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SURGERY

Medical Center

May 14, 1986 Room 1471 Jelke

Chicago, lllinois 60612

Dear Colleagues:

The field of Biomechanics is large, and the investigators are
from many disciplines. As a result, numerous difficulties in
communication develop. In particular, there are too many meetings
which touch upon Biomechanics, and they are scattered in many
different professional societies. Thus, the founding members of the
American Society of Biomechanics (ASB), in 1977, formed our Society
to provide a forum for the exchange of information and ideas among
researchers in Biomechanics. The term "Biomechanics'" is used to
mean the study of the structure and function of biological systems
by means of methods of mechanics. ASB consists of members from five
loosely divided disciplines. They include: biological sciences,
engineering and applied physics, ergonomics and human factors,
health sciences, and exercise and sport sciences.

It is a great honor for me to write this note to welcome you to
the first combined meeting of the ASB and the Canadian Society of
Biomechanics (CSB). This meeting also marks the Tenth Annual Confer-
ence of ASB and the Fourth Biannual Conference of CSB. I believe
this "crossing the border" meeting will greatly enhance the advances
of Biomechanics by bringing investigators from North America under
one roof. I am certain that this Congress is only the beginning. I
anticipate the combined meeting will blossom and attract increasing
numbers of quality papers and participants, as well as to become a
focal point for discussion of applications of mechanics to biologi-
cal and biomedical problems in North America.

The 1986 NACOB is particularly exciting, as we have outstanding
invited keynote speakers from Europe including Drs. Cappozzo
(Italy), Alexander (United Kingdom), and Huiskes (The Netherlands).
Other keynote lecturers will include Drs. Chaffin, Bramble, Norman
and Winter from the North American continent. We will also have the
Borelli Award lecture by Dr. M.R. Yeadon (Canada). I am sure all
will generate new interest, enthusiasm, further participation and
collaboration. We thank them sincerely for taking time to join us.

I very much look forward to participating in this three-day con-
ference. The papers are of high quality, and the number of partici-
pants 1is by far the largest for both societies. I look forward to
meeting and welcoming you in person durlng this first North American
Congress on Biomechanics.

Sin, ly youps,

&_ﬁ

-Y. Woo, Ph.D.
President
ii

DEPARTMENT OF ORTHOPEDIC
Rush-Presbyterian-St. Luke's

1753 West Congress Parkway



SOCIETE CANADIENNE
_DE
BIOMECANIQUE.

WELCOME

The Canadian Society for Biomechanics

is pleased to welcome guests and
delegates from overseas and across
this continent to the North American

in Montreal,
city, first
located on

Congress on Biomechanics
Canada. This beautiful
discovered in 1535, 1is
the 1Island of Montreal, an extinct
volcano. It is the second largest
city in Canada and the largest French-

speaking city outside of France.
We do hope that you find time to
tour the city, sample its cuisine
and enjoy its night life.

This is the first combined meeting

of the American Society of Biomechanics
and the Canadian Society for Biomecha-

nics. We are honoured to share in
this meeting with our —colleagues
from the South. The scientific
program reflects the breadth and
depth of research in biomechanics.
May we all benefit in the interchange
of information and from the social
interaction that will occur. The
program provides the opportunity
for the fostering of new ideas,

rekindling of old friendships and
the development of new ones, all
of which should well be the main
purpose of this Congress.

The organizing committee has provided
the forum and now depends on the
individual commitment and participation
of the delegates to render the Congress
successful. :

CANADIAN SOCIETY
FOR
BIOMECHANICS

BIENVENUE

La Société Canadienne de
est heureuse de souhaiter la bienvenue
aux unités et délégués d'outre-mer
et de <ce continent pour le Congreées
Nord-américain de Biomécanique qui
a lieu & Montréal, Canada. Cette
belle ville, d'abord découverte en
1535, est située sur 1'Ile de Montréal,
un volcan éteint. C'est la deuxiéme
plus grande ville du Canada et la
plus grande ville francophone & 1'exté-—
rieur de la France. Nous espérons
que vous trouverez le temps de visiter
la ville, d'essayer ses styles culinaires
et d'apprécier sa vie nocturne.

Biomécanique

Il s'agit de la premiére réunion conjoin-
te de l'American Society of Biomechanics
et de la Société Canadienne de Biomécani-
que. C'est pour nous un honneur de
prendre part & cette réunion avec
nos collégues du Sud. Le programme
scientifique refléte l'ampleur et
la profondeur de la recherche en bioméca-
nique. Puissions-nous tous bénéficier
des  échanges d'information et des
interactions sociales qui auront lieu.
Le programme donne l'opportunité de
stimuler de nouvelles 1idées, de faire
renaitre d'anciennes amitiés et d'en
développer de  nouvelles; tous ces
aspects devraient effectivement consti-
tuer le but principal de ce Congrés.

Le comité organisateur a fourni ‘ un
forum et il dépend maintenant de l'enga-
gement individuel et de la participation
des délégués d'assurer la réussite
du Congrés.

J. Gavin Reid

President

CSB/SCB

iii



19:00 - 22:00
19:00 - 22:00

07:30

08:00

10:15
10:45

11:15

12:30

12:30

13:30

14:45

15:00

15:30

CONGRESS SCHEDULE
Le Grand Héatel, Montréal

Sunday Evening,
24 August 1986

Registration (Foyer du banquet)

Welcoming Reception (Cartier A-B)

Monday, 25 August 1986

Registration and Information
(Foyer du banquet)

Announcements and Welcoming
Address (Room A)

Keynote Lecture 1

e Dr. Donald B. Chaffin (Room A),
University of Michigan, Ann Arbor, Ml,
U.S.A.

SESSION 1 - Joint Mechanics (Room A)
SESSION 2 - Human Locomotion [V
Walking and
Running (Room B)

Intermission

Keynote Lecture 2

¢ Dr. Denis Bramble (Room A),
University of Utah, Salt Lake City, UT,
U.S.A.

SESSION 3 - Muscle | (Room A)
SESSION 4 - Human Locomotion IV
Foot Dynamics (Room B)

Lunch

ASB Executive Meeting
CSB/SCB Executive Meeting

SESSION 5 - Human Locomotion |V - Poster

Session | {(Régence A)
Intermission

Borelli Lecture )
* M.R. Yeadon (Room A),

University of Calgary, Calgary, AB, Canada

SESSION 6 - Human Locomotion IV
Rehabilitation (Room A)
SESSION 7 - Sport (Room B)

iv

08:00

08:30

10:00
10:30

12:15

13:00
14:00
19:30

Tuesday, 26 August 1986

Keynote Lecture 3

* Dr. David A. Winter (Room A),
University of Waterloo, Waterloo, ON,
Canada.

SESSION 8 - Occupational Biomechanics
(Room A)
SESSION 9 - Muscle |l {(Room B)

Intermission

Keynote Lecture 4 ‘

* Dr. R. McNeill Alexander (Room A),
University of Leeds, Leeds, United
Kingdom.

SESSION 10 - Human Locomotion 1V
Gait (Room A)

SESSION 11 - Muscle Control (Room B)

ASB Presidential Address and Business

-Meeting (Room B)

CSB Business Meeting (Room A)
Lunch
Laboratory Tours

Banquet



07:00
08:00

08:30

10:00
10:30

11:00
12:15
13:30

15:00

15:30
15:45

Wednesday, 27 August 1986

ASB Executive Meeting

Keynote Lecture 5

e Dr. Rik Huiskes (Room C),
University of Nijmegen, Nijmegen,
Netherlands.

SESSION 12 - Spine (Room C)
SESSION 13 - Human Locomotion IV
(Room B), Orthopaedic Gait

Intermission

Keynote Lecture 6

o Dr. Robert W. Norman (Room C),
University of Waterloo, Waterloo, ON,
Canada.

SESSION 14 - Poster Session Il (Régence A)
Lunch

SESSION 15 - Bone Mechanics (Room C)
SESSION 16 - Human Locomotion IV
(Room B), Sport

Keynote lecture 7
* Dr. Aurelio Cappozzo (Room C),
University of Rome, Rome, ltaly.

Intermission

SESSION 17 - Human Locomotion IV
(Room C), Altered Gait
SESSION 18 - Orthopaedic Fixation (Room B)

Please note the following locations:
Audio-visual room: (Le Royer)
Secretariat: (Vitré)

Exhibits: (Régence A)



Morning

08:00 - 08:15

08:15 - 08:45

SESSION 1

08:45 - 09:00

09:00 - 09:15

09:15 - 09:30

09:30 - 09:45

09:45 - 10:00

CONGRESS PROGRAM

Monday, August 25

Announcements and Welcoming Address
(Room A)

Keynote 1 (Room A)

Dr. Donald B. Chaffin, University of
Michigan, Ann Arbor, MI, USA,
LOW BACK MUSCLE MODELS FOR
LIFTING EVALUATION

JOINT MECHANICS (Room A)
CHAIRPERSONS:
I.A.F. Stokes & S. Naumann

DIFFERENTIATION OF COMPONENTS OF
RESISTANCE TO PASSIVE MOVEMENT
USING VOLUNTARY MANEUVERS

S. Desjardins, C.L. Richards, M. Filion,

D. Gravel & V. Piette

Hdpital I’Enfant-Jésus and Laval University,
Quebec, PQ.

IN VIVO MEASUREMENTS OF PASSIVE
MOMENTS OF THE HUMAN HIP

M. Vrahas, T. Brown, J. Andrews, R. Brand
& D. Pederson

University of lowa, lowa City, IA.

LOAD TRANSMISSION OF THE WRIST
JOINT AND PATHOMECHANISM-OF
KIENBOCK'S DISEASE

H. Tsumura, S. Himeno, K.N. An & E.Y.S.
Chao

Mayo Clinic, Rochester, MN.

ASYMMETRICAL KNEE LAXITIES: AN
OBJECTIVE EVALUATION

T.B. Hoshizaki, H. Sveistrup & G. Vagenas
McGill University, Montreal, PQ.

ANALYSIS OF SQUEEZE-FILM
LUBRICATION IN HUMAN JOINTS BASED
ON NON-NEWTONIAN PROPERTIES OF
SYNOVIAL FLUID

T.J. Pratt & D.F. James

University of Toronto, Toronto, ON.

vi

10:00 - 10:15

SESSION 2

08:45 - 09:00

09:00 - 09:15

09:15 - 09:30

09:30 - 09:45

09:45 - 10:00

10:00 - 10:15

10:15 - 10:45

4

IN-VIVO KINEMATIC PROPERTIES OF THE
HUMAN SHOULDER COMPLEX

A.E. Engin & S.M. Chen

Ohio State University, Columbus, OH.

HUMAN LOCOMOTION 1V
WALKING AND RUNNING
(Room B)
CHAIRPERSONS:

S. Olney & P.E. Martin

VISUAL ASSESSMENT OF HUMAN GAIT -
A RELIABILITY STUDY

A.E. Patla & S.D. Clouse

University of Waterloo, Waterloo, ON.

KNEE BRACE INFLUENCES ON THE
SUPPORT PHASE OF RUNNING

K. Knutzen, P. Schot & B.T. Bates

Western Washington University, Bellingham,
WA and University of Oregon, Eugene, OR.

BIOMECHANICAL CHARACTERISTICS OF
THE SWING LIMB IN MASTERS RUNNERS
E.M. Roberts, T.K. Cheung, A.A.M. Hafex,
S.K. Bullard

University of Wisconsin, Madison, W! and

Helwan University, Cairo, Egypt.

COMPARISON OF TWO
ELECTROGONIOMETER PLACEMENTS
FOR THE MEASUREMENT OF ANKLE
MOVEMENTS DURING GAIT

D. Gravel & C.L. Richards

Laval University, Quebec, PQ.

CHILD AMPUTEE WALKING AND
RUNNING GAIT: A COMPARISON
BETWEEN THE SACH AND SINGLE-AXIS
FOOT COMPONENTS

B. Brouwer, P. Allard & H. Labelle

McGill University, University of Montreal and
Hépital Sainte-Justine, Montreal, PQ.

QUANTITATIVE THERAPY CONTROL
USING GAIT ANALYSIS

S. Luethi, E. Stuessi & B. Segesser
Federal Institute of Technology, Zuerich and
Rennbahn Klinik, Muttenz, Switzerland.

Intermission



10:456 - 11:15

SESSION 3

11:15 - 11:30

11:30 - 11:45

11:45 - 12:00

12:00 - 12:15

12:15 - 12:30

SESSION 4

11:15 - 11:30

Keynote 2 (Room A)

Dr. Denis Bramble, University of Utah, Salt
Lake City, UT, USA.

MECHANICAL AND PHYSIOLOGICAL
ISSUES UNDERLYING LOCOMOTOR AND
RESPIRATORY COUPLING IN MAMMALS.

MUSCLE | (Room A)
CHAIRPERSONS:
F.E. Zajac & M.:Lamontagne

PHYSIOLOGICAL AND MECHANICAL
FACTORS INFLUENCING THE PREDICTION
OF MUSCLE FORCES ABOUT THE KNEE
JOINT DURING GAIT

R.P. Mikosz

Rush-Presbyterian - St. Luke’s Medical
Center, Chicago, FL.

ELECTRO-MECHANICAL ADAPTATION TO
MUSCULAR STRENGTH TRAINING

G.A. Wood, K.P. Singer & A.G. Cresswell
University of Western Australia, Australia.

PREDICTION OF ANKLE MOMENTS IN
GAIT USING CALIBRATED EMG-FORCE-
JOINT ANGLE RELATIONSHIPS

S.J. Olney, M.P. Griffin, PA. Costigan &
U.P. Wyss

Queen’s University, Kingston, ON.

THE EFFECT OF THE MUSCLES MOMENT
ARM ON ITS EMG-FORCE RELATIONSHIPS
M. Solomonow, R. Chuinard & R. D’Ambrosia
Louisiana State University Medical Center,
New Orleans, LA.

COMPUTER GRAPHICS OF MUSCLE
KINEMATICS AND ELECTROMYOGRAPHY
IN GAIT

B. McFadyen, D. Winter, B. Day &

F. Burkowski

University of Waterloo, Waterloo, ON.

HUMAN LOCOMOTION IV
FOOT DYNAMICS (Room B)
CHAIRPERSONS:

G.A. Valiant & K.R. Williams

BIOMECHANICAL ASPECTS OF SHOCK
ABSORBING DEVICES

A.S. Voloshin

Lehigh University, Bethlehem, PA.

vii

11:30 - 11:45

11:45 - 12:00

12:00 - 12:15

12:15 - 12:30

Afternoon

SESSION 5

13:30 - 14:45

DISCRETE IN-SHOE PLANTAR STRESS
VARIATIONS WITH RUNNING SPEED
T.S. Gross & R.P. Bunch

Converse Biomechanics Laboratory, North
Reading, MA.

THE INFLUENCE OF LATERAL HEEL FLARE
ON PRONATION AND IMPACT FORCES
B.M. Nigg, J. Denoth & R. Glover
University of Calgary, Calgary, AB and
Federal Institute of Technology, Zurich,
Switzerland.

EVALUATION OF SHOE-ORTHOQOTIC
INTERACTIONS USING AN IN-SHOE
PRESSURE SENSOR SYSTEM

J. Hamill, B.T. Bates, M.D. Ricard & M.K.
Miller

Southern lllinois University, Carbondale, IL
and University of Oregon, Eugene, OR.

EFFECTS OF FOOT INSERTS ON THE GAIT
PARAMETERS OF RHEUMATOID
ARTHRITIC PATIENTS

P. Allard, W. Loo & H. Tannenbaum
University of Montreal, Sainte-Justine
Hospital and Montreal General Hospital,
Montreal, PQ.

HUMAN LOCOMOTION IV
Poster Session | {Régence A)
CHAIRPERSONS:

G. Drouin & T. Brown

PERFORMANCE CHARACTERISTICS OF
THE BIOMECHANICS FORCE PLATE

D.A. Schieb

Kistler Instrument Corporation, Amherst, NY.

A CLINICALLY VIABLE FORCE PLATFORM
MEASUREMENT TECHNIQUE FOR THE
VISUAL AND NUMERICAL ASSESSMENT
OF FORCE DISTRIBUTIONS BENEATH THE
FEET

C.D. MacKinnon & C.M. Godfrey

Wellesley Hospital, Toronto, ON.

A TECHNIQUE FOR NORMALIZING
CENTER OF PRESSURE PATHS
H.U. Motriuk

University of Calgary, Calgary, AB.



A DEVICE FOR THE MEASUREMENT OF
FIRST RAY MOBILITY

M.M. Rodgers & P.R. Cavanagh

West Virginia University Medical Center,
Morgantown, WV and Pennsylvania State
University, University Park, PA.

A KINEMATIC ANALYSIS OF SHANK
MOTION RELATIVE TO THE CALCALNEUS
DURING THE SUPPORT PHASE OF
RUNNING

J.R. Engsberg & J.G. Andrews

University of Denver, Denver, CO and
University of lowa, lowa City, IA.

THE FREE MOMENT OF GROUND
REACTION IN DISTANCE RUNNING AND
ITS CHANGES WITH PRONATION

J.P. Holden & P.R. Cavanagh

Knee Technologies Inc., Cincinnati, OH and
Pennsylvania State University, University
Park, PA.

THE INFLUENCE OF LOAD ON MOVEMENT
FREQUENCY

R.J. Neal & B.D. Wilson

University of Queensland, Australia.

THE WOBBLING MASS - A RELEVANT
VARIABLE IN GAIT AND LOAD ANALYSIS
J. Denoth

Federal Institute of Technology, Zurich,
Switzerland.

THE EFFECTS OF ADDITIONAL LOAD ON

IMPACT FORCE

B.T. Bates, P. DeVita & J. Hamill
University of Oregon, Eugene, OR and
Southern lllinois University, Carbondale, IL.

PREDICTION OF OPTIMAL STEP LENGTH
USING THREE SIMPLE DYNAMIC MODELS
OF WALKING .

M. Hubbard, E.G. Paterson & A.E. Orcutt
University of California, Davis, CA.

A COMPUTERIZED GAIT PROFILE SYSTEM
J.P. Dickey & D.A. Winter
University of Waterloo, Waterloo, ON.

GAIT PATTERNS AND ENERGY
EXPENDITURE OF PATIENTS AFTER
RESECTION ARTHRODESIS OF THE KNEE
C. Tylkowski, G. Miller, D. Springfield, N.
Williamson & W. Enneking

University of Florida, Gainsville, FL.
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02 CGNSUMPTION IN A GAIT
LABORATORY SETTING

D.L. Wheeler, G.J. Miller & C.M. Tylkowski
University of Florida, Gainsville, FL.

THE DIVERSITY OF NORMAL GAIT

J.C. Wall, J. Charteris & G.|. Turnbull
Dalhousie University, Halifax, NS and Rhodes
University, Grahamstown, South Africa.

A NEW TECHNIQUE FOR THE
DETERMINATION OF BODY SEGMENT
PARAMETERS UTILIZING CAT AND CAD
PROCEDURES

M.H. Moeinzadeh, S.A. Burns, R.J. Borre &
G.J. Pijanowski

University of lllinois at Urbana-Champaign,
Urbana, IL.

CHANGES IN SEGMENT MASS, RADIUS
AND RADIUS OF GYRATION, FOUR YEARS
TO ADULTHOOD

R.K. Jensen

Laurentian University, Sudbury, ON.

ESTIMATING SEGMENTAL INERTIAL
PROPERTIES: MAGNETIC RESONANCE
IMAGING VERSUS EXISTING METHODS
M. Mungiole & P.E. Martin

Arizona State University, Tempe, AZ.

REGRESSION EQUATIONS FOR
SEGMENTAL INERTIA PARAMETERS
M. Morlock & M.R. Yeadon
University of Calgary, Calgary, AB.

AN EXPLANATION OF THE UPWARD DRIFT
IN OXYGEN UPTAKE (UDOQ) DURING
PROLONGED SUBMAXIMAL ECCENTRIC
EXERCISE

R.W. Dick & P.R. Cavanagh

Pennsylvania State University, University
Park, PA.

CONTRIBUTIONS OF THE ANKLE AND
KNEE MUSCLES TO SPRINT STARTING
D.G.E. Robertson

University of Ottawa, Ottawa, ON.

VALIDATION OF PLANAR LINK SEGMENT
MODELS FOR THE STUDY OF UPRIGHT
BALANCE IN WALKING

J.F. Yang & D.A. Winter

University of Waterloo, Waterloo, ON.



14:45 - 15:00
15:00 - 15:30

EMG PATTERNS OF THE QUADRICEPS
DURING TREADMILL RUNNING: A
DESCRIPTION OF PATELLOFEMORAL PAIN
SYNDROME

D. Maclintyre & D.G.E. Robertson
University of British Columbia, Vancouver,
BC and University of Ottawa, Ottawa, ON.

INTEGRATED BIOMECHANICAL & EMG -
ANALYSIS OF STAIR WALKING

B. McFadyen & D. Winter

University of Waterloo, Waterloo, ON.

THE USE OF MULTIPLE REGRESSION IN
THE DESIGN AND TESTING OF DYNAMIC
MUSCLE MODELS

J.J. Dowling & R.W. Norman

University of Waterloo, Waterloo, ON.

A DIMENSIONLESS MUSCULOTENDON
ACTUATOR MODEL FOR USE IN
COMPUTER SIMULATIONS OF BODY

"COORDINATION: STATIC PROPERTIES

F.E. Zajac, P.J. Stevenson & E.L. Topp
Standford University, Standford and Veterans
Administration Medical Center, Palo Alto,
CA.

MUSCULOTENDON ENERGETICS OF
HUMAN JUMPS

M.G. Hoy, F.E. Zajac, E.L. Topp, C.T. Cady,
M.E. Gordon & W.S. Levine

Veterans Administration Medical Center, Palo
Alto, CA; Standford University, Standford,
CA and University of Maryland, College Park,
MD.

ELASTIC ENERGY STORAGE DURING
SIMPLIFIED JUMPING MOVEMENTS IN
MAN

M.R. Shorten, R.T. Mueller & L.B. Cooper
Nike Sports Research Laboratory, Beaverton,
OR.

IN-VIVO PASSIVE RESISTIVE PROPERTIES
BEYOND THE HUMAN SHOULDER
COMPLEX SINUS

A.E. Engin & S.M. Chen

Ohio State University, Columbus, OH.

Intermission

BORELLI LECTURE (ROOM A)

Dr. M.R. Yeadon, University of Calgary,
Calgary, AB, Canada.

THE BIOMECHANICS OF TWISTING
SOMERSAULTS

ix

SESSION 6

15:30 - 15:45

15:45 - 16:00
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MECHANICAL AND PHYSIOLOGICAL ISSUES UNDERLYING LOCOMOTOR-RESPIRATORY COUPLING IN MAMMALS

Dennis M. Bramble, Department of Biology, University of Utah
Salt Lake City, Utah, 84112 USA

INTRODUCTION

This paper is intended to present an overview of
current problems concerning the biomechanical and
physiological basis of locomotor-respiratory coup-
ling (LRC) in running mammals. Of particular
interest are the distinctions between quadrupedal
species and humans which arise from difference in
body design, posture, and locomotor kinematics.
Despite these differences, however, it now appears
that both quadrupeds and humans closely integrate
gait and breathing patterns in order to: (a) avoid
mechanical interference; (b) exploit locomotor
forces for respiratory purposes; (c) appropriately
scale pulmonary ventilation to the metabolic re-
quirements of the locomotor machinery.

REVIEW AND THEORY

LRC has only recently been recognized as a wide-
spread and important mechanism in mammals (1).
Precise phase-locking of locomotor and respiratory
cycles has now been reported in several divergent
species, including horses, hares, dogs, and humans
(1,2). Quadrupedal mammals tend to exhibit a con-
stant 1:1 coupling ratio (= strides/breath) when
running at faster speeds. Humans, in contrast, may
utilize up to 6 ratios (e.g., 4:1, 3:1, 2:1) but
normally do not exhibit the 1:1 pattern of quad-
rupeds (3). The kinematics of quadrupedal running,
especially the periodic impulsive loading of the
forelimbs and thorax, seems to constrain respira-
tion to a simple 1:1 synchronization with the gait
cycle. Bipedalism in humans confers greater flexi-
bility in respiratory patterning during running.
The choice of any particular coupling ratio seems
to depend upon physiological state including such
associated parameters as running speed and meta-
bolic demand. Recent theoretical considerations
suggest that rhythmic stimulation of mechanorecep-
tors in the chestwall and diaphragm are possibly
key elements in the neurophysiological integration
of the locomotor and respiratory cycles in exercis-
ing mammals (4).

METHODOLOGY

Qualitative and quantitative data on LRC have
been obtained from freely running subjects (1,3).
A small stereophonic tape recording system carried
by the subject is used to record breathing sounds
on one channel and gait information from 1imb-
mounted accelerometers on the other. High speed
cine recordings are used to obtain kinematic detail
on 1imb and trunk motion.

RESULTS AND DISCUSSION

Recent investigations of mammalian LRC have
helped to clarify the mechanical and physiological
correlates of this phenomenon. Among the more
important findings are the following.
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I. Locomotor induced displacements of a
“visceral piston" probably have a central role in
the mechanical coupling of breathing and gait. Due
to its mass and direct attachment to the muscular
diaphragm, the liver is the principal component of
the piston. In galloping mammals, horizontal cran-
jal and caudal inertial displacements of the piston
are associated with exhalation and inhalation re-
spectively. Piston motions in running humans are
essentially vertical and are more complex than in
quadrupeds. Nonetheless, correlated respiratory
and locomotor profiles indicate that piston action
is. important to pulmonary mechanics in human run-
ners. Further, the data suggest that the dynamics
of the visceral piston may be partly responsible
for the double-peaked ground reaction force so
?haracteristic of footstrike in human subjects

5,6).

II1. Preliminary mathematical modeling indicates
that piston mechanics may constrain the maximum
economical stride frequency of running mammals to
those approximately equal to the natural frequency
of the piston system itself (4). This could help
to explain the empirical fact that stride frequency
in quadrupedal mammals remains nearly constant and
independent of running speed above the trot-gallop
transition (7).

III. The linking of locomotor and respiratory
parameters may provide exercising mammals with a
simple but effective means of matching lung venti-
lation to running speed and, hence, metabolic power
requirements. Theoretically, this can be accom-
plished by simply making breath frequency and tidal
volume proportional to (respectively) stride fre-
quency and stride length. Recently published data
for exercising horses (2) confirm the predictions
of this model. More experiments will be required
to determine whether a basically similar (but more
complex) relationship exists in humans.

IV. Preliminary data indicate that for humans
there is an optimal coupling ratio for sustained
running at a particular speed (or range of speeds).
Suboptimal coupling patterns appear to result in
excessive lung ventilation and possibly excessive
energy expenditure. The system of alternate
coupling ratios seen in human runners may consti-
tute a gearing system whose purpose is to minimize
the energetic cost of both respiration and locomo-
tion. Such a strategy would be analogous to the
changing of gait (e.g., trot to gallop; Fig. 1) in
quadrupedal runners, an act which is known to min-
imize the cost of transport (8).

V. The scaling of stride frequency and stride
length against speed is strikingly different for
quadrupedal and human runners of equal body size.
As Figure 2 shows, the expected stride frequency of
an experienced human runner is ap roximately 85
min—! at a speed of 5 meters sec™', whereas that of
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a quadruped is nearly 150 min™!, At this speed the
respiratory frequency of the quadruped is (with 1:1
coupling) equal to its stride frequency (~ 150
min~}), but the breathing frequency of the human is
only 30-45 min™! depending upon the coupling ratio.
Hence, at sustainable aerobic running speeds (< 6
m/sec), a human respires much more slowly and with
a relatively much larger tidal volume than does a
quadruped moving at the same speed.

It also appears that the fundamental differences
in locomotor kinematics of quadrupedal and human
runners account for the use of multiple coupling
ratios in the latter. Figure 2 is a simple working
model which illustrates how stride and ventilation
frequency as well as tidal volume and minute lung
ventilation are expected to change with increasing
running speed in a well-conditioned, elite distance
runner. The model suggests that abrupt changes
from one breathing pattern to another (e.g., 3:1 to
2:1) are triggered by an upper limit (= threshold
value) on tidal volume. The model predicts that
such switches in coupling ratio are accompanied
both by a sudden increase in ventilation frequency
and a correlated drop in tidal volume. Preliminary
experimental data seem to support the model.

CONCLUSION

Both empirical and experimental data indicate
that Tocomotor and respiratory patterns and me-
chanics in running mammals are strongly coupled and
highly interdependent. Such close integration pre-
sumably favors mechanical efficiency and reduces
the overall cost of locomotor exercise. Major dif-
ferences exist in the pattern of locomotor-respir-
atory coupling exhibited by quadrupedal and human
runners. These stem mainly from important differ-
ences in the body design and locomotor kinematics
of the two groups.
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Figure 1. Scaling of coupled stride (solid lines)
and respiratory (dashed lines) frequencies against
speed in quadrupedal and human runners of equal
body mass (70 kg). Speed ranges of various coup-
Ting ratios in the human are approximate.
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Figure 2. Schematic model of possible interplay of
stride (S¢) and ventilation (V¢) frequency with

tidal volume (V) and minute lung ventilation (y )
in a human runner. See text for discussion.
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STRATEGIES AND CONCERNS REGARDING

D. A.

THE ASSESSMENT OF PATHOLOGICAL GAIT

Winter

Department of Kinesiology
University of Waterloo
N2L 3G1

INT nT

rlinical gait laboratories have prolifer-
ated during the past decade and a wide range
of assessments of pathological gait are being
reported, Some justified criticisms have
been levied; many laboratories merely monitor
the progress or lack of progress of patients
and are not actively providing iaformation
critical to surgical or therapy decisions.
Most laboratories are not able to quantify
the degree of abnormality at both the motor
and kinematic level and few are documenting
the adaptions that patients are making that
may confound planned therapy. Also, this
author would question the validity of some
“herapy which automatically assumes that a
patient must be forced to achieve a more nor-
mal gzait (in spite of evidence that indicates
that an abnormal pattern 4is safer or more
optimal).,

The purposes of this paper are: (i) to
document basic information about normal gait
that will influence our diagnostic proce-
dures, (1i) to summarize the scientific steps
to arrive at a definitive diagnosis at the
motor level, and (i1ii) to comment on some
potentially erroneous rehab strategies.

e tor ve

Much of the pessimism regarding clinical
gait labs 1is based on the fact that too much
efort has focussed on descriptive measures
(velocity, cadence, symmetry, joint angles)
which Aare limited to monitoring changes of
global measures of the abnormal movement pat-
tern, They don“t diagnose the gause of the
pattern they observe. It 4is only at the
kinetic and EMG level (suitably correlated
with the abnormal pattern) can we achieve a
cause-effect diagnosis.

Because so many muscles are involved in
gait, we are faced with a serious indetermi-

nacy problem: there are an infinite number
of muscle force patterns that can produce the
same moment of force profile. The "bad news"

that results from this indeterminacy is that
normal subjects will have a wide range of
motor patterns, so wide that it may be diffi-
cult to define what really is normal. T he
"good news"™ 1is that this variability means
flexibility and is 4indicative of tremendous
plasticity 1in the neural control system to
adapt to pathological situations.

Normal Kinematic and Kinetic Patterns
Statistically reliable kinematic and

kinetic patterns for normals are required for
comparison with our pathological profiles.

North American Congress on Biomechanics
Montréal (Québec) Canada, 25-27 August 1986

Figure 1 1is a typical set of profiles of
moments of force for fast walking aauits.
Because the kinetic profiles vary consiaera-
bly with cadence and body mass, we nave sub-
divided our database into three cadence
groups and have normalized all of our «kiaetic
curves by dividing by body mass. Furtner
normalization for body height and sex result-
ed in iasignificant improvements to tne
inter-subject profiles. We now have avail-
able normalized profiles of wmomeat of force,
joint mechanical power and EMG patterus for
16 muscles agaianst which our patients can bpe
compared.
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Figure 1: Normalized moment of force pro-

files for fast walking normals. Mean curve
(solid) and + standard deviation (dotted) for
14 subjects is plotted. The coefficient of
variation 4is a measure of the inter-trial
variability expressed as a percent of the
amplitude of the signal.

Based on many years experience, we nave
developed a fairly routine strategy to arrive
at a specific diagnosis for each individual
patient. The first step is to observe all
movement abnormalities; we use TV and summa-
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rize the total gait pattern using a computer-
ized gait profile form (Figure 2). Details
of the use of this form are presented 1in
another paper in this Congress. It is suffi-

cient to note that the ® alerts us as to
phases of the gait cycle that are out of nor-
mal range.
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Figure 2: Computerized Gait Profile Form
with the profile of the B/K amputee described
in the example diagnosis.

ZABLE 1

Biomechanical and Neuro-
muscular Evidence

Observed
Abnormality Possible Causes

Short step- Weak push-off
length prior to swing

Below normal plantarflex-

or moment or power gener-—

ation or EMG during push-

off

Weak hip flexors Below normal hip flexor

at toe-off and moment or power or EMG

early in swing during late push-off and
early swing

Excessive decel- Above normal hamstring

eration of leg EMG or knee flexor moment

in late swing or power absorption late
in swing

Above normal Hyperactivity in EMG of

contralateral hip contralateral hip

extensor activity extensors

during stance

Stiff-legged Above normal

weight bear- ankle, knee or

ing hip extensors
early in stance

Above normal EMG activity
or moments in hip exten-
sor or plantarflexors
early in stance

The second step 4is to 1list all possible
causes of the observed abnormal movement.
Table 1 gives a summarized version of two
commonly observed abnormalities: short step
length and stiff-legged weight bearing.
Then, the final challenge 1is to examine the
patient’s biomechanical profiles and, by com-
parison with those from normals, we should be
able to pinpoint the exact cause of the
abnormal gait patterns, and also show any
compensating patterns,

Example Diagnosis

The Computerize Gait Profile for B/K ampu-
tee wearing a Gressinger prosthesis 4is pre-
sented in Figure 2. From this profile, the
following 4information was extracted: (i)
entire lower l1imb was extended more than nor-
mal at Hr, Flat foot did not occur until
15%; 1initial knee flexion was reduced, (ii)

push-off (50%) was weak, HO was delayed and
knee flexion was delayed, and (iii) normal
hi extensor pull-off occurrea. As tnis
pagient was a B/K amputee, his foot coula unot
plantarflex after HC, thus, the delay notea
in (i), The fact that he had any observarcie
push-off is somewhat surprising. Tne piowe-
chanical analyses of jJoint powers is preseut-
ed in Figure 3, and which correlates com-
pletely with the profile informatiou.
Normals are plotted with a solid line ana tne

amputee with a dashed 1line. Al power shows
the amputee's ankle mechanism (a spring)
storing energy, and a small amount is

returned during push-off (A2). The ampiutee
had 1little knee flexion early in stance,
therefore did not have a K1 bpurst. Wnen his
knee did break in late stance, he nad to use
above normal knee extensor power (K3) to cou-
trol excessive flexion. At the hip, the
pull-off power (H3) by the hip flexors was
slightly above normal and was the major com-
pensation for the lack of a strong pusn-off
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Figure 3: Mechanical power generation ana

absorption at the ankle, knee and hip for tne
B/K amputee (dashed line) compared with tnat
for normals (solid line for average, dottea
line for s.d.).

Conclusions

A systematic and scientific approacn nas
been presented for the diagnosis of patholog-
ical gait at the motor level. Tne procedure
not only pinpoints the abnormal motor or
biomechanical patterns but also ideatifies
the compensating motor patterns in tne resi-
dual muscles. Caution is, therefore, sug-
gested when therapy is prescribed which does
not recognize these adaptions. For example,
forcing an amputee to walk more symmetrical-
ly, may undo a new optimal pattern; or, lack
of prescribed exercise for newly-compensating
muscles may result in early fatigue.
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ELASTIC MECHANISMS IN THE MOVEMENTS OF MA

R. McNeill Alexander
Department of Pure & Applied Zoology
University of Leeds, Leeds LS2 9JT, U.K.

The elastic properties of materials are
exploited in mammals, in several distinct ways.

The ligamentum nuchae in the necks of
ungulates serves as a muscle antagonist, helping
to support and raise the head (1). The paw pads
of mammals serve as shock absorbers (2). Elastic
structures serve as catapults in jumping insects
(3), but no catapults seem to have been identified
in mammals.

This paper is concerned mainly with another
function of elastic structures, as pogo-sticks.

A running man or a hopping kangaroo loses kinetic
energy (KE) and potential energy in the first half
of each step and regains them in the second half
(4). Each leg exerts a braking action and then
an accelerating one, both in bipeds and in
quadrupeds. Energy is saved by using muscles and
tendons like the springs of pogo-sticks, to absorb
energy and then return it. The tendons are
particularly important (5). Some distal leg
muscles of ungulates have vestigial muscle fibres
but retain strong tendons which serve as passive
springs. Tendon is an excellent material for
such functions because it returns, in its elastic
recoil, 93% of the work done stretching it (6).
Mechanical tests on feet of donkeys, deer and
wallabies have supplied data for rough estimates
of energy savings (7), and similar tests are being
made on human feet.

The KE fluctuations discussed so far are of
external KE, that is of KE associated with
movement of the centre of mass. As speed
increases, internal KE becomes increasingly
important: this is KE associated with movements
of feet and other parts relative to the centre of
mass . Transition from symmetrical gaits to
galloping enables mammals to use an aponeurosis in
the back as a spring, storing energy as the legs
are halted at the end of a swing and returning it
in an elastic recoil (8).

There seems to be scope for saving energy by
tendon elasticity in the swimming of whales, but a
preliminary analysis suggests that the tendons are
more compliant than would be optimal.

References

1. Dimery, N.J., et al. J.Zool., Lond. (A) 206:
341-351, 1985.

2. Alexander, R.McN., et al. J.Zool., Lond. (A)
209: in the press, 1986.

3. Bennet-Clark, H.C. J.exp.Biol. 63: 53-83, 1975.

4. Cavagna, G.A., et al. Am.J.Physiol. 233:
R243-261, 1977.

5. Alexander, R.McN. Am.Zool. 24: 85-94, 1984.

6. Ker, R.F. J.exp.Biol. 93: 283-302, 1981.

7. Ker, R.F. et al. J.2Zool., Lond. (A) 208:
417-428, 1986.

8. Alexander, R.McN. et al. J.Zool., Lond. (A) 207:
467-482, 1985.

North American Congress on Biomechanics
Montréal (Québec) Canada, 25-27 August 1986

173






Sessions’ Papers







VISUAL ASSESSMENT OF HUMAN GAIT - A RELIABILITY STUDY

Aftab E. Patla and Susan D. Clouse
Department of Kinesiology
University of Waterloo
Waterloo, Ontario, N2L 3Gl

INTRODUCTION

In numerous clinics and centers, visual assessment
of human gait forms an integral part of patient evalu-
ation. For example, at the Worker's Compensation
Board Center in Toronto each physiotherapist sees up
to twenty patients a day. The battery of tests per-
formed on each subject includes visual assessment of
gait. At present only an overall judgement on the
quality of gait 1is made. A more detailed recording of
various kinematic aspects of gait would improve the
assessment, by suggesting biomechanical causes of the
observed abnormaHties and help in diagnoses [1,2].
Because physiotherapists often perform many other
tests, it is necessary to minimize time and effort re-
quired to do simple gait assessment. Visual observa-
tion of gait, done in real time or later through the
use of a video is appropriate. But before we attempt
to extract more information, it is necessary to deter-
mine the interrater reliability on these measures.

Despite widespread use of visual assessment of
movement, there is a surprising lack of studies exam-
ining the reliability. Goodkin & Diller (3] found
poor reliapility among therapists on major gait devia-
tions across the whole stride but good agreement on
other measures. Recently Krebs et al. (4] observed
moderate reliability in the stance phase for child-
ren's gait. These studies have examined only parti-
cular patient population, and assessment was done over
the full stride or just the stance phase. Besides the
data analyses which has mainly looked at percent
agreement between raters can potentially inflate the
reliability coefficient [5]. The focus of this study
is to examine interrater reliability on a variety of
measures for a wide range of patient population over
both stance and swing phases.

METHODOLOGY

Patients: Eight patients (Table 1) whose gait was pre-
viously analysed in the Kinesiology Gait Laboratory
were used in the study. Their gait pattern in the
saggital plane consisting of minimum five strides was
transferred on to a video recorder.

Table 1: Description of Pathology in Patients Studied.
1, Left Total Hip Arthroplasty

2, Cerebral Palsy, Left Hemiplegic

3. Turner's Syndrome

4, M.V.A. - fractured L1 vertebra
Paresthesis at levels of L, Si, S:2

Left Above Knee Amputee

w
.

Left Total Knee Arthroplasty

7. Cerebral Palsy - Spastic Diplegia
Bilateral tendo - achilles lengthening

8. Right below knee amputee

Raters: Five raters who had good background in gait
analyses and assessment were used in the study. These
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students had coursework in biomechanics and a specific
course in gait analyses. Two of them had worked in
Gait Laboratory.

Kinematic Chart: The kinematic variables that each of

the raters were asked to evaluate are shown in Figure
1. A brief patient history is included. The vari-
ables and the phases were as described by Winter [1).
The timing variable was included to get some informa-
tion on the velocity of movement.

Procedure: Each rater went through a training period.

They were shown five normal gait patterns, the phases
were identified, and the normal range for the vari-
ables were explained. Once they felt comfortable with
the normal gait, they were shown a patient gait. The
experimentor guided the rater through this gait and
identified the abnormalities. Following the training
session, the raters were required to view the tape at
normal speed of a patient's gait. They could view
each of the seven phases up to five times. After
viewing each phase, they were required to identify any
variable that was abnormal on a binary scale. A
sample record is shown in Figure l. The patients were
viewed in random order. The actual testing took two
sessions of two hours each. Since many centers do

not have slow motion or freeze frame capability, view-
ing was done in real time.

HISTORY: Lett ebove-tnee asputee

For the following variables, place an 'X° in the box 1+ you
believe 1t is phoprssl. Complete for all phases of gait.

1 i i H 3 H

ilnitial iBeight | Mig- | Push= | Toe— ! Early : Late

iContact !Acceptl.! stance! otf P oedd ! Bwing | Seing
t ' ' ¢ ' H

i i 1 i
Foot i I i 1 i
Plocemsent | i H 1 '

ankle i 1 H i
angle i Pox ¢

I nee t H H l H i
Angle H X H X l X { X i X ' ' x

Hip i i i 1 H i i
Angle 1 H H t X H X H X i X

Upper ! : i : i :
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DATA ANALYSIS

A standard way of analyzing the data such as the
one in this study is to determine point to point in-
terrater reliability. This value can be high if the
two raters agree on large number of variables that are
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normal even though they may disagree on variables
that were abnormal. Because of this problem with
traditional analysis, a new method developed by Dr.
E. Roy of our department was used. See Appendix I
for sample calculation. A computer program in addi-
tion to calculating the normal reliability coeffici-
ents, determined the following:

Average 7 Occurence Frequency for Raters: If the av-
erage occurence frequency of the two raters 1s <50%
then subsequent analysis concentrates on Occurrence
Interrater Reliability. If it is >50% then Nonoccur-
ence Interrater Reliability is used. This avoids in-
flation of reliability scores.

Occurence/Nonoccurence Interrater Reliability: This is
similar to traditional point to point interrater re-
iability except instead of using all the data the
analyses concentrates only on either the occurence

or nonoccurence of abnormality in a measure.

Chance Occurence/Nonoccurence Interrater Reliability:
This allows us to determine whether or not the relia-
bility value calculated 1s above chance level.

These analyses were carried out for each variable,
across all phases in the step cycle, and stance
phase and swing phases separately. The patients were
analyzed individually. Five raters gave ten combina-
tions for reliability calculations.

RESULTS AND DISCUSSION

The results are summarized in Table 2. A one was
included for each pair of raters that showed above
chance reliability. Thus the maximum score in each
cell would be 10. Zero score can be obtained in two
ways. If the reliability value is not above chance
level for any combinations of two raters, the score
would be zero. Zero score can also be obtained if
the average percent occurence for all combination of
raters 1s zero. In tables, the latter possibility is
indicated by a "x",

Table 2: Above chance reliability for the raters for
each variable and patient across the whole stride.

Petients

Verisble i F1
[T Y R e
Flacement

External
Support

Tieing

When one examines the angular displacement vari-
ables in Table 2, it is clear that the raters were
more reliable on identifying abnormal pattern in the
ankle and knee joint, than the hip joint. They also
had problems in determining abnormalities in the up-
per body movement when it was present. As the num-
bers in each cell indicate, even for the ankle and
knee joint the reliability was moderate. Thus new
strategies would have to be developed to observe
these body segments. Among other variables, raters
were. consistent on foot placement, and the use of ex-
ternal support when present. The timing variable
which asked the raters to judge the velocity of move-
ment was: the least reliable.

To ascertain which phase of the gait cycle was
most reliable in terms of assessment of abnormality,

the analyses for each variable were carried out over
the stance phase and swing phase separately. When
these results were examined, it was clear that raters
were far more consistent during the stance phase than
swing phase. This agrees with the comments made by
Krebs et al. [4].

The pathologies studied in this project can be
broadly classified into two categories; neuromuscular
(patients 2,3,4,7) and musculoskeletal (patients 1,5,
6,8). From the analyses presented, it appears that
raters were more consistent in their observation of
patients suffering from musculoskeletal disorders.
The three parameters: push-off, step length and sym-
metry which the raters were asked to judge were not
included in the previous analyses. When the raters
judgements of presence of abnormality in these varia-
bles were examined, it was clear that they were very
good at judging abnormal push off. In contrast, as-
sessment of step length and symmetry between limbs
was poor.

SUMMARY

This study sheds light on visual observation of
gait in real time. The variables which were well de-
fined were assessed more reliably than variable such
as "timing'". The results suggest that assessment
during stance phase is more reliable than during swing
phase. Assessment on a binary scale is a first step.
Subsequent studies will have to incorporate at least
an ordinal scale, examine movements in other planes,
and determine validity of these measures.
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APPENDIX I
Sample Calculation
Variable: Hip Angle (1 - Abnormal)
YRater Phases -

1 o o 1 0o 0 0 1
2 |0 0 1 1 0 0 o0

Contingency Table:

Rater 1
1 0
Rater 2 1 1
0 1 4
Calculations:

Point to Point Interrater Reliability = 5/7 x 100 =
71.42%

Average % Occurence Frequency for Raters = 28.57%

Occurence Interrater Reliability = 1/3 x 100 = 33.33%

Chance Occurence Interrater Reliability = 4/49 x 100
= 8.16% :

Note high Point to Point Reliability. Because Occur-
ence Reliability is above chance level, a 1 is inclu-
ded for this variable in Table 2.
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KNEE BRACE INFLUENCES ON THE SUPPORT PHASE OF RUNNING

K. Knutzen Phil Schot
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INTRODUCTION

The functional knee brace has been demonstrated
to be an effective external force mechanism for the
control of excessive knee joint movement parameters.
More specifically, brace manufacturers promote
designs which are stated to reduce excessive medio-
lateral and varus/valgus movements while at the
same time allowing normal knee joint function
necessary in most physical activities. No considera-
tion has been given to the effects of the stabili-
zation on other segments in the lower extremity link.
Effectual control of the movement of the tibia on the
femur in the sagittal and transverse planes should
reflect a concomitant alteration in the movements
of the foot-ankle complex and the ground reaction
force parameters. The purpose of the present inves-
tigation was to evaluate the effects of knee brace
application on the kinetic parameters associated
with the support phase of running.

REVIEW AND THEORY

The knee joint moves through twec planes of move-
ment during the activity of running. These movements
consist of ranges of approximately 60 degrees in the
sagittal plane for flexion/extension movements and
approximately 20 degrees in the transverse plane for
movements of external/internal rotation (4,6). The
knee also moves in the varus/valgus direction due to
mediolateral forces imposed upon the joint during
normal knee joint functioning. A1l of these move-
ments have been demonstrated to affect movements and
forces at the foot-ankle complex. The degree of knee
extension at contact and the corresponding foot posi-
tion at contact have been shown to influence both the
collision aspects and the braking/propelling aspects
of the support phase (3,8). Additionally, the tibial
rotation parameters are determined by movements
taking place at the knee joint and the subtalar
articulation. Therefore, any alteration in knee
Jjoint or foot function is hypothesized to be count-
ered by a compensatory reaction in the adjacent
Joint.

The application of the derotation or functional
knee brace has been shown to control knee joint
movement parameters by reducing movement parameters
as much as 11 percent and 20-30 percent for movements
in the sagittal and transverse planes, respectively
(6). Preliminary investigations on the influence of
knee joint restriction on the ground reaction force
parameters have indicated that the Timitations im-
posed by the brace application generated associated
reactions in the kinetic parameters during foot
support (5).

METHODOLOGY
Twenty-one subjects, 20-42 years of age, were

selected from a group of volunteers to participate
in the study. Three subject groups were evaluated:

North American Congress on Biomechanics
Monneal(Ouébec)Canada.25-27August1986

B. T. Bates
Department of Human Development
University of Oregon
Eugene, Oregon 97403

normal subjects indicating no history of injury to
the Tower extremity, an arthroscopic group whose
medical records substantiated anterior cruciate
ligament (ACL) insufficiency, and a reconstructive
group who had undergone extra-articular repair of

ACL damage. Four test conditions were instituted:

a non-brace condition on the injured or experimental
1imb, application of the Marquette Knee Stabilizer
(MKS) functional brace, application of the Generation
IT (G-11) functional brace, and a healthy or contra-
lateral 1imb condition. Subjects were casted for the
braces by a qualified orthotist. Upon receipt of

the braces, the subjects were fitted with the braces
by representatives from the two brace companies.

The kinetic data were collected over a two-hour
experimental session using an AMTI force platform
system. At the initiation of the session, subjects
were fitted with the same running shoe to minimize
shoe effects. Following the collection of physical
characteristics, subjects were randomly assigned a
test order for the four conditions. In the case of
the brace conditions, the brace was applied by the
same experimenter. Subjects then practiced running
through a’20 meter experimental area until they could
maintain an uninterrupted running cycle while report-
ing no major encumbrances. Running speed was moni-
tored over a § meter area using a photoelectric
timing system and maintained at 3.33 m/s (SD = .11).
Ten running trials were collected for each condition
and stored for later analysis.

The vertical, fore-aft and mediolateral force com-
ponents for each trial were scaled and normalized for
body weight and analyzed individually using specifi-
cally designed curve analysis software (2). Fourteen
vertical, 13 fore-aft and 16 mediolateral values were
extracted from each curve. Mean values were computed
across the ten trials for the four conditions.

The average values were analyzed using a repeated
measures multivariate analysis of variance to eval-
uate the effect of group membership in one of the
three groups and the effect of the four different
knee joint test conditions. Univariate results and
contrasts comparing the four conditions were examined.
A11 statistical tests were scrutinized at the p¢.05
level of significance.

RESULTS AND DISCUSSION

The results of the multivariate analysis conducted
on the vertical, fore-aft and mediolateral force
components revealed no significant differences as a
result of group membership. There were significant
differences across the four conditions for all three
force parameters. Mean data for selected vertical,
fore-aft and mediolateral force variables represent-
ing all subjects for the four conditions are pre-
sented in Tables 1, 2, and 3, respectively. Verti-
cally, there were significant univariate differences
across the four conditions for the relative time to
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first maximum force, first maximum force, relative 3. Frederick, E.C., et al. Int. J. Sp. Biomech.

time to minimum force, minimum force, impulse to 2:41-49, 1986,

first maximum force, impulse to minimum force, and 4. Kettlecamp, D.B., et al. J. Bone Jt. Surg. 52-A:
total impulse. Contrasts revealed no significant 775-790, 1970.

differences between the two braces for any of the 5. Knutzen, K.M., et al. Proc. Hum. Loc. II - Can.
vertical force parameters. Differences were recorded Soc. Biomech. 72-73, 1982.

between the two brace conditions and the injured or 6. Knutzen, K.M., et al. Am. J. Phys. Med. 62:
experimental 1imb. Brace applications were shown to 172-181, 1983.

elicit a delay in the time to the achievement of the 7. Mann, R.A., Hagy, J. Am. J. Sports Med. 5:345-
initial collision force while concurrently producing 350, 1980.

greater maximum values in the force. This alteration 8. Mann, R.V. Med. Sci. Sp. Exer. 13:325-328, 1981.

in force generation has previously been shown to be
associated with changes in running speed, different

foot types or footwear (1) and the knee angle at

contact (3). The knee brace application has been TABLE 1. VERTICAL FORCE PLATFORN WARIADLES

shown to alter the knee angle (6) and may also

influence the foot position at contact. These varia- cooTTions

tions may be directly responsible for the changes kiad o  w i MeaTw

noted above. Firat s Forcer 12.32 (1.70)  13.60 (1.31) 13.46 (1.24) 12.32 (1.25)
First Max. Force® 18.34 (2.67) 19.27 (3.01) 19.73 (3.45) 17.82 (2.46)

In the fore-aft direction, significant differences relative Tiae to .

were noted in re]ative t-ime to max-imum braking force . Hinimm Force® 17.67 (1.69) 19.84 (2.00) 19.91 (2.48) 17.46 (1.45)

maximum braking force, relative time from transition Hintma Force® 15.27 (2.82)  15.85 (3.04) 16.66 (3.20) 14.69 (2.45)

from braking to propulsion, and braking impulse. tae R Force 4237 (3.11) €1.84 (2.70) 42.70 (2.91) 42.26 (2.14)

There were no differences between the two braces. Second Fax. Force 25.06 (1.84) 25.38 (1.66) 25.45 (1.85) 25.3 (1.84)

Comparisons between the two brace conditions and the Tepulse to First

experimental 1imb demonstrated the brace's influence Hax. Foree® e o)Ll (o2 L0s)

in delaying transition to maximum braking and addi- Kioima Forces 4808 S8 L) s (1) .47 (09)

tionally producing greater braking values. These Total Inpulse® IE (@) 68 (21)  3.68 (20) 374 (.21)

changes can be specifically related to the reduction support Tiee 26 (.02) .26 (.02) .25 (.06) .26 (.02)

of knee extension produced by the brace at foot con-

tact. The data would indicate that the compensatory Relative Tima « § Support Phase

movement in response to the knee restriction is an foren o Wk of Boty M

attempt to contact the ground with the foot further P i reant omivarfate Analyses (p¢.05)

away from the center of gravity and would thus
explain the increased braking values.
Mediolaterally, significant differences were TABLE 2. FORE-ATT FORCE PLATFORM VARIABLES
identified in the total excursions during the first
30 percent, between 30-60 percent, and between 40-75
percent of the support phase. Contrast analyses

CONDITIONS

VARIABLES NO BRACE MKS GEN 11 REALTHY

indicated the difference in the excursions during xki&uﬁ" 20.06 (2.39) 25.44 (2.84) 25.60 (2.97) 21.51 {2.48;
the early 30 percent of the support period to be a Max. Braking Forces 1S (.S 195 (.89 3.8 (5 093 (a0
significant difference between the MKS and the G-II Relative Tim 1o s (1 s () t5.0 o) s1cm oo
braces. The G-II produced a greater amount of excur- eelative Tire to o o e

Max. Propulsion 70.97 (2.26) 70.83 (1.81) 70.97 (2.06) 72.00 (1.58} °

sions during this time period. The two brace condi-
tions demonstrated greater amounts of excursions

during the mid-support period of the contact phase Braking lepulse 205 (0 (0 28 (06
when compared to the experimental 1imb. The incre- Propelling Iraulse 2wz a2z
sed cycling of movement in the mediolateral direction

Max. Propelling
Force 3.05 ( .385) 3.09 ( .22) 3,04 ( .26) ER RIS

Average Braking
Force 1.89 (L31) 1.9 (.38)  2.03(.39) 2010 .31

may be associated with the reduction in rotation Average prapeiing
. orce 1.69 ( .22) 170 (a7) 1.75 ( .18) 178 (.27)
parameters being effected by the brace at the knee
joint producing a functional alteration at the foot- Relative Time = % Supvart Phase
ankle complex. rorce < Wk oy Kass
+ = Signiffcant Univariate Analyses (p¢.05)
CONCLUSIONS

Functional knee brace application was shown to TABLE 3. WEDIOLATERAL FORCE PLATFOR VARIABLES

significantly alter the kinetic parameters associated

with the support phase of running. Generally, the ConDiTIONS
braces altered the ground reaction force parameters VARIABLES ¥ BRACE s 11 HEALTHY
during the collision phase by delaying the attain- JRP——
ment of maximum force values and producing greater 0-308 Support 017 (.008) 015 (.009) 0I5 (.010) 015 (.01)
impact values in both the vertical and fore-aft 30608 Support o3 (.azs) .03 Loz 035 (023 047 (.030)
directions. Furthermore, brace application increased 40-758 Support 039 L027) .00 .03t 035 Lozs]  .ok9 {.038)
the mediolateral excursions during the middle portion 0-100% Support 055 (.030) 053 (.035)  .od5 (.031) 087 {.045)
of the support phase. Additional studies are needed
to quantify the relationship between lower extremity TOTAL EXCURSIONS
kinematic alterations and support phase kinetics 0-30% Support” 2 (78 260 (7 z@l) 2.8 (62)
following knee brace application. 30-608 Support” o LI Lo ) el e L)
40-75% Support® 1.19 (.26) 1.34 (.3) 1.39(.39) 1.29 (.31)
References 0-100% Support 4.20 (.85) 4.38 (.88) 4.51 0.22) 4.21 (.96)
1. Bates, B.T., et al. Biomech. VII-B 226-233, 1981. Euritons s R
*Significant Univariate Analyses (p¢.05)

2. Bates, B.T., et al. Biomech. VIII-B 635-640, 1983.
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BIOMECHANICAL CHARACTERISTICS OF THE SWING LIMB IN MASTERS RUNNERS*
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Madison, WI 53706 Madison, WI 53706
Introduction

Although it 1is generally known that individuals

perform many speed dependent motor tasks more slowly

as they age, it is not clear whether the speed

decriment also includes a change in the pattern

of performance. It is also not always clear how
much of the loss in speed is related to aging and
how much to a sedentary, or disuse factor that fre-
quently accompanies advancing years. This study
reports some preliminary findings on the kinematic
and kinetic pattern characteristics of male runners
over 60 years of age in comparison to those of young
adults. Subjects who were in the habit of running
regularly were recruited so that the influence of
disuse would be minimized.

Review and Theory

Research on the morphological changes in skeletal
muscle associated with age indicates that there
is loss of muscle mass due both to loss of fiber
number and diameter, a tendency toward dedifferenti-
ation of fiber types associated with "functional
denervation'" at the myoneural junction, differential
loss of fast (Type II) versus slow (Type I) fiber
types (Fitts) and loss of reflex excitability (Sabb-
ahi). Disruptions of movement associated with these
changes include decrease in movement and reaction
time (eg.Welford),decrease in isometric and isotonic
strength (Murray, 1980) and decrease in movement
speed with a relative increase in endurance (Fitts).
While 1little data are available on the biome-
chanical characteristics of movement skills as age
advances, Murray's (1969) studies on walking in
"healthy old men" showed a slowing of walking speed
with decrease in stride length and increase in
stance time, and general decreases in range of

motion at upper and lower limb joints after 60 years.

Although all of the changes cited are associated
with age they are not necessarily due to age. They
could be caused in part by disuse or disease.

Running has become an activity that many older
people engage in regularly. Such individuals tend
to be free of decrements in performance due to dis-
use and thus are more likely to show true decrements
due to age. Since variability tends to be greater
in submaximal than maximal, or near maximal perfor-
mance the latter was chosen for study. The range
and speed of motion are greater in the swing limb
than in the stance 1limb, thus swing limb measure-
ments were considered more 1likely to discriminate
pattern differences. Data on younger runners are
available for comparison (eg-.Cavanagh) but to our
knowledge 1little is available on Masters runners
other than that contained in our own early report.

Methodology

Five Masters runners 60-65 years of age and three
middle distance runners 20-22 years were recruited
for the study. The Masters subjects ran regularly;
the younger subjects were members of the track team.

Cinematographic records at 200 fps of the subjects
running at, or near maximum speed were taken at
an outdoor track. Three of the Masters subjects
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also ran at a more moderate speed representing their
regular running speed. Three to six trials were
filmed during two sessions. A 25mm lens was used
with a camera distance of 15.24m. Centers of mass
(Dempster, 1955) and angles of inclination were cal-
culated for the thigh and combined shank-foot and
curve fitted by augmented cubic spline function.
Joint forces and moments were subsequently calculated.

Results & Discussion

Actual maximal effort running speeds ranged from
5.2 to 7.2 m/s and 8.8 to 9.6 m/s for Masters and
young adults respectively, with stride lengths from
3.08 to 3.58 m and 4.6 to .02 m. Figures 1 and 2
show the angular velocity of the shank-foot and
thigh respectively for all usable maximum effort
trials for all subjects. Although the scatter is
considerable the patterns of angular velocity for
both the thigh and shank-foot appear quite similar
across groups with peak values occuring at approxi-
mately the same percent of time. The primary differ-
ences are in the magnitudes of peak values, and in
the acceleration and deceleration slopes, with all
these being least for the Masters runners.

The early flexion (neg.) peak for shank velocity
occurs near 10% of swing for both groups but with
a separation of peak values of about 5 rad/s. The
extension (pos.) peak occurs near 587, again with a
peak value separation of about 5 rad/s. The: peak
values are lowest for Masters being approximately
-12 rad/s for flexion and 15 rad/s for extension.
Between 80% and 100% of swing shank angular velocity
is again in the flexion direction with values some-
what less in magnitude for the Masters.

Thigh angular velocity (Fig.2) similarly shows
lesser values for the Masters than the young adults.
The separation between peaks is less than for the
shank, howéver, being on the order of 3-4 rad/s for
the flexion of midswing (50%) and the extension prior
to touchdown (80% to 100%). The initial portion of
thigh motion tends to show zero velocity for Masters
but a flexion velocity for the young adults.

Linear kinematic parameters were in keeping
with the angular. Horizontal values particularly
discriminated magnitudes as could be expected. How-
ever, while linear horizontal velocity patterns
were generally similar across all subjects individual
pattern characteristics were clearly discernable
and quite stable over trials and speeds.

Data on the Kinetic characteristics of the swing
limb in general substantiated the kinematics, however
the separation in peak magnitudes was less clear cut
and overlapping of the high values of Masters runners
with low values of young adults was present. Fig.3
showing the moment of force at the knee (Mi) for
selected trials illustrates the findings. Despite
overlapping during the first 25Z of swing Masters'
values generally are lower than young adults'.
Peak flexor (neg.) moments near touchdown are large
and clearly separated. At the initiation of swing
most trials for younger subjects showed a brief flex-
or moment (neg.) while most trials for Masters did
not. Total moments (I §) for Masters were flexor
even though M, was zero or extensor. This resulted



because moments due to joint forces were flexor for
Masters as well as young runners.

Within the limitations of the present data it
appears that patterns of kinematic and kinetic varia-
bles are not clearly different between these Masters
runners and young adults. Thus differential losses
in fast type II muscle fibers, if they are in fact
present in these physically active older males, do
not appear to result in pattern changes. Rather,
clear magnitude decreases occur which may result
in part from overall muscle fiber losses.
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INTRODUCTION

Electrogoniometers (EGM) combined with on-
line computer processing offer many advantages for
the measurement of lower extremity movements during
gait. The reliability of EGM measurements of hip
(1) and knee (2) movements have been reported but
information is lacking for ankle movements.  EGM
measurements of = joint motion, however, require
careful applications of the device to the 1limb
segments. Since we encountered problems approxi-
mating the axis of our EGM to that of the ankle
joint for sagittal movements, we tested alternative
alignments of the EGM. The purpose of this paper
is to describe the difference between measurements
taken with two alignments. In one, the ankle EGM
sagittal axis is above the ankle axis, while in the
other, the EGM and ankle joint axes are approxima-
tely co-axial. The distal attachments are altered
accordingly for each placement.

METHODOLOGY

Five normal subjects participated in this
study. The MERU electrogoniometer, also known as
the CARS-UBC electrogoniometer (3) and later modi-
fied by Knutsson and Gransberg (Karolinska
Sjukhuset, Stockholm) was used in this study. The
signals from the potentiometer were processed by
Grass amplifiers (model 7P1l) and subsequently sent
to a LS1-11/03 computer. Profiles of 20 gait
cycles (determined from footswitch closures) were
averaged. The two alignments were produced by
altering the placement of the distal am (which in
this EGM is composed of three interconnected po-
tentiometers and the distal attachment plate). The
first placement, (H), was with the distal arm fixed
to the lateral side of the heel (Fig. la). In the
second placement (M), the fixation of the distal
arm was on the metatarsal region of the foot (Fig.
1b). For each placement, two series (1 and 2) of
20 cycles separated by removal and then re-
application of the EGM were recorded, in order to
evaluate the reproducibility of the placement. A
common ankle reference position (zero in the fig-
ures) for the placements was determined by in-
structing the subject to stand upright with the
feet close to each other. Subjects walked along a
5 meter walkway at natural cadence. The movement
profiles obtained with the two placements were com-
pared by Pearson correlation coefficients calculat-
ed for angular displacements at each 2% of the mean
movement cycle in each subject. Absolute differ-
ences between the two placements were also calcu-
lated at each 2% of the gait cycle and averaged to
give an estimate of the difference (in degrees) for
the complete cycle. The total excursions, maximal
dorsiflexion minus maximal plantar flexion, during
the gait cycle were also compared. Statistical
differences were determined with the Student t test
for paired values.
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RESULTS

Figure 2 illustrates the results obtained in
one of the subjects. As seen in the figure, the
differences between the two series with each place-
ment (A and B) or between the two different place-
ments (C) are quite small. Table I gives the mean
values and the range for the differences between
specific placements. As expected, the absolute dif-
ference between the two series (1 vs 2) for each
placement is Tlower than the difference between
placement H and M. It should be noted, however,
that- the mean absolute difference (2.59 degrees)
between placements H and M is only about one degree
greater than the difference between repeated tests
with each placement (1.59 and 1.26 degrees). The
high correlation coefficients for all the tests also
indicate that, in general, the profile of the ankle
motion is similar for all placements. Some differ-
ences can, however, be noted in a visual comparison
of the curves. For example, with placement H, os-
cillations of the curves between 0 and 10% of the
cycle appear larger and the slope of the dorsi-
flexion movement between 10 and 50% of the cycle is
steeper than with placement M. The excursion mea-
sured with placement M (30.96 t 3.11) is signifi-
cantly higher (p< .05) than the excursion obtained
with placement H (25.48 £ 3.28).

DISCUSSION

The differences between the measurements ob-
tained with the two different EGM placements are
small and not much greater than differences in re-
peated measures for one placement. Since the order
of magnitude of the absolute difference between the
two placements was similar to that obtained with the
repeated measurements, it is not surprising that the
profile differences were small as indicated by the
high correlation coefficients. [t does appear,
however, that with the M placement, oscillations in
the angle profile due to impact forces following
heel contact are reduced. The significantly greater
excursion with the M placement can probably be
explained by the contribution of the mid-tarsal
joint movements (4), although we cannot completely
exclude the effects of mis-alignment of the EGM to
the joint axis. These findings suggest that other
methods of ankle joint measurements during gait
which consider the foot as a rigid segment give
representative profiles of sagittal ankle movement
(5,6,7). Movements measured in the other two planes
will, however, be differentially affected by the
placements. Furthermore, the reproducibility of the
ankle measurements obtained with each placement is
comparable to that described for electrogoniometric
hip and knee measurements (1,3).
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TABLE I

Values obtained in the comparison of the electrogo-
niometer placements.

Placement Absolute Correlation
comparison difference coefficient
(degrees) (r)
H1 vs H2 1.592 0.980
(1.08-2.36) (0.962-0.994)
M1l vs M2 1.26 0.993
(0.51-2.69) (0.986-0.998)
Hvs M 2.59 0.971
(1.46-3.98) (0.959-0.980)

a Values given as mean with the range in brackets

Figure 1. Illustration of placements tested: In A,
the distal arm of the electrogoniometer is attached
to the lateral side of the heel (placement H) and
B, the distal arm is attached to the metatarsal
region (placement M). Note: although 3 potentio-
meters are shown in the figure, only sagittal move-
ments (proximal potentiometer) were recorded.
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Figure 2.  Ankle movement profiles obtained with
the different placements of the electrogoniometer in
one subject. In A, placement H is repeated, in B,
placement M is repeated, and in C placement H is
compared with placement M. In A and B, each profile
is the average of 20 gait cycles; in C, each profile
represents the mean (40 gait cycle) of the two
series of movements shown in A and B. Cadence
(N=40) was 118.9 steps/min for H placement and 116.4
steps/min for M placement.

ACKNOWLEDGMENTS

The authors thank Daniel Tardif, Gérard Guano and
Lise Laroche for technical assistance. This work
was supported by a grant from 1'Institut de Recher-
che en Santé et en Sécurité du Travail du Québec
(IRSST).

184



CHILD AHPUTEE WALKING AND RUNNING GAIT: A COMPARISON BETWEEN THE SACH AND SINGLE-AXIS FOOT COMPONENTS
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INTRODUCTION

Temporal parameters, angular displacement pat-
terns and joint moments have been analyzed to descri-
be the walking and running gait of below-knee (BK)
child amputees with respect to a given foot prosthe-
sis worn. The solid ankle cushion heel (SACH) and
single-axis (SA) prostheses are substitutes for
the weight-bearing foot and the ankle joint. per-
mitting simulated plantarflexion through heel com-
pression and limited dorsi and plantarflexion from
a hinged axis joint respectively. Scaled down ver-
sions of the adult models of the foot components
are provided for children, however their appro-
priateness in view of the child's ongoing develop-
mental growth and diverse activities remains in
question. The findings implicate inadequacies for
both components, although lessened for the SA in
walking.

REVIEW ARD THEORY

Prolonged inter-limb asymmetries have been linked
with degenerative changes in the lumbar spine and
the prevalence of osteoporosis and osteoarthritis
on the affected and unaffected limbs respectively
of lower limb amputees (l1). The extent of which
may be related to the degree of asymmetry and the
force magnitudes involved, often exceeding twice
body weight in running. An appropriate substitution
for the lost limb may reduce any undesirable gait
patterns and improve the amputee's stability in
various activities (2). Whether the SACH and SA
components meet such criteria is examined herein.

METHODOLOGY

Cinematographic and forceplate data were collected
on two occasions from six unilateral BK child ampu-
tees. During the first session all subjects wore
their SACH components and were each filmed bi-
laterally in the sagittal plane walking at their
natural cadence along an instrumented walkway and
again while running. The SACH foot was then replaced
with a SA and following two weeks accomodation the
children were retested. The digitized body markers
and external references were processed yielding
kinematic information. Link segment analysis (3)
using combined kinematic and forceplate data provided
the moments about the ankle, knee and hip. Using
NEXUS, a computer language for signal and system
analysis (4), angular displacements were normalized
to a 60/40 percent stance/swing ratio in walking
and a 34/66 ratio in running; the moments were nor-
malized to the stance phase only. Residual angle
and moment curves were calculated by subtracting
each subject's specific SACH limb parameter from
their intact 1limb's counterpart, SA from intact,
and the SACH from the SA. Each of the three residuals
were then averaged across subjects, hence providing
a measure of asymmetry and prosthetic performance
relative to the gait cycle (GC).
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RESULTS AND DISCUSSION

In walking, less time was spent on the amputated
side largely due to an early push-off from the
affected limb as indicated by the shorter late double
support (DS) duration compared to the early DS
(SACH:p < .02,SA:p<< .05). This is attributed to the
inability to generate a downward thrust via active
plantarflexion as confirmed by a smaller than normal
second vertical ground reaction force (VGRF) peak
for both components (p < .05), as well as cthe large
asymmetry revealing the incapacity of the SACH and
SA feet to plantarflex to the extent of the natural
limb at toe-off (arrow, fig.la). Figure la illus-
trates the ability of the SA foot to dorsiflex during
midstance, a movement not permitted by the SACH
foot. The forceplate data exaggerates this limitation
as the characteristic dip centered in the VGRF curve
is markedly less than the SA and intact limbs
(p < .05) indicating a diminished capacity for the
SACH limb to accelerate upwards following heelstrike.
The SA restoring moment from the dorsiflexion allows
greater extensor contribution than the SACH and
less discrepancy from the natural limb (fig.lb).
The remaining limb's compensation 1is most evident
at the knee particularly at heelstrike and toe-off
(fig.2a and b). The affected knee yields less initial
flexion corresponding to a below normal extensor
moment and more flexion at toe-off, preceded by
an above normal extensor moment to enhance stability
and compensate for the lack of extension provided
by the ankle. The compensations at the hip (not
shown) were not as evident.

For the running condition, the amputees spent
more time on their prostheses (SACH:37.2%; SA:36.0%)
than their natural 1limb (31.0%) which effectively
limited stride length and velocity, both of which
may enhance feelings of safety and stability. The
reduced VGRF on the prosthesis side, 210% and 206%
body weight (BW) for the SACH and SA respectively,
as compared to the unaffected side, 245% BW (p<<.0l)
was probably secondary to the slower prosthetic
running speed and reduced acceleration. Relative
to walking, the inter-limb asymmetry magnitudes
were larger and the difference between the S3SACH
and SA limbs were smaller. The foot components them-
selves displayed less than =*2 difference at the
ankle throughout the GC, yet they were unable to
generate the desired movement outcome. At initial
contact, the intact foot dorsiflexes whereas the
prostheses respond by plantarflexion due to their
structure. This promotes a peak asymmetry in addition
to that noted, as in walking, at toe-off due to
the absence of plantarflexion. It follows that the
ankle's extensor ability was diminished to an extent
irrespective of the component worn (not shown).
The flexion excursion of the knee at initial contact
was reduced exposing it to higher force loads than
normal, requiring strong extensor activity at that
time (fig.3a and b). Throughout the remainder of
stance, substantially lower extensor moments were
generated despite more similar joint patterns, in-
timating a secondary effect of reduced speed, in-
creased stance and possibly a loss in the knee's
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mechanical advantage. This appears to be compensated
by an above normal hip extensor moment, although,
saving initial contact, the extension was less on
the amputated side which may increase stability
(fig.4a and b). At all joints, the characteristics
of the SACH and SA 1limbs were similar, yielding
a maximum residual amplitude representing less than
12% of the respective joint or moment range. Also,
the prosthetic limb's muscle moments did not exceed
the range determined for the intact limb.

CONCLUSIONS

It is evident that symmetries exist between the
amputated and intact 1limbs, however, in walking
they are less when the SA foot is worn, due mainly
to its ability to dorsiflex. In running, the inter-
limb asymmetries are augmented and are not influenced
by the prosthesis worn suggesting that neither
component is designed for such activity. Finally,
although the forces may not in themselves be ex-
cessive, the continued imbalance of their application
on a developing skeletal system may have adverse
long term effects (5).
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Figure 1 The mean residual ankle angle (a) and

moment (b) curves representing the
difference(asymmetry)between the SACH limb
and the intact limb (...), the SA limb and
the intact limb (---) and the SACH limb and
the SA limb é—-—). Moments are normalized
to body weight.

F=net flexion (dorsiflexion),

E=net extension (plantarflexion)
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Figure 2 The mean residual angle (a) and moment (b)

curves for the knee joint in walking.
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INTRODUCTION
METHODOLOGY

The purpose of the present study was to apply gait
analysis as a «clinical tool for quantitative
control during rehabilitation of an elite gymnast
after achilles tendon rupture. The analysis was
started five weeks postoperative and stopped six
weeks later when gait symmetry was recovered. The
analysis proved to be a wuseful help for the
clinician in order to get gquantitative information
about the 1load carried 1in the achilles tendon
during gait over the different stages of
rehabilitation.

REVIEW AND THEORY

Rupture of the achilles tendon is a typical sports
injury. About 80% of the cases occurr during
sports activity (1). The injury is crucial since
it affects a whole muscle group, the m. triceps
surae, which 1is a main functional structure in
order to maintain human locomotion., Late
complications may result in a reruptur of the
tendon, usually occurring before 4 months after
the operation (1,3) with a frequency between two
and six percent.

Clinician as well as athlete are faced with the
problem on how to progress during rehabilitation
with respect to the increase in loading of the
tendon. Since no quantitative information is
available the recommendations given in literature
are mostly cautious in nature. Immobilization up
to eight weeks are suggested, followed by careful
therapeutical treatment. On the other hand the
negative influence of total immobilization on the
properties of biological materials are well known
(2). The present pilot study was to investigate
the possibility of a qbantitative control of early
therapy during different stages of rehabilitation.
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The subject was analyzed while walking 5, 7, 9 and
11 weeks after operative treatment. External
kinetic measurements were carried out using a
KISTLER force plate and data were stored on-line
on a LSI 11/23 minicomputer. The external force
data were combined with a quasistatic analytical
model developed by Stuessi (4). Subsequently, the
actual load carried by the achilles tendon during
stance phase was calculated. Graphical and
numeric results were available immediately after
the measurements so that the following
therapeutical treatment could be based on it.

RESULTS

The results of the calculated internal forces are
summarized in figures 1 and 2. Figure 1 shows the
development of force in the achilles tendon during
walking over the six weeks of analysis. The
recovery in gait symmetry with respect to the
function of the triceps surae muscles is indicated
in figure 2.

DISCUSSION

Within the limitations of a case study the results
show the effect of early postoperative therapy on
the load 1in the achilles tendon during walking.
The greatest increase in absolute maximum force is
seen between the seventh and the ninth week after
operative treatment (1.2 BW up to 2.7 BW) which is
in agreement with the results of Arndt (1).
During this period the maximum force was more than
doubled. The same relative increase is
demonstrated for the period between the fifth and
the seventh week, wheras the increase in maximum
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FORCE
[BW] ACHILLES TENDON
is comparatively moderate. Gait symmetry with 4}

force over the last period (ninth - eleventh week)

respect to the function of the calf muscles was 3 -
practically recovered after 11 weeks (see figure

2). When comparing the results between the
affected and the non-affected leg then the
greatest improvement towards gait symmetry was

11 weeks
9 WEEKS

///«7 WEEKS

again made during the period from the seventh to
5 WEEKS

the ninth week. According to these results
physical therapy was stopped after this period and
the athlete started with a continously progressing
training program which is considerably earlier
than suggested in literature, TIME

The findings of this pilot study suggest that an T
objective and quantitative control of therapy may 0 0.5 1 [NORMAL!ZEﬁ
be a wuseful tool for the rehabilitation process.

It leads to the hypothesis that such a biofeedback Figure 1. Calculated force in the achilles tendon
system would have significant consequences on the during stance phase over six weeks of
optimization of quality and time of postoperative rehabilitation.

therapy. The encouraging results of the present

study will therefore lead to a larger

investigation in the near future.
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{UTRIJUCTICH

Onz of the na2geativa rasults of marn's development
wes the 2ltering of his envircnmant which remcvea nim
from r2silient, grassy grouncs to the concrete
raality of tha city. This transition resultac in
much highar physical loccs cn the human musculcskela-
tal system. The natural shock absorbar which is
Suilt into every one's heel pad bacam2 an insuffi-
ciant one. The energy which invades the body cGuring
2ich heal strike can no longer be any mors suffi-
ciontly attonuatec, modified and gissipatad by cnly
th2 pe21 pac which la2acs tc an cverloading of thz
nztural shock absorbers of th: musculoskeletal
systam,

“echznically induc2¢ sheck waves (walking on a
herc surface, standing on a vibreting surfaca or near
vibrating machinary, 2tc.) not only céuse 2xcessiva
titigue, but are also suspacted to be a main cause of
low z2ck sain (L3P) (1), occupationally inducacd
heecachas anc som2 ca2ganerative jeint discraers in
numens {2).

Significant reduction or evan 21limination of the
injurious =ffacts of tha shock wavas ar2 contingent
ucon gevalcpmant of the accurate methods tc quantify
thase waves and tha effact of various shock absorbing
g2vicas on ths human body.

METHODOLOGY

A varicty of methods were suggestea for evalua-
tion of the shock ebsorbing capacity of footware.
Usually p2rfermance of tha fcootwear by itsalf is
studied, without taking intc account actual foot-
foctwear interaction. In this investigation a novel
approach, by which a smell low-mass accelarometer is
str2nped 2xternally to the salacted point on the
human body, wes utilizea (3). The signal, which
raprasents shock wavas actually incuced into the
humen musculosk2letal systam curing walking, was
acguired by & digital oscilloscope and its maximum
amplitude wes racorded for 2ach heel strike. A 20
yaer old femele sarvecd as a tast subject. Sha was
allowed 2C minut2s tc g2t used to instrumentation.
Suring cata acquisition, her averag2 speed was ac-
Justad to 1.2 sec/walking cycle,

PESULTS

The maximum amplituce of the signal {in g-units)
wes racorcec during walking in the shoe only, shoe
with cevice A, [ and C, cach representing a dif-
ferent, commercially available insola. The combined
results era presantec in Table 1.

North American Congress on Biomechanics
Montréal (Québec) Canada, 25-27 August 1986

PA

12015

Table 1. iHaximum values of &acceleraticn.

Type of  liumber of fverage Stencore
tast trials accalaration caviztien
Shoe only 32 2.7 C.151
Shoe + A 32 1.612 Gt
Shoe + 3 32 1.562 0.22¢
Shoz + C o J.611 5.053

The shock absorption of thz investigzteg insolas

was d2fin2d with raspact to a bas2-line, wrich vas
established as welking in the sho2 without any insclz
in it. Reletive attenuetion was dafin2¢ cs ¢ rz*i
of mean cifference petwean m2asurad ecczlarzticn in
the shoe only and in tha shoe with th2 insols cvar
the base-Tine vslue. Celculstac cvarage raduction ir
tha measured acceizraticn lav2l for 23ch inscl2 is
prasantac in & greéphical form in the Figure

" W
—

The implicatien of the above results
the use cf viscoslastic inscles curing normel voliirg
will gacraasa “he amplitude of the shock wava
propagating thrcugh tne body ang therafora, proizci
the joints from overloacding th2ir capacity tc sdstzin
intermitlant loading.

cu
-5
]

u

The statistical "two sample t-tast" was usnd fo
evaluate the significance of the cbtzcinag
differences. If one sats a goal of at lzast 15%
raduction in the amplitude of the inccming snock
wave, the probability of &n arror is less than 0.1725
for all insoles tested. The overall parformance of
the insoles is summarized in Table 2.

Table 2. Performance of the insolas.
Type of % of shock wave Prooedility
inscle  dissinatad of error
A 29, 2.0802
B 20. 0.225¢
o 50. 0.500%

JISCUSSITH

As one can see from tne Table 2, tha i -
tigated insoles are capable of attenuating the 1
strike-induced shock wave with & high d2gres cf
confidence. However, the usefullness of any inscl2
depencs on a particular application. For axample,
the insol2 A, which is thin and relatively light anc
on average provices only 22.7% reducticn of t1n2
amplitude can be of importance for peopls who spand
their cay in thin-soled shoes, which by thans2lvas
provid2 vary little shock absorption. The inscls 2

provides a little bit batter protection {23.7%);
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howaver, it is much heavier than insola A, On the
other hanc, inscle o will provido better protection
in the metatarsal area, thus making it very attrac-
tive for court gome players. The insole C provides
maximum reduction of the amplitude of the shock wave,
out its construction is r2letively large; thus it can
nct be used in regular everyday fcotwear, uut may be
ex21l2nt in heavy boot applications.

It is therafcore probebly difficult to expect an
inscle that can b2 gooa for all occasions, but spe-
cic)l purpose insoles can be built to satisfy a
variety cf requiraments.

COLCLUSIONS

Th2 mathoaclogy pra2ssnt2d here can be used for
non-invasive, in-vivo evaluation of the shock absorb-
ing cepacity of @ variaty of insoles during actual
us2, i.e. welking, running, jumping, working in a
vibrzting 2nvironment, 2tc. The main «dvantage of
tn2 presented technique is the use of actual foot-
insoi2 interaction during evaluation. The seame
¢pproach can b2 us2d during development of new in-
sol2s for specific applications.
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Discrete In-shoe Plantar Stress Variations with Running Speed
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INTRODUCTION

Eight discrete piezoelectric transducers
were constructed to record in-shoe plantar
stresses as subjects ran on a treadmill.
The sensors were placed beneath anatomical
points of interest on the underside of
running shoe insoles. Plantar stress
variations with running speed were examined
to assess a hypothesized causal relationship
between increased symmetric metatarsal
loading and increased running speed. 1In
addition, loading patterns gave insight to
discrete foot function during distance
running.

REVIEW AND THEORY

A majority of investigations examining the
foot/ground interaction have involved force
plates. Resultant force and center of
pressure plots have been used to indicate
the magnitude and approximate orientation of
loads in relationship to the foot. However,
detailed investigation of loading with
respect to foot anatomy is not possible with
force plates. Instead, investigators (Stott
et al.; 1973, and Cavanagh and Rodgers;
1985) have developed equipment to record the
distribution of plantar loads. While
possessing a higher dimensional resolution
than force plates, these studies were
limited by the effects of targeting a small
area and an inability to include the shoe as
a component of the foot/ground interaction.
As a result, plantar stress investigations
have focused on barefoot walking.

The equipment developed for this
investigation allowed measurement of
localized stress inside running shoes during
distance running while freeing subjects from
targeting concerns. Although placement
beneath the insole prevented direct discrete
stress measurement, this attachment method
was necessary to preserve element integrity
throughout the experiment.

METHODOLOGY

The ten competitive distance runners
participating in this study were rearfoot
strikers across the protocol running speeds
(2.98, 3.57, 4.50m/s). Subjects trained an
average of 80km per week and were selected
based on a training pace within 0.2m/s of
the median test speed.

The transducers were characterized in a
manner similar to Hennig et al. (1982).
Average nonlinearity and hysteresis were
less than 1% when measured with the elements
between the insole and midsole of the
running shoe utilized in the study.

Transducers were located by palpation
under the following anatomical points of
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interest (see Fig. 1.): 1) calcaneal
midline, 2) inferior to the medial navicular
prominence, 3) base of fifth metatarsal,

4) head of fifth metatarsal, S5) head of
third metatarsal, 6) head of second
metatarsal, 7) head of first metatarsal, and
8) centered plantar surface of the hallux.

A potential criticism of discrete
transducer use is the variability associated
with element placement. To assess this
variability, one subject performed the test
protocol six times over a three week period.
Variability of the within day means for each
element were assessed over the six test
sessions. The average coefficient of
variation across running speeds and elements
was 7.6% of the mean. Included within this
error estimate were trial, day to day, and
placement variability.

The elements were secured inside the left
shoe after a fifteen minute treadmill
warmup. Running speed was sequenced
randomly across subjects. Participants ran
at each test speed for approximately six
minutes. The first minute was used to allow
the subject to reach a steady and
comfortable running form. Five left
footstrikes were recorded at one minute
intervals at each speed.

The instrumentation gain conditioned the
analog output to a plus/minus 10V. Voltages
were sampled at 333Hz per channel and were
stored in a PDP 11/44. Data analyzed
included peak stress and impulse (stress
output multplied by transducer surface area,
integrated over time). Running speed
effects were assessed with repeated measure
analysis of variance at the p=0.05 level of
significance. The Tukey WSD was used for
post hoc comparisons.

RESULTS

Peak stresses under the foot were
influenced by running speed (see Table 1.).
The medial midfoot region displayed constant
stress across speeds. The trend of the
lateral midfoot, and first and fifth
metatarsal heads was to slightly increase
stress as running speed increased. The
second and third metatarsal heads, along
with the hallux and calcaneus produced
significantly increased peak stresses at
each speed.

Two impulse analyses were performed.
Absolute impulse was designated as the
individual transducer force/time integral.
However, this measurement was misleading
when used to examine stress variations as a
result of running speed. Decreased foot
contact time experienced at increased speeds
were confounded by increased peak stresses.
The general trend for all elements was a

lg%ight decrease in absolute impulse as



running speed increased. Relative impulse
proved to be a more useful descriptor of
discrete foot function. This measurement
normalized the contribution of each element
to the total impulse recorded during foot
contact. The only statistically significant
changes in respective contribution across
running speeds were found between the high
and low speeds at the calcaneus, medial
midfoot, and first metatarsal head. The
actual differences were less than 0.7%.

DISCUSSION

Peak stress data, resulting from
functional loading of the foot, suggested
kinetic variations as subjects increased
running speed. Within the range of a slow
jog and a 10k race pace, two regions of
function were evident in the rearfoot
striking runners; the rearfoot, or heel
region, and the forefoot, which included the
metatarsal heads and the toes.

Higher peak stresses under the calcaneus
were found as running speed increased,
indicating more severe landings. Similar
results were noted by Nigg (1986), who
examined bimodal vertical force plate data
produced by runners at different speeds.
Data from the current investigation
indicated that, across running speeds, peak
calcaneal stresses occurred at approximately
14% of foot contact time. Loading for the
first, second, and third metatarsal heads
did not begin until 11% of foot contact
time. This finding suggests a delineation
between rearfoot braking and forefoot
propulsion in rearfoot striking runners.

Peak stresses did not increase
systematically under the forefoot as running
speed increased. A distinctive facet of
fifth metatarsal function was the onset of
loading prior to medial midfoot loading.

The small fifth metatarsal peak stress
variations, coupled with early loading,
suggested an important role in stabilizing
the foot and minimal use as a propulsive
mechanism. In addition, loading under the
first metatarsal head increased slightly
with speed and was approximately 55% the
magnitude of stresses recorded under the
second metatarsal and hallux. Low first
metatarsal loading was surprising.
Apparently, as the hallux forcibly
plantarflexed, a bridge was formed by the
first metatarsophalangeal joint which
prevented increased application of stress
under the first metatarsal head. The
propulsive rigid lever idealized in foot
function literature appeared to be formed by
the second and third metatarsal heads and
the hallux rather than the whole forefoot.

Decreased contact time as speed increased
confounded absolute impulse calculations.
Hypothesized increases in forefoot
propulsion with increased speed were evident
only in peak stress analyses. However,
relative impulse was used to describe
individual contributions of structural foot
components. The three principal load bearing
structures were the second and third
metatarsal heads and the hallux. The summed
impulse of these elements was greater than
57% of the total recorded impulse. One
implication of the findings is that changes
in running speed were accomplished by a
synchronous, simultaneous increase in
forefoot loading, rather than by "pushing"

off harder with either the hallux or
metatarsal heads individually.
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Figure 1. Plantar Surface of Left Foot
Showing Discrete Element Placement.

Table 1. Mean (s. dev.) peak plantar stress

variations with running speed.
Running Speed (m/s)

Element 4.50 3.57 2.98
Calcaneus 426.6 361.8 303.9
(84.5) (79.8) (62.7)
Lateral 463.5 423.6 405.2
Midfoot (102.1) (89.7) (82.4)
Medial 164.8 165.7 167.0
Midfoot (45.1) (36.9) (35.2)
Fifth Met. 378.1 366.1 346.8
(141.2) (146.8) (130.5)
Third Met. 515.5 481.1 446.4
(127.9) (100.9) (93.1)
Second Met. 730.5 676.8 633.5
(155.4) (122.7) (102.6)
First Met. 386.7 373.4 357.9
(110.3) (91.0) (83.7)
Hallux 712.4 642.1 575.1
(349.4) (321.0) (297.9)

All stresses in Kpa. Underlined values are
19not significantly different at p=0.05.
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INTRODUCTION

In the last ten years, running shoe research
yielded three general findings: (a) The running shoe
should abscorb and/or reduce impact forces 1in the
first 50 milliseconds of ground contact (Nigg et al.,
1978; Cavanagh, 1978; Frederick et al., 1981; Clarke
et al, 1984; Nigg et al., 1986) since these impact
forces are assumed to be associated with injuries
such as fatigue fractures, tendinitis and cartilage
damage (Segesser et al., 1980; Radin et al., 1982,
Voloshin et al., 1982). (b) The running shoe should
provide lateral stability and/or control which
sometimes is referred to as rearfoot control (Nigg et
al., 1977, Bates et al., 1979; Cavanagh, 1980;
Stacoff et al., 1983; Clarke et al., 1984) since
Jateral instability is assumed to be connected with
overuse injuries such as anterior medial compartment
syndrome (James et al., 1978; Segesser et al., 1980;
Clement et al., 1981) or iliotibial band syndrome.
(c) The running shoe should provide direction at
take-off avoiding an oversupination of the foot
during the take-off phase (Nigg et al., 1980; Stacoff
et al., 1983; Nigg et al., 1986). Oversupination at
take-off is speculated to be connected with achilles
tendon problems.

These three main criteria are widely accepted.
However, there is considerable discussion about the
strategies to choose on how to reach the goal
described in these three aspects. One of the main
discussion points is the aspect of rearfoot control.
Various constructional aids (such as heel stabi-
lizers, wedges, double density soles, various heel
flares and heel caps) are offered as possible
solutions to reduce pronation and to increase
"rearfoot stability."

The purpose of this paper is to study the
influence of sole geometry (flare at the lateral side
of the heel of running shoes) on initial and total
pronation and impact forces in heel-toe running.

MATERIAL AND METHODS

Rearfoot movement was aquantified by using
markers on the heel of the shoe or the heel of the
subject and the posterior side of the lower leg (Nigg
et al., 1977, Bates et al., 1978; Nigg and Luethi,
1980; Cavanagh, 1980; Clarke et al., 1984). The
projection of these markers in a plane perpendicular
to the running direction was used to define the
rearfoot angle y between the markers on the heel and
the horizontal on the medial side, and the achilles
tendon angle B between the markers on the lower leg
and the heel on the medial side. The method which is
explained in detail elsewhere (Nigg, 1986) describes
the motion of the shoe with its rearfoot angle y, and
the motion in the joints (subtalar and ankle joint)
with its achilles tendon angle B. Because of the two
dimensional approach, rotation around the ankle
and/or subtalar joint could not be determined in this
investigation.

The ground reaction forces recorded during the
first 50 ms after touchdown of the heel were chosen
as the measure of the impact forces. These measure-
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ments provide the initial ground reaction forces
which are external forces describing the impact
phase. They are not identical with the internal
impact forces in ankle or knee joint.

The experimental part of the study was performec
with fourteen male runners with a mean mass of 69.¢&
kg (S.D. 5.3 kg) who ran a minimal weekly distance of
15 km. Three pairs of running shces (size 9) were
used in the study. They were identical in construc-
tion except in the geometrical shape of the lateral
posterior part of the shoe sole. Shoe A had a flare
cof 16 degrees on the lateral side. Shoe B had a
flare of 0 degrees, and Shoe C had the lateral
posterior part of the sole rounded (radius abocut
3 cm) so that it had a negative flare with a changing
value. The runway was abcut 16 m long with a force
platform located in the middle of the runway. The
running velocity was 4 m/s + 0.2 m/s, controlled by
photocells. Simultaneous film measurements were
taken from a posterior and a lateral view of the
runner with a film frequency of 100 frames per
second. The variables discussed in this context are
defined and discussed in detail by Nigg (1986).

RESULTS

The mean values of initial pronation decrease
from shoe A to shoe B to shoe C which means from
positive to negative flare for both the initial joint
pronation and the initial shoe pronaticn. The
reduction from shoe A to shoe C is 40% for the
initial joint pronation and 45% for the initial shoe
pronation. The contact time did not change signifi-
cantly for the three shoe types.

The mean values of total pronation do not differ
for the three shoe types and are between 14.1 and
15.1 degrees for the total Jjoint pronatior and
between 11.4 and 12.7 degrees for the total shoe
pronation. A change of the shape of the lateral heel
flare construction reduces therefore the initial
pronation for joint and shoe but does not influence
the total pronation for both joint and shoe.

The mean values of the vertical impact force
peaks and the maximal loading rate do not chance
significantly due to the different heel flares.
However, the time of occurrence of the impact peak
changes from 37.8 ms for shoe A with the conventional
positive flare to 29.4 ms (29%) for shoe C with the
rounded heel (negative flare).

DISCUSSION

The results for the reduction of initial pro-
nation were expected. They are connected with a
change in lever arm. An illustration of the influ-
ence of lever arm on initial pronation for running
with a conventional running shoe with positive flare
compared to barefoot running is explained by Stacoff
and Luethi (1986, p.136). The result of reduced
initial pronation is also consistent with results of
another experiment where shoes with different midsole
hardnesses were compared (Nigg et al., 1986, p.154).
Mechanical consideration and experimental results for

19§n1t1a1 pronation are therefore in agreement.



The result that total pronation is not influ-
enced by the geometrical construction of the lateral
heel flare may seem surprising. It certainly was not
expected based on previous experiments (Nigg et al.,
1986, p.157) where total pronation was different for
a standard shoe with positive flare compared to a
special shoe with slightly negative flare. A possi-
ble explanation for our result may be found in the
midsole construction of the medial part of the shoe
sole. The shoe used in our experiment had a rela-
tively stable medial midsole construction (Shore 45).
In the experiment with two different shoes, the
medial midsole was, in both cases, harder for the
shoe with a negative flare. In addition, the rounded
heel shoe had a leather upper and the other shoes had
nylon uppers. This suggests that total pronation is
associated with the midsole hardness on the medial
side beneath the arch or generally on medial
stability of a shoe.

If these assumptions and conclusions are
correct, one would speculate that:

(1) the geometrical construction of the lateral heel
flare has little influence on total pronation of the
rurring shoe if the medial side is stable and firm,
and that

(2) the geometrical construction of the lateral heel
flare may have influence on total pronation if the
running shoe at the medial side provides Tlittle
support. However, these speculations have yet to be
supported by further experimental and/or theoretical
evidence before they can be accepted or rejected.

One would expect the impact force peaks to
increase for the rounded heel shoe C compared to the
conventional shoe A. However, the experimental
results dc not show such an increase and contradict
the expectations and the "common sense." Denoth's
(1986, pp.80-81) simple spring mass model for ideal
heel landing can be used to explain the results of
this experiment for the impact force peaks:

Foy= v g

where touch-down velocity
spring constant of the shoe-heel
system
m* = effective mass (mass primarily
involved in the deceleration process)
(Denoth, 1986, p.82).
in = maximal vertical impact force

The change of impact force depends (a) on the
change of the vertical touch-down velocity, (b) the
change in the spring stiffness of the heel-shoe
system, and (c) the change in the effective mass. It
is known (Nigg et al., 1981; Denoth, 1986) that the
effective mass depends on the knee angle at touch
down and on the time characteristics of the impact
force.

Substituting all the discussed effects, the
relative change of external impact forces in this
experiment is predicted to be -4.9%. In other words,
the experimental result of the impact force peaks can
be understood by using a simple effective mass-spring
model in which the experimental results for initial
and boundary conditions as well as the first part of
the movement are included.

The experimental analysis of the influence of
the sole geometry (flare) on the lateral side of the
heel of running shoes on the initial and total
pronation in heel-toe running can be summarized as
follows:

(a) The initia)l pronation and the initial pronation
velocity are significantly influenced by the sole
flare at the lateral heel. Negative flare has less
initial pronation than positive flare.

(b) The total pronation was not influenced in this
experiment by changed heel flare. It is speculated

\
f

that the geometrical construction of the lateral heel
flare has only an influence on total pronation if the
running shoe provides 1ittle support on the medial
side.

(c) The impact force peaks did not change as a
consequence of changed lateral heel flare in this
experiment. It dis not clear whether this ic a
general finding or whether this is a specific finding
for this particular type of shoe.
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IMTRODUCTION

It has been suggested that many lower extre-
mity problems encountered by runners are related
to foot structure and function during the support
phase of the running stride (Bates, et. al.,

97%: James et. al., 1978; Schuster, 1974). In
a clinical studv, James et. al., (1978) reported
that many common lower extremity problems experi-
enced by runners could be alleviated by the use
of orthotic appliances. Forty-six percent of
the injured runners were prescribed orthotic
appliances as a treatment and 78% of these runners
were able to return to their previous running
schedule.

Orthotic appliances have been found to primar-
ily affect the medio-lateral function of the
foot and to significantly change lower extremity
mechanics when the foot is in contact with the
ground (Bates et. al., 979). Podiatrists, there-
fore, generally prescribe orthotic appliances
to reduce excessive pronation during running.
However, it has also been determined that running
shoes, with a wide variety of mid-sole construc-
tions and durometers, may also reduce pronation
and significantly change lower extremity mechanics.

The evaluation of the effectiveness of ortho-
tic appliances and shoes in altering lower extre-
mity mechanics has previously been carried out
using either high speed cinematograhy (Bates
et. al., 1979) or ground reaction force platform
systems (Hamill et. al., 1982). Bates et. al.,
(1984) reported that in-shoe pressure sensor
system (Electrodynogram ') developed by the Langer
Biomechanics Group was an effective recording
system providing valuable information concern-
ing the internal shoe environment.

The purpose of this study was, therefore,
to evaluate the interaction between orthotic
appliances and two types of running shoes with
different mid-sgle constructions using the Langer
Electrodynogram  System.

METHODS AND PROCEDURES

Four young, healthy females, all of whom
were regular runners and who regularly wore semi-
rigid orthotic appliances when running, served
as subjects. The orthotic appliances were pre-
scribed by a podiatrist in all cases because
of severe pronation problems. The subjects ranged
in height from 1.68 m to 1.72 m (X = 1.68 m,
S.0. = 0.05 m) and in weight from 542.7 N to
629.9 N (X = 595.2 N, SD = 38.8 N). All subjects
were running in excess of 50 km per week and,
according to University policy, signed inform-
ed consent forms prior to participation in the
study.

The experimﬁftal set-up consisted of a Langer
Electrodynogram = System (EDG) and a photoelectric
timing system. Data sampling for the EDG system
was 200 Hz and was not under control of the inves-
tigator. The EDG system sampled for 2.5s during
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which approximately 3 right footfalls occurred.

The seven EDG sensors were applied to the
right foot of the subject in accordance with
the instructions provided. The sensors were ap-
plied to the lateral (1) and medial aspects (m)
of the heel, the lateral arch area (x), the leads
of the first (1), second (2) and fifth (5) meta-
tarsals and the hallux (H).

The subject then jogged about in order to
become accustomed to the equipment. They practiced
in the test area at the required pace (14.3 km/hr
+ 5%) which was monitored over a &4m interval
by two photo-cells attached to a digital clock.
Following the preparation and practice period.
each subject performed ten successful trials
in each of four conditions. The four conditions
were: 1) Cl-running shoe (injected PU, durometer
55); 2) C2-previous shoe + semi-rigid orthotic
appliance; 3) C3-running shoe (compression molded
EVA, durometer 25); and 4) Cl-previous shoe -
semi-rigid orthotic appliance. A randomized order
of conditions was used for each subject.

The EDG data was 1input into a micro-computer
after each trial and stored for later evaluation.
Variables describing peak pressure values for
each sensor were generated for each footfall.
The footfall values were then averaged to generate
representative values for each trial. Ten trial
mean values and standard deviations were then
calculated. Three comparisons (C1-C3, C1-C2 and
C3-C4) were evaluated statistically using a single
subject design developed by Bates et al., (1983).

RESULTS AND DISCUSSION

A summary of the statistical results and
the percentage differences between the compared
means for each sensor location and each subject
is presented in Table 1. It should be pointed
out that the 10 trial standard deviations for
all sensors, conditions and subjects were relative-
ly small save the lateral and medial heel sensors
of Subject 1. It appeared, therefore, that the
footfalls were consistent within a subject/condi-
tion. However, as indicated in Table 1, the sub-
jects reacted markedly different to each other
and thus no overall trend was obvious.

In comparing the different shoes without
orthotic appliances (C1-C3), all subjects demon-
strated significant differences at the lateral
and medial heel sensors with the higher pressures
always exhibited by the 25 durometer shoe. Since
all runners were heel-toe foot strikers and thus
the initial impact of the foot would be on the
lateral aspect of the heel, the higher pressure
values seemed to indicate that the subjects were
compressing the mid-sole of the 25 durometer
shoe to its limit. The larger pressure values
on the medial aspect of the heel also reflected
the mid-so<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>