared by
increasing hip or knee flexion. They also observed increased
evarsion of the foot during ramp climbing and proposed that
this madification possibly resulted in smoother, more
efficient gait. Tokuhiro et al. (1985) observed that hip
flexion was less in ramp descent than in ramp climbing.

Muscle activity of the leg during ramp walking was
studied by Gray and Basmajian (12468} who found that all
muscles except tibialis anterior showed lower mean activity
levels in ramp descent compared to level walkingnv They
explained this finding on the basis of gravity assisting the
descent of the body, therefore less muscle activity would be
reguired. However, they also recognized that walking speed

increased during ramp descent because of the sffect of
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gravity and that this might regquire increased muscle activity
to control the ﬁegcent aof the body. A similar proposal was
put forth by Pimental et al. (1982) who stated that
concentric muscle contractions would also oocur during ramp
dezcanﬁ because the body is raised during the stepping cycla.
Waters and Morris (1970} studied trunk muscle activity dwring
ramp walking. They used‘a treadmill set at a 5° upward
incline and found that the myoelectric activity of erector
spinae and rectus abdominis was similar to that seen in level
walking.

The efficiency of ramp walking has also been studied.
Dean (12465) stated that the enesrgy expenditure would increase
in ramp climbing above a 20% grade, presumably reflecting the
increased modification of limb activity but also due to the
increasing tendency to incline the trunk forward. He
calculated that the energy expenditure would be increased by
approximately 21% when the trunk was inclined 45e anteriorly.
Corlett et al. (1972) aeasured cardiac cost and O ygen
consumption in ramp and stair climbing and found that these
waere slightly higher for ramps compared to stairs of the same
slops. They also correlated body weight, leg length and
oxygen consumption in ramp climbing and found the strongest
correlation with energy cost to be leg length. Fitch et al.

(1974} observed that subjects will tend to choose an optimumn
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speed for ainimum snergy expenditure when climbing a ramp.
They stated that energy cost per vertical meter decreased as
slope increased until the slope esxceeded 179, after which
snergy cost increased. #lso, ramps demanded a higher
expenditure of energy per meter rise than stairs. Howsver,
when ensrgy cost of both horizontal and vertical mnvamen£ Was
taken into consideration, a ramp with a slope of less than 8°
would be more economical than any stairway likely to be
encountered in the couwse of normal activity. They
recomnended that ramps be wsed for long horizontal or
vertical distances while stairs be used for short horizontal
ar vertical distances. During ramp descent, Pimental =t al.
(1982) observed that walking became more efficient as grade
increased and attributed this to the sffect of gravity which
helps to move the load in the reguired direction, therefore
the body muscles would be required to use fewer fibres during
contraction. However, they recognized that to maintain a
tixed rate of descent might require an‘inareaae in muscle
contraction and therefore an increase in odygen consumption
as the pull of gra%ity would have to be resisited and

controllaed.

TECHNIGUES FOR MOTION ANALYSIS

In the last 200 years many different technigues have

been used in an effort to investigate movemsnt of the human
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body. Luigi Balvani, in the late 18Bth century, ohserved that
electrical stimulation of the muscles of a frog resulted in
contraction. Some seventy-five years later, Duchenne applied
Galvani 's discovery to human muscle and observed the action
produced on the joint or Jjoints that the stismulated muscls
crossed. These sxperiments by Duchenne can be considered the
beginning of the scientific study of human movement
(Basmajian & Deluca, 1985). &t the end of the 19th century,
the new technology of photography was used by Marey in France
and Muybridge in the United States to record human motion
Winter, 1979). At the beginning of the 20th century, visual
inspection and palpation was used systematically by Besvor
(1903} to study the actions of muscles during specific
movements. Electromyography, a technigue based on Balvani ‘s
discovery that a contracting muscle generates electricity,
was first used scientifically as a tool teo investigate muscle
tfunction by Inman et al. (1944) in their study of the
function of the muscles of the shoulder (Soderberg, 1986).
Over the last forty vears, technical advancss in
slectronics and instrumentation have resulted in an increase
in the number of reliable and valid technigues for analvyzing
motion. Kinematic analysis can be done using direct
measurement technigues such as electrogoniometry, and by
using indirect measurement technigues such as photography and

video recording. Kinetic analysis can be done using force



plates and electromechanical dynamometers. The technigus of
electromyography can be used in both kinematic and kinetic
studies to provide indirect information about the pattern and
intensity of muscle contraction (Winter, 1979 Saderberg,
1984 .

Because a kinematic approach was used in this
investigation, a description of the technigues commonly used

in kinematic studies will be given.
BIRECT MEABUREMENT TECHMIGOUES
ELECTROGBOMIOHETRY

A goniometer is a device used to measure the angle
produced between two bony segments when motion ccours in a
particular plane. For clinical purposes, a simple device is
usad to measure joint movement; it consists of a protractor
to which has been attached two arms, mné static and one
movable. The static arm extends from the axis of the
protractor while the movable arm is riveted to the axzis of
the protractor and is free to move through 3&60°., The axis of
the goniometer is placed over the axis of joint motion and a
reading of the joint angle can be taken (Esch & Lepley, 1971:
Scott & Trombly, 1983,

In an electrogoniometer a potentiometer is substituted
for the protractor. There is a linear relationship between

the shaft angle of the potentiometer and its electrical
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resistance. Therefore, if the device is mounted such that
Joint motion causes movement of the shaft of the
potentionster, a voltage applied acrass the potentiometer
will be varied. Changes in joint angle will result in
changes in the output voltage of the circuit containing the
potentiometer. The output voltage can be relaved to a
variety of output display and recording devices where the
changes in voltage can be recorded in degrees {(Liberson,
17635 Peat et al., 197&4; Brown et al., 1979).

The advantages of electrogonimeters are that they are
relatively inexpensive and that the output is available
immediately, is sasy to interpret and can be converted to a
digital signal for storage on computer disc (Sutherland %
Hagy, 1972; Winter, 1979; Gowitzke & Milner, 1980). The
disadvantages are that electrogoniometers give relative, not
absalute data on joint motion, measurement of multiascial
joints requires very complex instruments, they may reguire an
inordinate amount of time to fit and align and, because they
are attached directly to the body, they may interfere with
normal motion (SButherland & Hagy, 197%; Winter, 197%; Yack,
1784). In addition, errors may occur hecause of slippage of
the electrogoniometer on the underlying skin, and because the
linkage of the system is located outside the joint while
motion is actually occurring inside the joint (Johnston &

Smidt, 194%; Bmidt, 1971; James & Orr, 1982). According to
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Yack (1984}, when using a triaxial electrogoniometer, errors
in transverse and coronal plane measurements are likely to

oocouwr as displacement in the sagittal plane increases.

INDIRECT MEABUREMENT TECHNIGUES

PHOTOGRAFHY

Two photographic technigues have besn used to record
body motion — multiple exposure still photography and
cinematography. In both these techniques the subject is free
to move unhindered by any external measuwement instruments

{(Bmith, 1975).

Multiple Exposure Still Photooraphy

In this technigue a still camera is used to take
muiltiple images of a particular motion sequence on a single
photograph. This is done by keeping the camera shutter open
forr the duration of the motion sequence. Over this period of
time the single frame of the film is exposed many times by an
interrupted sowce of illumination with the result that
multiple images are produced because the body is in a
different position at esach exposure (Brieve & Gear, 194b4;
Winter, 197%.

G E5 mm still camera or a Polaroid camera positionsd at
right angles to the plane of progression can be used to

record motion in one plane (Grieve & Gear, 196&4: Smith, 1975:



Gowitzke & Milner, 1980). To record motion in all three
planes simultansously, Cappozzo et al. (1978} used four 3% @mm
camsras placed in stereoscopic pairs with convergent optical
S EE.

A variety of methods can be used to illuminate the
subject. The intervrupted light method is carried out in a
darkened room using a strobe light mounted directly below the
camara. Each flash of the strobe light will illuminate the
subtject for several milliseconds and the flash rate can be
set to repeat at regular intervals. With sach flash, an
image will be recorded on the film. Flash rates of 20 to 30
per second can be used and knowledge of the rate allows the
time dimension to be recorded on the film. Dots or strips of
reflective tape are placed on anstomical markers or along the
long axes of limb segments of the subject to provide the
image which will consist of a series of dots or bars on the
single photograph. The subject should be photographed
against a matte black backdrop which has scaling markers at
the bottom of the field of view (Murray et al., 19&4, 19469;
Smith, 1973; Winter, 1979; Gowitzke & Milner, 1980).

& second method of illumination is the rotating slit
shutter. In this technigue a rotating disc is placed
immediately in front of the camera lens. The disc has a slit
cut in it which serves as a shutter opening, and it is driven

at a constant speed which corresponds to the flash rate of
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the strobe method. Small light bulbs placed at joint centres
o reflective markers placed along the axis of bhody ssgments
are used and the subject is also photographed against a black
backdrop (Eberhart & Inman, 1951; Smith, 1975).

A third method of illumination is that used by Cappozzo
et al. {1978) who attached light emitting diodes (LEDs) to
anatomical landmarks and then photographed the maving
subject. The LEDs were activated for a period of three
milliseconds and flashed at the rate of 30 per second.
Multiple images of the LEDs were recorded on film.

In sach of these techniques the end result is a
photograph of a "stick® diagram or of a series of dots in
which the position of the limb segments or of the bBody
markers is recorded at egual intervals of tims. Joind angles
can be measwed directly from the photograph, and ¥ and ¥
co-ordinates of the illuminated points can be determined. If
the strobe or disc rotation rate is too high, the photograph
will contain multiple images that are so closs toagether as to
be undecipherable. Too low a rate will result in a
photograph with only two or three recorded images for the
entire smotion and which therefore lacks sufficient detail
(Smith, 1975; Winter, 1979%; Gowitzke % Milner, 1280},

The advantages of multiple exuposure still photography
are that it is inexpensive and, if a Polariod camera is used,

results can be available immediately. The disadvantages are
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that the multiple images on one photograph tend to limit
measuremant to range of motion, the flashing light in the
strobe method may be distracting for the subiject, and the LED
mathod must be carried out in a darkened room and this may

interfere with normal gait (Winter, 1979).

Cinematography

In this technique, a cine camera is used to take
multiple photographs of a particular motion seguence. As
with the multiple exposure technique, successive images are
obtained of the displacement of body segments and measurement
of linear and angular displacements can be made directly from
each image (SBmith, 1975; Yack, 19843,

fccording to Winter (1979) 16 mm cine cameras are most
frequently used in motion studies. Cameras may be spring
drivaﬁ or may be powered by batteries or an ac sowce. The
rate at which the film passes through the camera should be
constant and should be low enough to record the esntire svent
undear investigation, but nut =0 high as to waste film and
require extra lighting. Frame rates of 48 per second or
higher have been used in gait studies by Eberhart and Inman
(1931}, Liberson {(1945) and Brandell (1977). Smith (1975
recommended that frame rates betwsen 32 and 100 per sscond be
used in motion analysis studies because higher rates were

wvasteful of film. However, cine recording is essentially a
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means of sampling bhuman motion, therefore, according to
Winter (1979), the Sampling Theorem can be applied to
determine the optimum film rate at which su%%icient images
can be recorded in order to result in a valid kinematic
analysis. The Sampling Theorem states that “"the process
signal must be sampled at a fregquency at least twice as high
as the highest frequency present in the signal itself®
(Winter, 1977, p.28) In practice however, the sampling rate
is usually four to five times the highest sample freagusnoy.
Because human movement has been found to contain freqguencies
of up to five to six Hertz (Hz), the frame rate of the cine
camera should be 24 to 30 frames per second (Winter, 1979).
Winter (1982) carried out a biomechanical analysis in which a
caomparison was made betwsen the results when the the frame
rate was 50 per second to those when the frame rate was 295
par second. He found the differences to be negligible and
theretore recommended that a2 standard cine camera at a frame
rate of 24 per second be used for normal and pathological
gait studies. The advantages of using a standard camera are
that it is less expensive than a high speed camera and the
lower frame rate results in less film being used. |

Une or more cine cameras can be used to film movement.
To acquire thres-dimensional data, Sutherland and Hagy (19732}
used three cameras placed orthogonally to the three planes.

Timing devices on the cameras marked all three films
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simul tansously to ensure that the recordings were
synchronous. fccording to Gowitzke and Milner {13807,
three-dimensional information can bhe obtained using two cine
cameras, provided that they are placed in such a way that
marked body segments are in the field of view of sach camera
at all times.

Film can be synchronized with events in the gait cvcle
by using timing devices inside the camera or in the field of
view (Sutherland & Hagy, 1972: Smith, 1979). Synchronization
af film with electromyography has also been dones. Gray and
Basmajian (1948} recorded the EME signal on the magnetic tape
edge of 8 am film. Sutherland and Hagy (1972} used an
adapted camsra to film simultansously the subiect walking and
the EMB tracing on an oscilloscope. Brandell (1977)
synchronized film and EME by using simultanesous spike
artitacts on the EME recording and a light blink in the field
of view of the cine camera.

Az with multiple sxposure still photography, markers
must be placed on the body in order for consistent
measuwrements to be taken from the cine film. It is
recommended that black disc masrkers approximately 2.5 cm in
diameter be placed over specific bony landmarks close to the
Joints or on joint lines. The centre é% gravity of sach body

segmnant may also be marked, but the disc may shift due to



muscle contraction beneath the skin (Sutherland & Hagy, 19732
Bmith, 19753; Gowitzke & Milner, 1980).

& raefterence system is also required in order to relate
displacement of body markers to the space through which the
body moves. A distance scale and reference axes can be
placed on a black cloth backdrop against which the subject is
photographed. In this way, measurements of distance on the
image can be converted to real distance by applving the
appropriate conversion factor (Smith, 1975: Gowitzke %
Milmer, 19803 Yack, 1984).

After the film is developed, it is viewed by means of a
special projector that can advance the film one frame at a
time. The image of sach frame is digplaved on a screen that
is set at a right angle to the axis of the lens of the
projector. Dirsct measurement of displacements can be done
on the projected image by using a ruler, protractor and
dividers, however this is impractical for long runs of film
as data extraction is extremely time consuming. & digitizing
tablet or slectronic grid interfaced to a computer can be
used to decrease the amount of time spent in data extraction.
The image is projected onto the surface of the digitizing
tablet and the body markers in the image are touched with a
cursor oF special electronic pen. This causes a signal to be
sant to the computer and this signal can be stored as an ¥

and a ¥ co-ordinate. A computer program can be written to
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label the reguired number of body markers and it is
recomnmended that a pattern recognition feature be written
into the program to determine whether the markers have been
digitized in the correct sequence. It is recommended that
any computer program designed to store digitized
co-ardinates, apply correction factors and manipulate data be
tested carefully to ensure that it is reliable and that the
data generated are valid (Sutherland % Hagy, 1972: Smith,
1975; UWinter, 197%; Gowitzke % Milner, 1980).

& number of souwrces of error can occur with the
cinematographic technique (Cappozzo, 1981). These include
lack of definition of the film image, shifting of markers,
optical distortion, errors in data extraction, and loss of
information due to smoothing of the data (Smith, 1975). If
the developed film is grainy and the image is lacking in
definition, it may be difficult to detect the disc markers on
the projected image, leading to inaccurate location of
reference points. Shifting of markers may occur bhecause of
muscle contraction beneath the skin or because of stretching
of the skin during movement. According to Cappozzo (1981)
this movement of markers is unavoidable but can be minimized
by careful choice of marker locations. Optical distortion
may result because motion will not alwayvs ococwr only in a
plane perpendicular to the camera axis and movement toward or

away +rom the camera will result in apparent changes in body
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dimensions. This “"parallax error" can be minimirzred in three

ays: first, by placing the camera as far away from the

z

subject as possible (approximately 4 to 12 m) as this will
reduce the size of the angle hetween the camera and a bBody
marker; second, by keeping the sxis of the camera at a right
angle to the subject throughout the movement; and third, by
incorporating a mathematical correction for the error intno
the computational formulae used to calculate displacements.
Errors in data extraction can ocour during the digitization
process and these result from malalignment of the cursor or
spacial pen on the image of the anatomical marker. Smoocthing
af the data can result in loss of genuine information in
addition to the removal of extraneous information. This can
be minimized by selecting an appropriate snoothing technigus
(Eberhart & Inman, 1951; Gray & éaamajian, 1248 Butherland &
Hagy, 19723 Smith, 1975; Winter, 197%; Gowitzke & Milner,
19803 Cappozzo, 1981; Winter, 1983).

The advantages of cinematography are that it offers no
restriction to movement, the process of filming is not time
consuming, it provides absolute as opposed to relative
co-ordinates, and it produces a permanent visual record of
the motion. The disadvantages are that equipment, purchase
and processing of film are expensive, and the amount of tims
required to extract the data from each frame of film can be

lengthy (Winter, 197%).
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VIDEOD RECORDING

In this technigue a television (TV) camera and video
recording system are used to capture changes in displacement
of body segments. The recording can be plaved back in slow
motion or frame-by-frame and it can be converted into a
digital format by TV-computer interface (Minter st al.,
1972a). The field rate of TV cameras in Morth America is &0
Hz , therefore the sampling rate can be considersd high enough
to be appropriate for normal and pathological gait studies
{(Winter, 1982).

The TV camera should be aligned in such a way that the
axis of the camera lens is perpendicular to the plane of
progression. The camera and a monitor can be mounted on a
cart approximately T m from the walkway. The mobile cart
allows the subiect to be tracked during motion whéla the
manitor allows focus and lighting to be adiusted sasily
{Winter, 197%; Gowitzke & Milner, 1980).

fis with cinematography, video recording can be
synchronized with events in the gait cvcle and with the
electromyogram (Letts et al., 1975; Dubo et al., 1974; Fare
et al., 1981.

Retlective body and background reference markers are
also used in this technigque. The subject moves against a
black matte backdrop and the lighting is adjusted to provide

a very high contrast image. Thus the image recorded is of
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white dots against a black background and this enables a
one-bit conversion of the data for computer analvsis (1 for
white, inside a marker; O for black, outside a marker}. A
computer program can then be used to calculate the centre of
the markers, apply correction factors for aptical distortion,
and determine the absolute co-ordinates (Wintsr et al.g,
1972a).  In addition, linear and angular displacements can be
measured directly from the image on the monitor screen {(Yack,
1984,

The advantages of video recording are that the cost of
equipment is not high, the technique offers no impediments to
movement, minimal time is required to attach body markars,
absolute as opposed to relative co-ordinates are producsd,
and a record of movement that can be replayed instantly and
repeatedly is produced. The disadvantages are that extra
lighiing is regquired and that the maximum field rate of A&O0H:
may not be sufficiently high to capture very rapid motion

(Winter, 1979, 1982).
OFTOELECTROMIC TECHNIDUES

In recent vears the use of TV cameras interfaced to
computers has given rise to two automated motion analvsis
systems — Selepot and Vicon. The principle behind bhoth
systems is auvtomatic location and conversion to x and W

co-ordinates of anatomical markers (Winter, 197%9).



In the Belspot system infrared LEDs are used as
anatomical markers and are flashed seguentially in a
particular arder. The LEDs are connected to a power supply
and switching circuit by individual cables. The TV camesrza
uses a standard lens to focus the LED flash onto a special
seni -conductor diode surface in the focal plane of the
camera. The location of the image of the LED flash gives
risg to two signals, one for the = co-ordinate, the other for
the v co-ordinate. Because sach LED flashes sequentially in
a predetermined order, a series of % and yv co-ordinate
signals are generated for sach anatomical marker and can be
fed to a tape recorder or directly to a high speed computer
for storage (Winter, 1979; Bowitzke &% Milner, 1980; Nilsson
et al., 1985:.

The Vicon system consists of two to four TV cameras
which contain light sensitive diodes and which are interfaced
to a digital computer. Special electronic circuits scan the
¥ and v connections to each diocde. Strobe lights are mounted
near the lenses of the cameras and their flash rates are
Eynchrmnizéd with the field-scan of the camera. The cameras
are on line with the computer which samples at 20 millisecond
intervals.

Retlective markers are attached to anatomical landmarks.
Bright spots reflected from the markers will illuminate the

diodes and interface sensitivity is set to trigoer when a
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bright spot is scanned. In this way the position of each
anatomical marker is stored as an % ~ v co-ordinate pair
determined by the number of the TV raster line on which the
spot was encountered and the distance of the spot along that
line (HWinter, 197%; Thurston et al., 19813 Thurston & Harris,
198%; Hirtley et al., 1985).

In both systems a computer program identifies and labels
each marker, smooths the signal and performs data
transformations (fndriacchi et al., 1979; Winter, 1979},

The advantages of optoslectronic systems are that three
dimensional data can be generated, data extraction is done
guickly and random errors are minimized because all
calculations are done by the computer {Thwrston, 1985). The
major disadvantages are that the systeass are complex and
expensive. In addition, in the Selspot system ambient
infrafed radiation, variations in the intensity of the LEDs
and electrical disturbances can all distort the stored signal
{Bndriacchi et al., 197%9). In the Vicon system the markers
are not always in view or do not always trigger a signal,
therefore an interpolation algorithm must be used to provide
the missing data and this can be a source of error Hirtley
et al., 1985). Yack (i1984) recommended that optoelecktronic
systems be thoroughly tested to enswre that ths data they

generate are raliable and wvalid.
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EVICES TO RECORD TEMPORAL EVENTS

In studies of human locomotion foot timing information
is considered to be the essential synchronizing signal for
cﬁrrelatian‘o% all other data (Winter et al., 1972h).
Therefore, in a kinematic analysis, some method of
demarcating and recording the major svents of the gait cycle
ig reguired in order to caleculate accurately cadence, length
of cycle, and dwation of Stance and Swing phases. It is
also required in order to correlate accurately the position
af the foot with EFME signales and to determine accurately the
sequance of the points of contact of the foot during normal
and pathological locomotion (Eberhart % Inman, 1751; Gray %
Basmajian, 1968; Waters & Morris, 197%; Winter et al., 197Z2b;
Fitech et al., 1974: Cappozrzo et al., 197&4; Townsend, lLainhart
et al., 1978; Townsend, Shiavi et al., 1978 Gowitzke &
Milner, 1980; Bogardh % Richards, i981}).

Foot switches are the devicez most comnonly used to
demarcate the temporal svents in the gait cyvcle. A review of
27 gait studies revealed that foot switches of various tyvpes
were used in 21 or 7EY of the investigations. Other methods
used to indicate teaporal events included use of a special
walkway, photography, and use of a force plate (Milner et
cal.y 1971; Hinter =t al., i??ﬁh;lﬁﬁppazza, 1281; Mizrahi =t

al., 1982,
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In its simplest form a foot switch consists of a switch
connected in series in an electrical circuit powered by a deo
source. The switch is placed on the plantar surface of the
tfoot and is designed to close when the foot is in contact
with the floor; a device to record ocutput voltage can be
incorporated into the circuit Minter et al., 197Zb: Tata,
1980} . Foot switches can also be connected in parallsl with
different resistors in a circuit. In this way, closure of
gach individual foot switch will result in a voltage ocutput
that will be different from that of the other foot switches.
It then becomes possible to identify which points of the foot
are in contact with the ground at specific times in the gait
cycle (Tata, 19803,

Foot switches can be built inteo special shoes, attached
to the sole of the shoe or attached to special inserts that
it into the shoe. In all cases, the {foobt switchess should
not noticeably affect normal gait, should be capable of
giving reliable signals over long periods of use., and should
be capable of being used in all normal walking areas (Winter
a2t al., 1972h).

Lamoreusx (1971) conducted a gait study in which he used
a toot switch built into the heel of the shoe. Winter et al.
{1972k} designed a special shoe with five recessed
microswitches — two switches were placed in sach of the heel

and ball arsas of the sole and one was placed in the toe
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area. These adapted shoes were used in gait studies by Letts
et al. (1975, 1978) and Dubo et al. (197&6).

Waters et al. (1973) taped foot switches to the heel
area of the subject’s shoes and Dietz et al. (1979), in a
study of running, taped foot switches to the ball area of the
subject 's shoes. Two foot switches attached to the heel and
toe areas of shoes were used by Eberhart and Inman (19351,
Fitch et al. (1974} and Tokuhiro et al. (1989). Three point
attachment at hesl, ball and toe areas was used by Sheffield
(1962 and by Bray and Basmajian (19&8).

Multiple foot switches incorporated into shoe insoles
ware usaed by Townsend, Lainhart et al. (1978) and by
Townsend, Bhiavi et al. (1978). These switches controlled
the voltage output level of two amplifiers. Tata (1980) also
uzed foot switches attached to shoe insoles and placed the
switches at the heel, ball and toe areas.

Special walkways have also been used as a means of
delimiting temporal events. Milner et al. (1571) used an
aluminum walkway and fitted their subjects with shoss which
had wire mesh eslectrodes attached to the heel and toe areas.
When an electrode contacted the walkway, a voltage unigue to
that electrode was produced and recorded. Cappozze (1981
used a level walkway which had 5 mm wide adhesive metal
strips placed 1 mm apart attached to it. The sole of the

subiect ‘s shoe was also covered with the metal strips and,



when the shoe contacted the walkway, a signal was gensrated
and recorded. A similar system was used by Mizrahi st al.
{19832 .

The position of the foot in space can also be determinesd
using imaging technigues such as still and cinephotography,
video recording and optoelectronic systems. Murray et al.
(19864, 19646, 19469) determined the beginning and end points of
foot contact from multiple image photographs while Battye and
Joseph (1%964) extracted these data from cinefilm. However,
acvcording to Winter et al. {(1972b), this approach is limited
by the size and definition of the image and by the sampling
rate of the camera. Thorstensson et al. (1982}, using the
Selspot system, defined the different phases of the gait
cycle by relating them to the recorded angular displacement
of the ipsilateral knee joint.

& force plate can be used to determine the point of foot
contact and the end of forward progression in the Stance
phase. However, the use of this device is restricted to a
walkway and only one stride can be analyzed (Winter ot al,

197253 .
ELECTROMYOBRAPHY
THE MOTOR UNIT ACTION POTENTIAL

"The structural unit of skeletal muscle is the individual

muscle cell or fibre while the functional unit is the motor



unit. The motor wunit consists of the synaptic junction at an
alpha motor neuwron in the ventral horn of the spinal cord,
the alpha motor neuron plus its axon, the neuromuscul ar
Junctions, and all the muscle fibres innervated by that
particular alpha sobtor neuron Winter, 197%; Gordon, 1987
Basmajian % Deluca, 198%).

Muscle fibres from adjacent motor units interdigitate.
The territory of an individual motor unit is approzimatel y
one third of the cross-sectional area of the muscle in which
it is located (Basmajian & Deluca, 1985).

Motor wnits within a muscle vary in size depending upon
the function of the particular suscle. Small muscles
responsible for fine movements have few muscle fibres e
axon and are salid to have 3 low innervation ratio, whils
muscles responsible for gross movement have many muscle
tibres per axon and are said to have a high innervation
ratia. The sirze of the motor unit corresponds to the size of
its alpha motor neuron, with small motor neurons innervating
fewer muscle fibres than larger motor neurons (Gowdon, 1982
Basmaiian & Deluca, 1985:.

Excitation of the alpha motor neuron leads to
depolarization of the sarcolemma of each individual muscle
fibre within the motor wunit. This results in a mechanical
twitch. The multiple individual fibre depolarizations or

action potentials are collectively known as the mobor unit
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action potential. Becsuse all the muscle fibres in the motor
unit do not contract simultaneously, the slectrical potential
genaerated by the motor wunit action potential has a median
duration of 7 milliseconds (maec) (Basmajian, 1978).

The total amplitude of the motor unit action potential
is measwed in micro or millivolts. This amplitude is a
function of the number of individual muscle fibre action
potentials generated and also of the distance of the mobor
unit from the slectrodes used to record it. Bercause the
motor wunit action potential is dissipated into the
suwrrounding tissuses, the closer the placement of the
electrodes with respect to the contracting motor unit, thes
higher will be the potential recorded. Therefores the
amplitude of the motor wunit action potential depends not only
upon the size of the motor wunit that generates it, but also
upan the distance of the motor unit from the recording
electrode (Fleck, 1942; Basmaiian, 1978; Winter, 1979;
Basmaijian & Deluca, 198%5).

An increase in muscle tension can be accomplished first
by increasing the frequency at which the motor unit is
stimul ated and second, by the recruitment of additional motor
units. Each mobtor wunit has a limit to its "firing rate” or
frequency of discharge. The normal upper limit of activation
is considered by Basmajian (1978) to be 50 Hz while Haves et

al. {undated) stated that some motor units may discharge at
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rates as high as 100 Hz. Once the smaximum frequency of
tiring of a motor unit is reached, another motor wunit is
recruited and it likewise responds to increased tension
levels by increasing the firing frequency to its limit ét
which time a third motor unit is recruited. During
contraction the smallest motor units are recruited first with
larger motor units being added as the reguirements for
tension increase (Winter, 197%; Gordon, 1982: Basmajian %

Deluca, 1985).
THE HMYOELECTRIC SIGMAL

Electrodes placed inside or over a muscle will record
the sum of the electrical activity produced by the
depolarization and repolarization waves of all contracting
muscle fibres in the immediate vicinity of the electrodes
{(Eberhart % Inman, 19513 Grieve, 197&; Winter, 197%: Gans %
Gorniak, 1980; Soderberg & Cook, 1984). Therefore the
myoelectric interference pattern will consist of positive and
negative spikes of varying amplitudes representing the
superimposed activity of all motor units in the area (Winter,
197%)Y. The amplitude of the myvoelectric signal is affected
by the thickness of the soft tissue interposed betwesn muscle
and electrode, the orientation of the electrode with respect

to the direction of muscle fibres, and the placement of the



124,

slectrade relative to the motor end plate regions of the
muscle {(Gndersson & rtengren, 19743,

The spectrum of the slectromvograph (EMG) ranges from 5
to 2000 Hez with most of the signal concentrated in the band
between 20 and 200 Hz. Sowrces other than contracting muscle
can generate freqguencies that lie within the EMG spectrum and
are thersfore capable of distorting the EME signal. The most
common distortions or artifacts arize from the contraction of
heart muscle (EEE signal) which has frequencies up to 100 He,
the motion of electrodes or cables which generates
freguencies in the 10 Hz range, and &% Hz interference from
power supply mains or nesarby electrical equipment (' Connell
i Dardner, 1%463:; Grossman & Weiner, 1%446; Moleod, 1973
Winter, 197%.

fs the level of contraction increases, progressively
more motor units are recruited and these fire more freguently
giving rise to an increasingly complex EME pattern. However,
there is no definite relationship betwesn the smplitude of
the motor unit action potentials and the tension generated by
the muscle (Eberhart & Inman, 1951). The length of the
muscle during contraction can alter the relationship of the
EMGE to tension and the ENME actually decrsases when tension
increases at longer muscle lengths. This may be dus to the
fact that the muscle bulk under the electrodes decreases as

the muscle elongates, resulting in fewsrs motor units located



in the immediate vicinity of the szlectrodes. It may also he
dus to the fact that tension is greater in elongated muscle.
This tension may stimulate the muscle spindle and this will
cause inhibition of the alpha motor neuwron which, in turn,
will result in a decrease in the nuasber of generated motor
unit action potentials and a smaller myoelectric signal
{Boderberg % Cook, 1984,

It has been found that the EMGE generated during a
concentric contraction is greater than that generated during
an eccentric contraction for similar levels of tension. In
sccentric contractions the elastic slements of the muscle may
be used to generate tension, therefore less activity will be
required from the contractile elements, resulting in a
smaller myoelectric signal (Boderberg & Cook, 1984).

While a puwe linear relationship between muscle tension
and the various parameters of the myoelectric signal has not
been found, there is consensus that a functional relationship
does exist (Basmajian et al., 1975; Ortengren & Andersson,
1977; HMagora & Gonen, 1978; Winter, 197%9). fAccording to
Rosenfalck (1940} the purpose of measuring the degree of
glectrical activity of a muscle is to obtain some measure of
the mechanical activity of that muscle, information that is

difficult to obtain in any other way.
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EIGNAL ACRUISITION

The electrical signal from contracting muscle must be
received, amplified, processed and recorded befors it can be

evaluated sither qualitatively or guantitatively.

Electrodes

The EME signal is received by slectrodes which must
transmit an undistorted signal to the amplifier (Winter,
197%). According to Soderberg and Cook (1984), the function
af the electrode is to convert the ionic current of the motor
unit action potential into an electronic current which can be
displaved, recorded and stored.

Bipolar electrodes, which allow the voltage difference
batween electrodes to be amplified and processed, are used te
record the EME signal (Basmajian et al., 1975). Two basic
types of bipolar electrodes are used in kinesiological
studies — fine wireg indwelling and swface electrodes. While
the use of one type over the other is controversial, the
choice depends upon the experimental problem and an
understanding of the advantages and limitations of sach tvpe.,

At the present time indwelling electrodes most
frequently consist of two fine wires which are inserted into
the muscle by a fineg bore hypodermic needle. foocording to
Basmajian & Deluca (1985}, this tvpe of slectrode is sasily

implanted and withdrawn, is relatively painless, gives clear



signals and is broed in its pick up. However, Ortengren and
Andersson (1977} and Soderberg and Cook (1984) stated that
indwelling electrodes have a limited pick up area and
therefore do not alwavs give a representation of activity in
the whole muscle. Indwslling electrodes are subljiect to
dislocation, kinking and displacemsnt during muscle
contraction {(Jonsson, 19&68; Jonsson & Komi, 1973; Ortengren &
fndersson, 19771. In addition, their reliability in dav to
day aspplication is not as good as that of swface slectrodes
and therefore they are considered inappropriate for long term
studies (Komi & Buskirk, 1970}. However, these arg the
slectrodes of cholce when precision of measuwrement is
reguired or when desp or closely placed muscles are to be
studied (0'Connsll & Bardner, 1%763; Basmajian, 1973%; Letts et
al., 1978; Perry et al., 1981; Basmajian & Deluca, 198%5).
Surface electrodes usually consist of recessed discs of
a metal and one of its =alts, most commonly silver—silver
chloride. They pick up electrical activity from a relatively
large volume of underlying amuscle, therefore the signal they
transmit is considered representative of the whole muscle
(Close et al. 19603 Jonsson, 1%948; Ortengren % Andersson,
19771 . Komi and Buskirk (1970} found that their reliability
in day to day spplications was gaqdu Surface electrodes are
sasy to apply and cause no discomfort to the subiect azs they

arg attached by adhesive tape or by double-sided adhesive
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cuffs (rtengren % Andersson, 1977; Basmaijian &% Deluca,
i985). The chief disadvantage of surface slectrodes is that
their use should be restricted to large, superficial muscles.
SGignals from superficial muscles will mask the attenuated
signal from desper muscles, therefore the signals from deeper
muscles will be distorted. In the case of small muscles,
surface eslectrodes may pick up the signal from muscles
adjacent to the ones being studied, again resulting in a
distorted signal (Ortengren & Andersson, 1977; Perry et al.,
17813 Basmajian % Delucs, 1985). Consequently, surface
electrodes should only be used when simultansous activity or
interplay of activity are being studied in fairly large,
superficial groups of muscles, where global pick up is
desired, or when overlap in muscle function is
inconsegquential (Perry et al., 1981; Basmajian % Deluca,
12a5: .

Because there is no prescribed method for placement of
electrodes, the location of surface slectrodes must be done
with care (Soderberg & Cook, 1984). Zuniga et al. (1970
found that the average amplitode of mvoelectric potentials
recorded by suwrface electrodes was greatest in the middle of
the muscle belly and decreased when the position of the
electrodes was moved toward the ends or sides of the muscle.
In addition, they found that surface electrodes could detect

myoelectric activity from gquite distant muscles. Perry et
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al. (1981} stated that localization of the myoelectric signal
decreased as spacing between electrodes increased, leading to
contamination of the signal by other muscles. This type of
signal contamination is referred to as cross—talk (Basmajian
L Deluca, 19853). Localization of the signal from a specific
muscle may also be affected by the fact that the skin to
which the slectrodes are attached moves with respect to the
underlying muscle, consequently the signal may not be derived
consistently from the same motor units (Marras et al., 19843,
Theretfore, to ensure optimum localization of the svoelectric
signal, swurface electrodes should be placed close tagether
aover the centre of the belly of the muscle parallel to the
direction of the muscle fibres (Waterland % Shambes, 19&69:
Zuniga et al., 1970; Perry et al., 1981: Soderberg % Cook,
1784: Basmajiian & Deluca, 1985).

The myoelectric signal can be affected by any motion
between surface slectrodes and the skin and also by the
impedance of the tissuss that lie bastwesn slectrodes and
muscle. Contact can be improved by securing the slectrodes
to the skin with adhesive collars and tape. Conductivity can
be increased by interposing a saline paste bhetwsen the skin
and the active suwface of the electrode, and by reducing skin
impedance by varefully cleaning the skin with alcohol to
ramove protective oils and the dead laver of cells {(Basmajian

& Deluca, 19855,
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Ampliftication

The amplitude of the mvoslectric signal is lows it
ranges from approdimately 100 sicrovolis (w/) to 5 millivolts
(). Amplification of the EMB signal is thereforse required
and the amplifier used to do this must he capable of
augmenting the signal without distortion. The amplifier
should have a range of gains (ratio of output voltage to
input voltage) from 100 to 10,000 {(Winter, 197%}. Also, to
avoid attenuation of the signal dus to voltage drop across
resistances, it is recommended that the input impedance of
the amplifier be at least 100 times greater than the
electrode/skin impedance, with one maegoha usually adeguate
for surface electrodes (Winter, 1979). The amplifier must bhe
capable of amplifying, without attenuation, all fregusncies
present in the EMG signal; these range from approximately 3
to 2000 Hz. For surface electrodes it is recommended that
the frequency response of the amplifier be sufficient to
accommodate a range of 10 to 1000 Hezy for indwelling
slectrodes the freguency response should accommodate a mange
from 20 to 2000 Hz (Winter, 1979).

Because most of the EMBS signal is concentrated in the
band betwsen 20 and 200 Hz, filters may be used to remove
some of the freguencies generated by amplifier noise, tissue
noise and movemant artifact (Winter, 197%9; Basmajian &

Deluca, 1983). HMovement artifact due to motion of electrodes



and/or cables can also be reduced by using small
preamplifiers located close to the electrode site (Milner et
al., 1971; HMcleod, 1973; Winter, 1979). External
interference from machinery and power sources may distort the
myoelectric signal, therefore a differential amplifier is
used which will subtract the signal received by one of the
bipolar slectrodes from that received by the other electrode.
fis a result, if a signal is received that is common to both
electrodes (common mode signal), the output from the
amplifier will be zero and the interference will be
eliminated. However, perfect subtraction never occurs and
the ability of the amplifier to suppress the common mode
signal is referred to as the common mode rejection ratio
{CMRRY , usually expressed in decibels (dBy. It is
re;ammandeﬁ that a CHRR of 80 dB or higher be used, that is,
all but one ten thousandth of the common mode signal is

rejected (Winter, 197%}.

Frocessing

The amplified raw EMB signal is difficult to aguantify
and cannot he faithfully reproduced by, for example, psan
recorders. In this type of recording device, the inertia of
the pens prevents response to the vaery rapid changes in the
EME signal beyond &0 Hz. Therefore, some method of

processing the raw EMG signal is required. Three types of



processing are commonly used: half or full wave
rectification, full wave rectification plus lowpass filtering
(linear envelope detector), and integration Winter, 1979).

In full wave rectification the signal has a positive
polarity, does not cross the baseline, and fluctuates with
the strength of the muscle contraction. The amplitude of the
zpikes can be mgasured in millivolts or phasic muscle
activity can be evaluated, however the chief use of full wave
recti%iaatiun is as an input to other processing techni gues
(Hayes et al., undated:; Winter, 1979).

The full wave rectified signal can be lowpass filtersd
to remove all the rapidly changing components of the wave
tform, leaving an indication of the intensity of the activity
at a specified instant in time, or a moving average. The
moving average follows the trend of the glectromvogram and
closely resembles the shape of the raw curve. The wave form
thus generated is called a linear envelope and is measured in
millivolts. It is far sasier to gquantify than the raw or
tull wave rectifed signal (Winter, 1979).

Integration processing technigues use the signal
parameters of amplitude and‘time, therefore measurements are
expressed in millivolt seconds (mV.z). Three methods of
integration are in common use: integration that starts at a
preset time and continues during the total time of the muscle

contraction; the integrated signal that can be reset to zero



at regular intervals of time, usually 40 to 200 msec, then
repeated; or the integrated signal that can be reset to rero
when it reaches a specified voltage level then repeated
(Winter, 1979).

focording to Siegler st al. (1985), despite great
aettorts in recent vears to develop new EMB processing
techniques, there is no general agreement as to which
technique is best, and researchers celect a technigue on the
basis of subjective preference and convenience. The
salection of the proper processing technigue depends upon the
problem being investigated. The raw EME signal may bs most
appropriate when small magnitudes of muscle activity are
being studied (Kelley, 1971). If measurement of the level of
muscle activity is reguired, integration may be a useful
processing technique. Because there is a time lag between
thé raw and filtered signal in the linear envelops, this
technique should be used with caution if precise
measurement of the timing of the EMG signal is reguired.
This time lag, caused by the lowpass Filter, must be taken
into account if the analog EMB signal iz to be converted to
digital format for computer storage and if the digitized data
are to be smoothed again with software filters Hinter, 1979
Halbsrtsma & DeBoer, 1981). However, because the linear
envelope closely follows the rising and falling of muscle

tension in a contractiaon, linsar envelope processing appesars
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to be the best way to produce an analog representation of the
EME signal that can be shared between laboratories or used in

clinical settings (Winter, 1984).

Recording

The EMB signal must be recorded in order for it to be
studied and measured. A wide variety of recording techniques
is available and selection of the most appropriate one
depends upon the nature of the experimental problem. The raw
EME signal contains high frequency components, therefore it
iz best recorded on a cathode ray oscilloscope and later
photographed. The raw signal can also be recorded by a light
beam or an ink jet recorder with a high frequency response,
or on magnetic tape (Kelley, 1971; Mcleod, 1??3); For
processed signals, pen writers can be used. These are
inexpensive and easily serviced, their chief limitation being
a relatively low frequency response (Brossman & Weiner, 1966
Mcleod, 19733 Grieve, 1975; Basmajian & DeLuca, 1985). EMG
signals that have been recorded on magnetic tape can be
converted to digital format for computer processing and
analysis and, with the advent of microcomputers, it is now
possible to record the EMB signal directly onto floppy discs
(Basmajian % Deluca, 1985).

Because computers must receive signals in numerical

form, the analog EMG signal must be converted to a digital



tormat. This is done by feeding the signal to the input
terminals of an analog-to-digital convertor. The signal is
sampled at a rate controlled by the computer and is changed
into a series of short duration pulses of the same amplitude
as the original analog signal at the time it was sampled.
The sampled pulse is converted to binary format and the
gignal is then represented by a number of bits or “words®
which can be stored in the computer memory. The sampling
rate of the computer should be governed by the Sampling
Theorem, i.e. the sampling rate should be at least twice the
valus of the highest frequency component in the EME signal

MocLleod, 1973; Winter, 1979; Basmajian % Deluca, 19895).

SIGNAL EVALUATION

Interpretation of EMB data is complicated hecause the
recorded signal reflects only the activity of the contractile
glements of the muscle and does not represent the role of the
elastic elements which are in series and in parallel with the
contractile elemsnts. In addition, it must be remembsred
that the EMG signal is a manifestation of the slectrical
events occuwrring in the sarcolemma of contracting muscle
fibres and is not a representation of movement of
cross-bridges in the sarcomere (Bordon, 1987; Soderberg &

Eaok, 1784).



fccording to Basmajian (1978}, the evaluation of
recordings is the most abused element of slectromvography.
To date there is no universally approved method of analysis
and guantification of the EMB signal and, as with all other
aspects of electromyography, the evaluation method depends
upon the the experimental problem. Analvsis can be
subjective or obiective, although both methods should be used
tor most EME recordings (Kelley, 1971).

Bubiective analvsis involves careful visual inspection
- of the EME recording and a system of classification is used
that assigns symbols and descriptors to represent different
levels of magnitude of electrical activity. The investigator
who uses this approach should be well trained and have a
great deal of experience {Kelley, 1971). Hirose =t al.
(1974} and Ortengren and é&ndersson (1977) stated that it is
difficult to distinguish between levels of activity or to
conpare levels of high activity when using a subjective
analysis method. HMagora and Gonen (1978) pointed out that
visual analysis of the EME recording is time consuming and
aoften inaccurate.

Objective analysis involves a variety of techni ques:
measurement of temporal or positional events, amplitude,
freqguency, or of the amount of slectrical activity genesrated
over a defined period of time (Willison, 19863; Kelley, 1971;

Hirose et al., 1974; Basmajian et al., 1975 rtengren &
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Andersson, 19773 Basmajian % Deluca, 1985). Events such as
ornset, peak and cessation of muscle activity can be
guantified by comparing them to an external standard or svent
such as a tracing from an electrogoniometer or from
tootswitches, a synchronizing light pulse on cinefilm, or
event markers on a pen recorder (O Connell & Gardner, 192&3:
Gray & Basmajian, 19&48; Sutherland % Hagy, 1972: Peat et al.,

i%74; Brandell, 19773 Tata, 1980; fuanbury, 1981; Nilsson et

Measurements of amplitude, frequency, or total amount of
electrical activity cannot be compared directly bhetween
muscles of the same subject or between subijects because of
the uncontrolled variation in the size of the motor unit
pools being sampled (Brossman & Weiner, 196463 Lyvons et al.,
198%; Soderberg % Cook, 1984). Between muscle and between
subject comparisons can only be made if some standard is set
for each muscle against which all subseguent activity of that
muscle can be measured (Basmajian, 1978; Perry et al., 1781).
One method of establishing a standard is to record a maximﬁm
voluntary isometric contraction from sach muscle under
investigation. 611 subseguent activity of the muscle is
compared to this maximum voluntary isometric contraction and
ig expressed as a percentage of it. This normalization
provess allows comparison of electrical activity between

suscles in the same or in a different subjesct (Basmaijian et



al., 1975; Letts et al., 1978; Perry et al., 198i1: Lvans et
al., 1783Z; Soderberg % Cook, 1984 FMiller, 1285).

Although comparison to the maximum voluntary isometric
contraction is commonly used as a normalization grocedure,
results of a study by Yang and Winter (1983 indicated that
it may not be the most reliable method. The assumption made
when using a maximum volutary isometric contraction is that
all the motor units in the recording area of the electrode
are firing at their maximum rate. However, because of
synergic contraction of muscle groups, it may be that no one
muscle contracts at its maximum even during maximum voaluntary
effort.

another method of establishing a standard for muscle
contraction is to measure the slectrical activity of a muscle
when the joint it crosses is in a defined poasition and ths
muscle is reguired to work against a known external force.
This method was used by OSndersson and rtengren (1984) to
establish a baseline standard for contraction of erector
spinas muscle. Subjects were required to stand in 20° frunk
flexion (measured with a hydrogoniometer at the Tie level)
and hold a 10 kg weight in sach hand for a duration of 30
seconds during which time slectrical activity was recorded.
This activity then served as the standard against thch

subsequent contractions wers measured.
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Manual smesaswemsnt of the various parameters of the EMB
signal is time consuming and may be inaccurate. Therefore
researchers are now using computers to analyze the signal.
The advantages of using a computer are that it is accurate,
unitorm, efficient and not arbitrary. In addition, because
of its speed, large amounts of EMB data can be sampled by the
computer, possibly giving a better representation of muscle
activity than could be obtained from fewer data (Hirose et
al., 1974; Basmajian et al., 197%5; Brieve, 1975; Halbertsma %

debBosr, 19813,
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MATERIALS AND METHODS



i41.

INTRODUCTION

The general purpose of this study was to investigate
trunk muscle activity in the types of locomotion commonly
found in the workplace; that is, level walking, stair
climbing, stair descent, ramp climbing and ramp descent. The
specific aims of the investigation were:s

For each of Level Walking, Stair Climbing, Stair
Descent, Ramp Climbing and Ramp Descent -

1. to measure and compare trunk motion in the sagittal
plane.

2. to measure and compare temporal events in the gait

3. to measure and compare the myoelectric activity of
the trunk muscles considered to be primarily responsible for
motion in the sagittal plane, namely erector spinae and
rectus abdominis.

4. to determine and compare the relationships between
onset, peak and cessation of myoelectric activity to trunk
motion in the sagittal plane and temporal events in the gait
cycle.

The eqguipment and facilities of the Locomotion
Laboratory, Rehabilitation Centre for Children, Winnipeg,

Manitoba were used in this investigation.
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SUBJECTS

One of the aims of the study was to acquire normal data
for later comparison to data from subjects with low back
injury sustained in the workplace. In 1985, 79.5% of
claimants to the Workers Compensation Board of Manitoba were
male and 54.5% of claimants were between the ages of 20 and
34 (wmrkeré Compensation Board of Manitoba, 1985). Because
the majority of injured workers in Manitoba are male, only
male subjects were selected for this study.

Subjects were chosen on the basis of their availability
(Currier, 1984). They were required to be between the ages
of 18 and 38, in good health, and of normal weight.
Exclusion criteria were a history of spinal pathology and
active lower limb pathology as these might have affected the
subject ‘s gait.

The Faculty Committee on the Use of Human Subjects in
Research approved this study, all subijects were volunteers
and received no remuneration. Each subject was reguired to
sign a consent form before participating in the study (Fig.
1. Twenty subjects were selected for the study. Complete
data were collected from 18 subjects and their descriptive

data are presented in Table 2.
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FIGURE 1.
1E UNIVERSITY OF MANITOBA FACULTIES OF MEDICINE AND DENTISTRY 730 William Avenue
Department of Anatomy Winnipeg, Manitoba

Canada R3E 0W3

CONSENT FORM

I hereby consent to act as a subject in a research project on
the role of the trunk muscles during level walking, stair climbing
and descent, and ramp climbing and descent. The procedure, which
includes placement of surface electrodes on back and abdomen,
attachment of foot switches to shoes and photographic recording,
has been explained to me fully.

Data from cinefilm, foot switches and surface electrodes will
be collected and stored by computer for analysis. Photographs will
also be taken and these, with the computer data, will be used for
analytical purposes and may also serve as documentation in research
papers and medical lectures.

My participation in this research project is voluntary and I reserve
the right to withdraw immediately from the procedure whenever
I wish.

Signature of subject:

Date:




MUMBER OF SBUBJECTS:

AGE:

HEIGHT:

WEIGHT:

MEAN

RANGE

MEAN
RANGE

MEAN

RANGE

ig

26.2 2.9 vrs

20.4 - 32.3 vrs

1.74 06 m

1.62 - 1.823 m

144,
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APPARATUS

The existing walkway at the Locomotion Laboratory,
Rehabilitation Centre for Children was used. It is 9.5 m
long, 1.8 m wide and is elevated 0.4 m from the floor. The
dimensions of this walkway are similar to those of walkways
used by Cappozzo et al (1976), Mizrahi et al. (1982) and
Winter (1982, 1983).

An existing set of portable stairs was modified for the
study to add an extra step for a total of five steps. The
dimensions of the stairs met the recommended standards of the
Workplace Safety and Health Division of the Province of
Manitoba (Krywalak, 1983). These standards recommend that
the slope for stairs be between 30° and 35®. For stairs with
a slope of 35, the recommended height of the riser is 19 cm,
the recommended length of the tread and nosing is 26 cm.
Fitch et al. (1974), in their investigation of various
combinations of stair dimensions, recommended a riser height
of 10 to 18 cm and a tread length of 28 to 37 cm. The
dimensions of the stairs used in this study were: slope 35,
riser 1?>cm, tread and nosing 28 cm (Fig. 2). These
dimensions are similar to those of stairs used by Bruce et
al. (1967}, Joseph and Watson (19467), Townsend, Lainhart et
al. (1978}, Townsend, Shiavi et al. (1978), Andriacchi et al.

(1980) and Lyons et al. (1983).
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FIBURE 2. DIAGRAM OF STAIRS AND RAMP USED IN THE STUDY.



28 cm

19 cm
35°
DIMENSIONS OF STAIRS
60cm
240%™ 62cm

|

DIMENSIONS OF RAMP

Figure 2.
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An adijustable portable ramp was designed and constructed
to meet the recommended standards of the Workplace Safety and
Health Division of the Province of Manitoba which state that
the maximum preferred slope for ramps and inclines is 15°
(Krywulak, 1983). Fitch et al. (1974), in their
investigation of ramp dimensions found that the total energy
cost per vertical meter decreased as the slope increased
until a slope of 17° was reached, after which the energy cost
rose. The dimensions of the ramp used in this investigation
are presented in Fig. 2. Previous studies of slope walking
on & treadmill were conducted by Waters and Morris (1970) and
by Brandell (1977); in both studies the maximum slope of the
treadmill was 10°. Corlett et al. (1972) constructed a ramp

that could have the slope adjusted from 11° to 30,

ELECTROMYDGRAPHY

CHOICE OF ELECTRODES

Forty-six studies of erector spinae were reviewed; only
the most relevant will be cited. Surface electrodes were
used in 30 studies, indwelling electrodes were used in 12
studies and both types of electrodes were used in four
studies. MNot all investigators gave reasons for their choice
of one type of electrode over another. Ease of application,
lack of discomfort for the subject and sampling from a large

and therefore representative volume of muscle were reasons
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given for selection of surface electrodes in the studies of
Eberhart and Inman (1951), Klausen (1945), Andersson and
Ortengren (1974), and Kippers and Parker (1984). Golding
(1952) used surface electrodes as, in his opinion, these gave
findings similar to those from indwelling electrodes. Pauly
{(1266) and Pauly and Steele (1944) chose indwelling
electrodes because they allow study of deep as well as
superficial muscles and alse allow study of individual
muscles without interference from adjacent muscles. Waters
and Morris (1972) chose indwelling electrodes because they
considered surface electrodes to be too prone to motion
artifact to be able to record accurately from a walking
subject. Floyd and Silver (1951, 1955) used both surface and
indwelling electrodes as they wished to record simultaneously
from superficial and deep portions of the back muscles.
Letts et al. (1978) used both indwelling and surface
electrodes because of the possibility of signal contamination
by the activity of multiple overlying paraspinal muscles.
Thirty-three studies of rectus abdominis were reviewed;
again, only the most relevant will be cited. Surface
electrodes were used in 22 studies, indwelling were used in
10 studies and both types of electrodes were used in one
study. Again, reason for choice was not always given. Ease
of application, lack of discomfort and the ability to sample

from a large volume of muscle were among the reasons given
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for selection of surface electrodes by Campbell and Greene
(1953), Ono (1958), Hatami (196l1a), Klausen (19465) and Booth
et al. (1980},

In the present study it was decided that surface rather
than indwelling electrodes would be used because the two
muscles under investigation are large and supsrficial and
therefore it is not difficult to obtain uncontaminated
signals from them. Also, because rectus abdominis is
relatively thin, it might be difficult to judge the depth of
penetration during insertion of indwelling electrodes. Too
deep an insertion might result in accidental penetration of

the parietal peritonsum.

POSITION OF ELECTRODES

To establish precisely where surface electrodes should
be placed over erector spinae and rectus abdominis muscles, a
review of major anatomy textbooks and of relevant literature

was carried out.

ERECTOR SPINAE

Specific electrode placement in EMB studies of erector
spinae muscle has varied. Researchers have placed electrodes
in lumbar areas, thoracic areas and in both lumbar and

thoracic areas simultaneocusly.
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Erector spinae activity was sampled at 12 levels from
Ca to Sz by Joseph and McColl (1961). Blackburn and Portney
(1981) also sampled activity from cervical to sacral levels
with surface electrodes placed at the levels of the spinous
processes of Le, Te, Ls and 8, vertebrae. Activity from the
level of the Cs, Te and Ls spinous processes was sampled by
Schultz, Andersson, Ortengren, Bjork and Nordin (1982) and by
Schultz, Andersson, Ortengren, Haderspeck and Machemson
(1982). Activity of erector spinae %ram upper thoracic to
lower lumbar levels was investigated by Andersson et al.
(1976, 1977) and by Ortengren et al. (i98B1), while activity
from lower thoracic to lower lumbar levels was investigated
by Floyd and Bilver (1951), Pauly (1946), Pauly and Steele
(1966}, Jonsson (1970), Letts et al. {1978), Soderberg and
Barr (1983) and by Andersson and Ortengren (1984). Morris et
al. (1962} and MWaters and Morris (1970} sampled erector
spinae activity in the lower thoracic region by inserting
indwelling electrodes into the muscle over the posterior
aspect of the ribs medial to their angle.

Of those researchers who confined their investigation of
egrector spinae to the lumbar area, muscle activity was
simultanecusly sampled at various levels by Bolding (1952),
Portnoy and Morin (1956}, Morris et al. (1961), Battye and
Joseph (19464}, Joseph and Watson (1967), and Wolf and

Basmajian (1978). Others have confined their investigation
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to one specific level in the lumbar area. For example,
Chapman and Troup (196%9) placed electrodes at the level of
the second lumbar spinous process, while Floyd and Silver
(1955), Berkson et al. (1977), Cooper (1982) and Mayer et al.
(1985} placed electrodes at the level of the third lumbar
spinous process. Bendix et al. (1984) placed electrodes at
the level of Ls, while Ekholm et al. (1982) located their
electrodes between the fourth and fifth lumbar levels. It
was found that the majority of investigators of erector
spinag activity placed surface electrodes at the level of the
third lumbar spinous process.

Centering of electrodes has also varied. Morris et al.
{1961) placed electrodes in the main muscle mass, Morris et
al. (1942) inserted electrodes one quarter of the distance
from the angle of the rib to the vertebral spinous process,
while Battye and Joseph (1964) and Joseph and Watson (1947)
placed electrodes along the lateral border of the muscle.
Specific distances measured in centimeters from vertebral
spinous processes were used in 15 studies and, in 12 of the
15, the distance used was 3 cm. Rather than use a direct
measurement in centimeters from a vertebral spinous process,
Fauly (1944), Pauly and Steele (1944) and Cooper (1982)
placed electrodes halfway between the vertebral spinous

process and the lateral border of ersctor spinae muscle, thus
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ensuring that the location of the electrodes was over the
main muscle mass, but in a standardized location.

Floyd and Silver (1%595), Portnoy and Morin (195&),
Battye and Joseph (1966), and Cooper (1982) stated that a
check was done to rule out interference from other muscles,
however only Morris et al. (1962) and Cooper (1982) reported
that cadaver specimens had been studied to verify electrode
placement.

Following a review of major anatomy texts, reports in
the literature and the results of a previous study (Cooper,
1982, it was decided that electrodes would be situated over
arectmr spinae at the level of the third lumbar spinous
process. At this level erector spinae forms a large,
prominent, fleshy mass and is covered only by the posterior
layer of the thoracolumbar fascia. The landmarks used for
centering the electrodes over the muscle mass were the third
lumbar spinous process and the lateral border of erector
spinae. These points were marked with water soluble ink and
the electrodes were placed halfway between the two points,

parallel to the muscle fibres (Fig 3).
RECTUS ABDDOMINIS

Electrode placement for rectus abdominis in EMB studies
has varied, however 22 of 26 investigators who reported on

electrode placement used the umbilicus as a landmark. OF
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3 OM ERECTOR SPINAE.
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these 16 used the umbilicus as the sole landmark while siux
used both the umbilicus and the xiphoid process as landmarks.
Morris et al. (19461), Lipetz and Gutin (1970), and Booth et
al. (1980) did not report specific locations for electrode
placemant. Mayhew et al. (1983) used the ziphoid process as
the sole landmark while Cooper (1982) used the anterior
superior iliac spine (ASIS) and the costal margins as bony
landmarks.

Centering of electrodes has also varied and descriptions
of centering were found in eight investigations. Waters and
Morris (1970) placed indwelling electrodes one centimeter
lateral to the linea alba. Electrodes were placed two
centimeters from midline by DeSousa and‘Furlaﬁi {1974 ,
Lansing and Meyerink (1981), Schultz, Andersson, Ortengren,
Biork and Nordin (1982), Schultz, Andersson, Ortengren,
Haderspeck and NMachemson (1982), and by Mavhew et al. (1983);
Bendix et al (1984) centered slectrodes three centimeters
from the midline. Cooper (1982) centered electrodes by
placing them halfway betwsen the linea alba and the lateral
border of the rectus abdominis nuscle.

Although the possibility of interference from adiacent
muscles was raised by Floyd and Silver (1950), Klausen (1965)
and Battye and Joseph (1966), only Waters and Morris (1970)
stated that a cadaver study was conducted to confirm

electrode placement. Cooper (1982) conducted an experiment
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to locate interference—free positions for surface electrodes
placed over the abdominal musculature.

Flacement of electrodes over rectus abdominis in the
present investigation was based on the study by Cooper (1982)
in which bony landmarks were used to standardize electrode
location in all subjects. Using water soluble ink, a line
was drawn from the xiphoid process to the symphysis pubis.
At a point halfway along this line a horizontal line,
perpendicular to the first, was drawn, extending to the
lateral margin of the rectus abdominis muscle. Electrodes
were placed parallel to muscle fibres, eguidistant above and

below the midpoint of this horizontal line (Fig. 4).
ELECTROMYOGRAPHIC EQUIPMENT

Paired Beckman silver—silver chloride surface electrodes
were used. These had an overall diameter of 14 millimeters
{mm}), with an active surface of 5 mm®. By using adhesive
cuffs as a guide, spacing between the electrodes of each pair
was kept constant at 10 mm. The hollow portions of the
electrode were filled with electrode electrolyte gel and the
electrodes were fastened to the skin by double sided adhesive
cuffs and Millipore brand surgical tape.

In order to minimize motion artifacts, each pair of
electrodes was attached at the electrode site to a

preamplitier with an input impedance of 2.2 megohms. Wires
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FIBURE 4. PLACEMENT OF ELECTRODES ON RECTUS ABDOMINIS.
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from the preamplifiers were conveyed to a junction box which
could be belted to the subject’'s waist. The junction box was
connected to the amplifier by a single flexible
multiconductor cable.

An eight-channel amplifier was used which was designed
and constructed by the Biomedical Engineering Department,
Rehabilitation Centre for Children. It has a bandwidth of S0
to 300 Hz with an input impedance of 2.2 megohms and a common
mode rejection ratio of 90 dB. The EMB signal was full wave
rectified and lowpase filtered to produce a linear envelope
configuration. A first order lowpass filter was used with a
time constant of 45 msec and a frequency cutoff of 35 Hz.

The analog signal from the muscles was recorded by a
Gould Brush 8 channel ink chart recorder (Model 481). The
recorder has a bandwidth frequency response of 50 divisionst
1 division dc to 40 Hz, 10 divisions® 1 division dc to 100
Hz. A rectilinear trace presentation was given with the
sensitivity of the recorder adjustable from 1 aV/division to
500 VWdivision. The analog chart record was used as a backup
for computer recording.

fAnalog to digital (A/D) conversion of the EMB signal was
carried out on a Hewlett-Fackard 49408 multiplexer with a
&F3Z46B High Speed Scanner Card and a 69920A Timer Pacer Card
wﬁiuh allowed all EMB channels to be sampled almost

instantaneously. The resolution of the A/D convertor is 12
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bits with a dynamic range set at Y10 V which gives a 5 mVv
resalution. The sampling rate of the multiplexer was 50 Hz
per channel and the digital data were sent to a
Hewlett-Packard 9826 microcomputer and stored on a floppy

disc.
CINEMATOBRAFPHID EQUIPMENT

Cinaefilm was used to record trunk position in the
sagittal plane. |

A 16 mm Teledyne DBEM 54 motor driven camera fitted with
an Angenieux £10 lens was used at a speed of S50 frames per
second. The frame rate was checked with a synchronizing
light during the couwrse of the study. Kodak 16 am 7240
double perforated color film with an ASA of 125 {(tungsten
lighting) was used.

For level walking the camera was mounted on a mobile
cart located 4 m from one sdge of the walkway. For stair and
ramp walking the camera was mounted on a tripod kept at
constant height, 4 m from the same edge of the stairs and
ramg.

A black cloth backdrop was mounted immediately behind
gach apparatus. Against the backdrop and within the field of
view of the camera were mounted a series of circular
reflective reference markers, gach 7 cm in diameter and

spaced 24 cm apart measured from center to center.
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In order to synchronize the film with the EMG signals, a
portable signal light was attached to the walkway, stairs or
ramp, within the fiesld of view of the camera. The light
consisted of a cluster of 4 LEDs powered by a 2 V battery,
and was connected in parallel to the chart recorder and the
multiplexer. When the light circuit was closed at the
beginning of filming, an analog signal was traced on one
channel of the chart recorder and the computer stored the
digital data from muscles and footswitches only during the
period in which the light circuit was closed.

After the exposed film was developed, it was projected
using a L-W Photo Optical Data fnalyzer. This device allowed
the film to be projected one frame at a time onto the surface
of a digitizing tablet (BT Corp.) which had a 50 cm by 50 cm

active area and a resolution of 025 mn.

FODTSWITCHES

The temporal events in the gait cycle were recorded by
means of three footswitches (Tapeswitch Corp. of America)
attached with adbhesive tape to the sole of each of the
subject ‘s shoes. UOne footswitch was positionsd parallel to
the long axis of the foot at the region of the hallux, the
second was aligned with the position of the metatarsal heads,
and the third was placed perpendicular to the long axis of

the foot at the calcansus. The switches were connected to
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the power supply and resistor network in such a way that
discrete voltage levels were obtained for any combination of
switch closures. In this way various events in the Stance
phase of gait could be identified. The footswitch signal was
conveyed to the multichannel amplifier system and from there
simul taneously to the chart recorder and multiplexer where it
was A/D converted with the EMG signals and sent to the

computer for storage.
EXPERIMENTAL PROTOCOL.

The Pre-run Check List and the Experiment Routine used
in this study are presented in Appendix I,

Each subject wore shorts or bathing suit and his own
shoes (Joseph % Watson, 194673 Cappozzo et al., 19783
Townsend, Lainhart, et al., 1978; Cappozzo, 1981; Winter,
19833 Thorstensson et al., 1984; Nilsson et al., 198%). The
footswitches were attached to the sole of each shoe with
adhesive tape. Using the analog signal on the chart
recorder, the footswitch output was tested both before and
after the subject put on the instrumented shoes.

Bony landmarks were used to standardize electrode
application. #All electrode pairs were applied by the same
person,; using the same measwring tools. Skin resistance was
reduced to practical levels by rubbing it vigorously with an

alcohol swab {(Buanbury, 1981). To avoid mistakes, the leads
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to the junction box were attached to the electrodes and
footswitches in the same order each time. The junction box
was attached unmfartabiy to the subject’'s waist with an
adjustable belt. |

A maxinum voluntary isometric contraction (MVC) was
obtained from sach suscle in order to establish a standard of
muscle activity against which all subseguent contractions of
that particular muscle could be measured. The MVC was done
using the positions recommended by Daniels and Worthingham
{1980} far-taﬁting normal strength of erector spinae and
rectus abdominis muscles in order to ensure maximun motor
unit recruitment from each muscle (Lyons et al., 1983).
Three maximum effort trials, each of 5 sec duwration, were
abtained for sach muscle and recorded on the chart recorder.
The first two trials were done for practice and warmup and
the third trial was stored by the computer (Bigland-Ritchie
et al., 1983; Lyons et al., 1983).

Surface targets placed over anatomical landmarks were
used to demarcate specific body segments. Surface targets
are widely used in motion studies although it is recognized
that there will be relative movement of the skin and target
over the underlyving bony landmark. & study was done by
Thorstensson et al. {(1782) to determine the extent of the
movement between target and anatomical landmark that occurred

when the trunk was placed in different positionsg it was
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found that the discrepancy never exceeded 2 mm. Other
investigators have calculated that the error that occurs when
using skin mounted targets during studies of narmél walking
is approximately 8% (Thurston et al., 1981 Thurston %
Harris, 1983; Thurston, 1985). The alternative to surface
targets is pins surgically inserted into bony landmarks
{Eberhart % Inman, 1951), however the pain resulting from
such a procedure might alter the normal gait pattern.

The targets used in this study were placed over the C,
and Ls spinous processes, the right and left greater
trochanters and at the centre of the lateral aspects of the
right and left knee joint lines (Eberhart & Inman, 1951;
Thurston et al., 19813 Thorstensson et al., 19823 Thurston &
Harris, 1983; Winter, 1983; Kirtley et al., 1985). The C»
and Ls targets delimited the trunk segment, the Ls and
greater trochanter targets delimited the pelvic segment,
while the greater trochanter and knee joint line targets
delimited the thigh segment. #All targets were applied by the
same person.

The C» and Ls targets consisted of stiff white plastic
rods, the tips of which were wrapped in reflective tape. The
rods measwred 14 cm in length and were mounted in foam rubber
blocks which were taped securely to the skin (Thorstensson et
al., 1982, 1984). For the greater trochanters an X-shaped

target of &0 cm long reflective
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plastic rods was used. The point of intersection of the rods
was placed over the wupper portion of the greater trochanter
and taped firmly in place (Fig. 5). This type of marker was
necessary because a small marker on the greater trochanter
might be obscured by the upper limb during walking (Kirtley
et al., 1985). In addition, requiring the subject to hold
the upper limb away from the greater trochanter in order to
keep the marker in view might result in disruption of the
normal walking pattern. The knee joint target consisted of a
styrofoam semicircle covered with reflective plastic film and
fastengd to the skin with double-sided adhesive tape
(Thurston et al., 19813 Thurston & Harris, 1983; Kirtley et
al., 1985).

To avoid bias, the sequence of use of the walkway, Pamp
and stairs was randomly determined by coin toss {(Corlett et
al., 1972). Because the position of the camera was changed
between the level walking trials and the ramp/stair trials,
it was decided that the randomization should be done in two
steps to ensure that the camera was moved only once during
gach sxperiment. In the first step the walkway was
considered as one option and the stairs and ramp were jointly
considered as the other option. Therefore the first coin
toss determined which of the walkway or the stair/framp
combination would be wused first. In the second step, the

coin toss was used to determine which of stairs or ramp would
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SEGMENTS.



L




1&6%.

be used first. Given these conditions, the sequence of use
of the apparatus shown in Fig. 6 was used. The stairs and
ramp were kept in a constant position by aligning them with
markers taped to the floor.

The different types of locomotion that resulted from use

of the apparatus were designated Level Walking, Stair
Climbing, Stair Descent, Ramp Climbing and Ramp Descent.
Each subject was required to perform three trials of each
type of locomotion and the middle stride of each trial was
used for data analysis (Townsend, Lainhart et al., 1978;
Lyons et al., 1983). To ensure that the walking patterns
were as normal as possible in an experimental situation,
subjects were instructed to walk on the apparatus at a
comfortable speed {(Battye % Joseph, 19463 Cappozzo et al.,
19765 Dubo et al., 1976; Pare et al., 19813 Thurston et al.,
1981; Thurston & Harris, 19833 Kirtley et al., 1985). To
minimize the effects of warmup and fatigue, the subject was
required to rest for five minuﬁﬁavbatwaam each apparatus
(Andersson et al., 19763 Brandell, 1977).

A1l subjects were thanked for their participation in the

study.



SUBJECT NUMBER

01
0z
03
04
05
Ob6
07
oB
02
10
i1
12
i3
ia
13
ié6
17

ig

APPARATUS

Walkway, Stairs, Ramp
Stairs, Ramp, Walkway
Walkway, Ramp, SBtairs
Walkway,; Ramp, Stairs
Walkway, Ramp, Stairs
Walkway, Stairs, Ramp
Ramp, Stairs, Walkway
Ramp, Stairs, Walkway
Walkway, Stairs,; Ramp
Walkway, Stairs, Ramp
Ramp, Stairs, Walkway
Walkway, Stairs, Ramp
Ramp, Stairs, Walkway
Walkway, Btairs, Ramp
Ramp, Stairs, Walkway
Walkway, Stairs, Ramp
Stairs, Ramp, Walkway

Ramp, Stairs, Walkway
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DATA COLLECTION AMD EXTRACTION

Fig. 7 shows the arrangement of the instrumentation used
in this study to collect the data on EMB, temporal events and
body segment displacement.

A computer program, LRS, was specifically written for
this study. Values derived from the program were cross
checked with analog data from the chart recorder and with
values from manual measurement to ensure that reliable and
valid data were generated by the program. A copy of the
program was written onto 20 floppy discs, one for sach
subject. All the data files for that subject were stored on

his own program disc.
EMEB &MD FODTSWITCH DATA

The subprogram EMGIN was used to collect the reference
contraction (MVYC) datay this resulted in one file of raw’EMG
data for each muscle being stored on disc for a total of four
reference contraction EMG data files.

EMBIN was also used to collect the EMB and footswitch
data during the five types of locomotion (3 trials each).

The computer sampled the Eﬂ@iand footswitch signals only
during the interval in which the synchronizing light was on,

resulting in one file of raw data per trial per apparatus
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7. FLOW DIAGRAM OF DATA ACQUISITION
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being stored on disc. @& total of 15 files of raw EMG data
per subject was generated by EMGIN.

The subprogram RFCCALC allowed an analog signal of each
MVC to be displayed on the computer monitor. The beginning
and end of a representative part of the MVC signal was
demarcated by using a movable vertical line marker that was
manually scrolled across the computer monitor. Each position
of the vertical marker was indicated by a frame number on the
monitor and the frame numbers of the beginning and end of the
representative sample were recorded on paper to allow for
cross checking at a later date, if necessary. The marked MVC
signal was then stored to givé one file of refined MVC data
per muscle for a total of four refined MVC files per subject.

Suﬁﬁragram EMBCALT allowed analog footswitch signals aﬁd
analog EMB signals from each muscle during each trial to be
displayed individually on the computer monitor. The temporal
events of Initial Contact and End of Weight Bearing were
marked on sach footswitch tracing by using a movable vertical
arrow and soft keys. The right gait cycle was used as the
reference against which all other measurements were made.
Once marked on the footswitch tracings, tﬁe points of Right
Initial Contact and Right End of Weight Bearing also appeared
on the EMEB tracings for each muscle and on these tracings the
additional points a? onset and cessation of myoelectric

activity could be marked using the movable vertical arrow and
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soft keys. In addition, up to three peaks of maximum
amplitude of each myoelectric signal were marked and labelled
with the movable arrow and soft keys. The position of the
movable arrow was indicated by a frame number on the computer
monitor and the frame numbers of all marked positions were
recorded on paper.

Results from preliminary runs showed that EMB activity
from rectus abdominis during locomotion was low compared to
the activity recorded during a MVC. This resulted in a
"noisy" signal being displayed on the computer monitor when
the EMGCALC subprogram was run, making identification of
onset, peak and cessation positions difficult. To remedy
this the gain on the rectus abdominis channels of the
amplifier was increaed from 2,500 during the MVC to 4,000
during the locomotion trials and a conversion formula was
written into the EMBCALC subprogram to compensate for the
increase in gaine.

Once all the designated events were marked on the
footswitch and EMEB tracings, the length and cadence of a
right gait cycle and the positional esvents of both right and
left gait cycles were calculated by the subprogram and were
displayed on the computer monitor. The amount of myvoelectric
activity that occurred during the right gait cycle was
calcul ated ana displayed as a percentage of a MVC; the points

of anset, peaks (1,2 and 3} and cessation of myoelectric
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activity that occurred during the right gait cycle were
calculated and displayed as percentages of the right gait
cycle. These refined data could be stored, giving 15 files>
per subject (5 types of locomotion, 3 trials each). The
refined data could also be printed. From this printout an
average for esach parameter for the three trials of each type
of locomotion was calculated and recorded on a data sheet.
In addition, the mean values were entered into a computer
file using the STATS FLUS program (Human Systems Dynamics)

for later statistical anal ysis.
BODY SEGMENT DISPLACEMENT DATA

The processed film of each subject was first projected
from beginning to end onto the digitizing tablet in order to
check the sequence of the types of locomotion and of the
trials within each type. A frame of Ffilm from the middle of
gach trial was selected and the position of the C», Ls and
greater trochanter markers on the projected image was
cargfully traced onto a sheet of clear plastic film with an
indelible pen. This plastic sheet served as a template for
alignment of the slectronic cursor of the digitizing tablet
during that particular trial, ensuring consistency of

digitization.

The DIGIM subprogram was used to extract and store the

digitized X and ¥ co-ordinates from sach body marker for each
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frame of film. A correction for the fact that the body
markers were not in the same plane as the background markers
was written into the subprogram and it was calculated that
the maximum error that would result from measurements taken
at the extremes of the field of view of the camera was 0.3e.
The synchronizing light was used to identify the first frame
of the trial to be digitized. The subprogram required two
adjacent background markers to be digitized first, followed
by the body markers in the sequence C»r; Les, greater
trochanter, knee. A sequence check was built into the
subprogramz an audible prompt was given if any markers were
digitized in an incorrect sequence. After all the frames in
a particular trial were digitized, the co-ordinate data were
stored and a printout of the raw X and ¥ co-ordinates was
gengrated.

The DIGCALC subprogram was used to smooth and then
convert the raw X and ¥ co-ordinates into angular
displacement data for the defined body segments (Winter,
1979). Because of noise due to vibrations in the cinecamera,
imperfect alignment of film in the camera, and human errors
in the digitization process (Winter, 1979), the raw X and Y
co-ordinates were filtered with a second order Butterworth
lowpass digital filter with a cutoff frequency of S Hz. The
data were filtered in the forward and backward time direction

to remove any phase shift that the filter might introduce.
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The filtered X and Y co-ordinates were used in the
DIGCALC subprogram to calculate the position of the trunk and
pelvic segments relative to the vertical (Thorstensson et
al., 1982; Thurston & Harris, 1983; Bejjani et al., 1984;
Thorstensson et al., 1984, 1985), and to calculate the angle
between the pelvic and thigh segments, designated the hip
angle (Fig. B). These data could be stored, giving 15 files
of filtered displacement data per subject (5 types of
locomotion, 3 trials each). A printout could be generated of
trunk inclination, pelvic inclination and hip angle values
for each frame of the film that was digitized in a designated
trial. In addition, plots of trunk inclination, pelvic
inclination and hip angle curves during the course of the
digitized trial could be gensrated on the computer monitor
and a hard copy could be printed.

The tampmkai events occurring during one right gait
cycle (Right Initial Contact, Left End of Weight Bearing,
Left Initial Contact, Right End of Weight Bearing, Right
Initial Contact) were marked on the printout of the angular
displacement values and from this the segment values at 5%
intervals of the right gait cycle (100%) were extracted. The
values for sach of the three trials of one type of locomotion
were averaged and entered onto a data shest. The aean values
were used to plot graphic representations of the pattern of

angular displacements that occurred during a specific type of
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FIGURE 8. DEFIMITION OF BODY SEGMENTS.



TRUNK AND PELVICINCLINATION WITH RESPECT TO VERTICAL

HIP ANGLE - BETWEEN PELVIC AND THIGH SEGMENTS
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locomotion. The mean values were also entered into a
computer file using the STATS PLUS program for later

statistical analysis.
STATISTICAL ANALYSIS

At the conclusion of the data extraction process the
Right Gait Cycle data available for statistical analysis for
each of Level Walking, Stair Climbing, Stair Descent, Ramp

Climbing and Ramp Descent were:

- mean duration of Right BGait Cycle, in seconds.

- mean cadance of Right Gait Cycle, in steps per minute.

~- mean positions of onset, peaks (1,2 and 3) and
cessation of myoelectric activity of the right erector
spinae, left erector spinae, right rectus abdominis and left
rectus abdominis muscles, expressed as percentages of the
Right BGait Cycle.

— mean amount of myoelectric activity of the right
erector spinae, left erector spinae, right rectus abdominis
and left rectus abdominis muscles during a Right Gait Cycle,
expressed as a percentage of a HVEG.

— mean inclination of the trunk with respect teo the
vertical at 3% intervals of the Right Bait Cycle, measured in

degreas.
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- mean inclination of the pelvis with respect to the
vertical at 3% intervals of the Right Gait Cycle, measured in
degrees.

- mean hip angle at 5% intervals of the Right Gait
Cycle, measured in degrees.

statisiical analysis of the data was done using the
STATS PLUS and ANOVA 1L programs {(Human 3ystéms Dynamics,
1983) with an Apple Ile computer. In all instances the

probability level was set at .05.
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As discussed in Materials and Methods, sach subject
performed five types of locomotion — Level Walking, Stair
Climbing, Btair Descent, Ramp Climbing and Ramp Descent.
Three trials of each type of locomotion were completed, with
the middle stride period of sach trial selected for analysis.
The Right Gait Cycle (RBCY was used as the standard against
which all other measurements were made (Winter, 1986).
Because of the placement of the experimental apparatus, some
measurements had to be made from the left side of the body.
According to Winter et al. (1976), duwring a gait study the
data for one lower limb, suitably displaced in time, can be
used as representative data for the opposite limb. Inm the
present study the mean percentages of Stance phase for Right
and Left Bait Cycles of sach type of locomotion were
calculated from the temporal svents data; these values are
presented in Appendix II1,1-5. The data for Right and Left
Stance were then compared between the different types of
locomotion by means of a repeated measures two-way (tvpe x
zide) analysis of variance (Linton & Ballo, 1975; Sokal &
Rohlf, 1981). Mo significant difference was found between
Right and Left Stance in any type of locomotion. It was
therefore concluded that the Right and Left BGait Cycles were
gssentially symmetrical and measurements from the left side
af the body, appropriately displaced in time, could be
considered to be representative of the right side of the

body.
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DURATION OF THE RIGHT GAIT CYCOLE

For each trial of each type of locomotion, two
successive Right Initial Contacts (RICs) wers marked on the
displayed Right Footswitch tracing and the EMGCALC subprogram
generated the mean time interval between the RICs for the
three trials. The mean data for sach subiect can be found in
fppendix II,4. These data were subjected to a repeated
measures analysis of variance followed by a post hoc Tukey's
Test. The summary of these analvses is presented in Table 3.
It can be seen from this table that the duration of the Right
Gait Cycle in the two climbing tvpes of locomotion was
significantly longer than in the two descending types. There
was no significant difference in the duration of the gait
cycle betwesn Stair Climbing and Ramp Climbing or between
Stair Descent and Ramp Descent. The duration of the gait
cycle in Level MWalking was 5i§ni¥icant1y shorter thamn in Ramp
Climbing, but significantly longer than in the two descending

tvpes of locomobtion.
CADENCE

In addition to the duration of the Right Gait Cvcle, the
EMGLALD subprogram generated the mean number of steps taken
per minute over the three trials of each type of locomotiaon.

The mean data for each subject can be found in Appendix I1,7.
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Table 3. Bummarvy of Data for Mean Duration (secs) of RGC

in All Types of Locomotion
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These data were subjected to a repeated measures analysis of
variance followed by a post hoc Tukey's Test. The summary of
thase analyses is presented in Table 4. It can be seen from
this table that the cadence duwring the two climbing tvpes of
locomotion was significantly lower than that during the two
descending types. There was no significant difference in
cadence betweesn Stair and Ramp Descent, however the cadence
in Ramp Climbing was significantly lower than that in Stair
Climbing. The cadence in Level Walking was signi%iéantly
higher than in Ramp Climbing, but significantly lower than in

the two descending types of locomotion.

TEMPORAL, EVEMTS

For each of the three trials of each type of locomotion,
the EMGCALC subprogram generated a value for the point of
Right End of Weight Bearing (REWE), Left Initial Contact
(LICYy and Left End of Weight Bearing (LEWB) and expressed
these values as percentages of the Right Gait Cycle. The
means for sach temporal event in each type of locomotion were
then calculated. Because the footswitch tracings were
demsrcated manually on the displayed tracings, some errors in
marking may have occurred, therefore the mean data for
tempor-al events were sxpressed to the nearest whole number

{(Davis & Foote, 1954).
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Table 4. Summary of Data for Mean Cadence (number of steps
per _minute) of All Tvpes of Locomotion

L sC 8D RC RD

X 7.9 7.8 1146.0 0.2 112.6

8D 8.5 13.8 ig.% i1.2 12.0

ANOVA F (4,B5) = 33.2 p < 001

‘Results of post hoc Tukey's Test

L sC 8D RC RD
L - NS 01 =01 01
sC - «01 -01 01
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A graphic comparison of the temporal events in each type
of locomotion is presented in Fig. 93 the raw data can be
found in Appendix 1II,8-12. It can be seen that the values
for LEWE ranged between 10% (Stair Descent) and 154 (Ramp
Climbing), those for LIC ranged between 47% (Stair Descent)
and 31%Z {Level Walking, Stair Climbing, Ramp Climbing), and
those for REWB ranged between 61% (Stair Descent, Ramp
Descent? and &47%Z (Btair Climbing, Ramp Climbing). Variation
for each temporal event between the different types of
locomotion was small, however a repeated measures analysis of
variance revealed significant differences between locomotion
types for LIC and LEWB, but no significant difference between
types for REWB. A post hoc Tukey’'s Test on the LIC data
(Table 5) showed that there was no significant difference
between Stair and Ramp Climbing, between Stair and Ramp
Descent, or between Level Walking, Ramp Descent and the two
climbing types of locomotion. There was a significant
difference only beltween the two climbing types and Stair
Descent, and between Level Walking and Stair Descent. A post
hoc Tukey's test on the values for LEWB (Table &) showed that
there was no siginificant difference between Stair or Ramp
Climbing or between Stair and Ramp Descenti there was a
significant difference between the two climbing and the two

descending tyvpes.
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Results of pb#t hoc Tukéy‘a Test
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ANOVA F (4,85) = 13.0 p < .001

Results of post hoc Tukey's Test
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sC - 01 NS 01
gD - - 01 NS

KEY: L = Level 8C = Stair Climb 8D = Stair Descent
RC = Ramp Climb RD = Ramp Descent



192,

DISPLACEMENT IN THE SAGITTAL FLANE

The positions of the trunk and pelvic segments relative
to the vertical were measured at 5% intervals of the Right
Gait Cycle (Thorstensson et al., 1982, 1984, 1985; Thurston &
Harvris, 1983; Bejjani et al., 198B4). The angle between the
pelvic segment and the thigh sesgment was measwed and
designated the hip angle. Because of possible errors
inherent during photographic recording and digitization,
trunk and pelwvic segment inclination and hip angle data are
expressed to the nearest degress.

The raw data for trunk and pelvic inclination are
presented in Appendix I1,13-22.1. These data are presented
according to kinematic convention, that iz, counterclockwise
motion of the trunk and pelvic segmenis iz defined as
positive and clockwise motion is defined as negative (HWinter,
19846} . Therefore, because the right side of the body is
being considered, anterior inclination of the trunk and
pelvis is negative and posterior inclination is positive.
However, for clarity of illustration, graphic representation
of the trunk and pelvic segment displacement data will be
presented in the format used by Thorstensson et al. (1982,
1984, 1985), Thwston and Harris {(1983) and Bejijani et al.

(1984): anterior inclination will be plotted in the positive



direction of the v axis and posterior inclination will be
plotted in the negative direction of the y axis (Fig. 8).

The hip angle was also measured at 5% intervals of the
Right Gait Cycle and the raw data are presented in Appendix
I11,23-27.1, saccording to kinematic convention in which
counterclockwise motion is defined as positive and clockwise
motion is defined as negative. Because the right side of the
body is being considered, hip flexion is positive and hip
extension is negative (Winter, 198&6). Graphic representation
of hip angle data will be presented in the format used by
Inman et al. (1981) and Perry (1985): hip flexion will be
plotted in the positive direction of the y axis and hip
extension will be plotted in the negative direction of the v

axis.
LEVEL WaLKING

& graphic representation of displacement of body
segments in the sagittal plane during the Right Gait Cycle of
Level Walking is presented in Fig. 10.

The trunk segment in eight subjects was held in anterior
inclination throughout the gait cycle, in six subjects it was
held in posterior inclination, and in four subijects the trunk
moved into both anterior and posterior inclination. Overall,
the trunk segment was held in slight anterior inclination

thvoughout the majority of the gait cycle. When the values
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FIGBURE 10. BODY SEGMENT POSITIONS DURING LEVEL WALKING.
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for sach individual are considersd, the maximum anterior
inclination observed was 8°, maximum posterior inclination
was S5°. Over the 18 subjects, mean maximum anterior
inclination of 2° occurred at the end of both Right and Letft
SBwing: the neutral (0°) position ocowrred during the period
from Left End of HWeight Bearing teo Right Mid Stance. The
trunk excursion for sach subject was calculated by
subtracting the maximum posterior inclination from the
maximum anterior inclination and & mean value for the 18
subiects was calculated. The mean trunk segment excursion in
Level Walking was 311,

The pelvic segment was maintained in a position anterior
to the vertical in 12 subjects and moved both anterior and
posterior to the vertical in six subjects. Overall, the
pelvic segment was held anterior to the vertical throughout
the gait cycle. Individually, maximum anterior inclination
observed was 189, maximum posterior inclination was %°. Over
the 18 subjscts, mean maximum anterior inclination of 1l1°
occurired during the second Double Support phase and minimum
anterior inclination of 1° occurred during the first Double
Support phase. The mean pelvic segment excursion of all
subiscts was 11¥4=,

When hip angle is considered, a1l subjects moved +rom a
position of hip flexion at the beginning of the gait cycle,

into hip extension at approximately 3504 of the gait cycle,
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and back into flexion at the end of the gait cycle.
Individually, maximum hip flexion was 30, maximum hip
extension was 199, 0Over the 18 subjects, mean maximum hip
flexion of 25° occurred just before the end of Right Swing,
mean maximum hip extension of 15° occurred during the secbnd
Double Support phase. The mean hip angle excursion was 40t

-,
29,

STAIR CLIMBING

& graphic representation of the displacement of body
segments in the sagittal plane during Stair Climbing is
presented in Fig. 11.

The trunk segment of all subjects was held in anterior
inclination throughout the gait cycle. Individually, max imum
anterior inclination HanEE”, minimum anterior inclination
was 1°. Over the 18 subjects, mean maximum anterior
inclination of 12° occurred during the first Double support
Phase; mean minimum anterior inclination of 9° occurred
during Right Swing. The mean trunk segment excursion of the
18 subjects was 4tie=, |

The pelvic segment was held in anterior inclination
throughout the gait cycle in 17 subjectss in one subiect the
pelvic segment moved into slight posterior inclination.
Individually, maximum anterior inclination was 23=, maximum

posterior inclination was 3®. Over the 18 subjects, mean
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FIBURE 11. BODY SEGMENT POSITIONS DURING STAIR CLIMBING.
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maximum anterior inclination of 13° ogccwrred during the first
Double Support phase; mean minimum anterior inclination of 9=
occurred during Right Swing. The mean pelvic ssgment
excursion of the 18 subjects was 713=,

When hip angle is considered, 16 subjects moved from hip
flexion at the beginning of the gait cycle, into hip
extension at approximately 504 of the cycle, and then back
into hip flexion at the end of the gait cycle. In one
subject the hip moved from flexion to neutral (0°) in mid
cycle and in one subject the hip remained in flexion
throughout the gait cvcle. Individually, maximum hip flexion
was 53532 and maximum hip extension was 10°. Over the 18
subjects mean maximum hip flexion of 45 occocwred just before
the end of Right Swing and mean maximum extension of 4°
occurred during the second Double Support phase. The mean

hip angle excursion of the 18 subiects was 5itae,
8TAHIR DESCENT

f graphic representation of displacement of body
segments in the sagittal plane during Btair Descent is
praesented in Fig. 12,

During Stair Descent the trunk segment was held in
anterior inclination throughout the gait cycle in eight
subjects, in posterior inclination throughout in three

subjects and in seven subjects it moved into both anterior



FIGURE 12. BODY SEGMENT POSITIONS DURING STAIR DESCENT.
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and posterior inclination during the gait cycle. Overall,
the trunk segment was held in slight anterior inclination
throughout Stair Descent. Individually, maximum anterior
inclination was 122, maximum posterior inclination was 5°.
fOver the 18 subjects, mean maximum anterior inclination of 3°
cccurred during Right Mid Stance and Right Swing; mean
minimum anterior inclination of 1° occurred during the first
and second Double Support phases and at the end of Right
Swing. The mean trunk segment excursion of the 18 subjects
was 4fz2e,

The pelvic segment was held in anterior inclination
throughout Stair Descent in 10 subjects, in posterior
inclination throughout in fouwr subjects, and in four subjects
it moved into both anterior and posterior inclination.
Overall, the pelvic segment was held in slight anterior
inclination throughout Stair Descent. Individually, maximum
anterior inclination was 14, maximum posterior inclination
was 10°, ver the 18 subjects, mean maximum anterior
inclination of 5° occurred at the end of Right Swing, and
mean minimum anterior inclination of 1° occurred at the
beginning of Right Swing. The mean pelvic segment excursion
of the 18 subjects was &i3=,

The hip angle of all subjects remained in flexion
throughout Stair Descent with maximum hip flexion occurring

at approwimately 75% of the gait cycle. Individually,



204,

maimum hip flexion was 41°, minimum hip flexion was 4o,

Over the 18 subiects mean maximum hip flexion of 35° occurred
at the beginning of Right Swing, mean minimum hip +lexion of
1i® goourved during Right Mid SBtance. The mean hip angle

excursion of the 18 subiects was 2&t3°.
RaMPF CLIMBIMNG

& graphic representation of the displacement of body
segments in the sagittal plane during Ramp Climbing is
presented in Fig. 13.

Duwring Ramp Climbing the trunk segment was held in
anterior inclination throughout the gait cycle in all
subjescts. Individually, maximum anterior inclination was
242, minimum anterior inclination was 2. Over the 18
subjerts, mean maximum anterior inclination of 13° ocowurred
during the second Double Support phase into Right Swings mean
minimum anterior inclination of 10° occurred at the'end of
FRight Swing. The mean trunk excursion of the 18 subjects was
5ize,

The pelvic segment was held in anterior inclination
throughout the gait cyvocle in 17 subljectsy in one subliect the
pelvis moved into both anterior and posterior inclination.
Individually, maximum anterior inclination was Z1°, maximum

posterior inclination was 1°. Over the 18 subjects, mean

maximum antericor inclination of 13° ococwred during the
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FIGURE 13.

BODY SEGMENT PDSITIONS DURING RAMP CLIMBING.
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second Double Support phase into Right Bwing; mean minimum
anterior inclination of 8° occurred at the end of Right
Swing. The mean pelvic segment excursion of the 18 sub ijects
was F13e.

When hip angle is considered, all subiects moved +rom
hip flexion at the beginning of the gait cycle into hip
extension at approximately S0%Z of the gait cycle and back
into hip flexion at the end of the cycle. Individually,
maximum hip flexion was 54°, maximum hip extension was 23°.
Over the 18 subjects mean maxioum hip flexion of 45° occcurrved
at Right Initial Contact, mean maximum hip extension of 14°

occurred during the second Double Support phase. The mean

hip angle exursion of the 18 subjects was £2t 70,
RAMF DESCENT

& graphic representation of the displacement of body
segments in the sagittal plane during Ramp Descent is
presented in Fig. 14.

During Ramp Descent the trunk segment was held in
posterior inclination throughout the gait cycle in nine
subjects, in anterior inclination throughout in 5 subjects,
and in four subjects the trunk segment moved into both

anterior and posterior inclination. Overall, the trunk was

held in the neutral (02 position throughout the majority
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FIBURE 14. BODY SEGMENT POSITIONS DURING RAMP DESCENT.
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of the gait cycle during Ramp Descent, moving into 1° of
posterior inclination at the end of Right Swing.
Individually, maximum anterior inclination was 8, posterior
inclination was &°. The mean excuwrsion of the trunk segment
in the 18 subjects was 3%1e,

The pelvic segment was held in anterior inclination
throughout Ramp Ba#tent in eight subjects, in posterior
inclination throughout in two subiects, and in eight subjects
it moved into both anterior and posterior inclination.
Overall, the pelvic segment was held in anterior inclination
during the majority of the gait cycle. Individually, maximum
anterior inclination was 22°, maxioum posterior inclination
was 11, Over the 18 subjects, mean maximum anterior
inclination of 5° occurred during the second Double Support
phase and the neutral (0°) position was reached during Right
Sitance. The mean excursion of the pelvic segment over the 18
subjects was B8X4e,

The hip angle of 12 subjects remained in flexion
throughout Ramp Descent; in six subjects the hip went into
slight extension at approximately 50% of the gait cycle.
Overall, the hip remained in flexion throughout the gait
cycle. Individually, maximum hip flexion was 292, maximum
hip extension was 12°. Over the 18 subjects, maximum hip
flekion of 22° occurred during Right Mid Swing and minimum

hip flexion of 2° occwrred during the second Double Support



phase. The mean excursion of the hip over the 18 subjects

was 22tas,
COMPARISON OF DISPLACEMENTS IN DIFFERENT TYPES OF LOCOMOTION

The values for trunk segment inclination, pelvic segment
inclination and hip angle were compared at 5% intervals from
0% to 100% of the Right Gait Cyvcle between each type of
locomotion. In all instances the statistical test used was a
repeated measures analysis of variance followed by a post hoc
Tukey's Test.

& graphic comparison of the trunk inclination curves in
the different types of leocomotion is presented in Fig. 13.

It can be seen that the Stair Climbing and Ramp Climbing
curves are very similar to sach other while the Level
Walking, Stair Descent and Ramp Descent curves are all
similar to sach other. Resulits of the statistical analvysis
revealed that the Btair Climbing and Ramp Climbing curves
were significantly different only betwesen 704 to BOX of the
gait cycle {(Right Swing phasel when anterior inclination was
greater during Ramp Climbing than during Stair Climbing.
Comparison of the two descending types of locomotion revealed
that these curves were significantly different only between
254 to 404 (Hight Mid Stancel! and between 807 to F04L {(Right
Terminal Swing) of the gait cvole when anterior inclination

was greatsr during Staicr Descent. Comparison of Level
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FIGURE 15. COMPARISON OF TRUNK INCLINATION IN THE SAGITTAL

FLANE.
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Halking to Stair Descent showed that the curves were
significantly different only between 15% to 354 (Right
Stance? of the éycle when there was greater anterior
inclination during Stair Descent. Comparison of Level
Walking to Ramp Descent showed that there was a significant
difference only between BOZL to 100% (Right Terminal Swing) of
the cvcle when there was greater anterior inclination during
Level WHalking.

8 graphic comparison of the pelvic inclination curves in
the different types of locomotion is presented in Fig. 14.
figain, it can be seen that the curves of the two climbing
types of locomotion are similar as are the curves of the two
descending tyvpes. Results of statistical tests showsed that
there was no significant difference between the curves of the
two climbing types of 1ucmmﬁtimﬁ or betwesen the curves of the
two descending types. Comparison of Level Walking to the two
climbing locomotion types revealed that there was
significantly less anterior pelvic inclination in Level
Walking except during the second Double Support phase,
bhetwsen 40% to 74% for Stair Climbing and between 404 to &0%
for- Ramp Climbing, when there was no significant difference
betwesen the three cwves. Comparison of Level HWalking to the
two descending tvpes of locomotion showsd that the curves
were significantly different only during the second Double

Support phase, betwesen S04 to 75% in the case of Stair



FIGURE 1&. COMPARISON OF PELVIC INCLINATION IN THE SAGITTAL

PLANE.
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Dezcent and S50% to &5% in the caze of Ramp Climbing: at these
times thers was greater anterior inclination during Level
Walking.

& graphic comparison of the hip angle curves in the
different tvpes of locomotion is presented in Fig 17. It can
be seen that the form of the curve of the Level Walking,
Stair Climbhing, Ramp Climbing and Ramp Descent types of
locomotion is basically similar, while that of Stair Descent
is different. Statistical analysis showed that the curves of
the two climbing types of locomotion were significantly
different between 0% and Z20% (Right Initial Contact into the
first Double Support phase) when hip flexion was greater
during Ramp Climbing, and between 40% to 704 (Terminal Stance
into Right Swing) when there was greater hip extension in
Famp Climbing and greater hip flexion in Stair Climbing.
Comparison of the curves in the two descending types of
locomaotion showed that there was significantly greater hip
filexion in Stair Descent except between 2574 to 354 (Right Mid
Stance), and between 0% to 5% (Right Terminal Swingl. When
Level Walking was compared to Stair Climbing it was found
that the curves were significantly different throughout the
gait cycle, with greater hip flexion occwring during Stair
Climbing and greater hip extension during Level HWalking.
Comparison of Level Walking to Ramp Climbing showed that

there was significantly greater hip flexion during Ramp
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FIGURE 17. COMPARISON OF THE HIP ANGLE IN THE SAGITTAL

PLANE.
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Climbing, but that there was no significant difference
betwesn the two types of locomotion during the period from
40% to 7S5% (Right Terminal Stance to Right Mid SBwing).
Comparison of Level Walking to the two descending types of
Iocomotion showed that the curves were significantly
different throughout the Right Gait Cycle; in the descending
tyvpes of locomotion the hip did not move into extension past

the neuiral (0°) position.

COMPARISON OF MAXIMUM AND MINIMUM BODY SEGHMENT DISPLACEMENMTS

For sach of the 18 subjects the values for the maximum
anterior and posterior inclination of the trunk and pelvic
sagments during the Right Gait Cycle of each type of
locomotion were identified, and the mean of each of the two
extrems positions in the 18 subiects was calculated.
Likewise, the values of maximum hip flexion and extension
during the Right Bait Cvcle of sach type of locomotion were
identified and the mean of each of the two positions in the
18 subjects was calculated. & graphic comparison of the mean
extremes of body segment positions in the five different
types of locomotion is presented in Fig. 18. & repeated
measures analysis of variance and post hoc Tukey's Test was
done for sach set of values.

For the trunk segment it can be sesn that maximum

anterior inclination occurred during Stair and Ramp Climbings
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FIBURE 18. COMPARISON OF MAXIMUM AND MINIMUM BODY SEGMENT

POSITIONS.
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there was no significant difference between these values.
There was no significant difference between maximum anterior
inclination in Level Walking, Stair Descent and Ramp Descent.
Maximum posterior inclination occurred during Ramp Descent,
however this value was not significantly different from that
during Level Walking or Stair Descent.

For the pelvic segment, maximum anterior inclination
also occurred during Stair and Ramp Climbing: there was no
significant difference between these values. There was also
no significant difference between maximum anterior
inclinstion of the two descending types of locomotion.
FMlaximum anterior inclination during Level Walking was
significantly greéter tharn that during Stair Descent and
significantly less than that during Ramp Climbing. Maximum
posterior inclination occurred during Ramp Descent, however
this was not significantly different from that during Level
Walking or Stair Descent.

Maxwimum hip flexion occwred during the two climbing
types of locomotion; there was no significant difference
between these values. There was no significant difference
bhetwaen maximum hip flexion during Level Halking and Ramp
Descent; maximum hip flexion in Stair Descent was
significantly greater than that during Level Walking or Ramp
Descent. The position of maximum hip extension occurred

during Level Walking and Ramp Climbing and the values for
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these two tyvpes of locomotion were significantly greater than

those of the other tvpes of locomotion.
COMPARISON OF BODY SEGHMENT EXCURSION

For each of the 18 subiects, the total excwsion that
occurcred in the trunk and pelvic segments during a right gait
cycle was calculated by subtracting the maxkimum anterior
inclination value from the maximum posterior or minimum
anterior inclination value. Likewise, values for hip
excursion were calculated by subtracting the maximum flexion
valus from the marimum extension or minimum flexion value.
The valuss for each segment were averaged and compared across
the five types of locomotion by means of a repeated measures
analysis of variance and post hoc Tukey’'s Test. A graphic
comparison of the mean excursion of each of the body segments
is presented in Fig.1%.

For the trunk segment it can be seen that the total
excursion was small in all types of locomotion, ranging from
Z* to 59, The greatest excursion occurred during Ramp
Climbing, but this was not significantly greater than the

voursion during Stair Climbing. There was no significant

difference between the trunk segment excwsion in Level
Walking, Stair Descent and Ramp Descent.

The amount of excwsion in the pelvic segment was

greater tharnn that of the trunk segment, ranging from a high
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of 11° to a low of 62, The greatest amount of excursion
occurred during Level Walking, however this was not
significantly different from that during Ramp Climbing.
There was no significant difference between the amount of
pelvic excursion that ococwrrad during Ramp Climbing, Stair
Climbing, Stair Descent or Ramp Descent.

At the hip the maximum and minimsun excursion was 62° and
22%, respectively. Maximum hip excwrsion ocowred during
Ramp Climbing and this was significantly greater than during
any other type of locomption. The least amount of hip
sxcursion occurred during the two descending types of

locomotiony there was no significant difference between them.

AMOUNT OF TOTAL MYOELECTRIC ACTIVITY

Once the Right Bait Cycle had been marked on the Right
Footswitch tracing, the EMBCALT subprogram measured the area
under the cuwrve of the linsar envelops of a designated
muscle, compared this value to the area of the linear
envelope of the WWE of the muscle over a one second period,
and generated a valug that represented the percentage of
activity produced by the muscle during the Right Gait Cycle.
Az it is impossible to determine if all eotor units of a
muscle are being recruited during the MVC, the value obtained
from this contraction may be only an approximation of the

max imum performance of the muscle.
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Conseguently, values calculated for myoelectric output and
prprassad as a percentage of a maximum voluntary contraction
are an estimate of the activity of the muscle relative to its
maximum possible performance, and are therefore expressed to
the nearest whole number. The values are, however, useful in
that some guantitative comparison can be made betwesn muscles
and a detersmination can be made of the amount of activity
generated by a muscle during a sequence of movements
{Basmajian, 1?78:; Letts et al., 1978; Ferry et al., 1981},

The raw data for the mean amounts of total electrical
activity of right erector spinae, left erector spinae, right
rectus abdominis and left rectus abdominis in each of the
five types of locomotion can be found in Appendix II1,28-3Z2.
For sach type of locomobtion the mean total muscle actiwvity
was compared between muscles using analvyses of variance and
post hoo Tukey's Tests. & summary of the data and of the
statistical tests is presented in Tables 7-11. It can be
spen that for sach type of locomotion there was no
gignificant difference between the level of electrical
activity of right and left erector spinae and between right
and left rectus abdominis muscles. In all instances the two
erector spinas muscles showed more activity than the two
rectus abdominis muscles.

Because there was no significant difference between the

activity of right and left sides of the two muscles, the mean
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aNOvVA F (3,51) = 2B8.3 p < .001

Results of post hoc Tukey's Test

RES LES RRA LRA
LEB - - 01 01

RRA - NS

KEY: RES
LES

Right Erector Spinae RRA = Right Rectus Abdominis
Left Erector Spinae LEA = Left Rectus Abdominis

B ou
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Table 8. Summary of Data for Mean Omount of Total Muscle
Aoctivity (4 MVE) during Stair Climbing

RES LES RRA LRA

22 30 3 3

|

=1 12 18 2 2

n¥ Tatal‘ﬂusmla {

ANOVA F (3,51) = 32.3 p < .001

Results of post hoc Tukey s Test

RES LES RRA LRA
RES - NS .01 .01
LES - .01 .01

RRA - NS

Right Rectus Abdomins

Key: RES = Right Erector Spinae | = jht
= Left Rectus Abdominis

LES = Left Erector Spinae
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ANDVA F (3,68) = 14.5

p % 001
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ANOVA F (3,6B) = 22.2 p < 001
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ANDVA F (3,488) = 7.6 p < .001

“Results of post hoc Tukey's Test

RES LES RRA LRA
LES - .05 .05

RRA - NS

KEY: RES = Right Erector Spinae RRA = Right Rectus Abdominis
LES = Left Erector Spinae LRA = Left Rectus Abdominis



of the activity of the srector spinae as a whole and of the
rectus abdominis as a2 whole was calculated for each subliect
{11,33-343), and these values were used to compare the
activity of sach muscle between the different types of
locomotion (Fig. 20). A repeated measures analysis of
variance and post hoc Tukey's Test were done on each set of
data and the summaries are presented in Tables 12 and 13.

For erector spinae it can be seen from Fig. 20 and Table
12 that the greatsst amount of electrical activity occurred
during the two climbing types of locomotion, the least amount
during Stair Descent. There was no significant difference
between Stair Climbing and Ramp Climbing, or between Level
Walking compared to Stairvr Descent and Ramp Descent.

For rectus abdominis, it can be seen from Fig. 20 and
Table 13 that electrical activity was low in all types of
locomotion with the greatest amount seen dwing Ramp Descent
and the least amount seen during Stair Climbing, Hamp
Climbing and Stair Descent. 6 significant difference in
amount of total electrical activity was found only between
the two climbing tvpes of locomotion when compared to Ramp

Descant.

FHASIC ACTIVITY OF TRUME MUSCLES

The seqguence of participation of sach muscle during the

Right Bait Cvecle in each type of locomotion was investigated.
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FIBGURE 20.

COMPARISON OF MEAN TOTAL MUSCLE ACTIVITY BETWEEN

LOCOMOTION TYPES.
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ANDVA F (4,6B) = 19.5 p < .001

Results of post hoc Tukey's Test

L sC SD RC RD
L. - -1 NG 01 NS
8sC . - 01 NS - 01
8D - -01 NS

RC - «O%

KEV:L = Level &C = Btair Climbing 8D = Stair Descent
RC = Ramp Climbing RD = Ramp Descent
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ANOVA F (4,68) = 2.7 p < .04

Results of post hoc Tukey's Test

L s 8D RC RD
L - NS NS NS NS
sC - NS NS .05
8D - NS NS

KEY:L = Level Walking 8C = Stair Climbing D = Stair Descent
: ] = R

8I
Ramp Climbing RD amp Descent
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fis described in Materials and Methods, the onset, peak and
cessation of myoelectric activity of each EME tracing were
selected for svaluation. These points were marked manually
on the displayed EME tracings and the EMBCALC subprogram
generated a value for each parameter, sxpressed as a
percentage of the RGC.

It was found that muscles were either active throughout
the sntire gait cvocle or were inactive, therefore no onsset or
cessation points ocourred. Three distinct peaks of
myoelectric activity during the Right Gait Cycle could be

identified for the majority of muscles.
FEGK 1 EMG ACTIVITY

The mean points of Peak 1 EMBG activity of the right and
leftt srector spinae and the right and left rectus abdominis
during the five different types of locomotion are presented
in Fig 21: the raw data can be found in fppendix I11,35-3%.

An analysis of variance and post hoc Tukey’'s Test were used
to compare the Pesak 1 activity between all muscles in each
type of locomotion.

During Level Walking (I1,35) both erector spinae muscles
showed a peak of activity in all subijects during the first
Double Support phase. In the right and left rectus abdominis
muscles a peak of activity was observed in 11 and =zix

subjects, respectively; the pesak in both abdominal muscles
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FIBURE 21, COMPARISON OF PHASIC MUSCLE ACTIVITY BETWEEN

LOCOMOTION TYPES.
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atcurredrat the end of the first Double Support phase, at
Left End of Weight Bearing. The statistical analysis (Table
14y revealed that there was no significant difference between
the Pesak 1 points of the right and left erector spinas
muscles or between the Peak 1 peoints of the right and left
rectus abdominis muscles. Comparison of erector spinae to
rectus abdominis showed that Peak 1 activity in the rectus
abdominis (1534} ocowrred significantly later in the gait
cyvele than Pesak 1 activity in erector spinae (6%).

During Stair Climbing (II,34) it can be seen that in all
sub jects both srector spinas muscles showed a peak of
activity during the first Double Support phase of the gait
cycle. & peak of activity in the right and left rectus
abdominis was observed in 16 and 15 subjects, resspectively
and occurred toward the end of the first Double Support phase
close to Left End of Weight Bearing. Results of the
statistical anzlvsis {Table 15) showed that Feak 1 in the
right erector spinae occwred significantly sarlier than that
in the other muscles. There was no significant difference in
the Feak 1 points between the three remaining muscles.

During Stair Descent (II,37), both erector spinae
muscles showed a peak of activity in all subjects and this
ococurred at the end of the first Double Support phase at the
point of Left End of Weight Bearing. Peak 1 activity of the

right and left rectus abdominis muscles was seen in 12 and 15
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ANOVA F (3,49) = 21.7 p < .001

Results of post hoc Tukey's Test

RES LES RRA LRA
RE® - NS .01 .01
LES - .01 .01

RRA - NS

ight Rectus dbdominis

KEY: RES ight Erector Spinae RRA = R
= Left Rectus Abdominis

= R
LES = Left Erector Spinae LRA
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Table 15. Summary of Data for Mean Point of Peak 1 EMG
fctivity duwring Stair Climbing (% of RGC)

RES LESB RRA LRA

|

5 11 10 13

ANOVA F (3,63 = 15.7 p < 001

Results of post hoc Tukey’'s Test

RES LES RRA LRA
RES - 01 - 01 =01
LES - NS NS
RRA - NS

KEY: RES
LES

Right Erector Spinas RRA = Right Rectus Abdominis
Left Erector Spinae LRA = Left Rectus Abdominis

o



subjects, respectively and, similarly to erector spinas,
occurred at the end of the first Double Support phase.
Statistical analysiz showed that there was no significant
difference betwessen the Feak 1 events of all fﬁur muscles.

During Ramp Climbing (11,38) both erector spinas muscles
showed a pesak of activity in all subjects and this occurred
during the first Double Support phase of the gait cycle. The
right and left rectus abdominis muscles showed Peak 1
activity in 15 and 14 subjects, respectively and this peak
also occurred during the first Double Support phase. Results
of the statistical analysis (Table 16} showed that Pealk 1
activity in the right erector spinae occurred significantly
sarlier in the gait cycle than that of the other muscles.
There was no significant difference in the Peak 1 events
hetween tha ieft erector spinae and the two rectus abdominis
muscles.

During Ramp Descent (11,37}, both erector spinas muscles
shored a peak of activity in 2ll subiects and this occurred
during the first Double Support phase. Peak 1 activity in
the right and left rectus abdominis muscles was aobserved in
13 and 15 subjects, respectively and occurred at the end of
the first Double Support phase, close to Left End of Height
Bearing. Statistical analysis (Table 17) showed that Peak 1
activity in the left erector spinae occurved significantly

sarlier in the gait cyole than that of the right rectus
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Results of post hoc Tukey's Test

RES LES RRA LRA
RES - - 05 .01 - 01
LES - NS NS
RRA - NS

ight Rectus Abdominis
¢ Rectus ébdominis
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ANOVA F (3,600 = 5.0 P < .004

“Results of post hoc Tukey's Test

RES  LES  RRA  LRA
RES - NS NS NS

- 01 NS

y = Right Rectus Abdominis
RA = Left Rectus Abdominis
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abdominis, otherwise there was no significant difference in
Feak 1 events between the muscles.

The point of Peak 1 EME activity of each muscle was also
compared betwesen the five types of locomotion (II,40-43).
Statistical analyses using a repeated measures analysis of
variance and a post hoc Tukey’'s Test showed that significant
differences betwesen the different tvypes a% locomation
oocurred only for the erector spinase muscles. Tables 18 and
172 pressnt the summary data for these muscles.

In the right Ereztﬁr gpinae it can be seen that Pesak 1
activity occurred garliest during Stair Climbing and Ramp
Climbing and latest duwring Stair Descent. There was no
significant difference between the Feak 1 points of the two
climbing or of the two descending tvpes of locomotion. FPeak
I activity in Level HWalking occwred significantly earlier
than in Stair Descent, but was not significantly different
compared to the other types of locomotion. The Peak 1 points
of the two climbing types of locomotion occurred
significantly earlisr than those of the two descending tvpes
of locomotion.

In the left erector spinas it can be seen that FPeak 1
activity occurred sarliest during Level Walking and Ramp
Descent and latest during Stair Climbing and Stair Descent.
There was no significant difference between the points of

Feak 1 activity during Stair Climbing, Ramp Climbing and
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ANDVA F (4,85 = 12.5 P < 001

Results of post hac Tukey's Test

L sC 8D RC RD
L - NE - 01 NS NS
sC - -01 NS 01
8D - -01 NS

RC - - 05

amp Climbing

KEY: L = Level &C = Stair Climbing RC = R ;
= ' = Ramp Descent

8D Stair Desce RD
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Results of post hoc Tukey's Test

L 8C 8D RC RD
L - .05 .01 .05 NS
sC ] NS NS .01
8D - NS .01
RC ‘ - .05

KEY:L = Level Walking 8C = Stair Climbing 8D = Stair Descent
C = Ramp Climbing RC = Ramp Descent

RC
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Stair Descent. The Feak 1 points during Level Walking and
Famp Descent were found to be signiticantly different from
those of Steir Climbing, Ramp Climbing and Stair Descent.

There was no significant difference between the Peak 1
points of the right or of the left rectus abdominis muscles
dhing the five different types of locomotion, therefore no
summary of the data or statistical analyses are given.

In summary, both ersctor spinas muscles of all subjects
showed a peak of EME activity during the sarly part of the
Right BGait Cycle, during or close to the end of the first
Double Support phase. This activity occurred at essentially
the same time in the gailt cycle except in Stair and Ramp
Climbing when the peak activity of the left erector spinae
occurred later in Double Support than that of the right
erector spinae. & pesak of activity esarly:in the Right Gait
Cyvcle was not always present in the rectus abdominis muscles.
When present, the peak occocwred toward the end of the first
Double Support phase at essentially the same time,; regardless

af the tvpe of locomotion.

FEAK 2 EMB ACTIVITY

The m2an points of Peak 2 EME activity of the fouwr
muscles during sach of the five types of locomotion are
presented in Fig. 213 the raw data can be found in Appendix

11,44-48. Analyses of variance and post hoc Tukey's Tests



wore used to compare the Peak 2 activity between muscles in
sach type of locomotion.

During Level Walking (I1.,44), both erector spinae
muscles in all subjects showed a second peak of EMB activity
in the middle of the second Double Support phase. A second
peak of activity was also seen in all sublijects in the EMG
tracings of both rectus abdominis muscles, and this ococwred
at the end of Left SBwing. Statistical analysis (Table 20)
showed that there was no significant difference between the
Peak 2 points of right compared to the left srector spinae
muscles or between right compared to the left rectus
abdominis muscles. There was also no significant difference
hetween the Peak 2 points in the right rectus abdeminis and
in the twn srector spinae muscles. There was a significant
difference between the Feak 2 points of the left rectus
ashdominis compared to the left and right erector spinae
muscles.

During Staier Climbing (11,45}, Peak 2 activity in both
grector spinae muscles and in the left rectus abdominis
muscle was present in 18 subjectsi; in the right rectus
abdominis muscle it was present in 17 subjects. It can be
seen that the mean Peak 2 activity in the right erector
spinas and in both rectus abdominis muscles occurred in the
middle of the second Double Support phase while that of the

laeft erector spinas occurred at the end of Left Swing, Jjust
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ANDVA F (3,68) = 7.3 p < .001

Results of post hoc Tukey's Test

RES LES RRA LRA
RES - NS NS =01
LES - NS - 01
RRA - NS

KEY: RES ight Erector Spinas RRA

=8 = Rig RA = Right Rectus Abdominis
LES8 = Left Erector Spina LRA = L

eft Rectus Abdominis



hefore Left Initial Contact. Statistical analvsis (Table 213
indicated that there was no significant difference between
the Peak 2 points of the right and left rectus abdominis and
the right erector spinae muscles. The Feak 2 points of these
muscles ooccurred, howsver, significantly later in the gait
cycle than that of the left srector spinae.

During Stair Descent (11,44 2 second peak of activity
was present in the ersctor spinae muscles of all subjects; in
the rectus shdominis muscles it was present in 17 subijects.
It can be ssen that the Peak 2 activity in all fouw muscles
gcoccurred during the middle of the second Double Support
phase. Btatistical analysis showed that there was no
significant difference between the Peak Z points of the four
muscles.

During Ramp Climbing (I1,47) a second peak of EMG
activity was present in each muscle of all subjects and
opocurred during the second Double Support phase. Statistical
analveis revealed that there was no significant difference
bhetween the Peak 2 points of the four muscles.

During Ramp Descent (I1,48) a second peak of activity
was present in right and left erector spinae and left rectus
ahdominis muscles in all subjectsg in the right rectus
abdominis it was present in 17 subjects. In the erector
spinae muscles Feak 2 occurvred in the middle of the second

Double Support phase; in the rectus abdominis muscles it
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Table 21. Summary of Data for Mean Point of Peak 2 EMG
Activity during Stair Climbing (% of RGC)

RES LEB RRA LRA

58 50 57 56

|

Results of post hoc Tukey's Test

s o v

RRA LRA

RES - .01 NS NS

RRA - NS

= Right Ersctor Spinae RRA = Right Rectus Abdominis
LES = Left Erector Spinae LRA = Left Rectus Abdominis



opoourred at the end of Left Swing. There was, howsver, no
significant difference between the Peak Z points of all
muscles.

The point of Peak 2 EMG activity of sach muscle was also
compared between the five types of locomotion (I1,49-32).
£l though differences between means were small, statistical
analyaéa using a repeated measures analysis of variance and
post hoc Tukey ' s Test showed that significant differences
hetween the types of locomotion existed for the right erector
spinas and left rectus abdominis muscles. Tables 22 and 23
present the summary data for these muscles. In the right
erector spinae it can be seen that Peak 2 activity ocowred
significantly sarlier in the two descending types of
locomotion than in the two climbing types. There was no
significant difference between Stair Climbing and Ramp
Climbing or between Stair Descent and Ramp Descent.

For the left rectus abdominis Fealk 2 activity ocourred
at essentially the same time in the Right Gait Cyvole in all
tvpes of locomotion, howsver it occurred significantly
parlisr in Level Halking compared to 5tair Climbing.

In summary, a second peak of EME activity was seen in
all fouwr muscles in the majority of subiects=. Both erector
spinae muscles showed a peak of actiwvity during the second
Double Support phase of the Right Gait Cyeocle. This actiwvity

oocurred at essentially the same time in the gait cycle
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fi

ANDVA F (4,68)

Results of post hoc Tukey's Test

L 8c 8D RC RD
L - NS NS NS NS
sC - - 05 NS - 05
8D - .08 NS

RC - .05

KEY:L = Level Walking SC = Stair Climbing 85D = Stair Descent
RC = Ramp Climbing RD = Ramp Descent
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ANDVAE F (4,84) = 4.1 p < .004

Results of post hoc Tukey's Test

L 8C 8D RC RD
L - .01 NG NG N8
sC - NS NG NS
sD - NS NS

RC - NS

KEV:L = Level Walking SC = Stair Climbing SD
R

1, D = Stair Descent
RC = Ramp Climbing D =R

amp Descent



gxcept in Stair Climbing in which the Peak 2 activity in the
left erector spinae occcurred at the beginning of the Double
Support phase. In the rectus abdominis muscles the presence
of a second peak of activity was more variable than in the
sractor spinasg muscles. Peak 2 activity in the rectus
abidominis muscles occurred at essentially the same time in
the gait cycle in all types of locomotion: that is, during or
close to the beginning of the second Double Support phase of

the Right Gait Cvole.

FEAK 3 EME 8CTIVITY

The mean points of the third peak of EMGE activity in all
four muscles are presentsed in Fig. 213 the raw data are
caontained in Appendix I1I,583-57. Comparison of the Pesak 3
svents between muscles in sach types of locomotion was done
using analyses of variance and post hoc Tukey's Tests.

DBuring Level Walking (I1,53) a third peak of muscle
activity during the Right Gait Cycle was rarely present in
the erector spinae muscles; in the right muscle it was
present in only four subjects and it was absent in the left
musclea. In the right erector spinae Feak 3 activity occurred
at the end of Right Swing. In the right and left rectus
abdominis muscles a third peak of EME activity was seen in 146
and 13 subjects, respectively and also occurred toward the

end of Right Bwing. Statistical analvysis showed that there
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was no significant difference between the Peak 3 events of
right erector spinas and the two rectus abdominis muscles.

During Stair Climbing (11,34} a third peak of muscle
activity was variably present in the srector spinae muscles;
in the right muscle it occwred in 13 subjects while'in the
left muscle it was present in only three subjects. FPeak 3
activity was also variably present in the rectus abdominis
muscles, ocowring in 11 and eight subjects in right and left
muscles respectively. Peak 3 activity in all muscles
occurred at the end of Right Swing. BStatistical analvysis of
the data showsd that there was no significant difference
between the Peak 3 points of the fouw muscles.

During Stair Descent (I1.35) a third peak of EME
activity was not always seen. - In the right and left erector
spinae it was present in eight and thiree subjects,
respectively; in the right and left rectus abdominis it was
present in 14 and 10 subljscits, respectively. When present,
Pealkk 3 activity in all muscles took place at the end of Right
Swing. Statistical analvysis showed no significant
difference in the points of Peak 3 activity between thes fouwr
muscles.

During Ramp Climbing (11,54&8) a third peak of EME
activity was occasionally seen in the erector spinas muscles:
for the right muscle it was present in fouwr subjects while in

the lett muscle it was present in only one subject. A& third
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peak of activity in the rectus ahdominis muscles was seen in
the majority of subjects, being present in the right muscle
in 10 subjects and in the left muscle in nine subjects. When
present, Peak I activity ococwred during Right Swing. When
the points of Peak I activity of the four muscles were
comparad, there was no significant difference between them.

During Ramp Descent {(11,37) a third peak of activity was
occasionally seen in the erector spinas musclesy; it was
presant in the right suscle in eight subjects and in the left
muscle in three subjects. & third peak of activiity was seen
in the rectus abdominis muscles of the majority of subiscts,
being present in the right and left muscles of 15 and 14
subjects, respectively. In all muscles Pesak 3 occurred at
the end of Right Bwing and statistical analysis showed that
there was no significant difference between muscles.

The mean point of Peak 3 EME activity of sach muscle was
also compared between the five tvpes of locomotion
{I1,588-41}). Differences between the means were small: a
repeated measures analysis of variance and post hoc Tukey's
Test showsd that & significant difference existed only for
the left rectus abdominis muscle (Table 24). It can be seen
that in this muscle Peak 3 occurred esarliest during Level
Walking and latest duwing Ramp Climbing. Only this

cosparison was statistically significant.
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aNDVA F (4,51) = 2.73 p < .04

Results of post hoc Tukey's Test

L sC 8D RC RD
L - NS NS - 05 NS
8C - NS NS NS
8D - NS NS

RC - N8

KEY:L = Level Walking 8C

5C Stair Climbing
RC

k = Btair Descent
Ramp Climbing =

Ramp Descent

]



In summary, a third peak of EMGE activity was seen more
freqguently in the rectus abdominis muscles than in thes
erector spinae muscles. In all muscles it was present less
frequently than Peak 1 or Peak 2 activity. For those
subbijects in which Peak 3 occurred, it was found at the end

of Right Swing.
MAXIMUM FPEAK EMG ACTIVITY

For every muscle in =ach type of locomotion the peak of
EMG activity with the highest amplitude during the Right Gait
Cvcle was identified (Fig. 21'. In the right srector spinae
muscle the second peak of EMGE activity, Dciurring during the
second Double Support phase, showed maximum amplitude and
this cocourred consistently in all five types of locomotion.
In the left erector spinae the first peak of EME activity,
occurring during the first Double Supporit phase, showed
makimum amplitude and this occwred consistently in all five
types of locomotion. The point of maximum amplitude was less
consistent in the rectus abdominis muscles. In the right
rectus abdominis the point of maximum amplitude during Level
Halking occuwrred during Right Swing while in Stair Climbing
it occurred during the first Double Support phase; in all
other types of locomotion it occurred during the second
Double Support phase. In the left rectus abdominis the point

af maximum amplitude occurred during the second Double
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Suppart phase in all types of locomotion except Stair Descent

in which it occurred during the first Double Support phase.



CHAPTER W

DISCUSSION
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CYCLE DURATION

Im this study it was found that the duration of the
Right Bait Cycle during free—-spesd level walking was 1.2%0.1
sec. This value is similar to the range of 1.02 to 1.16 sec
reported by Murray et al. (192464 1746 ,196%9), Waters and
Morris (19700, Cappozzo (1983), and Thorstensson et al.
(19243}. It was also found that the percentage of the gait
cyele represented by the Stﬁnce phase decreased as the
duration of the gait cycle decreassd and this was consistent
with the findings of Murray et al. (19464, 1964), Kirtley st
al. (1985} and NMilsson et al. (1983). However, when the
percentages of the gait cvycle represented by Stance were
caompared between the different tvpes of locomotion, the
differences were found to be not significant.

Corlett et al. (1972} found that the duration of the
gait cycle in Stair Descent was less than that in Ramp
Descent for the same slope. In the present study no
significant differesnce was found between the cycle duration
af the two descending types of locomotion, however the slope
of the stairs and the slope of the ramp were not equal.
Waters and Morris (1970) found that the duwration of the Right
Gait Cycle during climbing a ramp with a S5° incline was 1.2
secy in this study the duration was longer (1.4 sech,

possibly because the slope was greater (159).
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The dwation of the gait cycle was significantly greater

during the two climbing types of locomotion compared to the
two descending types. This can be explained by the fact that
the direction in which the body moves during walking up a
ramp oF stairs is opposite to that of the force of gravitv.
Bravity therefore tends to decelerate the body and decrease
the walking speed. The direction in which the body moves
when walking down a ramp or stairs is the same as that of the
farce of gravity. Gravity thersfore tends to accelerate the
body and increase the walking speed {(Gray % Basmajian, 1268).
The duration of the gait cycle during Level Malking was not
significantly different from that dwing S5tair Climbing, but
was significantly shorter than that dwing Ramp Climbing.
This may be attributed to the fact that Stair Climbing is
generally a more familiar activity than Ramp Climbing. The
subijects might therefore have responded to the increased
locromator demands presented by the relatively unfamiliar ramp
climbing by decreasing speed and prolonging bipedal contact.
This would serve to snhance stability and maintain the centre
of gravity between the moving points of support (Grillner,
i%81l; Convrad et al., 1783). In addition, during ramp
climbing the foot must accommodate to a sloped swface as
opposed to the flat surface of stairs which might result in
decreased walking speed and increased duwration of the gait

cycle. SBuch a phenomenon was observed by Conrad et al.
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(1283} who found that cats accommodated to ramp climbing by

decreasing their walking speed.
CADEMCE

In this study the number of steps taken pef minute
ranged from a low of 0.2 during Ramp Climbing to a high of
116.0 during Stair Descent. These values lie within the
range of &1 to 168 steps per minute reported by Drillis
(195383, GBrieve and Gear (1944}, Mwrray et al. (126%), Waters
et al. (1973}, Thursten and Harris {(1983), Winter (1983} and
Firtley st al. (1985). 1t was found that increased cadence
was associated with a decrease in the duration of the gait
cvoles; this is consistent with the findings of Murray (17872,
Murray et al. (1946%), Winter (1283) and Kirtley et al.
{1985 .

The cadence during Ramp Climbing was significantly lowsr
than that during the other four types of locomotion. This is
consistent with the resulis of Bobbert (13480} who observed
that cadence decreased during climbing when the slope of a
treadmill sxceeded 8°. This might be explained by the
relative unfamiliarity of ramp walking which would lead to a
protective locomotor strategy. As with duration of gait
cycle, another consideration is the need in ramp walking for

the foot to accommodate to a sloped suwrface; this could
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result in prolonged bipedal contact and therefore decreased
cadence {(Grillner, 19813 Conrad et al., 198B3}.

Cadence was significantly increased during the two
descending types of locomotion compared to the other three
types of locomption. This can be explained by the effect of
gravity which tends to accelerate the body. as the subiect
walks down a set of stairs or a ramp. As walking speed
increases, cadence increases {(Muwrray, 19467:; Murray et al.,
176%; Winter, 1983; Kirtley et al., 1985). Although not
statistically significant, the cadence during Stair Descent
was greater than that during Ramp Descent, possibly because
descending stairs was genesrally a more familiar activity than
descending a ramp. The subliects might have responded to the
increased locomotor demands of the relatively unfamiliar ramp
walking by decreasing speed and therefore cadence. This
would result in prolonged bipedal contact in order to
maintain the centre of gravity between the moving points of
support and thus enhace stability (Brillner, 1981; Conrad et

al., 198%).

TEMPORAL EVENTES

During Level Walking it was observed that, on average,
Right Stance constituted &313% of the Right Gait cycle. This
finding is congruent with the resulis of Murray et al. (19464,

1964, 196%F), Dubo et al. (1974&), Cappozzo (1783), Thurston
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and Harris (1983), and Eirtley st al. (1985) who found that
Stance constituted approximately &074 and Swing approximately
404 of the gait cycle. It was found that these mean percentage

izz and of the second

af the first Double Support phase was 13
Double Support phaszse IEiEK, comparable to the 104 values for
the Double Support phases given by MHurray et al. (19464,
124646, Thurston and Harvis (1283), and Eirtley et al. (1985).
During Level Walking the events of Left End of Weight Bearing
and Left Initial Contact ccocurred at IEt*X and sai?z,
respectively of the Right Gait Cycle, compared to the figuwes
of approximately 1074 for Left End of Weight Bearing and 50%
for Left Initial Contact given by Thurston and Harris (1983).
Therefore, in the present study the temporal events of the
Right Gait Cycle during Level Walking were consistent with
the findings of other investigators.

During Stair Climbing it was observed that, on average,
Right Stance constituted &63%4%  and the first and second
Double Support phases constituted 14Y2% and 1213%
respectively, of the Right Gait Cyvcle. These values differ
from the data of Joseph and Watson (19467) who found Stance to
be approximately 714 and the two Double Support phases to be
29% of the Right BGait Cycle. Unfortunately, no measuwres of
variation were reported in their study, therefore it is

impossible to determine if the results of the present
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investigation fall within the range of values found by Joseph
and Watson {1967).

| During Stair Descent it was observed that, on average,
Right Stance constituted 611=% and the first and second
Double Support phases constituted 1053% and 14497%,
respectively of the Right Gait Cycle. The wvalue for Stance
is comparable to the 43% found by Joseph and Watson (1967),
howaver the values for the Doubls Support phases are
different from the value of 20% cited by the same
investigators. Again, a meaningful comparison is difficult
because of the lack of reported mesasures of variation.

For each type of locomotion in the present study,
variation in temporal events between subiects was small, as
evidenced by the low standard deviations. WBhen the
individual temporal events were compared between different
types of locomotion, differences, although statistically
significant in Left End of Weight Bearing and Left Initial
Contact, were also small. The basic similarity of the
temporal events of the gait cycle, regardless of type of
locomotion, supports the proposal of Grillner (1981 and of
Conrad et al. (1%¥83}) that the basic motor act of walking is a
rhyvithmic, steresotyvped pattern that can be modified, corrected
and adapted in response to changes in the envircnmeht and in

the volition of the subiject.
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BODY SEGMENT DISFLACEMEMT

LEVEL WALKING

In the present study the mean excursion of the trunk
sagment was 3Hie which is within the range of values reported
by Cappozzo et al. (1278} and Thorstensson et al. (1782,
1984y. Although, on average, the trunk segment was held in
slight anterior inclination throughout the gait cycle, the
position in which this body ssgment was held varied between
sub jects and this variability was also observed by Thurston
and Harris (1%83).

Maximum anterior inclination of the trunk occurred at
the end of Right and Left Swing phases as the body fell
towards the next point of ground contact. This is consistent
with the chservations of Carlson and Thorstensson (1781) who
found that the point of maximum anterior trunk inclination
aocurred just after Initial Contact at the end of the Double
Support phase, of Thurston and Harris (1983} who found that
maximum anterior inclination occurred during Double Support,
and of Thorstensson et al. {(1984) who found that maximum
anterior inclination occcwred at Initial Contact.

In this study, the trunk segment did not move into
posterior inclination, but attained the neutral (09} position
just befores Mid Stance as the trunk moved over the supporting

lowsr limb. This is consistent with the findings



of Thurston and Harris (1983) who observed that peak
posterior inclination of thes trunk occurred at 40% and BOYL of
the gait cvocle at Right and Left Mid Stance, respectively.
Thorstensson et al. (1984} reported that peak posterior trunk
inclination ococwred during Swing which ccours simultaneously
with contralateral Stance.

The mean excursion of the pelvic segment was 11f4e which
is greater than the wvalue of 6% regported by Lamoreux (19713
and 3° reported by Mwray et al. (1%&4, 19464). Although, on
average, the pelvic segment was held in anterior inclination
throughout the gait cvcle, the position in which this body
segment was held variesed between subjects and this variablity
was also observed by Thurston and Harris {(1983).

Maximum anterior inclination of the pelvic segment
ococurred during the second Double Support phase at the end of
Right Stance when the right lower limb was extended behind
the body. HMurray et al. (1964, 1244) reported that maximum
anterior pelvic inclination occurred just before Initial
Contact as the trunk inclined forward toward the next area of
ground contact. It should bs noted that Muwrray et al. (1944,
1244} measwred pelvic inclination from the horizontal plane
and careful inspection of the interrupted light photograph in
the 1944 paper (p.33%) shows that, relative to the vertical,
maximum anterior inclination of the pelvic segment occourved

at the snd of Stance phase. Thurston and Harris (1983) also



measured pelvic inclination relative to the horizontal and
presented plots of pelvic inclination curves that showed
maximum anterior inclination occurring at 404 and B&L of the
gait cvele, just after WMid Stance and at Mid Swing with the
greatest anterior excursion occurring during Mid Swing. They
proposed that pelvic motion was related to the limb in Bwing
phass in that the inertia of this limb exerted an influence
on pelvic movemsnt.

In this study the pelvic segment did not move into
posterior inclination; it reached minimum anterior
inclination during the first Double Support phase when the
right lower limb was positioned in front of the beody. HMurray
st al {19244, 1944} reported that mas i mum posterior pelvic
inclination occurred garly in Mid Stance as the trunk moved
over the supporting limb. Again, it should be noted that
these investigators messured pelvic inclination relative to
the horizontal plane and careful inspection of the
interrupted light photograph in the 1964 paper (p.33%)shows
that, relative to the vertical, maximum posterior inclination
of the pelvic segment occurred at approximately Initial
Contact. Thurston and Harris (1983}, who also measured
pelvic inclination relative to the horizontal, presented
plots of pelvic inclination curves that showed maximum

posterior inclination at 184 and 624 of the gait cycle, at



the bheginning of Stance and Swing phases, with the greatest
posterior excwsion ocowring duwring Stance.

The apparent discrepancy with respect to pelvic motion
between the findings of the present study and those of Murray
et al. (1954, 1%&46) and of Thurston and Harris (1983} could
be attributed to the difference in planes of reference and
the absence of a precise description of the angle that was
measured.

When hip angle is considered, mean maximum hip flexion
in this study was 2532e which is less than the values of 30
and 37° reported by Murray et al. (19464} and Johnson and
Smidt {19&6%), respectively. HMean maximum hip extension was
15+2= which is comparable to the wvalues of 10° and 13
reported by HMurray et al. (1%964) and Johnson and Smidt
{19246%), respectively.

In the present study it was found that maximum hip
flexion occurred at B9Y to FO0X of the gait cvole, just befors
the snd of Right Swing. Murray 2t al. (1964) reported that
maximum hip flexion occcurred at Initial Contact, but Inman et
al. (1981) stated that maximum hip flexion occourred at 857 of
the gait cycle.

It was found that hip extension began at 954 of the gait
cyecle, just before Initial Contact, continued into the next
gait cycle, and reached a maximum at 35% of the gait cveole,

at the end of Right SBtance. HMurray st al. (19464) observed
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that hip extension began as the body started to move over the
supporting limb and ended at approximately 50X of the gait
cycle, coincident with contralateral Initial Contact.

Johnson and Smidt (1946%) also found that hip extension began
before Initial Contact and gradually increased until the end
of Stance phase; hip flexion began immediately before End of
Weight Bearing and continued until just before Initial
Contact. Nilsson et al. (1985) also observed that hip
flexion from the position of maximum extension began during

the sscond Double Support phase.

STAIR CLIMBING

Few reports were found of body segment displacemsnt
during stair climbing against which to compare the data from
this study. Townsend, Lainhart, et al. (1978) =stated that
foot clearance during stair climbing was achieved by hip and
knee flexion and this is supported by the data from the
present study which show that greater hip flexion occurred
during Stair Climbing (452) than during Level Walking (25°)
in which the foot does not have to clear the “"obhstacle'of a
step. The pattern of hip angle motion seen in Fig. 11 was
also observed by Ondriacchi et al. (1980). Thev reported
that maximum hip flexion during Stance was 34° and during

Swing was 41°, When the variation in their data is
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taken into account, these values are comparable to those of

42° for Stance and 45° for Swing found in this study.
STAIR DESCENT

Only one study was found that reported on body segment
displarement during stair descent. Andriacchi et al. (1980}
observed that the hip was in flexion at Initial Contact,
maximum hip flexion occurred at End of Weight Bearing, and
the hip moved from flexion into extension during Swing. This
was the pattern of motion cbhserved in the present study.
fndriacchi et al. (1280} reported that maximum hip flexion
during Stance was 13° and during Swing was 23°; these values
are comparable to those of 13° {for Stance and 35° for Swing

found in this study.
ROMP CLIMBING

The study of Gray and Basmajian (19&8) was the only one
found that reported on body segment displacement during ramp
climbing. These investigators proposed that the slope of a
ramp acts like an obstacle to the foot and that increased hip
o knes flexion is used to ensuwre foot clearance. This
proposal is supported by the data from this study which
showsed that greater hip flexion occurred dwing Ramp Climbing
(45 than dwring Level Walking (25°) in which the foot did

noat have to clesar an “"obstacle®.
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ROMP DESCENT

The study of Tokuhiro et al. (1985) was the only one
found that reported on body segment displacement during ramp
descent. They observed that there was less hip flexion
required in ramp descent than in ramp climbing:; this is
supporited by the finding in this study that maximum hip
flexion during Ramp Descent was Z22° compared to 45° during

Ramp Climbing.
COMPFARISON OF BODY SEGMENT DISPLACEMENTS

When the curves of the trunk segment, pelvic segment and
hip angle are considered togesthesr, it can be seen that in all
types of locomotion, the excursion of the trunk segment is
amal ler compared to those of the pelvic segment and hip.

This difference was also observed by Waters et al. (1973,
Cappozzo (1981), and Thorstensson 2t al. (1984). During
laocomotion, the head must be held in a relatively stable
position in order to maintain visuwal contact with the
environment and to provide the optimum conditions for the
vaestibular apparatus (Thorstensson et al., 1784). It is
ﬁrapmﬁed that the pelvic and trunk segments act sequentially
as dampers of the high amplitude oscillations of the 1lower
limbs in order to maintain stable head position during

locomotion. If this is the case, it would be expected that
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the muscles that effect and also restrain sagittal plane
motion of the trunk and pelvic segments would be active
throughout the gait cycle in order to control the excursion
of these segments; this was what was found.

Anterior inclination uf‘bath trunk and pelvic segments
was greatest during the two climbing tvpes of locomotion,
possibly because the anterior displacement of the centre of
gravity of these body segments helps to propel the body up
the stairs oF ranp.

Overall, posterior trunk inclination was seen more
freguently in Ramp Descent than in Stair Descent. During
Stair Descent the feet are placed on the level surface of the
stair treads and the body must make relatively minor
accommodations for the effect of gravity. However, during
Ramp Descent the feet are placed on a downward sloping
surface and equilibrium can only be maintained by a posterior
shift of the centre of gravity of the upper body. In
addition, posterior trunk inclination with its accompanying
posterior shift in centre of gravity may also be used as a
strategy to control the rate of fall of the body during Ramp
Descent. Vision may also account for the difference in trunk
segment inclination between Stair Descent and Ramp Descent.
Vision may be more important to foot placement during Stair
Descent beacuse of the relatively short length of the stair

tread compared to the unbroken sloping surface of a ramp.



Therefore the trunk tends to be held close to neutral (0°) or
in anterior inclination during Stair Descent in order for the
subhisct to see where he must place his feet.

The total excursion of the pelvic segment was greatest
during Level Walking and least during Staiv Descent. The
amount of pelvic excursion appeared to be independent of the
range of motion that occurred at the hip. The greater amount
of pelvic segment excwsion duwring Level Walking may be dus
to the fact that this was the most familiar of the five types
of locomotion. It should be noted that the standard
daeviations of trunk and pelvic segment displacements and of
hip angle were smallest duwring Level Walking, possibly
indicating that this is a more familiar tvpe of locomotion
than the other four. It can be argued that during level
walking the body segments are relaxed and move freely; during
climbing and descending types of locomotion the effect of
gravity is increased and an adjustment in locomotor strategy
is required in order for the body to move simultanecusly in
both horizontal and vertical planes and to adapt to different
gguilibrium reguirements. The overall effect is decreased
stability during stair and ramp walking and therefore it
might be expscted that the uppesr body segments would be held
more rigidly during these types of locomotion, as was seen in

this study.



The relationship between trunk and pelvic segment
inclination was not consistent across subjects although, on
average, the trunk segment inclination curves were smaller
versions of the pelvic curves. This finding differed from
the data of Thurston and Harris (1983) who found that, on
average, the trunk and pelvis were 70° out of phase with each
ather. However, they too reported considerable variation
from subject to subject. In addition, they studied the Ti=
to La spinal segment whereas in this investigation, the C» to
Ls segment was studied. #As noted previously, Thurston and
Harris (1983) measured pelvic motion relative to the
horizontal and the angle was not defined precisely.
Therefore, their data are not strictly comparable to those of
the present study. However, given the results of the two
at@dia&, it must be agreed with Thurston and Harris (1983)
that the link between movements of the pelvis and the lumbar
spine still remains unclear. In order to compare
meaningfully the results between different studies, there
must be agreement among investigators on the methods to be
used to measure spinal and pelvic motion. Currently no
convention for measuring these body segments has been
universally accepted (Winter, 1986).

The patterns of hip excursion in Level Walking, Stair
Climbing and Ramp Climbing were similar. Maximum hip flexion

accurred at the end of right Swing when the foot had reached
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its maximum anterior position, but before it contacted the
ground. HMaximum hip extension occurved at the end of right
Stance when the supporting limb was positioned behind the
upper body. |

The pattern of hip excursion was altered dwing the two
descending tvypes of locomotion. During Ramp Descent maximum
hip flexion occurred at the end of right Swing, however the
hip did not move intoc extension, but rathsr resached a
position of minimum flexion at the end of right S5tance. The
hip may have been maintained in flexion throughout Ramp
Descent because hip extension would resullt in anterior
displacement of the centre of gravity of the upper body,
likely causing a loss of balance. During Stair Descent
maximum hip flexion occuwrred during Initial Swing as the foot
was lifted to clear the stair tread befors it could be
displaced anteriorly and lowered to the tread next below.
Overall, the hip did not move into extension during Stair
Descent, but rather minimum hip flexion occurved during Mid
Stance as the lowsr limb supported the upper body while the
contralateral limb was lowered to tﬁa tread next below.

Comparison of total hip excursion bétween the five types
of locosmotion showed that the greatest amount of excursion
occwred during the two climbing types and the least amount
during the two descending types of locomotion. During both

Stair Climbing and Ramp Climbing the foot encounters
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abstacles — the next highest step in the case of Stair
Climbing and the slope of the surface in Ramp Climbing - and
foot clearance can be achieved by increasing hip and/or knee
flexion., In this study it was found that the amount of hip
flexion was significantly greater during Ramp Climbing and
Stair Climbing than in the other three tyvpes of locomotion.
However, the amount of hip extension was significantly
greater douring Ramp Climbing than during Stair Climbing.
This may be due to the fact that during the former tvpe of
locomotion the size of step taken can be varied at will,
whereas during Stair Climbing the size of step taken is
determined by the height of the stair riser. In addition,
during Ramp Climbing larger steps may have to be taken in
mrder to maintain the body’'s centre of gravity between the
moving points of support (Grilloer, 1981 and this might
require greater hip extension. Hip flexion during Ramp
Descent was less than in the other types of locomotion,
possibly because smaller steps were taken in order to
maintain eguilibrium. Step and Stride length were not
measuwred in this investigation and should be studied in order
to determine if, in fact, the shortest steps are taken during

Ramp Descent.
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TOTAL MYOELECTRIC ACTIVITY

in the present study it was found that the total amount
of electrical activity produced by the erector spinae muscles
during Level WHalking was 13177 of the MVC. This value is
comparable to the findings of Guth et al. (1979} who reported
activity of &% and 541 in the lumbar and thoracic portions
respectively, of the erector spinas muscle. They also found
that the level of activity was greater on the right side than
on the left: in this study the level of activity in right4and
isft srector spinae muscles during Level Walking was not
significantly differsnt.

fis noted previously, the ftrunk and pelvic segments were
held in anterior inclination throughout the entire gait cyocle
during both Stair Climbing and Ramp Climbing. In addition,
the point of maximum anterior inclination of these body
segments also occurred during the two climbing types of
locomation. Therefors, the centre of gravity of the upper
body was displaced furthest anteriorly and the forward
hending moment would be greatest during the two climbing
tvpes of locomotion than in the other three types. It would
be expected that more motor units in the the erector spinase
muscles wmulé be recruited during the climbing locomotion
types in order to provide a force to balance the forward
bending moment and also to control the forward excursion of

the trunk. Thizs was found to be the case as the erschor
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spinae muscles showed significantly greater myoelectric
activity dwring Stair Climbing and Ramp Climbing than during
any other tvpe of locomotion. The data therefore support the
findings of Flovd and Silver (1951) that increasing angles of
forward flexion led to incresed levels of mvoelectric
activity, and also those of Schultz, Andersson, Ortengren,
Biork and Nordin (1282} who found that srector spinae
activity closely reflected the magnitude of the net flexor
moment.

There was no significant difference between the amount
of myoelectric activity in the erector spinae muscles seen
during Stair Climbing compared to Ramp Climbing, and it can
be concluded that these muscles contract with approximately
the same level of intensity regardless of whether the
climbing activity involves the use of stairs or a ramp.
Therefore, with respect to the erector spinaes muscles, no
advantage or disadvantage is conferred by using one type of
climbing apparatus over another.

For the majority of subiects the rectus abdominis
muscles were active throughout the gait cycle of all types of
locomotion, however the mean amount of total electrical
activity generated was small. This observation differs from
the findings of Sheffield (19562} who reporited electrical
silence in rectus abdominis during level walking. However,

it is possible that the instruments he used to record the EMG
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signal from the muscles were not sufficiently sensitive to
detect the low levels of activity in rectus abdominis.

In the present study, the greatest amount of myoelectric
activity in rectus abdominis was seen during Ramp Descents
thisz is consistent with the trunk and pelvic segment
inclination data which showed that only during Ramp Descent
mas there posterior inclination of these segments. The data
are in accord with the observations of Floyd and Silver
{19530} who found that rectus abdominis was active during
trunk sxtension (posterior inclination) from the wupright
position, and also support the conclusion of Flint and
Gudgell (12465) that rectus abdominis is active td position
the trunk and balance the extensor moment produced by trunk

sxtension {(posterior inclination).

FHASIC ACTIVITY OF MUSCLES

During Level Walking consistent biphasic activity was
found in the erector spinae muscles of all subjects, and in
four subldects a third pealk of activity was seen in the right
erector spinae. Waters and Morris (1972) also found biphasic
activity with peaks of back muscle activity occcocurring
consistently at contralateral Initial Contact, but less
freguently at ipsilateral Initial Contact. Triphasic
activity in paraspinal muscles was observed by Letts et al.

(1978).



In this study peaks of myoelecitric activity in the two
erector spinae muscles occurred symmetrically during the
first and second Doubls Support phases of the gait cycle
duwing Level MWalking. These observations are consistent with
the findings of Bative and Joseph (1%&6), Letts =t al.
(1978, and Carlson and Thorstensson (19813 they differ from
the findings of Thorstensson et al. (1%82) who found that the
peak of activity of the ipsilateral muscle preceded the peak
of the contralateral muscle by 5% to 104 of the gait cycie.
The data from the present study support the biomechanical
model of Capposzzo (1983) which predicted that the trunk
gxtensor muscles would exert peak force just before or just
atter Initial Contact.

During Level Walking the first psak of myoeslectric
activity in the ersector spinae muscles occurred at &% of the
Right Gait Cvcle, hefare the point of minimum anterior trunk
inclination (104 — 28% of REC) when the trunk segment was
moving in a posterior direction. This confirms the results
of Thorstensson et al. (1282} who found that both periods of
elegctrical activity in paraspinal muscles occurred during or
at the end of an angular displacement directed backwards in
the sagittal plans. They also found that both periods of
paraspinal muscle activity coincided with the activation of
hip extensor muscles., While hip extensor muscles were not

astudied in this investigation, it can be assumsed that they
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would be active at the point at which the hip began to move
from flexion into extension and at the point of maximum hip
extension. In Level Walking these points ocowrred during the
first and second Double Support phases which coincided with
the first and second peaks of activity in both right and left
erector spinae muscles, supporting the findings of
Thorstensson &t al. (1982).

When phasic myoelectric activity in rectus abdominis
muscle during level walking is considered, Waters and Morris
{1972y found that activity occurred simultaneously with that
of back muscles. In this study, the first and second pesaks
of activity of both rectus abdominis and erector spinae
muzscles occurred during the first and second Double Support
phases and, when present, the third peak of activity in both
muscles occurred during right Swing.

During Stair Climbing it was found that there was
consistent biphasic activity of the erector spinae muscles,
with a third peak of activity seen in right and left erector
spinae in 13 and three subjects, respectively. The first two
peaks of myoelectric activity occurred during the first and
second Double Support phases of the gait cytle, a finding
that was consistent with the observations of Joseph and
Matson (19467). Haximum peak svoslectric activity occurred
just after contralateral Initial Contact, alsoc found by

Jaoseph and Watson (19467). In addition, these investigators



289.

stated that both erector spinas muscles contracted
simultaneously in early Stance when the trunk was inclined
forward and the body was displaced vertically; this was
supported by the findings of the present study in which it
was observed that peak erector spinas activity occurred
during the two Double Support phases during which time the
trunk was in maximum anterior inclination. The data from
this study support the proposal of Joseph and Watson (12467)
that bilateral erector spinae contraction controls the amount
of Forward inclination of the trunk.

During Stair Descent there was consistent biphasic
activity of srector spinae with a third peak of activity seen
in the right and left muscles in eight and thres subjects,
respectively. The first and second peaks of myoslectric
activity occurred at the end of the first and duwing the
second Double Support phases of the gait cycle at the points
of minimum anterior inclination of the trunk segment. This
is consistent with the findings of Joseph and Watson (13467}
and supports their proposal that erector spinae contracts
hilaterally to prevent trunk flexion {anterior inclinationd.

During ramp climbing Waters and Morris (1970) observed
that the myvoelectric activity of erector spinae and rectus
abdominis was similar to that seen in level walking.
Examination of the dats from the present study shows that the

differences in the points of peak myoelectric activity of the
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grector spinas muscles between Ramp Climbing and Level
Walking were small with only Peak 1 activity in the left
srector spinas occwrring significantly earlier during Level
Wallking compared to Ramp Climbing. In addition, the
difference between the points of peak myoelectric activity of
the rectus abdominis muscles between Ramp Climbing and Level
Walking were also small, with only Peak 3 activity in the
left rectus abdominis occurring significantly earlier in

Level Walking compared to Ramp Climbing.

FOSSIBLE ROLE OF THE TRUMK MUSCLES DURING LOCOMOTION

Letts et al. (1978} proposed that reciprocal activity of
the paraspinal muscles during level walking may play a major
role in stabilization of the spine. Carlson and Thorstensson
(19811 and Thorstensson et al. (1782) postulated that erector
spinag activity prevents trunk flexion, lateral flexion and
rotation. They also proposed that erector spinae controls
the stiffness of the trunk which restricts movement,
especially in the sagittal plane, and helps to maintain
upright posture and equilibrium. BGracovetsky (1985)
suggested that ipsilateral contraction of erector spinae
forces the vertebral column to flex to the ipsilateral side,
engaging the ipsilateral vertebral facet joints. This
results in a flexion force because of coupling (Lumsden %

Morris, 1%68; White & Fanjabi, 1978) and ultimately gives
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rise to an axial torgue which initiates counter—rotation of
pelvis and shoulder girdle.

In the present study it was found that smaximum peak
myoelectric activity in esrector spinae did not occur
bilaterally at the same point in the gait cycle, but instead
accurred consistently in the ipsilateral muscle during the
second Double Support phase and in the contralateral muscle
during the first Double Support phase.

When motion in the sagittal plane is considered, the
body is in a controlled forward fall during walking. This
fall is interrupted by ground contact of the advancing limb.
Momentum and inertia would tend to keep the trunk segment
moving forward and downward {anterior inclination? and this
motion must be controlled in order to avoid loss of balance.
The forward motion is restricted by bilateral contraction of
ergctor spinae. Howsver, unoppossed bilateral contraction of
grector spinag would cause the trunk ssgment to move backward
and upward, therefore control of trunk motion in the sagittal
plane reguires co-ordinated interplay between trunk extensors
and flexors. Conseqguently, bilateral contraction of both
grector spinas and rectus abdominis is required at the two
Initial Contact events and this is seen in the data from the
present study. However, the asymmetry of the maximum peak

myoelectric activity in srector spinas might be due to motion
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of body segments in the coronal and transverse planes as well
as in the sagittal plane.

In the coronal plane,;, according to Inman et al. (19811},
the pelvis drops to the ipsilateral side just before Right
End of Weight Besaring lapproximately 55X of the RECY, and
returns to level during right Swing {(approximately 80X of the
RGCY. This dropping of the pelvis is controlled by eccentric
contraction of the contralateral hip abductafs, but eccentric
contraction of the ipsilateral erector spinas may alsoc ocour
to allow a controlled descent of the pelvis. This would
regquire a burst of ipsilateral erector spinae activity‘at
approximately 55% of the gait cvecle, possibly accounting for
the maximum peak activity duwring the second Double Support
phase seen in the results of all five types of locomotion in
this study. @As the pelvis drops to the ipsilateral side, the
trunk segment must be kept upright and this would reguire
concentric contraction of the contralateral erector spinae at
approximately 554 of the gait cycle. To return the pelvis to
the level position during ipsilateral swing, concentric
contraction of the contralateral hip abductors occurs. 1t
may also be that there is a contralateral isometric
contraction of erector spinae to stabilize the trunk segment,
aliowing the ipsilateral erector spinag to contract
roncentrically to assist in raising the pelvis. This could

aceount for bilateral erector spinae peaks at approximately



80% of the gait cycle. As the pelvis returns to level, the
trunk must remain upright and this would reguire either a
contralateral sccentric contraction of erector spinas or an
ipsilateral concentric contraction of erector spinas, or
both.

at Initial Contact the body must be balanced on the
ipsilateral hip joint in preparation for contralateral Swing.
At this point a torgue exists which tends to pull the pelvis
down to the side of the Swing limb. While it is known that
the ipsilateral hip abductors play a major role in preventing
ercessive pelvic tilt, the erector spinae muscle may also be
involved and this could account for the peak of erector
spinas activity seen bilaterally at Initial Contact. The
ipsilateral ersctor spinae could contract to stabilize the
column of the lower limb and trunk, while the contralateral
eregctor spinae could work with reverse origin and insertion
to prevent pelvic draop.

In the transverse plane, according to Inman st al.
{1981, the pelvig at Initial Contact is maxvimally rotated to
the contralateral side while the shoulder girdle and upper
body are maximally rotated to the ipsilateral side. This
ipsilateral rotation of the upper body could be the result of
concentric ipsilateral contraction of srector spinas.
However , maximum peak activity in erector spinas ocouwrred on

the contralateral side immediately after Initial Contact



possibly because the contralateral muscle must contract to
“derptate” pelvis and shoulder givdle from their szxtrems
positions.

The small amount of myoelectric activity seen in rectus
abdominis in this study suggests that these muscles have a
synergistic as opposed to a prime mover function during
locomotion. Using the classification of muscle function
outlined by BDowitzke and Milner {1980}, it is propossd that
the rectus abdominis muscles act as stabilizing, neubtralizing
and conjoint synergists during locomotion.

The rectus abdominis muscles may work as stabilizing
synergists to steady the mobile vertebral column and allow
srector spinas and possibly the obligue abdominal muscles to
effect pelvic and shoulder girdle counter—rotation, thus
accounting for the peaks of activity seen during both first
and second Double Support phases when pelvis and shoulder
girdle are at their maximum excursions in the transverse
plane. Rectus abdominis may work as a neutralizing synergist
to prevent unwanted motion. Because erector spinae is an
extensor, side flexor and rotator of the trunk, neutralizing
synergy will be reguired to maintain the trunk in the upright
position and this could account for the observation that
peaks of srector spinas and rectus abdominis activity tended
to occur close to the same points in the gait cycle. The

ipsilateral rectus abdominis may also work as a conjoint



synergist with the ipsilateral esrector spinaes to translate
the upper body in the coronal plane over the weight-bearing
limb at Mid Stance, seen during left Stance. Rectus
abdominis may also work conjointly with erector spinaes, like
guy wires on a tent, to maintain the trunk at the correct
inclination during locomotion, possibly accounting for the
fact that peaks of erector spinae and rectus asbdominis
activity tended to ccocw close to the same points in the gait

cycle.

APPLICATION

This study was carried out to measure and compare
duration, cadesnce, temporal events, body segment displacement
in the sagittal plane and myoelectric activity during a Right
Gait Cycle in five different types of locomotion. From these
data it was hopsd to be able to clarify the role of erector
spinae and rectus abdominis duwring the types of locomotion
commonly required in the workplace. It was found that the
two climbing types of locomotion were similar in duration of
cycle, cadence, body segment displacements, amount of
myoelectric activity, and phasic activity of trunk muscles.
Likewise, the two descending types of locomotion were similar
except for the pattern of hip motion. The characteristics of

Level Walking lay on a continuum between the climbing types



of locomotion on the one hand, and the descending tvpes on
the other.

Becausse a lingar relationship has been found between
myvoslectric activity in paraspinal muscles and intradiscal
pressurg {(Ortengren et al., 1981}, thus giving an indirect
measurement of back load, it can be concluded from this study
that Stair Climbing and Ramp Climbing cause greater loading
of the intervertebral disc a than do Level HWalking, Stair
Descent and Ramp Descent. Therefore, jobs that reguire large
amounts of stair or ramp climbing mayv be considered to place
higher demands on back muscles than would jobs that requirs
only walking on a level surface. Therefore in job analvysis,
it is recommended that the percentage of time spent in
specific tvpes of locomotion be measured in order to
determine an index of back muscle load for a particular Job.
Materials handling jobs involve carrving objects of various
waights and dimensions from one location to another. it is
recommended that the type of locomotion involved be taken
into consideration as well as the characteristics of the
Ipad. & light object carried up a ramp may give rise to the
zama load on the intervertebral disc as a heavier obiect
carried across a level surface. Further tesearch must be
conducted to study the kinematics and muscle activity in the
various tvpes of locomotion while carrving oblijects of

different weights and dimensions.
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The nowrmal data derived from this study can be used to
compare data from investigations of body segment motion and
trunk muscle activity in back injured workers during
different types of locomotion. Relative comparisons of total
myvoelectric activity can be made by comparing the difference
in the EME signal of an individual muscle between different
tvpes of locomotion. It would be expected that differences
in trunk and pelvic segment excursion, total myvoelesctric
activity and phasic muscle activity might be found between
normals and back injured subjects. These differences might
have implications for rehabilitation of the iniured worker
with respect to exercise and job conditioning programs. The
loconotor demands of the injured worker's job should be built
into the rehabilitation program. I+, for example, the
woar-ker s ich has a high freguency G{ stair walking, the goals
of the rehabilitation program should include increasing the
strength of the back muscles, increasing the mobility of the
trunk, pelvis and hip, and inclusion of stair walking in work
zimulation and work conditioning.

Knowledge of body segment excursion and of trunk muscle
activity during different tvpes of locomotion can also be
used to modify the workplace in order to enable an injursd
worker to return to hissher job as soon as possible. For
example, from thes results of this study it can be recommended

that stair and ramp climbing be kept to a minimum for workers
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who have sustained injury to back muscless. However, pain in
low-back iniury may be the result of ligament or jioint
capsule irritation and, in this case, sxtremes of trunk and
pelvic motion may have to be avoided. It anterior
inclination of the trunk and/or pelvis must be restricted,
prolonged or repeated climbing of stairs or ramps may have to
be decreased or eliminated from a job. I+ the posterior
inclination of trunk and/or pelvis must be restricted, stair
descent in the workplace would be preferable to ramp descent.
I+ the total amount of trunk excursion must be restricted,
stair and ramp walking may have to be decreased or eliminated
from a job. I¥ the total amount of pelvic excuwrsion must be
restricted, a decrease in the amount of level walking would
be required and, if climbing activities are necessary
components of a job, stair climbing and descending would be
preferable to ramp climbing and descending.

Results from this stﬁdy might also be used in prevention
of low—back injury. The load on the back is increased during
stair and ramp climbing and this must be taken into
consideration when establicshing recommended limits for weight
and dimensions of objects to be carried in a particular Jjob.
Therse is no apparent difference between stairs and ramps with
respect to demands upon the trunk musculature, however
stability of footing, equilibrium of the total body, ability

of the worker to see the placement of
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his/her fezet, and location of the centre of gravity of the
tody over the points of support must all be taken into
consideration when making recommendations for modifications
of a specific job to prevent back iniury.

The role of the trunk muscles in locomotion is compleu.
Simultaneous threse-dimensional kinematic, kinestic and EMG
studies nesd to be carried out to clarify body segment motion
and trunk muscle activity in normals. In addition, studies
of persons with low-back injury should be conducted to
determine if differences in locomotor function exist as a
result of back injurvy. Studies of the seffects of changes in
ramp inclination and stair dimensions on body segment
displacement and trunk muscle activity also nesed to be
conductead.

To date, the lower limb has been the focus of the
majority of gait studies, but the upper body would appear to
play a significant role in human locomotion. Given the
prevalence and economic cost of back injury, clarification of
the role of trunk muscles in normal functional motion,
including locomotion, is essential. HEnowledge of the normal
should result in adaptation of the environment in order to
aszsist disabled individuals to return to work and also to
prevent injuries that might have long-term social and

econonic impact.
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The incidence of back injury is a significant problem in
heavy industry, particularly in Jjobs that require frequent
bending, twisting, lifting and carrying. Walking on the
level as well as climbing and descending stairs and ramps are
caomponents of many jobs, however little is known about the
lopad on the back produced by these types of locomotion.
Therefore, the general purposes of this study were to measure
and compare displacement of the wupper body seaments in the
sagittal plane, and the amount and pattern of myvoelectric
activity of erector spinas and rectus abdominis duwring level
walking, stair climbing and descent, and ramp climbing and
descent.

Electromyongraphy was used to analyze the activity of
erector spinas and rectus abdominis in 18 normal male
subjscts. Foot swiltchess were used to identity the temporal
events in the gait cycle, and simultaneocus high speed
cinefilm was used to record the displacement of trunk and
pelvic segments and hip angle in the sagittal plane. Each
subjigct was assigned a random seguence of locomotion tvpes
and sach tvpe was performed three times.

EMG data were pracesséd to give a linear envelope
contfiguration. The processed EME signal, footswitch
signals and a film synchronization signal were &/D converted
and stored on magnetic disc. Using custom—designed software,
temporal events were defined and the EME signals were then

related to these events. Using a photo—optical analyzer and
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digitizing tablet, body segment co-ordinates were extracted
from the cinefilm and stored on a magnetic disc. The raw
co~ordinate data were subsequently filtered and converted to
give trunk and pelvie inclination values relative to the
vertical and hip angle data.

A11 temporal and displacement data were related to the
right gait cycle, and the average of the total electrical
activity of each muscle over a right gait cycle was
calculated and expressed as a percentage of a maximum
voluntary contraction of that muscle. For each parameter
comparisons were made between locomotion types using a
repeated measuwres analysis of variance.

Slight differences in timing of the principal phases of
the gait cycle werse observed between sach type of locomotion.
Significant differences in duration of cycle, cadence, body
segment displacement and excursion,; and the amount and
pattern of myoelectric activity were evident, with climbing
and descending at opposite ends of a continuum and level
walking in the niddle.

Duration of cyvele was longer in the clismbing than in the
descending locomotion types. Cadence was higher in Stair and
Ramp descent, lower in Ramp Climbing. #énterior inclination
of trunk and pelvic segments was significantly greater in
Stair and Ramp climbing than in descending. HMaximum hip

flexion occurred in the climbing locomotion types while



03,

masximum hip extension occurred in Level Walking and Ramp
Climbing: on average the hip did not move into extension
during Stair and Ramp Descent. Total excursion of the trunk
segmnent was small, but was largest during Ramp Climbing.
Total excursion of the pelvic segment was greater than that
of the trunk ssgment and maxioum excursion occurred during
Leval'ualkinga Maximum excursion of the hip occurred during
Ramp Climbing. The myoelectric activity of srector spinae
was significantly higher during the climbing locomotion types
and lowest during the descending types. The myoelectric
activity of rectus abdominis was low in all types of
locomotiong only in Ramp Descent was it higher than in the
other types. Triphasic syoelectric activity was cbserved in
both erector spinae and rectus abdominis. On average, the
maximum peak of erector spinae activity occurred during the
second Dowuble Support phase of the gait cycle at the time of
ipsilateral End of Weight Bearing and contralateral Initial
Contact. Besides motion in the sagittal plane, which was
investigated in this research, this pattern of erector spinae
activity may be related to control of ftruank sotion in the
coronal and transverse planes. The timing of the peak
activity of rectus abdominis was closely related to that of
erector spinae. The maximum peak activity of rectus
abdominis was less consistent than that of erector spinae,

but this muscle appears to have multiple synergistic
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functions which may contribute to trunk control,
co—ordination and equilibrium.

Because myoelechtric activity has been shown to be an
indirect measure of back load, it can be concluded that Stair
and Ramp Climbing give rise to greater loads on the spinal
mechanism than do Stair and Ramp Descent or Level Walking.
Therefore, jobs that involwve a high freguency of climbing
activities may place higher demands on the back than would
iobs that involve only walking on a level surtace. It is
recommnended that the locomotor demands of a particulsr dob be
analvzed in order to assist back injured workers to retwn to
full or modified employment as soon as possible after injury.
Enowledge of the physical demands of the locomotor components
of a ich can also be used to prevent back injuries in the

workplace.
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FRERUN CHECK LIST

1. Twn on force plate and multiplexer.
2. Set up Btairs, Ra$p and camera according to the
apparatus sequence designated for the subisct. Hake sure
Hamp is adjusted to second level from thes top.
Z. Check paper and channels on chart recordsr.
- set sensitivity of Channels 1 and & to 10 mV/div
- set gain on Channels 3 and 4 to 2,500,
4. Select leads and attach them to junction box.
feads 1 and & = Footswitches

ileads 2 to 5§ = EMG

S. Make sure correct belt is attached to junction box.
&, Check output from footswitches.

T Frepare electrodes -~ 4 pairs bipolar, 1 reference.
8. Cut tape for electrodes.

?. Fut alcohol swabs, tape measure and skin marker with
electrodes.

10, Check lens on cineg camera.
1i. Load film in camera.
1Z2. éAttach cine camera to cart or tripod {(depending on
apparatus to be used Ffirstil.

~ if camera is on tripod, level it and check tripod
height.

— position synchronizing light

13, Check trunk targets — C» ~ tape.



APPENDIX I,1.2 (Z40)

- Ls ~ tape.
-~ Greater trochanters (2) - tape.
-~ Knee joints (2} — tape.
i4, Adiust run number holder and place with first
apparatus.
i3, Attach seguence holder to ramp and stairs, make sure

saquence cards are in correct order.

ib. Load computer program — enter subiect number and date.
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EXFERIMENT ROUTINE

i. Mzet subject, explain procedure, show squipment.
2. Aisk subject to sign consent form.
3. fsk subisect to change into shortslbathing suit and

running shoes.

4, Enter subject height into computer.

S Have subiect stanq on force plate to enter weight into
computer.

b Fill in data sheet.

7 Flace subject in supine position on mat, prepare skin
aover mid abdomen and lower chest by rubhing vigorously with
alcohol swab.

8. Mark bony landmarks (symphysis pubis, xiphoid process),
lateral border of rectus abdominis muscle and draw guide
lines.

7. fpply electrodes over right and left rectus abdominis,
apply reference electrode immediately below xiphoid process.
1G. Photograph subject.

ii. Attach leads — 3 = right rectus abdominis, 4 = left

rectus abdominis.

12, Check to enswe that gain on channels 3 and 4 is set at
2,300,
13, Have subiect perform maximum voluntary isometric

contraction: supine, knees bent, feet flat on mat, apply



APPENDIX I.2.1 (242)

maximum resistance immediatsly below clavicles. Subject
flexes upper trunk 15 cm off mat and told "Hold, don't lst me
push vou down®. Subjiect holds position for 5 seconds.  Three
trials with a 30 second rest beltween trials. FRecord all
three trials on chart recorder, record third trial on
computer (5 sec samplel.

i4. Check tracing of third trial on chart recorder. I+ it
is acceptable, STORE the trial.

i5. Repeat procedure in #1737 and #14 for left rectus
abdominis.

146, Change gain on Channels 2 and 4 to 4,000.

17. Detach leads.

18. Flace subject in standing, prepare the skin over the
lower back by rubbing vigorously with an alcohol swab.

1%. Mark bony landmark {(Lx spinous process) and lateral
border of erector spinae muscle, draw guide lines.

20, Apply electrodes over right and left grector spinas.
21, Fhotograph subiect.

22, fittach lesads — 2 = right ersctor spinas, 5 = left
erector spinae.

3. Have subject perform maximum voluntary isometric
contraction: prone lving, stabilize the lower limbs, apply
maximum resistance in middle of back immediately inferior to

the scapulaes. Subject extends upper trunk 15 cm from the mat
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and told * Hold, don’'t et me push vou down”. Subijsct holds
position for 9 seconds. Three trials with a 30 second rest
betwsen trials. Record all three trials on the chart
recorder, record third trial on the computer (5 sec sample).
24. Check tracing of third trial on chart recorder. If it

iz acceptable, STORE the trial.

25. Repeat procedure in #2353 and #24 for left erector
spinas.

2&. Detach lesads.

27. Tape footswitches to subiect ' s shoes, check footswitch

output on chart recorder, adiust if necessary.

28. fAsk subiect to put on shoes.

27. fAttach body markers — Oy, Ls, right greater trochanter,
left greater trochanter, right knee joint line, lsft knee
Joint line.

E0. Apply and adjust belt with junction box. Make sure
they do not interfere with the Ls marker.

Fi. Attach all leads — 1 = Right Foot Switch, 2 = Right
Erector Spinae, Z = Right Rectus Abdominis, 4, Left Rectus

Abdominis, 5 = Left Erector Spinae, &6 = Left Foot Switch.

32. Check {footswitch output on chart recorder, adiust if
NeCessary.
335, Secure all leads with tape.

34. Turn on TV tracking camera and monitor on mobile cart.
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35. Fosition subject in front of first apparatus, check
body markers, adjust if necessary.

35, Turn on fleood lights.

E7. Give subjiect commands for first apparatus:

LEVEL ~ "When I say 'Bo’, walk to the end of the runway
and stop. Twn, and when I say ‘Go’, walk back. Walk at
your usual speed.” Repeat this twice to give a total of
three trials. Change trial sequence cards after sach trial.

STORE DAaTa AFTER EACH TRIAL.

oR STAIRS — "When I say 'Go’, walk up the stairs and stop.
Turn around at the top and, when I say 'Go’, walk down the
stairs and stop. MWalk at yvour usual speed.” Repeat this
twice to give a total of thres UP trials and three DOWN
trials. Change trial sequence cards after sach trial. STORE
DATA AFTER E&CH TRIAL.

OorR RAMP — "When I say 'Go’, walk up the ramp and stop.
Turn around at the top and, when I savy ‘Go’, walk down the
ramp and stop. Walk at youwr usual speed." FRepeat this twice
to give a total of three UF trials and three DOWN trials.
Change trial seguence cards after sach trial. STORE DATH
AFTER EACH TRIAL.

8. Enswe that the %Dllawiﬁg sgquence is ussed -~ Ccamera orn,
camputer starts to sample, synch light on, subject begins
walk.

35, Turn off fiood lights.



APFENDIX I.2.4 (245}

41, After trials on each apparatus are complete, ask
subiject to rest while the next zpparatus ise being prepared.
Of fer subject a backless stool to sit on.
41. Change apparatus.
al dWalkway to Stairs/Hamp — Unplug and move camera to
tripod.
- Move transformer and plug camera in.
— Check camera alignment with spirit level.
- Unplug, move and align flood lights.
-~ Remove synch light from walkway backdrop and
attach to Stairs/Ramp.
b)Y Stairs/Ramp to Walkway — Unplug camsra and remove
from tripod.
— Move camera to mobile cart and attach to camera
MOUnt .

~  Move transformer and plug camsra in.

Unplug, move and align flood lights.
— Remove svnch light from Stairs/Ramp and attach to
walkway backdrop.
c} Btairs to Ramp/Ramp to Btairs — Remove synch light.
— Move used apparatus out of the wav.
- Move new apparatus into position. Check alignment
with floor markings.

—~ Attach synch light to new apparatus.
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432. When all threes pieces of apparatus have been used,

detach leads from electrodes and footswitches, remove belt
and junction box, remove body markers, remove electrodes,

remove footswitches. Thank subiect.
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Table 1. Mean Fercentages of SBtance for Right and Left
Gait Cvcles During Level HWalking

SURJECT HIGHT STANCE LEFT STANCE
21 &5 &4
02 &5 &2
a3 &2 &5
Q4 &1 &0
05 b1 59
0& &b &5
Qa7 =54 &1
832 b} = 59
O & &0
10 &3 &3
i1 &3 5%
i2 &4 &4
i3 &8 &%
i4 &4 &5
is &2 &5
ié& &5 &2
17 &G &2
18 &b &2
X &3 &3

=1

o
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Table 2. HMean Fercentages of Stance for Right and Leftt Gait
Cvcles during Stair Climbing

SUBJECT RIGHT STAMCE LEFT STANCE
21 &2 &b
G2 &1 &8
a3 &0 63
o4 &3 &S
05 &8 &0
(31 &7 =8
07 &LO &5
Q8 &0 &2
o7 hb 64
i0 S& a9
ii &4 Y
12 &4 65
iz &7 &5
i4 &1 | &5
15 &8 &35
ié - Ab , &1
i7 &35 &35
idg Pt &0
X : &4 &3
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Table 3. FMean Fercentages of Stance for Right and Lett
Gait Cvcle during Stair Descent

SUBJECT RIGHT STANCE LEFT STANCE
01 &0 65
02 &7 &8
03 &1 &2
04 61 57
05 77 74
06 58 &3
o7 &1 , &b
o8 59 &5
09 57 59
10 55 &0
11 &1 &5
12 b1 &4
1% &0 &4
14 &2 &0
15 &0 &5
16 &5 &0
17 62 &0
18 59 &3
X &1 &3

5D 5 4



Table 4.

AFPPENDIX I1.4

{

Moan Percentages of Stance for Right and Lett Gait

Cvirles during Hamp Climbing

SUBJECT RIGHT STANCE LEFT _STANCE
01 bé &7
02 &7 &4
0% &2 &b
04 &1 &6
05 bb &4
0& 59 &4
Ok &5 &0
08 55 &8
07 &2 65
10 &5 &5
i1 &b &b
12 &5 &5
i3 &8 &8
i4 &5 S8
is5 &7 &b
i6 &5 &3
i7 &1 &3
i8 &4 &7
X &4 &3

5D

i

A
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Table 5. Mean Percentages of Stance for Right and Letft Gait
Cvocles during Ramp Descent

SUBJECT RIGHT STANCE LEFT STANCE

o1 &b &7
o2 &3 &4
03 &3 &3
o4 58 58
05 58 &2
06 56 58
o7 =7 &6
o8 &2 58
0% &% 59
10 &1 &3
11 &1 &1
12 &5 &4
13 &3 70
14 56 &7
15 &2 &0
16 &3 58
17 57 51
18 &1 &5
X &1 b2

SD

L
h
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Table S Mean Duration of Right Bait Cvocle (Seconds)
TYPE OF LOCOMOTION

SUBJECT L sC 5D RC RD
1431 1.3 i.4 1.3 i.7 1.2
S 1.0 1.3 1.0 1.3 i.1
Q3 1.4 1.9 1.7 1.9 1.3
04 1.2 1.4 1.2 1.5 1.G
05 1.2 1.2 1.0 1.2 1.0
b 1.2 1.2 1.1 1.3 1.1
07 1.1 1.2 1.2 1.3 1.1
o8 1.3 i.2 .8 1.2 0.9
05 1.2 1.2 1.4 1.5 i.1
10 i.4 1.2 0.9 1.3 1.0
it 1.2 1.2 1.0 1.2 1.0
12 1.3 1.5 1.3 1.5 1.2
13 1.3 1.3 1.2 1.5 1.3
ig i.2 1.2 1.1 i.3 1.0
i 1.2 i.1 1.0 1.4 i.0
ié 1.5 1.1 1.0 1.2 1.2
17 i.1 i.0 0.8 1.0 1.0
ig 1.3 1.1 0.7 i.4 i-1
X 1.2 1.3 1.1 i.4 1.1

5D 0.1 0.2 0.2 0.2 .1

KEY: L = Level Walking

50 = Stair Climbing RC = Ramp Climbing
5D = Stair Descent R} = Ramp Descent
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Table 7. Meoan Cadence (Number of Steps per Minubke)

TYPE OF LOCOMOTION

SUBJECT {1 SC 5D RE RD
a1 F5.6 74.1 24,0 TE.3E 78.5
L8 112.7 5.3 120.1 Fi.1 113.6
03 B4.2 &8.5 78.2 FO.0 4.5
04 : F&5.6 8.3 i0i.7 B8:3.8 108.1
o5 iod. 46 F4.9 1146.% 75.9 117.0
Qb 100.9 105. 6 115.8 2.4 114.6
a7 105.0 1G0.0 10Z.8 F2.8 11Z2.4
08 7.8 101.5 153.4 FF.3 140.4
0% 100,33 FhH.E 1i9. 3 84.1 i48.8
1G 85.3 i08.8 134.5 5.5 1i7.8
i1 100.7 F2.7F 120,06 G7.3 117.7
12 852.56 B3.0 FO.5F 78.9 9.0
i3 23.40 Fi.4 102,46 80.4 FE.O
i4 F7.5 F7.G 115.4 P&l 120.0
15 102.6 110.3 195.1 87.8 117.7
i& g4.7 109.4 1i9.2 F7.4 104,46
17 113.2 125.9 1446.4 1i8. 46 129.2
ig &1 108.5 130.8 87.8 icg. 4
X 97.9 7.8 116.0 0.2 112.6

sD 8.2 13.8 ig.2 i1.2 12.G

KEY: L = Level WMalking

S0 = Btair Climbing RC = Ramp Climbing
80 = Stair Descent R = Hamp Descent
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Table &, Mean Foint of Temporal Events during Level
Walkino (¥ of RGLC)

TEMPORAL EVENTS

SUBJECT LEWE Lic REWB
01 14 51 &5
0z 1z 50 &5
03 11 46 b2
04 i1 Si &1
05 i1 53 &1
04 14 50 bé
a7 9 49 58
08 = 50 58
0F 10 50 &0
10 13 S0 &3
11 13 54 &3
1z 14 50 &4
13 18 50 &8
14 15 50 &4
15 15 50 &2
i& 14 5 &5
17 11 4% &0
i8 14 54 &b
X iz 51 &3

5D 3 . 3

KEY: LEWE = Left End of Weight Bearing
LIE = Left Initial Contact
REWB = Right End of Weight Bearing
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Table 2. HMean Point of Temporal Events during Btair
Climbing (4 of RGLD)

TEMPORAL EVEMTS

SUBJECT LEWB LIC REWE
o1 15 49 b2
0z 16 4g &1
03 15 51 &0
04 15 50 &3
05 13 - 53 &8
o0& i1 54 X
07 13 48 &0
08 14 51 &0
0 15 51 &b
10 8 49 54
11 16 50 &4
12 i6 =1 &4
13 15 50 &7
14 14 50 &1
15 18 S& 68
16 17 5& &b
17 13 50 &3
i8 14 54 &5
X 14 51 b4

S0 2 2 3

FEY: LEWE = Left End of Weight Bearing
LIC = Left Initial Contact
REWE = Right End of Weight Bearing
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Table 10. Mean Foint of Temporal Events during Stair
Descent (4 of RGEC}

TEMPORAL, EVENTS

SUBJECT LEWE LiC REWB
01 10 45 &0
o2 11 44 &7
03 10 47 b1
04 10 53 &1
05 5 31 77
06 i1 48 55
a7 i4 4g &1
08 g 43 59
0 7 48 57
10 7 47 55
ii i4 4% &1
12 i3 49 &1
i3 10 48 &0
i4 13 53 &2
15 i1 44 b0
i& iz 52 &5
17 7 49 &2
ig iz 49 5%
X 10 47 &1

5D z 5 5

KEY: LEWE = Left End of Height Bearing
LIC = Left Initial Contact
REWB = Right End of Height Bearing
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Table il. HMean Foint of Tesporal Events during Ramp
Climbing (X of RGC}

TEMPORAL EVEMTE

SUBJECT LEWE LIC REWB
01 18 51 b
0z i9 55 67
03 17 51 &2
04 i& S0 &1
05 15 51 b
06 13 49 59
07 13 53 &5
08 i4 47 55
09 15 50 b2
i0 1& 51 &5
ii 17 51 &
iz ié 51 &5
13 15 47 &8
14 10 S2 &5
15 ig 53 &7
14 15 52 &5
17 9 47 &1
18 14 48 b4
X 15 =1 &4

8D 3 Z 3

EEY: LEWEB = Left End of Weight Bearing
LIC = Lett Initial Contact
HEWE = Right End of WHeight Bearing
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Table 12. Mean Foint of Temporal Events during Ramp
Descent (X of REC)

TEMPORAL EVERNTS

SUBJECT LEWE LiC REWE
01 16 49 b6
oz 12 4g 43
03 11 47 &3
04 7 49 58
05 13 52 58
b 10 52 58
07 iz 45 57
o8 8 S0 &2
09 10 S1 &3
i0 i0 47 &1
ii 9 48 &i
i2 i3 49 &5
13 i& 44 ez
i4 13 47 5&
15 10 50 &2
14 16 57 &3
i7 2 52 57
ig iz 44 &1
X i1 49 &1

SD 3 3 3

FEY: LEWEB = Left End of Weight Bearing
LIC = Left Initial Contact
REWE = Right End of Weight Bearing
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Table 13. HMean Degrees of Trunk Inclination from the
Vertical during Level Walking {at 5% intervals of the RGD)
IMTERVALS OF THE RIGHT GAIT CYCLE
SUBJECT O 5 ig 15 20 25 30 25 40 45 50
o1 z 4 X 2 2 2 2 2 1 2 2
02 -1 O 2 2 i G 0 -1 ~2 -2 -2
03 -2 s -2 -1 -1 -2 -2 -2 -3 -3 -2
34 i i i 4] o a Q -1 -1 -1 -1
a5 i 1 2 3 = 3 e 1 i G i
Oy -3 -3 -4 —4& —4 -3 -3 -3 -3 -3 -3
07 -4 -3 -3 -2 -1 -2 -2 -2 -2 -3 -3
o8 3 3 3 4 4 5 = 3 = " 2
o7 1 2 = 4 4 = 3 i -1 -1 -1
10 1 2 2 2 2 2 2 2 1 2 i
il -8 -7 -7 —8 —8 -8 -8 -8 -§ —& -8
12 -5 -5 -4 —4 ~—4 -4 -5 -5 —& —& )
13 -1 O i Z 3 2 2z i 1 3 O
i4 G i 2 2 2 2 2 1 1 i i
15 =3 ~3 -3 —3 -3 -4 -3 —4 -4 —4 —&
i& -3 —2 -2 -3 -3 -3 -3 -3 —3 -5 ~5
17 -2 -2 -1 -1 -1 -2 -2 -1 -1 -1 -1
ig i i P Py i i i i i 1 O
X o S | 0 0 o o -i -1 -i -2 -2
5D = 3 3 3 3 3z 3 3 z = 3
FEY: — = fnterior Inclination + = Posterior Inclination
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(361}

Tabhle 13 {cont). HMean Degrees of Trunk Inclination from

the Vertical during Level Walking {(at 5% intervals of the

RGL)

IMTERVOSLS OF THE RIGHT GAIT CYCLE

SUBJECT 55 &0 &5 7G 75 80 = ) F0 25 190G
01 2 2 3 2 3 3 & = 3 3
02 -1 G 8] o GO Q -1 -1 -1 -1
Q3 -2 -1 -1 -1 -1 -2 -2 -3 =3 -3
04 -1 -1 -1 -1 s ~2 -2 -2 -2 -2
05 1 2 3 3 2 2 2 i i i
41 -3 -3 -3 -3 -3 -3 -3 -3 -2 -2
7 -2 -2 -2 -2 -1 -2 -2 ~% -3 -3
o8 2 3 = 4 3 3 Z i i 1
07 -3 8] 1 i i O O O o o
i0 2 2 2 P 2 i 2 2 1 2
11 -8 -& -8 -8 -8 -8 -8 -8 -8 -8
1z —& —& ~& -4 -3 -5 —~& —& -7 -7
iz i 2 2 2 i i ] i 1 1
i4 1 2 2 prs 2 1 i 0 ] i
15 -4 -3 ~2 -2 -2 -2 -2 -2 -2 -2
14 -4 -3 -4 —~4& -4 = -4 -4 —5 -5
i7 -1 -1 -3 ~4 —4& -3 -2 -2 ~2 -2
18 i) 1 1 i i 1 i 4] o O
3 -1 -1 -1 -1 =i -1 -1 -2 -2 -2

SD 3 = 3 3 3 3 3 3 = =

KEY: — = OGnterior Inclination = Posteriocr Inclination
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Table 14, Mean Trunk Inclination from the Vertical during
Stair Climbing {(at 5% Intervals of the RGC)

INTERVALS OF THE RIGHT BGAIT CYCLE
SUBJECT G b iD 1S 20 25 30 35 40 45 50
o1 -5 _— -5 -3 -3 -3 -5 -5 -7 -8 -3
o2 -i14 -11 -1t -11 -1 -10 -10 -11 ~-12 12 12

04 -—-17 -ig -1 -ig8 -ig8 -17 ~i&6 -1&6 ~-17 -i8B -—-19

07 -i% -iz 20 20 -Z0 -20 -2 -2 12 -i7 -17

og -11 ~-i1 —~10 -9 -8 -7 -8 -7 10 -1i0 -ii
09 -7 —& —& —& -5 -3 -5 -3 —& 7 —&
i —-iZ —-1i1 -—-ia -1 -~1i0 -2 -8 -8 -2 ~10 -10
11 22 =22 22 23 -ZF 2% 22 =22 22 22 22

iz -1 -13% -13 ~-14 -13 -13% —-14 -14 -14 14 14

i3 -i1 ~-i1 12 -i1 -i0 - -7 -3 -2 -—-10 -1i0

i ~i6 -1 -16 -1&4 -1i7 -18 -i@ -18 -ig -18 -17
i& ~-10 —-10 —-10 -9 -9 -9 —7F -2 -10 -11 -ii
i7 -3 -5 - -1 -ig -il1 -12 -13 -14 -i4 -1i4

18 —-12 11 —ii —11 —i0 —10 —10 -i0 -10 -1i -ii

i -2 -12 -iz -1t -ir -1i -i1 -11 12 -12 -iZ
50 bo! 5 5 5 3 = G b 5 5 S

KEY: — = f@nterior Inclination + = Posterior Inclination
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Table 14 {(cont.). Hean Degrees of Trunk Inclination from the
Vertical during Stair Climbing {(at 5% intervals of the RGLCI

INTERVALS OF THE RIGHT GAIT CYCLE
SUBJECT 55 50 &5 7a 75 80 85 F0 5 100

ol —~8 -8 -8 —& -5 -3 -3 -3 & —4
o2 -ii 10 ~3 -8 -7 —& —é& —& —-& -7
03 -i¢ -1i0 -1i1 -—-10 -10 -2 -F —10 —-i0 -1G
a4 -iz -12 -ii -1t -i1 -i0 -11 -iZ ~-1Z2 -iZ
05 -7 -7 -7 —& —-& -7 ~7 —~F -7 -7
Q& =20 =20 -2 20 -17 -1% -1% -1% -19 =20
o7 -i% -i9 -i9 -ig -i7 -i4 -i& 17 -17 17
08 -id 10 ~% -G -8 —~8 -7 -10 —-iG -i0
o7 —& -5 —4 -2 -1 -1 -1 -2 —% —~4
10 -ii -10 -10 -2 -2 -9 - -10 -10 -1i
i1 -22 -2z -Z¥3F =22 -Z21 -3¢ -iv® -ig -ig -i8
iz -iZ -1i3 -iZ2 -i1 -~-10 -i0 -10 -—-10 -i1 -i2
13 =10 —~ -9 -7 -8 -7 —-& -& -7 -7
i4 -7 -7 —& -5 -4 —4 -3 —4 —~4 —&
15 -7 =17 -i7 -i7 17 -1& -i&6 -15 ~-13 -—15
is -ii1 -11 —-1i1 =10 -1 -G —y -2 -3 -7
i7 -1z -iF -i3 -12 -1ii -1i -1 -10 —-i0 -10
ig —i1 —-1i ~1C -5 —8 -7 ~F -7 —8 4
X -iZ -iZ2 -12 -1i -i0o -i0 -7 —1i0 -10  —1i0
=1 3 b 5 b 5 b 5 b 5 =

KEY: — = fnterior Inclination + = Posterior Inclination



AFFENDIX 11,15 {24640

Table 15. Mean Degrees of Trunk Inclination from the Vertical

during Stair Descent {at 5% intervals of the RGC)

INTERVALE OF RIGHT GAIT CYCLE

SUBJECT 0O 5 10 15 70 25 30 0 35 4G A5 50
01 2 2 i 1 i 1 2 2 3 4 4
02 -2 -2 -2 -3 -3 -3 -4 -4 -3 -2 =2
03 i 2 2 RS B i e e e | 0
04 O 0 -i -2 -3 -3 -4 ~4 -4 -3 -3
05 1 1 i s} o -1 -1 -1 -1 O 0
0& -3 -3 -5 -7 -7 =7 -4 -6 -5 -4 -3
07 -4 -4 -5 & -& -7 -7 =7 -4 -5 -5
o8 -1 -1 =2 -3 -5 -5 -4 =F =2 - 0
0F 3 3 2 z 2 2 2 z 2 3 3
10 2 z 2 i o -1 -1 -t s} 0 0
i1 ~7 =7 =7 - -i0 -i1 -12 -iZ -iZz -11 -9
12 -4 -4 -4 -5 =& =7 =7 =7 =7 =5 -3
13 0 O o) 0 o -1 -2 -2 -2 -1 -1
14 0 O o0 -1 -1 -2 -2 -2 -2 -] 0
is -1 ~-i -1 -2 -3 - -4 -4 -4 -3 -2
i6 -2 -1 -1 -2 ~-3% -3 -3 -4 -3 -3 -2
17 2 2 2 i o -1 -1 -i -1 0 2
18 i 2 2 i o i 1 i 1 2 Z
X -1 -1 -i -2 -2 -3 -3 -3 -3 =2 -1

SD 3 3 3 4 3 3 3 3 4 3 3

EEY¥: — = fAnterior Inclination <+ = Posteriogr Inclination



APPEMDIY I1,15.1 (360

Table 15 {(cont.l. Mean Deagrees of Trunk Inclination from the
Vertical during Stair Descent {(at 5% intervals of the RBELC}

INTERVALS OF RIGHT BAIT CYCOLE
SUBJECT 55 &0 &5 FQ 75 80 85 Z0 25 100

01 4 3 z 1 i i i i Z 2
02 -2 -2 -% -3 -3 -3 -3 -2 -2 -2
03 0 o -1 -2 -2 -2 —i o 0 0
04 -2 -3 -3 -4 -4 -3 -3 -2 -1 -i
05 i 1 1 O 0 O o i Z 2
0b -4 -5 -4 & 7 —& —& -5 -4 -4
07 -5 -5 -5 -4 —-& —-& ~7 -7 -4 -é&
08 0 o -i -1 -1 O O o) 1 0
09 3 2 i i i 1 2 Z 3 3
10 o -1 -1 -i -t o 1 = 4 5
i1 -8 -9 -i0 -i1 -i2 -i2 -ii -i0 -8B -8
12 -2 =% -4 -4 -5 -5 -5 -4 -4 -4
13 0 o -1 -1 s o -1 -1 ~-i 0
14 0 o -1 -1 -2 -2 -3 -2 -1 -1
is -z -2 =3 -3 -4 -4 -3 -3 -2 -2z
16 -4 -1 -7 -2 -3 -3 -3 -3 -3 -3
17 2 2 i 1 1 i 2 2 3 3
ig 2 i i i 2 2 2 2 3 3
¥ -1 -1 -2 -2 =3 =2 -2 -2 -1 -1
5D 3 3 = 3 4 3 4 3 3 3

EEY: — = Anterior Inclination 4+ = Posterior Inclination



APPEMDIX 1,16 (Za4)

Table 1&4. Mean Degrees of Trunk Inclination from the VYertical

guring Ramp Climbing {at 5% intervals of the RGEC)

INTERVALS OF THE RIGHT BAIT CYCLE
SUBJECT O pi 10 i5 20 25 S0 25 A0 45 S0

a1 -5 -3 —& -7 -7 -7 ~7 -7 ~7 -7 -8

oz -12 ~-1F -14 -14 -1F -13 -i4 -15 -16 -1& -~1&

DI —F -3 - —& -7 —& -5 -7 -7 ~5 -8

G5 —& —& ~& —& —& —& —& -4 —& -7 -7
a4 -1% 20 22 -24 -24 2% =22 -2t 20 19 =20
o7 -15 -15 -1& -17 -—-18 -1i8 -18 -19 -i9 20 20
g -1 ~10 —-10 —-10 10 -~ -8 -7 =7 -7 -9
O —& -3 —~3 —3 —d -3 -3 -3 -3 -4 -3
10 -3 -11 -1t -1z -12 -11 -ii -11 -1z -12 -ii
ii —20¢ =20 21 -F2 22 -2EF 23 22 21 21 21

12 -13F -12 =12 -1i2 -1Z -iF ~-13 -14 -i4 -15 -—i4

15 -2 -12 -1iZ -i4 -14 -15 -i4 -—-i4 -14 -13F -1i3

is6 -5 -i% -is -1 -1 -15 -i4 -13 -13F ~-13% -~14

17 - -ig -i11i -11 -i2 -i1 -i11 -ii -11 -11 -1ii

ig —i2 -i2 -15 -—-i3 -—-if4 -—-i4 -i4 i3 -—-1F -—-iEF -~13

X -1 -ii -i2 -12 -12 -1i2 -i2 -1i2 -12 -12 -iZ
5D 4 4 5 b 5 & & 5 b ] 5

FEY: — = finterior Inclination + = Pasterior Inclination



Table 1& {(cant.}.
Vertical during Ramp Climbing

HMean degreses of Trunk

APPENDIYX II,14.1 (3E57)

Inclination from the

tat 5%

intervals of the RBL)

INTERVALS OF

RIGHT GAIT CYCLE

SUBJECT 55 &0 &5 70 75 80 85 90 95 100
o1 -9 -10 -11 ~-i1 -10 -9 -8 -7 -7 -g@
o -15 -14 -13 -12 -i2 -i1 -12 -12 -i3 -14
0% - -10 -i11 -12 =-i1 -11 -1i0 -10 -9 -9
04 ~13 -14 =15 -15 -14 -14 -14 -13 -13 -i2
05 -7 & & —& -5 -5 -5 & —& -5
0& —22 -23 -22 -21 -20 -17 -15 -13 -12 -—12
07 20 -17 -18 -17 -17 -1& -1& =-1& -15 -15
0B ~12 -i14 -17 -18 -16 -14 -i1 -9 -8 -8
0% -5 -5 -5 -4 -3 -3 -3 -2 -2 -3
10 -11 -12 -13 -i3 -12 -12 -11 -i0 -9 -9
11 ~32 -22 -22 -22 -22 -21 -19 =19 -18 -18
12 ~14 -14 -14 -15 -15 -15 -15 -15 -i5 -15
13 -7 -7 -7 -& -5 -4 -5 -5 -& -5
14 ~10 ~-11 -12 -11 -9 -8 -7 -& -7 -7
15 ~13 -13 -13 -16 =17 -1& -1& -15 -14 -14
16 15 -15 -14 -i4 -12 -11 -9 -10 -10 -1i0
17 ~11 -11 -11 -i1 -11 -10 -9 -8 -9 -9
18 -13 -13 ~-14 —14 —14 -12 -—11 -10 —10 —10
X ~13 -i3 -13 -13 -1i3 -12 -11i ~10 -10 -10

SD 5 5 5 5 5 5 a a 4 a

KEY:z

= Hnterior Inclination

+

Pasterior Inclination



Tabhle 17. HMean Degress of Trunk

Inclination from the

APFPEMDIY 11,17

Vertical during Ramp Descent

{at

oS4

{368)

intervals of the RGC)

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT © 5 10 15 20 25 30 =25 40 45 50
01 0 0 O O i i 1 2 2 2 1
0z O i i i 1 i i i 1 i i
03 -1 O G -1 -1 -1 -1 -1 -1 O G
04 -2 -2 -2 -3 —4 —4 —4 -5 -5 -5 -3
05 3 3 4 4 4 4 4 4 4 4 4
06 i 0O -1 -2 -2 -1 -1 -1 e G O
o7 ~d& —& -4 -5 -5 -5 —& —-& -5 -5 -4
o8 3 = 3 Z 2 2 2 i i 2 2
0F 3 4 5 5 S 5 4 4 3 3 4
10 3 it 3 2 2 1 i i i i i
ii —& ~& —& —& -7 -7 -7 -8 —g ~7 -7
iz -2 -2 -= -3 -3 -2 -2 -2 -2 -3 -3
i3 i 1 P 2 2 2 1 i i 8] 0O
i4 z 3 3 E 3 3 3 3 4 5 5
15 -3 -3 -3 -3 -% -3 -3 -3 -3 -z ~2
i& -4 ~& -3 —4 —4 ~3% -3 -2 -2 ~1 G
i7 3 3 3 2 2 2 2 = 3 4 5
ig i i i o o ) O o 1 1 i
X ) 0 0 o 0 0 o o O o 0

50 = 3 3 3 3 3 3 x 3 x 3

FEY: — = fnterior Inclination + = Posterior Inclination



APPENDIX II,17.1 (34&8%)

Table 17 (cont.). HMean Degreses of Trunk Inclination from the
Vertical during Ramp Descent {(at 5% intervals of the RECY

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT S5 &0 &5 70 75 80 85 90 95 100
o1 1 'S 1 1 2 3 3 3 3 3
02 1 1 2 2 2 3 3 3 3 =
0% 0 0O -1 -1 =2 =2 -3 -2 -2 -2
o4 -5 ~& -6 ~b6 -5 -4 -4 -3 -5 -3
05 4 4 4 4 4 4 5 5 5 &
04 o -1 -1 -1 -1 -1 0 1 2 2
07 -5 -5 -5 -5 -5 -4 =& -7 -7 =7
of 2 3 2 2 3 3 3 3 3 3
0% & & & & 5 5 4 4 4 4
10 2 2 2 2 2 5 3 3 3 3
11 -6 -4 ~7 =7 =7 -8 -8 -7 -7 -&
1z -3 -3 -4 -4 -4 -4 -4 -4 ~& -3
i3 o 0 o o o o 0 0 o o
14 5 4 3 3 2 2 2 2 3 3
15 -2 -2 =2 -2 -1 -1 o 0 1 1
14 1 1 2 1 1 1 1 1 2 2
17 4 e | ) 0 1 1 2 3 3
1g i 1 0 o O 0 O i 1 0
X O 0 O 0 O s O 0 i i

5D 3 3 4 = 3 4 4 4 4 3

KEY: -~ = f@Anterior Inclination + FPosterior Inclination



Table 1H.

APPENDIX 11,18

Mean Degrees of FPFelvic Inclination from the

(3707

Vertical during Level Walking {(at 5% intervals of the RBL)

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT © 5 ig is 20 25 30 35 4G 45 50
o1 i i i ] O -1 -2 -3 -5 -7 -1t
o2 3 4 4 3 3 i 4] -1 -3 -5 -7
03 -1 -1 G a -1 -2 -4 -5 -5 ~7 -8
(4 -3 -2 -2 -1 -1 -1 -1 -2 -2 -3 -4
a5 -1 0 0 1 i O -3 -6 - -ii -1iZ
Ob -F -7 -7 -8 - -8 -8 -7 - ~i0 -~11
o7 -3 -1 O O O ~2 —4 -7 -3 ~1ig =11
08 -3 =3 -4 -5 -8 -5 -4 -4 -5 —& -7
o7 -2 -2 -3 -3 —3 -3 -5 ~& -7 - =10
1G —4 -3 -3 -3 -3 -5 -& -8 i¢ ~-13 -15
ii -1 G -2 —4 -4 -5 —& -7 ~8 -2  —14
iz i i -1 -3 -3 —& -5 -7 -8 —& ~
13 O i 1 i i O -2 -3 -& -2 -1Z
i4d 8 (=] G ) £ 7 4 0 -2 -4 ~&
b -1 O -1 -2 -3 -5 ~& -8 i0 -13 ~1&
ib —8 -7 -7 —& —é& ~& -7 -8 -7 11 -1i3
i7 -3 -2 -2 -2 -3 -4 -& -8 i -i3 -1i6
18 ~Z -2 —2 -2 -1 -1 -3 —d -5 -8 -~
X -1 -1 -1 -1 -2 -2 -4 -5 -7 -9 -i0

50 4 4 4 4 4 3 = = s = =

EEY: — = énterinr Inclination <+ = Posterior Inclination



Table 18 {(cont.}

APFENDIX II,18.1 (371)

Mgan Degrees of Pelvic Inclination from the

Vertical dwing Level Halking

(at 5%

intervals of the RBL)

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT 55 & &5 i 75 80 85 S0 95 100
01 -13 -1z — ard -3 -1 -1 O 2 4
02 ~& ~7F -5 —4 -3 —-1 -1 o o 2
O3 -7 -5 -8 -& -4 -5 —& —-& —& —&
04 -5 ~4 -4 —4 ~4 -2 -2 -3 -3 -3
o5 -12 -i2 -1i - -8 —-& -4 -3 ~2 -1
b -12 -iZ -i1 -10 -8 —& -5 —4 -5 ~&
a7 -1 ~10 ~7 -5 —4 -3 -3 —4 -4 ~3
o —& -3 -3 -5 -5 -5 —4 -4 —5 -5
o3 —-10 -G -g -8 -7 ~7 -7 —& ~& -&
i0 -7 -ig ~17 -1% -13 -1Z2 ~-1i -i1 10 10
11 —-10 -5 -7 —& -5 -3 -5 = -3 —Z
iz —& -2 -1 -1i0 -1i0 -i0 ~-10 ~-10 -G -8
1= -12 -12 -1i0 -3 —& -7 —& -5 -5 -3
14 ~5 ~4 -3 -2 i 4 & & b &
15 -i7 —-i4 —1i0 —& -5 -3 —2 -2 -3 -2
is -15 -1 -13 -~ -8 —& -7 -7 ~& —&
17 -14& —-14 13 i -8 -& -5 ~4 —~& —4&
ig ~ ~2 ~g -7 -7 -5 ~4 —4 -5 -5
¥ -i1 10 -3 -7 —& -3 —& -4 —& ~3

5D 4 4 4 = 3 4 4 4 4 4

KEY: — = f@nterior Inclination = Posterior Inclination



AFFEMDIX 11,19

Table 1%9. Mean Degrees of Pelvic Inclination from _the

Vertical during Stair Climbing

{at

(372

5% intervals of the RELC}

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT O S 10 i3 20 25 =0 35 40 45 S0
a1 —4 -4 —& —& -7 —& —& -7 -8 -8 —~F
oz —& ~& -5 -5 ~& -4 ~5 -5 -5 -5 -4
0% -17 -i&6 -14 -—-11i -12 -10 -8 -8 10 -1 -5
G4 -2 -1 -10 -2 -5 -8 -8 ~& -8 ~ -G
o5 —-14 -12 ~12 -11 -i1 -1Z2 -1iZ2 -1i3 -i3 -14 -1i4
o4 —-1% -1 20 -20 26 -i2 -1 -18 1% 20 -17
07 -i2 -i1i -9 -7 -7 -8 -9 -10 =10 -i0 -10
o8 23 23 22 20 -1% -18 -17 -15 -i4 -—-14 -15
09 21 -21 -i? -i6 -15 -iZ2 -ii -ii -i1 -11 -11
ip -i4 -13 -i2 -i1i -—-i14 -i0 ~-10 -10 -1i1 12 ~-1Z
ii —G -8 -8 -g -8 - - -2 -i¢ -i0 -10
iz 20 -20 -1¢ -ig -i7 -16 -14 —-13% —-13 12 —13
i3 -5 —4 -4 -3 —4 —4 —4 —4 —& -7 v
14 —-12 -i0 —~5 -7 —& -5 -5 — -5 —& ~é
i5 -4 -5 -7 -8 -8 -7 -7 -8 -7 —-i0 -1ii
i -1 -i4 -~-i14 -i14 —-1i3F 12 -12Z2 1% -i2 -12 -13
i7 —-1% -—-i1¥ -1i7 -i3 -12 -1i -1i0 -i0 -10 -10 -1i0
ig -5 ~—10 -1 - -7 -7 -7 —& ~g —& —8
¥ -13 -13 -12 ~-ii -11 -10 -10 —-10 -i0 -i0 -—11

850D b & 5 ) 5 4 4 4 3 E 4

KEY: = Anterior Inclination + = Posterior Inclination



OFPEMDIY IT, 1%.1 (373}

Table 172 {(Cont.}l. HMoan Dearees of Felvic Inclination from
Vertical during Stair Climbing (at 54 intervals of the BGL)

IMTERVALES OF RIGHT GA&IT CYCLE
SUBJECT 55 &0 &5 70 75 g0 85 20 72 100

a1 —8 —~G -8 -7 -3 -3 -4 ~Z —% -1
a2 -3 -2 O 1 2 = 2 1 -1 -1
Q3 -3¢ -1 -ii1 -ii -1F -1i46 -18B -—-iB -20 -—17
04 -10  ~10 -3 -8 —a -3 —-10 -10 ~g -2
05 -3 =13 -12 -1z -11 -11 -13F -14 -13 -15
d -i8 -1 -1 -i%? -i7? 19 -i9 -17 -i9 =20
o7 -1 —-i1 -1i0 -8 -8 -8 -2 % -2 -8
a8 -i4 -4 -1z -14 -15 -i6 -17 -i7 ~-17 -1%
05 -ii -1i -1i1 -ii -11 -12 14 -1& -1& -idb
10 -12 -1 -7 -8 -8 -2 —-1d 10 -12Z -i4
i1 -1 -10 -1i0  -10 7 -8 -8 -9 -2 -3
iz -1F -14 -15 -1i5 -i&6 -—-17 19 -21 21 -20
13 =7 -7 —& ~5 ~& —& —4 -4 =3 -2
i4 -5 —4 -3 —& —& -8 -8 -8 —& -7
15 -1i1 -1i0Q -2 -8 -7 = -7 -2 -1 10
1& -13 -i4 -i4 -i4 -i4 -i4 -15 18 -18 19
i7 —~10 -5 -2 10 -is -12 -14 -i& 17 -1é
ig —8 —g —8 —8 —8 -8 -7 -8 -8 -8
X -1ig -1 —-10  —10 -7 -10 -ii -i2 -1z -12
5D A 4 4 5 5 & & & & &

KEY: — = fnterior Inclination + = Posterior Inclination



AFPENMDIX II,20 {374

Table 20. Hean Degress of Felvic Inclination from Vertical
during Stair Descent {(at 5% intervals of the RGECS

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT 0 5 10 15 20 2?5 30 35 40 45 50
o1 -4 -4 -4 -4 -4 -5 -5 -5 -4 -3 -2z
02 -4 -5 -5 -4 -4 -4 =5 -5 -5 -4 -4
03 - -4 -4 -4 -5 -5 -4 -3 -3 -4 -4
04 -5 -3 -4 -4 -4 ~& -7 -7 -8 -8 =&
05 0 0 O 0 i 1 i 0 0 1 i
04 -1 -1 -1 o0 -2 -3 -3 -2 -2 -3 -3
07 2 3 4 & & 5 3 -3 3 4 5
o8 8 8 a8 7 7 & 8 7 & & &
05 -2 -7 -4 -3 -i -2 -3 -4 -4 -4 -4
10 -4 -4 -4 -5 -6 -4 -& -7 -7 -8 -7
i1 -4 -4 -4 -% -3 -3 -4 -4 -5 -4 -4
12 it 3 Z Z 2 2 2 = 5 5 5
13 -7 & -6 -5 -5 -4 -4 -8 -8 -8 -9
14 4 5 b 7 7 & 4 4 3 2 Z
15 -z -% -4 -4 =% -3 -3 -3 -4 -4 -5
i& - -5 -5 -4 -5 -4 -8 -8 -8 -8 -8
17 -i0 -0 -9 -8 -g -8 -8 -9 -8 -9 -10
18 e A A T T Ny S - D - - I, -
K -3 -2 -2 -2 =2 -2 -2 -5 -3 -3 -3

5D 5 5 5 5 5 5 5 5 5 5 5

KEY: — = fntericgr Inclination + = Posterior Inclination



Table

20 {contl.

SPREMDIY II,20.1 (373

Mean Degrees of Pelvic Inclination from

Vertical during Stair Descent {(at 54 intervals of the RGEL)

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT 55 &0 &5 7O 75 20 85 o g5 100G
01 4] 2 3 3 2 O -2 -2 -5 —&
02 —i —4 -3 —4 —4 -5 —& ~b —é& —é&
O3 ~& -5 ~Z2 -2 -2 -2 —4 —4 -5 —&
Q4 -5 —-% -1 O -1 -3 ~3 —& —& ~7
05 2 2 e 2 i i O -1 -1 -1
08 = 3 = Z 1 G -1 -2 -3 —4
a7 & 1G i0 7 g & 4 2 i i
o8 & & & & 5 b 5 7 8 8
05 -2 -1 Q 0O -2 —4 -5 -4 -& -8
io —~& —& -7 - -2 -1 -1 -i1 -iZz -iZ
i1 -5 -5 -4 -3 ~4 -5 -7 —& -4 —~&
iz 5 & & 7 & 5 z 2 2 =
13 - —& —& —& -7 -8 -5 -8 -8 —5
i4 2 3 4 4 3 2 2 z E 3
15 —& -4 -1 i e -2 -4 -4 —& -7
i6 -8 -7 -7 —& —& -7 ~7 -8 -8 -8
17 - - -8 -8 -i0 -1i1i -1F -13 -14 =14
18 ~7 -7 -7 -8 -2 —i0 —i¢ —ig =10 -1
X -2 -1 -1 -1 -2 -3 -4 -4 -5 -5

50 5 ) 5 5 5 5 5 5 & o)

KEY: — = fAnterior Inclination + = Posterior Inclination



AFFENDIX II,2 (3746}

Table 2i. Hean Degrees of Pelwvic Inclination from Vertical
dwring Ramp Climbing {at 5% intervals of the RBC)

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT _© 5 10 15 20 25 30 35 40 A5 50
01 i 1 o -1 -2 -2 -3 -5 -5 -4 -8
Oz o -1 -4 -5 -5 -4 -4 -5 -5 -5 -4
063 -ig -18 -17 -1% -1 -9 -7 -7 -7 -7 -7
o4 -1t -8 -8 -B -7 -7 =& -7 -7 -8 -7
05 -1 -8 -7 -8 -9 —-i0 -1i -12 -1i2 -~13 -1i3
o4 —17 —-17 -i8 -i% -i1% -19 ~-18&8 -17 -17 -18 -~18
07 -4 -4 -3 -3 ~-& -7 -2 -i1 -13 -13 -14
08 -20 -20 -20 -Z1 -20 -18 -i6 -14 -13 -13 ~-1i3
07 -16 -1&4 -—-i&6 -15 ~-i4 -i2 -10 -9 -9 -9 -1i0
i0 -7 -4 -8 ~-1i0 10 —i0 -i1 -iZ2 -1i3 -14 -15
i1 - -5 -5 -& -7 -7 -& -& -7 -7 -8
12 ~i4 -i4 -~i4 ~14 -15 -15 -1i5 -14 -14 -14 -14
i3 -2 0 0 -1 -1 -1 -3 -3 -4 -4 -4
14 - -5 -4 -5 -7 -5 -4 =% -4 -5 -8
15 - -6 -7 -7 -9 -1ii ~-iZ -11 -11 -11 -1i2
i6 -i4 -13 -14 —-1i5 -1i4 -13 -13% -13 -~-15 -—17 ~i8
17 -12 ~-12 -ii -10 -9 -i0 -1i0 -10 -11 12 -i4
ig —-io -9 - -2 -9 —i0 -i0 -i0 -i0 -—-10 -ii
X -i0 -2 -9 -i0 -10 -i0 -2 -2 -10 -10 -ii

sD & & & & 5 5 5 4 4 4 4

EEY: - = fAnterior Inclination + = Posterior Inclination



Table

21 {cont.}.

APPEMDIY IT,21.1

Vertical during Ramp Climbing

{

Mean Degrees of Felvic Inclination from

37

{at 5% intervals of the REL)

INTERVALS OF THE RIGHT GAIT CYCLE

SUBJECT 55 &0 aHS 70 75 80 85 =70 95 1G0
01 -1i1 -i3 -i13 -~-10 -7 —& ~& —~& -2 -1
o2 -7 iy ~5 -5 -5 —& —~& —5 -4 -3
a3 -8 -2 -1ii -i2 -14 -1Z -13 -15 -1& —14
04 -6 -12 -1 -11 -i3 -12 -11 ~-il1 -10 -
05 -i4 -i5 -14 -i2 -i1 -10C -7 -G == -7
06 -ig -ig -—-i1% -~13 -11 -1l -G -7 ~& -5
a7 -i4 -1i4 -i5 -15 -1% -14 -—i2 -3 —& -5
of —-ig® -ig -ig8 -15 -i3 ~-13 -14 -15 -ié& -17
a9 -1i1 -1i2 -14 -1iZ -—i0 -2 -1 -ii -10 -1i1
i0 -14 ~-17 -—-1i&6 -14 -13 -1i3 -13 -1ii -8 -4
11 -7 -5 -8 ~7 ~& -5 ~5 -5 -4 -3
iz -15 -15 146 -1& -—-15 -—-13 -i&6 —1& ~16 —-14
13 —-7 -8 -8 -8 ~8 —& -5 -5 -5 -5
14 -8 -8 -8 -8 -8 -7 ~7 —~& -5 —4&
15 -1% -14 —-15 -1i3 -5 —& —& -5 —~4 —4
16 -7 -Z¢ -ig -17 -~-13 -i4 -14 ~i4 -13 -10
i7 -1 -17 -15 -13 -13 -13 -15 -15 -14 -11
ig ~13 —-14 -i4 -i4 —-14 —-i4 ~-13 —-14 —13 —-11
X -1 -13 -i3 -12 -i1 -10 -1i0 -10 -z -8

50 4 4 4 X 3 = 4 4 5 =5

KEY: — = fnterior Inclination + = Posterior Inclination

7}



Table 22

L3

APFENDIX 11,22

{378}

Mean Degrees of Pelwvic Inclination from Vertical

during Ramp Descent

{at 5% intervals of the RGEC)

INTERVALS OF

RIGHT GAIT CYCLE

SUBJECT O 5 10 15 20 75 =0 35 40 45 50
01 -7 ~& -5 -4 -4 -4 -4 -5 -5 -5 -8
o2 0 0 1 2 z 1 o -2 -2 -3 -4
03 - —& ~& -5 =3 -2 -1 -1 0 0 0
04 -8 -8 -8 -& & —-& -4 -8 -9 -10 -10
05 2 -2 -1 0 1 o -z -3 -5 -7 -8
06 3 3 = 5 5 5 5 a 3 1 1
07 io 10 10 i1 i1 10 9 g & 5 5
o8 & —& -4 -1 0O -2 -4 -5 -5 -4 -4
09 0 O 1 1 2 z o -1 -2 -3 -3
10 -7 -4 -7 -& -5 -3 -3 -4 -4 -8 -8
11 -1 -1 0 2 2 2 3 3 3 1 1
12 -7 -7 -4 -1 -2 -3 -3 -5 -& -8 -8
13 3 3 5 7 9 g 4 1 -2 -5 -7
14 -5 -2 =2 o o -1 -1 -1 -1 -2 -4
15 - -6 —& —4 -4 -5 -7 —10 -13 -15 -18
i6 -13 -12 -10 -9 -9 -9 —11 -13 -14 -1& ~1é
17 ~1 0 o 1 1 1 0 -1 -3 -4 -5
18 - | o 1 2 3 3 3 z 1 o
X -3 -3 -2 0 0 g -1 -2 -3 -5 -5

sD = 5 5 5 05 5 5 5 5 & &

KEY: -

Anterior Inclination

= Posterior Inclination



APPENDIX II.22.1 (379}

Table 27 (cont.). Mean Degrees of Felvic Inclination from
Vertical during Ramp Descent {at 5% intervals of the REC)

INTERVALS OF RIGHT GAIT CYCLE
SUBJECT S5 &0 &5 70 75 80 85 0 75 100

01 -8 -9 -8 -7 -& -& —-& =7 -7 =7
02 -4 -4 -2 -1 -1 ) o -1 -1 -1
03 -1 -i -2 -3 -3 -3 -4 -4 -4 -4
04 -9 -8 -6 -& -7 -7 -8 -8 -9 -9
05 -2 -8 -9 -8 -7 -5 -5 -5 -5 -4
06 Z 4 3 1 1 3 4 4 a =
07 1 3 4 5 A 2 1 1 0 o
o & 7 7 a g 8 g g 7 7
09 - -7 —-& -5 -4 -4 -4 -5 -5 -5
10 -4 -5 -4 -3 -2 -2 -3 -4 -5 -4
11 -8 -8 -& -4 -4 -5 -5 -5 -5 -5
12 o 0 1 2 2 1 0 -2 -4 -5
13 -8 -8 -7 -5 -5 -5 -5 -5 -7 -8
14 - -5 -3 -1 2 4 a4 4 3 4
15 -4 -3 -1 1 2 2 2 1 1 1
16 -1% -1i8 -16 -15 -14 -13 -11 =10 -10 -9
17 ~16 -22 -22 20 -17 -15 -13 -13 -13 -14
18 -5 -4 -2 -3 3 x4 -5 4 -4
X s -5 -4 -4 -3 -3 -3 -3 ~4 -4

5D & 7 7 7 & & 5 = 5 5

FEY: ~ = @nterior Inclination + = Posterior Inclination



AFPENDIX II .23

{380)

Table 23. Mean Hip Angle (°) during Level Walking {(at 5%
Intervals of the REL}
INTERVALS OF RIGHT GAIT CYCLE

SUBJECT © S io 15 20 25 30 35 40 45 S0
o1 22 22 20 17 11 5 O -6 -1 -15 -18
o2 22 ELy ie 15 il 5 1 -5 -8 —-1&% ~1é&
O3 23 22 iw iS 11 8 4 e -4 -8 10
04 22 22 22 20 15 = 2 -4 -10 -13 -1&
05 25 25 25 22 i& 10 3 -3 -4 -12 -15
05 24 23 22 ig 14 7 5 2 -2 —& —7
07 24 24 22 12 iq 10 5 Q -5 —-10 ~13
o8 20 20 i7 15 7 4 -1 -5 -7 -11 -i4
09 23 21 ig i4 10 5 i -2 -6 10 —13
10 22 21 18 14 g 4 1 -3 —& -7 —~13
i1 25 23 21 i8 13 a8 4 -2 -& =11 ~14
ig 20 19 17 14 ig = i -3 -8 -11 -i4
i3 ie ig 16 11 7 5 0 -3 -6 —-10 -14
i4 22 20 18 14 8 3 -3 -7 -i1 -15 -1%
i5 E0 30 29 27 22 1& 8 i -4 —-1G -13
14 24 24 24 21 17 ii & 1 -3 -8 -1i1
17 29 27 29 27 22 i5 7 -2 - —-15 19
18 25 25 24 21 14 10 4 —3 -8 =12 -1iS
X 23 23 21 18 i3 LE 3 -2 -7 -i1 -~14

5D 3 3 4 4 4 4 3 3 2 A 5

KEY: = Flexion - = Extension



Tabhle 23 {(cantl.

APPENDIX II, 2341

(381}

FMean Hip Hngle (@) during Level Wallbking

{at 5% intervals of the RGCI

INTERVALS OF RIBHT GAIT CYCLE

SUBJECT 55 &0 &5 70 75 80 85 90 95 100
o1 -i7 -13 -3 8 15 ig =2z 23 22 21
02 -16 =12 =& 5 13 20 23 23 20 18
0% -11 ~7 0 2 14 i9 23 24 24 23
04 -15 -12 -4 & 17 22 24 23 2z 31
05 -i5  -1¢ -3 4 14 21 25 26 286 24
0& ~-it -8 -1 a8 i6 22 26 26 25 23
07 -13 -9 8] 9 i7 22 26 26 25 23
08 -16 -13 -7 Z 10 ig 23 2a 2z 21
0% -i4 -i0 -2 8 17 22 26 26 24 21
10 -i4 -12 -4 g 17 =2a 27 27 23 21
11 -14 -9 0 10 17 22 24 24 22 27
iz -15 -i2 -2 8 16 22 25 24 21 ig
13 -i&6 -15 -9 0 i1 19 24 25 2T 20
i4 -19 -1&6 -7 2 13 i 24 24 23 20
15 -15 —-13 -5 5 17 26 30 20 30 2B
16 -13 -1l -4 & 15 22 25 24 24 24
17 -19 -14 -7 z 13 21 26 28 28 27
ig —-1& —12 -4 i 10 17 23 25 24 23
X -5 -12 -4 & 15 21 25 25 24 22

5D z 2 3 3 2 2 z 2 Z 3

KEY: + = Flexion -— = Extension



APPENDIX I1. 24

(8

Table 24. HMean Hip fngle (®) duwring Stair Climbing {at 5%

intervals of the REC)

INTERVALS OF RIBHT GAIT CYCLE

SUBJECT O b 10 15 20 25 30 39 40 45 S0
a1 45 41 3b 30 24 i4 7 3 -1 -3 -5
oz 42 =8 33 26 19 i1 & i -2 -4 -7
o3 41 38 33 26 18 11 7 4 2 G -2
04 45 43 39 34 Z0 25 iw 13 7 3 8]
oS 43 40 37 33 28 23 is 1X g & 4
b 44 41 34 31 25 21 15 10 & z o)
Q7 44 40 33 28 20 14 g 3 -2 —& -7
o8 8 34 28 22 17 12 7 3 O -3 -5
o2 40 35 29 22 17 12 & 1 -2 —4 -5
10 37 35 30 27 24 20 15 10 = 2 G
11 473 40 z4 32 24 ig 13 & 2 -1 ~3
12 =2 x7 32 27 22 146 10 4 O -3 —&
i3 33 0 25 ig 13 7 2 ~Z -5 —& -8
14 48 435 3& 29 23 i& Z 3 4] -8 ~G
15 o2 4 45 40 4 29 22 1é i1 7 4
i& 40 38 34 29 24 17 i2 7 3 0 -2
i7 43 40 34 30 25 17 12 7 2 -3 -5
ig b 32 27 22 16 7 2 -3 -7 - 14
X 42 39 34 26 23 ibé i1 & 2 -2 —4

8D 4 4 5 5 S & & 3 S 4 4

KEY: = Flexion - Extension



APPENMDIX II,24.1 {383}

Table 24 {cont.). HMean Hip &Gngle {(°) during Stair Climbing
{at 5% intervals of the RGD)

INTERVALS OF RIGHT GAIT CYCOLE
SUBJECT 55 &0 &5 70 75 80 85 0 75 100

o1 ~7 ~& 2 12 24 33 41 44 44 44
02 -& 0 g 186 28 34 44 47 47 43
03 -3 -3 -1 = 18 27 38 44 45 43
04 -2 -3 i 7 19 28 37 42 43 42
05 0O -3 | g 21 31 39 43 44 42
04 -2 0 a8 17 29 2& 44 48 49 /47
07 —~& 3 i4 25 34 41 48 G2 53 S50
og -7 -3 4 13 21 28 x5 3% 40 37
09 -4 2 11 i4 28 3b 43 46 46 44
i0 0 3 7 ig 30 38 44 45 41 37
ii —4 —1 & 17 29 37 44 48 49 47
12 —-& -3 5 i4 23 3 40 4.4 435 43
i3 -8 —& 1 7 i% 27 35 40 41 38
i4 —& 2 13 26 34 44 50 92 S0 a4
i5 2 2 & 13 25 34 45 49 S0 47
16 —4 —4 o g ié 23 33 39 41 40
17 —4 1 10 19 30 =8 44 47 47 45
ig —1C -7 -2 g 1é 268 33 =8 41 40
X —4 —2 b 14 25 33 41 45 45 8%
85D 3 3 5 & & & 3 4 4 4

FEY: + = Flexion - = Extension



APFPENDIX II.25 (384}

Tahle 25. Mean Hip 8ngle () during Stair Descent (at 5%
intervals aof the REC)

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT _ © 5 10 15 20 75 =0 35 40 45 50
o1 i1 i1 13 13 13 10 9 2 10 12 17
0z & & 7 7 7 & & & a 11 17
a3 i4 11 8 7 & 5 5 7 11 14 15
oa 12 10 10 12 13 11 g g % 10 12
05 17 16 16 1% 20 1% 18 18 18 18 19
06 13 13 14 17 17 i 12 11 11 11 14
07 13 13 14 15 15 iS5 14 14 14 13 15
08 4 4 5 7 g 7 7 & & 7 10
09 17 16 14 17 16 13 12 16 10 11 13
10 is 14 14 i& 18 18 18 17 i&8 17 =21
11 19 18 18 2o 20 i8 17 17 17 18 19
12 10 g 7 7 7 5 4 4 & g 12
i3 11 10 10 11 10 3 ¢ 10 i1 13 15
14 10 % 10 11 10 a & 5 & 7 12
15 15 13 13 15 17 17 17 15 15 14 i
16 15 14 14 15 15 14 12 11 11 13 1S
17 15 13 12 13 15 15 15 14 i3 13 15
19 17 16  d& 17 17 iS5 1% 12 12 14 17
X 13 12 12 13 14 12 11 11 11 13 15

5D &3 4 4 4 S 3 S 4 4 3 3

KEY: 4+ = Flexion — = Extension



Table 25 {(cont.}.

AFPENDIX II,25.1

Mean Hip Angle (@) durinag Stair Descent

—
—?

AX)

(at B4 intervals of the RGL)
INTERVALS OF RIGHT GAIT CYCLE

SUBJECT et &0 a5 79 7o 80 89 FO g9 100
o1 21 28 2 322 29 24 18 i4 10 g
02 24 28 31 31 28 23 16 10 7 &
03 17 24 2 37 37 S 2b 20 1& i1
Q4 14 23 E1 35 35 =1 25 17 15 11
o5 22 29 3& 39 39 7 2 24 19 14
Q& 21 31 39 41 38 33 27 21 17 15
Qa7 18 2& 3= 37 36 32 27 20 16 11
o8 15 18 23 25 23 21 17 iz g 5
0% i8 25 Ay 32 2 30 26 21 14 13
10 28 34 39 9 34 30 25 18 15 13
i1 22 27 & 9 40 =8 32 27 21 17
12 14 20 27 32 31 28 23 17 12 g
13 18 24 =1 35 5 2 28 22 146 12
14 ié 23 30 34 3= 30 24 17 12 g
1% 17 27 34 g 39 36 29 23 17 14
14 i8 23 29 I3 24 2 28 2E 18 15
17 20 28 34 8 38 5 28 20 15 i1
ig 23 29 28 =9 23 29 24 20 156 i4
3 iz 24 32 35 34 31 25 17 15 12

5D 4 4 4 4 3 S 4 4 4 =

EE¥Y: + = Flexion - = Extension

5

3



APPENDIXY 11,26 (847

Table 24. Fean Hip éngle (®) during Ramp Climbing {(at 5%
intervals of the RGLC)

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT © S 1o 15 20 25 A0 =5 40 45 50
o1 43 43 41 & 30 21 iz 4 —~2 -2 -—-i4
02 41 9 34 29 i7 g8 i -3 -7 -1 -13
a3 33 4 32 27 20 i4 2 & 3 -1 -5
4 47 &6 42 35 28 20 10 2 —4 -8 -13
05 44 473 37 34 28 21 i3 & G -5 -G
0& 54 93 47 38 28 19 7 i -7 —12 -i4
a7 54 53 43 a4z 4 26 17 8 o -7 -1i
o8 45 47 43 E3 25 15 7 -2 -7 —-i4 -17
iy 43 44 39 35 27 20 12 5 O ~& =
10 31 48 43 A7 30 17 10 2 -4 -2 13
i1 47 45 41 34 27 ig i1 4 -2 -7 -9
iz 44 37 33 27 21 14 7 g —2 —& -
i3 Zé 32 27 ig i1 4 —-2 —-& -2 -11 -i4
i4 4& 44 37 30 22 13 5 -4 -1 -14 -1i8
is 48 49 50 47 43 348 27 17 iQ A -3
14 47 dé 45 37 2% 21 i2 4 -2 -8 -13
i7 49 47 435 =9 31 21 11 2 -8 —-1i4 21
ig 40 =9 34 28 20 10 2 -5 -1 -~i4 —1i7
¥ 45 44 40 4 2& ig iC = -4 -8 -1z

S0 & & ) 7 7 7 & S 5 5 S

KEY: + = Flexion - = Extension



AFPEMDIX II1.2&6.1 (387}

Table 26 (cont.}. Mean Hip fngle (=} dwing Ramp Climbing
(at 5% intervals of the RED)
INTERVALS OF RIGHT GAIT CYCLE

SUBJECT =5 &0 &5 70 75 80 85 T g5 100
01 -ig 20 ~13 -1 14 24 E7 42 44 47
02 ~-1Z —b& i 10 i8 28 35 42 4& 49
03 -8 -2 -3 53 i4 24 I3 38 40 39
04 -15 -i4 -5 a8 21 =3 41 48 51 51
05 —18 -7 0 10 iz 28 4 B g z8
04 -i4 -10 i 12 25 37 44 48 48 44
Q7 -4 ~1& —14 —-& 7 21 4 45 52 54
§1=) -ig -1 -13 -5 8 17 29 35 4% 44
o9 -ii -1z — -2 5] 17 29 36 43 45
10 -15 14 = = 20 32 43 B30 48 44
i1 -3 —& 3 13 23 30 ‘36 39 32 Zh
12 ~11 -G -2 s 20 29 8 43 44 41
iz ~14 15 -10 -3 a8 18 26 33 4 34
id -1% -14& —& & i7 28 34 42 43 A
15 -7 —-12 -i1 -1 13 29 42 S0 53 54
14 -1& —15 -8 z i3 24 I3 8 40 39
i7 -23 -1 -7 & 20 E1 432 47 51 51
i8 -ig8 —-15 —4 ] i7 27 =& 40 41 8
X -i4 ~i3 —~& 4 i& 27 36 42 45 44

5D 4 4 5 & & a5 b 5 5 &

KEY: + = Flexion -— = Extension



AFFENDIX 11,27 (788}
Table 27. Mean Hip Angle (=) during Ramp Descent (at 5%
intervals of the RBC)
INTERVALS OF THE RIGHT GAIT CYCLE
SUBJECT O S 1G 15 20 25 =0 35 4G 45 S0
1 15 15 15 i5 14 i3 12 11 12 8 7
O 12 13 is i6 i4 11 8 & & 2 2
Q3 17 17 14 16 15 i3 iz il ii 10 =
04 15 is is 20 20 i8 14 11 F 7 5
o5 ig iz 20 22 21 i8 16 13 10 8 7
04 i4d i3 ig 20 20 i8 i4 io 7 3 1
o7 ig 20 25 23 23 20 17 14 iz 10 8
o8 £ io iz 1z 11 b 2 -2 —5 -8 -10
0T i8 i7 i7 146 i3 10 ) 7 & 4 3
10 ig 19 20 21 20 i8 15 13 i1 F 5
il i8 ig 22 25 24 21 18 14 12 7 7
12 13 iz i5 1& i5 i2 K4 7 & = 3
i3 i3 i3 14 14 12 7 8 & & ) &
14 iz 1z ig 14 i3 7 4 0 -5 - 12
15 20 22 23 23 21 i4 12 1) 2 -3 -8
i& 19 19 21 20 17 14 10 & = O —4
i7 20 22 26 27 25 20 i4 B8 1 -3 -5
ig ig iz 21 22 21 17 i5 i1 4 7 S
X 16 17 18 17 18 15 12 g & 4 2
850D 3 4 | 4 4 & 5 4 4 5 & 7
KEY: <+ = Flexion - = Extension



Table 27 {cont.).

APPENDIX 1I,27.1 (389

Mean Hip Angle (=) during Ramp Descent

tat 5%

intervals of the RGEL)

INTERVALS OF RIGHT GAIT CYCLE

SUBJECT o5 &0 a5 70 75 80 85 0 35 100
ai g 1z i7 20 22 22 ig ié 15 15
o2 4 8 15 20 22 22 20 14 13 iz
03 & g p 17 20 21 20 ig i7 14
04 7 iz i% 24 2& 25 21 i& i4d i4
05 2 iz 20 24 23 2% 27 23 20 ig
04 -1 QO o it is4 20 22 21 20 i8
o7 Z i3 ig 23 24 28 27 24 22 21
08 —~10 -7 -2 4 F 12 i3 i3 it 10
0% 2 5 i0 15 i8 20 ig 17 is i4
10 3 3 7 i4 20 23 23 20 i% 19
11 7 10 is6 21 23 24 22 iz ig i7
12 4 Z is 20 21 20 17 i3 i1 i1
i3 ) 7 14 17 20 21 20 i8 i& 13
i4 -11 -5 5 it i& ig 17 14 i1 11
is -7 -5 3 iz ig 24 25 23 20 iz
16 -5 -4 3 11 1% 22 22 ig i8 iz
i7 -3 -5 -4 4 14 20 23 22 20 ig
ig S 7 i3 i% 24 27 27 24 21 20
X 2 5 11 18 2o 22 21 19 17 14

sD 7 7 7 5 5 4 4 4 4 s

KEY: = Flexion - = Extension



APPENDIX 11,28 (390}

Table Z8. Mean Amount of Total Muscle Activity during
Level HWalking (L of MVE)

MUSCLE
SUBJECT RES (M=18) LES (M=18) BRA (N=18) LRA (MN=18}
31 27 29 2 2
LS 22 iz g8 5
03 i3 g 7 12
o4 iz 1é 2 3z
05 is i5s & 8
04 5 5 0 1
Q7 7 7 3 3
o8 & & 1 1
02 4 8 3 4
i0 & 12 5 4
11 1z i& X z
12 i3 12 1 i
13 3 4 2 =
14 8 7 i i
15 iz 14 2 X
is 20 ig 4] O
i7 1% 13 i1 4
ig 1S 27 = 7
X 12 13 3 4
5D 7 7 3 3
KEY: RES Right Erector Spinaes RRA Right Rectus abdominis

([

o

LES feft Erector Spinae LRA Left Rectus Abdominis



AFPEMDIX 11,29 (39213

Table 2%9. Hean Smount of Total Muscle Activitv during Stair
Climbing (4 of MVLD)

MUSCLE
SUBJECT RES (N=18) LES (M=18) RRA (N=18) LRA (N=18)
o1 i7 24 0 3
0z 36 47 i 3
03 18 25 8 Z
04 31 25 5 4
05 23 52 3 4
06 15 ii 3 1
07 5 13 3 1
08 15 i4 2 1
0F 5 = F 8
10 3 Z0 & 3
i1 i1 31 4 Z
iz 33 24 z 5
i3 13 i 2 3
14 5 34 i 1
15 23 35 1 z
16 41 74 i 1
17 Z4 35 2 5
ig 40 55 4 3
F 27 =0 = 3
SD iz 18 2 2

KEY: RES
LES

FRight Erector Spinas  REA
Left Erector Spina LRA

Right Rectus Abdominis
Left Rectus Abdominis

mu

hu



APFEMDIX II,30 (392)

Table 30. Mean Smount of Total Muscle fctiviity during
Stair Descent (X of MFVE)

MUSCLE
SUBJECT RES({M=18} LES (M=18) RRA&(N=18) LRA(N=18}
o1 i8 8 3 i
02 24 1% 2 i
= 2 8 7 22
04 15 a8 5 i
05 12 5 5 2
& 4 4 8 2
Qo7 & iz i i
o8 ) a8 2 2
07 7 15 4 a8
10 B 8 7 4
11 21 7 1 4
i3 i4 ig i i
13 i it 2 2
i4 10 20 i O
i5 i1 5 1 i
14 2& 7 i 0O
i7 i46 i1 & 3
ig i3 5 g 4
K iz 10 3 3
8D 7 = 3 5
KEY: RES Right Erector SHpinase RRA Right Rectus fbdominis

H

[ It

LES Left Erector Bpinas LR& Left Rectus Abdominis



GPPFENMDIX II, 31 (393}

Table 3i. Mean Amount of Total Electrical Activity during
Ramp Climbing (¥ of MMV

MUSCLE

SUBJECT RES (N=18) LES (N=18) RRA (N=18) LRA (N=18)
01 20 30 0 =
0z 35 53 i 3
03 24 27 10 z
04 25 44 4 9
05 23 44 2 4
0& 16 i3 3 1
a7 10 10 o 1
08 13 10 i 1
0% 7 3 % &
10 1 17 7 |
11 10 Zi 4 2
iz 30 20 2 4
13 9 & 1 3
14 32 26 i 1
15 18 28 1 z
14 45 a7 2 i
17 28 =8 4 7
ig 45 44 3 2
X 22 30 3 ;!

5D 12 21 3 2

EEY: RES Right Erector Spinas  RRA Right Rectus abdominis

i

LES Left Erector Spinae LRA Left Rectus ébdominis



APPENMDIXY 11,32 (394}

Table 32. Mean Amount of Total Musclie Activiity during
Ramp Descent (¥ of MYD)

MUSCLE

SUBJECT RES (N=18} LES (MN=181 RES (MN=18) LRA (M=18)
01 23 i2 3 1
02 15 ' 17 7 &
03 15 i0 7 21
04 14 14 i E
05 5] 3 7 b
05 3 3 i 7
o7 4 x 1 0O
05 7 8 2 2
o2 5 ié 2 a
o1 7 i6 a8 3
ii 20 7 i 4
12 14 it 2 i
i3 i 1 3 3
14 3 10 i 1
i5 13 a8 7 &
14 2= i3 4 4
17 37 30 10 4
ig i7 13 i1 3
X 12 11 4 5
8D 2 7 3 5

KEY: RES = Right Eresctor Spinae RRA = Right Rectus Abdominis

LES = Left Erector Spinae LRAa = Lett Rectus Abdominis



Tahle 33. Heoan &mount of Total Erector Spinae Muscle

AFPFENDIY II, 33

grtivity in A11 Types of

Locomotion (% of MHYC)

TYFE OF LOCOMOTION

SUBJECT L 8C 5D RC RD
o1 28 232 13 25 ig
02 20 41 21 44 ib
0= i1 22 K4 25 13
o4 14 =8 12 5 14
05 15 37 a8 35 3
1. 5 13 4 14 3
07 =] 4 g 10 =
o8 & 15 7 12 8
O & 4 11 ba 11
ia 7 iz 8 4 iz
ii 14 21 14 21 15
iz i3 28 14 25 13
i3 3 i1 2 =) i
i4 g 4 15 29 &
15 i1 27 8 23 11
1& 19 57 ig &b i8
17 1& 0 13 33 33
ig 21 48 ) 45 15
X 13 26 i1 26 12

5D 7 14 5 ié a8

KEY: L = Level Walking

S0 = Stair Climbing RC = Ramp Climbing
S0 = Btair Descent RD = Ramp Descent



AFFENMDIX 11,34 {396}

Table 34. Mean amount of Total Rectus Abdominis Muscle
Sotivity in All Tvpes of Locomotion 1% of MYCH

TYFE OF LOCOMOTION

SUBJECT L sC 5D RE RD
a1 2 2 2 Z 2
a2 & 2 2 2 7
O3 F 5 15 & i4
4 = 4 z & z2
05 7 4 3 = 7
04 a 2 i 2 4
07 3 2 Z G i
o8 i i 2 i e
07 4 g8 & 8 S
10 5 S 5 4 &
ii 3 = it 3 )
iz i 3 2 3 i
i3 2 2 2 2 =
14 1 1 1 1 i
15 3 2 1 2 7
146 O i O 1 4
i7 g8 4 4 & 7
i8 pir = & 2 7
X 4 3 3 3 5

5D 3 2 = 2 3

FEY: L = Level Walking

SC = Btaiy Climbing RC = Ramp Climbing
8D = Btair Descent RD = Ramp Descent



AFFENMDIX II,35 {397

Table 325, Mean Point of Peak 1 EME Activity during
Level Walking (4 aof RGD)

MUSCLE
SUBJECT RES (=18} LES{N=18) RRA{M=11) LREA (MN=4)

a1 & 7 - -
Oz 8 5 23 23
o3 3 3 - i
a4 5 7 - -
o5 3 & - 17
O& S 4 12 -
o7 S S - -
o8 4 & 1& -
Yy 7 5 g -
10 5 5 - -
i1 7 & 15 -
12 g 7 19 21
1= 5 7 g -
14 7 & ig -
15 5 & 15 -
1& & it 14 1&
17 & 4 17 i1
ig 19 i1 - -
X & & 15 15

5D 2 P 4 g

KEY: RES Right Erector Spinas RRA Right Rectus Abdominis

]
ol

LES Leftt Erector Spinae LRA& Left Rectus Abdominis



APPEMDIX 11,36 {378

Tables 346, HMean Point of Peak 1 EME Activiiy during Stair
Climbing (¥ of RGLD)

MUSCLE
Subiject RES{N=18) LES{N=18} RRA (N=1&) LRAIN=15)
ai 4 i1 -7 i6
02 2 10 a8 iz
O3 5 7 - -
04 S g 15 10
a5 2 a8 - -
O& 2 a8 G 7
07 4 a8 7 i1
08 4 ig a8 i9
09 3 20 =4 10
10 7 i1 7 &
it is6 i0 i1 i7
12 3 11 i4 is
iz 3 10 12 -
14 5 i1 3 7
15 & 11 12 1%
ib 3 g 21 12
17 4 g a8 | iz
ig = ig i0 1&
X 5 11 10 13
85D 3 3 4 4
KEY: FES Right Erector Spinas  RRA Right Rectus Abdominis

[

LES Left Erector Spinas LR& Left Rectus Abdominis



APPENDIX 11,37 {399}

Table 37. Mean Point of Pealk 1 EMG Sctivity during SBtair
Descent {4 of RBBLC)

MUSCLE

SUBJECT RES{(MN=18) - LES(N=18] RRA (N=12) LRA(M=15)
o1 iz 1% - il
02 il -~ 3> = A
O3 12 3 - -
04 k4 & B iZ
o5 5 5 iz iz
& i5 5 - -
a7 12 is - -
a5 ig i4 4 3
09 & 25 25 2
10 ii i1 - 2
ii i8 8 it ié
i2 4 4 = 8
) 3 i6 & i4
i4 10 23 10 &
15 25 & i3 i4
i4 i3 20 g 14
i7 i5 i4 - i5
ig i3 7 i1 7
X 12 i1 10 P

8D & 7 & 5

KEY: RES Right Erector Spinas  RRA Right Rectus &bdominis

o

o

LES Left Erector Spinae LR& LLeft Rectus Abdominis



SFPPENDIX 11,38 {400)

Table 38. Mean Point of Peak 1 EMB Activity during Ramp
Climbing (4 of RGC)

MUSCLE
SUBJECT RES {MN=18} LES{(N=18) RRAN=15) LERAIM=14)
a1 7 13 1 24
L & 15 ) -
a3 10 i1 3 i4
G4 7 = — -
05 5 i1 - -
Oh 3 g 10 2
o7 & 106 & g
o8 5 14 8 i0
0% & 4 - 10
i0o & iz i4 7
ii S i1 27 23
iz 3 11 15 13
1z 4 7 i7 -
i4 o 10 2 2
i5 7 i4 17 ig
156 4 g8 13 i5
17 bl 4 & 146
1ig 4 14 ig 7
X 5 10 11 13
50 P 3 7 &
KEY: RES = Right Ersctor Bpinas RRA = Right Rectus Abdominis
LES = Lett Erector Spinae LREA = Left Rectus Abdominis



AFFENDIX 11,39 L4011}

Table 39, Mean Point of Peak 1 EMB Activity during Hamp
Descent (X of RED?

MUSCLE
SUBJECT RES (M=18) LES (N=18) RRAN=13) LERA(N=15)
0h} 5 7 2 2
02 5 5 - 16
Q3 2 = - 7
G4 7 4 14 10
o5 5 4 i4 ig8
04 4 4 - -
o7 , 3 4 - -
48 1G 7 11 4
G2 14 4 = 7
10 b 3 2% 20
11 i& 3 13 12
12 15 5 22 3
13 7 17 10 it
i4 7 3 22 2
15 7 b 21 -
i1é 1% iw i8 i8
17 7 3 4 &
ig i1 7 - &
X 9 & 14 10
=48] 5 5 a8 &
EEY: RED Right Erector Spinas  RRA Right Rectus Abdominis

nn

[}

LES Left Erector Spinas LRA Leftt Rectus Abdominis



Table 40.

Mean Foint of FPeak 1 EMG &ctivity of Hight

APPENDIX II1,40

Erector Spinae Muscle (X of RGE)

TYPE OF LOCOMOTION

(42}

SURJECT i SC =1y RC kD
a1 & 4 iz 7 )
0z 8 2 it & 3
03 3 5 12 1G 2
04 ) 5 4 7 2
o5 it 2 o = =
Q&4 5 2 15 = 4
a7 5 4 12 & 7
o8 4 4 19 5 10
0% 7 3 & & 14
i0 5 7 11 & 5
i1 7 14 ig S 14
iz g 3 4 = 15
13 5 3 3 4 7
i4 7 5 10 5 7
15 S & 25 7 7
16 & 3 13 4 19
17 & 4 15 2 7
ig i0 3 i3 4 i1
X & = 12 5 G

5D 2 3 & 2 5

KE¥: L = Level HWalking

S = Stair Climbing RC = Ramp Climbing
8D = Btair Descent RD =

Ramp Descent



APPENMDIY 11,41 (403}

Table 41. FMean Foint of FPeak 1 EHME &ctivity of Left
Erector Spinae Muscle (%4 of REL)

TYPE OF LOCOMOTION

SUBJECT L SC 50 RO RD
01 7 11 i5 13 7
02 5 10 3 i35 5
03X 5 7 3 i1 2
G4 7 4 & 7 4
05 & g = i1 4
Qb 4 a8 5 I 4
07 = 8 15 10 4/
o8 & 1% 14 10 g
0% 5 20 25 4 4
10 5 11 11 17 3
i1 & 10 g 11 =
iz 7 ii 4 1i S
i3 @ 10 i& 7 i7
i4 & i1 23 14 5
15 & i1 & 14 35
i4 i1 7 20 a8 ig
17 4 8 14 4 3
i8 ii 1 7 14 7
¥ & i1 it i0 &

50 2 3 7 = 5

KEY: L = Level Halking

5C = Stair Climbing RC = Ramp Climbing
S0 = Stair Descent RD = Ramp Descent



AFPPENDIX II. 42 {404}

Table 472, Mean Point of Feak 1 EMG Activity of Hight
Fectus Abhdominis Muscle (4 of BGRE)

TYPE _OF LOCOMOTION

SUBJECT L sSC S0 RE RD
1 - 7 - 21 2
0z - a8 & & -
03 2= - - 3 -
04 - 15 g - 14
05 - - iz - 14
06 12 T - i0 -
07 - 3 - & -
o8 14 8 4 8 11
0% 8 g 25 - 3
10 - g - i4 29
i1 13 i1 i1 27 i3
iz iz i4 =z 15 22
i3 8 i2 a8 12 10
i4 ig X 10 2 22
i5 i35 12 i3 17 21
14 14 21 7 iz ig
17 17 =] - g 4
| ig - 19 11 ig -
X 15 10 10 11 14
% 5D 4 4 & 7 (5
% EEY: L = Level HWalking
BC = Stair Climbing RC = Ramp Climbing
5D = Stair Descent RD = Ramp Descent




AFFENDIX 11,43 {40353

Table 43, Mesan Point of Peak 1 EMG fActivity of Left
Rectus Abdominis Muscle (¥ of RGD)

TYFE OF LOCOMOTION

SUBJECT L sC SD RC RD
01 - 1a i1 24 2
02 23 i9 3 - 16
03 i - - 14 7
04 - 10 12 - 10
05 17 - 12 - 18
0& - 7 - g -
o7 - it - 8 -
08 - 1% 5 10 4
09 - 10 2 10 g
10 - & 2 9 20
11 - 17 16 23 1z
12 21 15 8 13 5
i3 - - ié - i1
14 - 7 & 2 Z
15 - 13 14 18 -
1& 16 12 14 15 18
17 11 iz 15 16 &
i8 - 1& 7 7 &
X 15 i3 o 13 10

5D g 4 5 & &

KEEY: L = Level HWalking
sC Stair Climbing RC = Ramp Climbing
5D Stair Descent RD = Hamp Dascent



AFPENDIY 11,44 (404}

Table 44. HMean Point of Peak 2 EMEG Activity during Level

Walking (4 of RGC)
MUSCLE
SUBJECT RES {(N=18} LES (M=18) RRA(N=18) LES (N=18)
a1 56 54 37 43
L 57 57 48 51
o3 =1 45 45 41
o4 56 57 44 44
05 54 o2 &2 &G
& 546 51 58 45
Q7 =54 55 28 23
o8 G4 54 bé& 32
09 55 56 45 2
10 1) 55 33 34
11 57 &1 Z1 Z&
iz 55 4% &8 &5
i3 5% 58 40 31
i4 =57 56 45 42
15 Sh 55 45 &8
i& 58 58 &7 &0
17 57 57 47 45
i8 &g - =8 53 32
X 56 55 49 44
3 50 2 3 1= 12
| KEY: RES Right Erector Spinas RRA Right Rectus &bdominis

]
[

LES Left Erector Spinae LRE& Left Rectus Abdominis




GFPENDIX II1,.45 {407}

Table 45. Mean Point of Feak 2 EMG Octivity during Stair
Climbing {% of RGEC)

MUSCLE
SURJECT RES (N=18) LES (N=18) REA (N=17) LRA (N=18)
01 55 51 48 59
0z 55 49 51 =4
a3 S5é 55 g | Z0
04 &0 53 - &2
05 b1 55 &3 bé
06 58 47 57 57
07 Sé 47 56 Sé
08 =8 50 &5 &3
07 &0 &8 =7 52
10 &0 44 57 47
11 &1 42 &3 &7
iz 59 45 63 &1
13 57 44 47 43
14 57 51 57 Sé4
15 &2 45 b2 b2
14 59 s1 &4 &4
17 58 44 =7 53
18 59 44 58 &3
X 58 50 57 5&
8D 2 & & 3

KEY: RES
LES

Right Erector Spinas RRA
Left Erector Spinae LREA&

Right Rectus abdominis
Left Rectus Abdominis

ou
iou



APPEMDIX II, 44 {408}

Table 44. HMean Foint of Peak 2 EME Hctivity during Stair
Descent (4 of RBC)

MUSCLE

SUBJECT  RES(N=1i8) LES (N=18) RRA(N=17) LRA(N=17)
01 55 44 47 40
02 45 35 40 43
03 53 53 - -
04 53 39 S0 46
05 35 23 S0 &0
0& 54 &4 53 48
07 53 48 42 50
08 58 &8 47 49
0% 51 &0 70 44
10 S1 54 39 38
ii 56 53 55 b
iz 57 37 51 53
i3 52 58 57 &8
14 74 &2 " bb &2
15 53 &G 51 57
A S& 54 S0 &0
17 54 75 49 54
18 b4 S5é& 44 43
X 54 53 51 52

8D 8 13 8 i

KEY: RES = Right Erectar>5pinae RR& = Right Rectus dbdominis
LES = Lett Erector Spinae LR = Lett Rectus Sbdominis



AFFENDIX 11,47 (409}

Table 47. HMean Point of Peak 2 EMG Activity during Ramp
Climbing {¥ of BGC)Y

MUSCLE

SUBJECT RES (MN=18) LES {(M=18) REA (M=18) LRA(N=18)
431 a9 58 40 54
o2 & &l &é 71
O3 o4 41 54 44
4 57 45 39 55
05 59 52 &HO 53
& Sé 47 B0 a7
o7 &0 54 Z4 41
08 55 54 43 38
07 58 48 =1 55
10 59 a5 =5 52
ii 58 47 &7 72
i2 o7 49 &3 &1
1= & 58 51 35
id 58 54 54 S0
i5 63 &1 Sh 55
i6 58 a7 =1 &4
17 55 52 52 &3
ig &0 Sh &0 Sh
X 58 53 52 53

5D 3 & it 10

KEY: RES Right Erector Spinas  RRA Right Rectus Abdominis

ou

o

LES Left Erector Spinae LEA lLLeft Rectus abdominis



APFENDIX 11,48 (410}

Table 48. HMean Point of Peak 2 EMG Activitv during Ramp
Descent (X of RGC?

MUSCLE

SUBJECT RES (M=18} LES (M=18) RRA(N=17) LRA(N=18)
Qi S5 55 41 {43
02 53 29 IO 44
a3 S& 77 4% 37
04 44 549 51 35
05 55 42 58 58
O& 54 55 42 /40
o7 53 45 43 4%
08 56 &0 58 57
0% 54 52 51 44
io 52 54 58 &0
it 58 & 8 35
iz 55 41 &2 44
13 50 52 52 32
i4 S4 37 &2 50
15 54 &1 432 G4
i& 57 58 - &0
17 53 53 70 53
18 57 S7 : 37 48
X 54 53 49 49

SD = il 11 2

EEY: RES Right Ersctor Spinas RRA Right Rectus abdominis

A
i

LES Left Erector Spinas LRA Left Rectus Abdominis



AGPPENDIXY II.49 (411)

Table 4%, Mean Foint of Peak 2 EMG Activity of Right Erector
Spinas (2 of BBCY in &11 Tvpes of Locomotion

TYPE GF LOCOMOTION

SUBJECT L 5C 5D RC RD
01 Sé 55 55 59 55
0z 57 55 45 &4 53
03 51 56 53 54 Sé&
04 56 &0 53 57 44
05 54 &1 35 59 55
04 56 58 54 54 54
a7 54 56 53 &0 53
08 56 58 58 55 Sé
07 55 &0 51 58 54
i0 Sé &0 51 59 52
11 59 &1 56 58 58
iz 55 59 57 57 55
13 59 57 52 &z 50
14 57 57 74 58 54
i5 56 &z 53 &3 54
14 58 55 56 =58 57
i7 =57 =8 54 55 53
ig | 52 59 &4 &0 57
X S5& 58 54 58 54

5D 2 2 a8 x 3

KEY¥Y: L = Level Walking
SC = Stair Climbing RO
5D = Stair Descent RD

Ramp Climbing
Ramp Descent



APPFEMDIX 11,50 (4123

Table 50. Mean Point of FPealk 2 EMB Activitvy of Left Ersctor
Spinae (% of RGC) in A1l Tvpes of Locomotion

TYFE OF LOCOMOTION

SUBJECT L 5C 5D RC RD
01 Sé 51 44 58 55
o 57 49 35 &1 29
03 49 55 53 41 77
04 57 53 39 45 54
05 52 55 23 52 42
0b 51 47 &4 47 55
07 55 47 48 Sé 49
0B 54 50 658 54 &0
0% 56 &8 60 48 5z
10 55 44 57 55 54
11 61 42 53 47 &G
12 49 45 7 49 41
13 58 44 58 58 52
14 5é 51 &2 54 37
15 55 45 &0 b1 &1
16 58 Si 5 57 58
17 57 44 75 52 =3
18 =8 44 54 54 57
X 55 S0 53 53 S3

5D 3 & 13 & 11

KEY: L = Level Walking
s5C Stair Climbing RC
5D Stair Descent RD

Ramp Climbing
Ramp Descent

([

il



APFPEMDIY 11,51

{4135

Table 51, Mean Point of Peak 2 EMB Activity of Right Rectus
Gbhdominis (¥ of RGCY in All Tvpes of Locomotion
TYFES OF LOCOMOTION

SUBJEET 1. 5C 5D RC RD
a1 7 48 47 40 41
Q2 48 51 A4 &b 0
O3 45 51 - 58 473
04 46 - 50 3% a1
05 &2 &3 50 HO o8
b 58 57 5= S 42
o7 28 56 42 34 473
&S &b &5 47 a5 58
a9 45 57 s 31 51
1¢ E3 =57 37 53 58
1i 31 &3 S5 &% 38
iz &8 &3 =1 &3 &2
iz & 47 57 51 52
14 45 =¥ &6 54 &H2
15 45 &2 51 SéH 42
i& &7 &4 50 =1 -
17 47 57 4% 52 FO
ig &35 pact 3 AL &0 35
3 49 57 51 52 49
50 1= & g8 it 11

KE¥: L = Level Walking

S = Btair Climbing RC = Ramp Climbing
5h = Stair Descent RD = Ramp Descent



GFFENDIX 11,32 (414}

Table 52. Mean Point of Peak 2 EMG fHctivity of Left Rectus
Abdominis (% of RBCY in 6811 Tvpes of Locomobion

TYPE OF LOCOMDTION

SUBJECT L 50 5D RC RD
01 43 59 40 Sé 43
oz 51 54 43 71 44
03 41 O - 44 37
04 44 &2 a4 =55 5
05 &0 b6 &0 53 58
O 45 57 48 4% 40
07 23 Sé SG 41 45
08 3 &3 49 38 57
0% 32 52 44 55 44
10 36 47 8 =52 &0
11 3& &7 b6 7z 55
12 &5 &1 53 &1 44
13 31 43 &8 5 33
i4 47 5S4 &2 S50 =0
15 &8 &2 57 55 S5é
ia &0 &4 &0 &4 &0
17 45 53 54 53 53
18 37 &3 43 S5é& 48
X 44 56 52 53 45

5D 12 2 7 10 7

KEY: L = Level Walking
5 Stair Climbing RO
S Stair Descent RD

i

Ramp Climbing
Ramp Descent

o

I



AFPEMDIX IT1,33 {415;

Tahles 535. Mean Foint of Peak 3 EMG Activity during Level
Malking (% of RGCY

MUSCLE

SUBJECT RES (N=4) LES (N=0) RRA (N=14) LRA(N=15)
o1 - - 88 Bz
0z - - a7 7%
03 - - 71 4
04 - - aa 84
8 1] - - - -
0b 97 - 93 &3
07 ~ - 84 83
08 - - 91 72
09 85 - B& 89
10 - - 77 79
11 83 - &1 &3
12 BE - 51 94
13 - —~ =1y 88
14 - - G2 as
15 - - 9% -
16 ~ ~ - -
17 - - B9 70
ig ~ - 85 80
X a8 - 87 g1

8D & - 8 10

it

kKEY: RES
LES

Right Erector Spinas RRA = Right Rectus fShdominis
Lteft Erector Spinas LRA= Left Rectus ébdominis

i



AFPPENDIX 11,54 (4147

Table 54. Mean Foint of Feak I EMB Activity during Stair
Climbing (¥ OfF RBLCY

MUSCLE
SUBJECT RES (M=13} LES (MN=3} REG{M=11} RO (M=8)
a1 84 - 84 85
o2 - - 23 g8
RS FE - g% -
04 95 P35 -~ -
o5 - - - -
O& T3 - 6 -
a7 - - - -
08 28 - - -
o a7 g7 28 -
10 81 - b -
i1 & g7 a7 87
12 a8 - - 83
13 83 - 8% 88
i4 - - - 28
15 G4 - - -
14 F& - g4 G5
i7 2 - F7 -
i8 - - 93 21
X 0 93 93 a9
50 8 = 4 5
KEY: REb Right Erector Spinae RRA Right Rectus Abdominis

i

(1

LES Left Erector Spinas LRA left Rectus aAbdominis



GPPENMDIYX 11,55 {4173

Tablie 55. Mean Position of Peak T EME activity during Stair
Descent (X of RBGED

MUSCLE
SUBJECT BES (N=E3} LES (M=31 RR&{M=14&) LRA(M=1G)
i - V& g 84
o7 - 21 F& L
Q3 - s 85 24
04 T4 - 95 -
a5 T4 - - 88
0& - - a9 0
o7 7Z - 25 -
el - — — —
0% 25 - G4 -
10 TS - 21 g4
i1 FO - 28 H4
12 89 - g0 52
i3 74 - 87 Fi
i4 - - S8 -
i5 - - 85 23
ib4 - - &7 -
i7 - - g5 -
ig - - 85 -
k3 80 85 g9 90
=D Z 12 & 4
EEY: RES fright Erector Spinae RRA Right Rectus 6bdominis

i

ol

LES Lett Ersctor Spinae LRS& Lett Rectus Abdominis



GFPENDIY 11,56 (4187

Tahle 54. Mean FPoint of Fealk 3 EMB Activity during Ramp
Climbhing (% of RGLCS

MUSCLE

SUBJECT RES (MN=41 LES (N=13} RRA{(M=10} LRA (N=F]
a1 - - - -
02 - - - -
0% - - 95 5
04 - - - -
05 - - - -
O& - - F& g1
o7 - - 77 73
a8 - - - -
o% ey 246 84 -
10 85 - 97 g7
ii - - - -
i2 g4 - - g2
i3 - - 20 -
i4 - - g3 F1
13 87 - i T
i4 - - 23 F7
i7 - - — —
ig - - 83 = )
X 83 F& 20 1
S0 4 O 7 7

EEY: RES Right Erector Spinas  HREA Right Rectus Abdominis

o

{1

LES Left Erector Epinas LRA Left FRectus Abdominis



AFFEMDIY 11,57 (419}

-z

Table 57. HMean Point of Peak 3 EHMG Activity during Hamp
Descent (4 of RGLE

MUSCLE

SUBJECT RES (M=82 LES (MN=3) RRON=15) LR&{MN=14)
931 - - 8é& a1
43 - - F& 82
O3 -~ - F0 72
G 81 - 83 3
o5 - - - -
0& - - 71 Fi
7 79 - £84 87
OB a9 84 = -
0% G4 - 74 F7
10 Fé& - 83 85
11 78 - F7 aa
12 g8& - F5 &8
13 F& g1 79 71
14 - 85 - 78
15 - - 245 24
1& - - - -
17 - - 78 -
ig - - 85 gi
X 90 85 a7 87

=N a 4 7 5

KEY: RES = Right Erector Spinas RRA = Right Rectus Abdominis

it
il

LER Left Erechtor Spinae LRA Left FRectus &bdominis



APFPENDIX 11,58 {8200

Table S80. Mean Point of Peak 3 EMG Activity of Right
Eroctor Spinase (£ of RGEY in Al]l Tyvpes of Locomotion

I¥PE OF LOCOMOTION

SUBJECT L 50 SD RC RD
o1 - 84 - - -
Oz - - - - -
03 — 73 - - -
04 - 95 74 ~ a1
05 - - 74 - -
O 97 o - - -
07 - - 72 - 58
o8 - 78 - - 89
07 g5 B9 95 77 74
10 - 81 75 85 9
ii 83 I 30 - 78
iz 88 a8 89 84 8é&
iz - 83 74 - 94
i4 - - - - -
15 - 4 - 87 -
16 - & - ~ -
i7 — 96 - - -
i8 - - - - -
¥ B G0 80 83 20

=11 & 8 g 4 8

EEY: L = Level Halking
5C = SBtair Climbing RO
S0 = Stair Descent RD

Ramp Climbing
Ramp Descent

it



AFFENDIX I1I,3% {4217

Table 5%. Mean Foint of Peak 3 EMB Activity of Left
Erector Spinas (L of BGC: in 811 Tyvpes of Locomotion

TYPE OF LOCOMOTION
SUBJECT L s5C 5D RC =D

o1 - - Fé - -

14 - - - ~ a5

15 - - | - - -

ig -

|
!
&
]
o
t
4
o
0
]

iy}
0
!
]
e
P
[
o

KEY: L = Level Halking
SC = Btair Climbing RO
S0 = Stair Descent RD

i

Hamp Climbing
Ramp Descent

fi



APPENMDIX 11,60 {423
Table &0. HMean Point of Peak I EMG Activity of Right
Rectus Abdominis (% of RBEY in A11 Tvpes of Locomotion
TYPE OF LOCOMOTION
SUBJECT L. S5C S0 RE RD
01 8& 84 88 - Bé&
02 87 73 b - -
03 71 8% 85 g5 S0
a4 a8 - 75 - 833
o5 - - - - -
& FE 24 g9 FhH 71
07 84 - 75 FF 84
o8 71 - - - b
oF 8& FE T4 B4 G4
10 F7 T £ 7 83
11 &1 87 8 - 77
12 21 - g0 - s
1= FO 89 87 F0 7T
i4 FZE - 8 93 -
15 F3 - 85 ey 25
ié& - 24 &7 g4 -
17 g% F7 E=) - Kiz]
ig 85 3 85 =33 L= i)
X 87 93 a9 90 87
50 2 4 & 7 7

EEY:

L o= Level Halking

BC = Stair Climbing RO

S0 = 8Btazir Descent

RD

Ramp Climbing
Ramp Descent



APPENDIY 11,41 {423

Tahle &1. Hzan Point of Peak T EMB fctivity of Left
Rectus Sbdominis 47 of BECY in A1l Tvpes of Locomotion

TYFPES OF LOCOMOTION

SUBJECT L 5C 5D RC RD
o1 g2 a5 g4 - gé
0z 79 a8 =T - gz
03 & - g4 58 92
04 86 - - - 93
05 ~ - g8 - -
D& &3 - 20 g1 21
07 g3 - - 93 aw
a8 T2 - - - -
09 a9 - - - 97
10 79 - a4 97 a5
11 &% a7 24 - ag
12 96 83 22 gz 68
13 aa ag F1 —~ 71
14 ga 78 - 21 76
15 - - ) 5 74
16 — 95 - 97 -
17 T - e - -
18 g0 21 - 85 g1
X g1 ay 0 51 a7

50 10 5 4 7 g

EEY: L = Level Halking
S0 = Btair Climbing RC
50 = Btaivr Descent RD

Ramp Climbing
Ramp Descent

I





