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INTRODUCTION

The International Society of Biomechanics Working Group on Functional Footwear was
formed in July 1993 to provide a forum for those interested in biomechanical aspects of
functional footwear, including clinical and athletic footwear. The Working Group
currently comprises more than eighty members from around the world. A primary goal is
to encourage research and promote discussion of biomechanical issues related to
functiona! footwear by disseminating information and encouraging interaction between
group members.

This volume contains abstracts from the Working Group’s first Symposium on the
Biomechanics of Functional Footwear. The Symposium was held in August of 1994, in
conjunction with the Canadian Society of Biomechanics Biennial Conference at the
University of Calgary. In addition to abstracts from some of the invited papers at the
Symposium, this volume also includes, by kind permission of the editors, abstracts of
relevant papers from the Canadian Society meeting.

By linking the Symposium to the Canadian Society of Biomechanics meeting, the Working
Group was spared a lot of organisational and administrative work and freed to concentrate
on the assembly of a strong scientific program. Our thanks to Dr. Walter Herzog, CSB
Conference Chair, who had the insight to recognise that the symbiosis would be good for
both groups and the organisational skills to ensure that it worked.

The Symposium was funded entirely by the donations of sponsors from the footwear
industry and related businesses. Adidas America Inc., NIKE Inc., Novel gmbh, Schering-
Plough, Spenco and Retama Technology Corporation all made generous contributions.
The Symposium would not have occurred had these companies had not seen fit to support
basic scientific effort without thought for immediate commercial benefit.

Following the success of this Symposium a second one is to be held at the Deutsche
Sporthochschule, Cologne, Germany, June 28-30 1995.

For more information on the Working Group and future Symposia, please contact:

st

Martyn R. Shorten, Ph.D.

Coordinator, ISB Working Group on Functional Footwear
2835 S.E. Tolman St., Portland OR 97202-8752 , USA
FAX: (503)-774-7855

EMAIL: biomech@teleport.com
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Maechanical characteristics of the buman heel pad at impact loadiag as deduced from different experimental procedures

D.De Clercq (*) , P.Aerts (**), R.F.Ker (**°), R.McN.Alexander (**°)

(*) Laboratory of Kinesiology, University Gent, Belgium
{°°) Department of Biology, University of Antwerp, Belgium
(***) Department of Pure and Applied Biology, University of Leeds, UK

A.Introduction

Running at Jow 10 average speeds generally involves s foot
sirike  pattern with heel contact first. In the barefoot
condition, the resulting transient force depends distinctly upon
the mechanical characteristics of the faty tissue beneath the
heel bone. However, running with athletic footwear implies a
mechanical "collaboration” between the shoc and the heel pad
during heel strike. -

Apart from the evident locs] protection by covering the heel
bone, two dynamic mechanical functions are ascribed to the
hee! pad: shock reduction and damping. In a one dimensional
approach, both properties can be revealed from the relation
between force and deformation. On one hand, the slope of the
force - deformation diagram, or siiffoess, reflects the
resistance of the heel pad during its deformation. On the other
hand, the area enclosed by the loading and unloading part of
the force-deformation curve, or hysteresis, is a measure of the
encrgy absorbed by the heel pad.

In the barefoot condition, similar force - deformation
reiationships  were gathered from ‘“in wiw®™ impact
experiments: drop tests (Kinoshita er al., 1993) or pendulum
tests (Aerts et al., 1993; Cavanagh ¢r al., 1984; Valant,
1984). However, in an “in virro® approach (cyclic INSTRON
vibration test: Bennett er al., 1990; Ker er al., 1989) isolated
heel pad samples were found 1o behave in a much stiffer and
more resilient way. Recently this discrepancy between "in
vive* and "in virro® heel pad testing was resolved by exposing
the same heel pad specimen to a pendulum impact and 1o an
"adapted” INSTRON impact (Aens et al., submitied).

Little is known about the mechanical behavior of the fauty
hesl tissue in the shod condition. Two “in wive® studies
demonstrated the deformation characteristics of the fatty heel
tissue to be markediy influenced by wearing athletic footwear
(pendulum test: Aens ¢ al., 1993; astual running: De Clercq
er al., 1994).

The purposc of this lecre is (0 summarize and to discuss the
findings of our recent work in the field of testing heel impact
mechanics,

B.Barefoot buman beel pad mechanic Lagtitati -
yirro® testing: j¥ e fi e "in vivo®
approach.

Review

In in vive impact experiments (for instance Actts ¢ al., 1993)
the heel pact of the bare fool of the test subjects was
deformed by the linear momentum of an instrumented mass.
In the former "in virro™ tests heel pad samples, still atached
1o part of the colcaneus, were subjected to sinusoidal
vibrations with a predefined loading range and frequency (for
instance Bennett o5 al., 1990). The results of the two
spproaches differ in several, functionally important aspects

(see figure 1). In vive impact tests reveal a non-linear
giffness, which is st a load equal 1o body weight about 150
kN m? and a wndency toward frequency dependency ( i.e.
increasing stiffness with increasing impact velocity). In
vitro vibrational tests ( cyclic INSTRON tests) show a
much bigher heel pad stiffness at a load equaling body
weight of abour 1160 KN m' and no frequency
dependency. Moreover a siniking difference in coergy
dissipation exist. The in vivo impact tests show energy
dissipations between 76 % and 95%, being in sharp contrast
with 30% of encrgy loss found for the isolated beel pad
samples.

Purpose

Bennett and Ker (1990) explained the distinct results
between the two tests by assuming additional compliance
and energy loss to occur in the ankle-leg-knee system
which is inevitably incorporated ia the in vivo pendulum or
drop tests.

Because it is impossible 1o perform the INSTRON 1est
procedure with test subjects, the “lower leg hypothesis”
was tested in an alternative in vitre way: pendulum impact
and adapted INSTRON experiments were applied to the
same isolated heel pad specimen. If the large differences in
iffness and energy loss arc 10 be only atributed w0 the
presence of the lower leg, both wests should show identical
load - deformation curves.

Materials and methods

Four heel pads, stil! anached to part of the calcancus, were
isolated from lower limbs amputated for clinical reasons
(sec also Bennen er al., 1990). These specimens were
subjected to pendulum impacting (mass of 11.615 kg) with
impact velocities ranging from 0.20 m 5! 10 0.84 m &' (sec
also Aerts et al., 1993). In order 10 mimic the impact as
closely as possible, the “old® full cycle INSTRON
procedure (the specimen stays in contact with the load cell
throughout the deformation cycle) was alered in such a
way that the specimen touched the load cell halfway its
sinusoidal displacement (i.e. at maximal velocity of the
sctustor), In differert trials, the deformation of the sample
varied from 1.86 mm to 6.3 mm, and frequencies ranged
from 1.1 to i1 Hz. For reasons of comparison with the
previous INSTRON studies of Bennett and Ker (1990) full
cycle tests were also performed.

In both test procedures, force deformation diagrams were
obtained. In the pendulum set up only single contacts can
be carried out. In the INSTRON set up, first, second,....
a'th force-deformation loops were obuained. The Grst
loop - half eycle INSTRON test mimics a pendulum impact
in the best way.

Results and discussion
fe) Mechanical changes due to adapted INSTRON tesis
Subjected to full cycle tests, the mechanical behavior after
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many cycles conforms for all pads 1o the former results
obuined by Beanet and Ker in 1990 (mean energy loss of
30.9% 1 2.7% and no frequency dependency). In contrast,
first loop - half cycles tests show s significandy larger mean
energy loss of 50.4% + 7.2% and the force-deformation
relationship appears to be frequency dependent. Nevertheless,
from the second half cycle impact on & rapid conditioning
(i.e. to become more resilient) occurs. At first glance, such a
cyclic "haif<cyle® impact regime maiches the loading pantern
during barefoot running in the best way. Ongoing research on
this topic will be published in due time.

(b) Adapted INSTRON “first loop - half cycles” compared to
pendulum impact tesis (see figure 1)

When properly scaled, the force-deformation curves from
pendulum and INSTRON are very similar in shape. For both
lesting procedures, the loading phases overlap atiributing a
non-linear, but identical compliance 10 the bare heel pad
specimen. Concemning damping, the fractional energy
dissipation is 65.5% 1 §5.0% for pendulum impacts versus
504% + 7.2% for INSTRON half cycles. This discrepancy
is mainly caused by a small difference in the hysteresis loops
at the end of the unloading phase. This is most likely due to
the pendulum procedure which is, compared to a fine tuned
servo hydraulic INSTRON impact, more sensitive to energy
losses caused by experimentsl factors (for instance eccentric
rebounds, accelerometry combined with a double integration
procedure).

It can be concluded that pendulum and INSTRON tests reveal
identical mechanics for isolated heel pads, provided that
pendulum tests are performed in & proper way. This finding
supports the “lower leg hypothesis®. In the case of in vivo
impact testing the presence of the lower leg most likely
influences the force - deformation relationship.

C.Heel pad mechanics in the shod ¢ondition

fa) In vivo impact sesting

In an earlier study by Aents and De Clercq (1993) the effect
of wvarying midsole hardness upon the deformation
characteristics of the shod foot was investigated. Therefore
the heel pant of the fool of subjects (i.e. in vive) was impacted
by means of an instrumented pendulum (identica! w the one
used for the comparison between INSTRON and pendulum
impacting). This means that the measured force - deformation
relationships reflect the mechanical behavior of the fany heel
tissue in combination with the lower leg (see above).

The instrumented pendulum, with a mass of 11.615 kg,
wuched the hee! with & velocity ranging from 0.37 to 1.06 m
s"'. This was done in four conditions: two shod conditions
(running shoes only differing for midsole bardness; EVA
Asker C 65 and 40), a sticked sole condition and a barefoot
condition.

By changing the applied impact energy and the mechanical
configuration of the shoe-heel system, it could be
demonstrated that the shock reduction capacity of the lauer
(including the lower leg) depends upon a variety of external
factors such as maximal load, loading rate, stiffness of the
shoe midsole and prescnce and/or mechanics of the heel
counter. Heel counters constructed 10 allow “adequate”
sideways expansion without risk of mechanical overloading of
the heel pad, may improve the overall shock reduction of the
shoe-heel system.

with

) Gincradiographies from actual heel strike in shod and
barefoot running
In this sudy (De Clereq e al., 1994) lateral
cineradiographics were taken at 150 frames/second from an
sctual running Rep (running speed equivalent 1o 4.5 m g7).
Two wale subjects ran barcfoot and with running shoes.
The vertical ground reaction force and the actual
deformation of the fatty heel ftissue underneath the
nuberculum calcaneum were measured.
It was found that in barefoot running the heel pad deforms
. 1o a maximal perceniage deformation of 60.5 4+ 5.5% and
in shod running only to 35.5 4 2.5%. In both conditions
the amplitude of the vertical component of the ground
reaction force iz equal. Therefore, it was argued that
embedding the foor in a well-fiing shoe increases the
effective stiffness of the heel pad.

D. Genersl conclusions

The one dimensional mechanical beheviour of the bare hee!
pad can be studied in & relisble way by means of simulated
impacts on isolated heet pad specimen (i.e. in vitro),

For the moment, tll the results obtained from impact
studies using subjects, incorporate the mechanical
behaviour of the lower leg (i.e. in vivo).

When the heel is embedded in & well fining shoe, the heel
pad and various shoe components (midsole, insole and heel
counter with dynamic changing mechanical characteristics)
form an integrated structure with complex mechanical
charscteristics. The studies discussed clearly reduce the
problem to one dimension. A two or even three
dimensional stress strain approach might be appropriate.
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Figure 1: Superposition of a representative INSTRON
“first loop - half cycle® and & pendulum load-deformation

loop with indication of the percentages of encrgy loss. The
shaded arca represent an in vivo barefool loop.
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FATIGUE AND LOWER EXTREMITY FUNCTION

G.-P. Briiggemann and A. Amdt

German Sports University Cologne, Germany

INTRODUCTION

The development and the research of funcucnal footwear is usually
focussed on the concept of “prevention of excessive load” (Nigg and
Segesser, 1992). Impact force cushioning at touchdown, rearfoot
motion control and guidance of the foot during the pushoff have been
ueated as major requirements of a technically functiona} shoe.

Many authcrs have studied the absohste and relative motion of the
rearfoot during running and sideward loading in onder & quantify
stability requirements of sport shoes (cg. Luethi et al,, 1986, Swucoff
et al., 1993), Others have described the ground reaction forces at
touchdown (eg. Cavacagh and Lafortune, 1980) maximum plantar
insole pressure {eg. Hennig et al, 1982) or maximum tbia
acceleration (eg. Hennig and Laferune, 1991). Tests and experiments
were executed with new and worn thoes in order W0 examine material
fatigue ( eg. Swigard et al, 1993). The imeraction of the shoe
material and biological structures of foot and leg was studied by
Cavanagh et sl (1984) and Shorten (1993). Differences have been
shown between results of testing restricted to materials and testing of
the same materials conducted with subjects (Kaelin et al., 1985).

We know of no studies dealing with mechanics of the shoe - leg
interface 1aking into acoount the muscular and neuromuscular control
system of the human being. The micro-control of foot motion and its
influence on lower extremity function at varying stages of fatigue is
pot well understood.

PROCEDURES

A series of experiments was designed o determine the influence of
muscular and cardiovascular (aerobic) fatigue on lower exwemity
function during running and related activities. These experiments
could be placed into three categodes: a) jower extremity function
prior © and during asrobic fatigue without fatigue of the local
musculature, b) lower extremity function prior to and during local
muscular fatigue, ¢) lower extremity function prior to and during
asrobic and local fatigue.

The direct effect of acrobic fatigue on the control mechapisms of
lower extremity function was determined by » dynamic leg press
test in which the three arthopgonal reaction forces at the foot -
machine interface were measured. In this specific experiment the
subjects were fatigued with a band ergometer.

The kinematics and kinetics of healthy subjects nuuning on an
instrurnented treadmill were also studied before, diring and after a
well defined fatigue weatment Local mmscular fatigue was
achieved by a foot musculature training device whereas the
combined fatigue effect (acrobic and muscular) was produced by
running for 45 minutes at 3.5m/s. EMG patterns (m. triceps saraz,
m tbialis anterior and m. peroneus longus) and plantar pressure
distribution were additionally quantified.

RESULTS AND DISCUSSION

The kinetic response on lower exaemity function under
ardiovascular fatigue without local muscular fatigue showed a
significant pertubation in relation to non-fatigue activity. No
significant (p < 0.01) changes in the maximum force and force

patterns could be determined in the mechanically dictated direction
(leg press) before and after teatment. However, significant
increases were measwed o the lateral/medial  and
anterior/posteriar directions. These results indicated an influence

of the cardiovascular stanus on the efficiency of the neuromuscular
control mechanisms.

The experiment in which subjects were compared while rupning
with and without local fatigue of the lower leg muscles indicated 2
less coatrolied touchdown with great varability in kinematic and
EMG patterns. In addition the angular velocity of pronation in the
early stance phase increased.

The subjects that were fatigued while ranning showed remariable
Jower extremity kinematic and kinetic characteristics. The geperal
wend for ope subject is illustrated in figure 1. This shows four
rajor factors quantified during the run:

a) an upexpected dxzease in the insole impact peak under the
hesl,

b} an increase in the angle of pronation (achilles wndon angle)
with fatigue,

¢) the standard deviations of these parameters increased with
runnipg time and

d) a left o right shift of these curves could be observed
depending upon the physical fimess of the subjects.

Muscular and azrobic fatigue play an impartant role in the controt
of lower extremity function. The efficiency of the Jower extremity
movement is reduced by fatigue, thus resultiog in less controlied
wuchdown and stan.: phases. This implies a greater demand on
the stability requirements of the shoe for fatigued subjects. The
question therefore arises whether functional tests of sparts footware
should include the special condition of fatigued subjects rather
than using only unfatipued people to test specific requirements.
This could advance the concepts that have previously been
forralated by studies on excessive joads during sport.
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Figure 1: Maximum achilles tendon angle and maximtim insole
impact peak forces under the heel (mean and standard deviation of
20 steps of one subject measured at five minute intervals).
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PLANTAR PRESSURE MEASUREMENTS AND APPLICATIONS TO FOOTWEAR

E. M. Hennig
Biomechanik Llé.:}niversilﬁt GH Essen, Gemany

INTRODUCTION

For more than 100 years researchers have been interested
in the distribution of loads under the human foot during
various activities. Early methods estimated plantar foroes
from impressions of the foot in plaster of Paris and clay.
Later techniques included optical methods with
cinematographic recording. During recent years, the
availability of inexpensive force ransducers and modem
dats acquisition systems have made the construction of
various pressure distribution measuring systems possible.

SENSORS

Today, the major transducer technologies for pressure
disribution devices are based on capacitive, piezoelectric
and resistive principles. All methods are based on the
effect of changes in the electrical properties of sensors,
caused by the mechanical deformation of its material.
Therefore, the elastic response of materia) deformation
plays & major role for the quality of a transducer. Reduced
accuracy, as it is frequently seen in resistive transducers,
is mainly caused by a lack of material elasticity of the
resistive layer between the electrodes (e.g., conductive
paint). Resistive sensors are often fimctioning as contact
sensors, showing reduced electrical resistance when the
surface contact ares of the electrodes is increased.
Because of an insufficient elastic recoil in & contact
sensor, they often demonstrate large hysteresis. Contact
sensors often behave differently on the kind of interface
they are used on. On rigid surfaces, a reduced contact
surface area will cause lower output signals as compared
to measuremenis on a soft interface. Because resistive
sensors are inexpensive, pressure distribution sensors
with a high spatial resolution can be offered. These
systerns may not have the required accuracy for research
applications but sre often sufficient for a clinical
assessment of foot loading behavior. Pressure distribution
devices on a capacitive basis use the compression of &
viscoelastic dielectric to achieve changes in capacitance
(Nicol & Hemnig, 1976). Large relative defonmations of
the transducers are necessary to achieve sufficient
resolutions for low forces, Depending on the elastic
propertics of the dielectric, recoil of the material will
require time and thus introduces hysteresis effects for
rapid loads. Sclid rubber pyramids mats ss compared 1o
closed cell foam layers offer a faster response. Using this
technology, capacitive pressure mats have a good
accuracy for dynamic loads under the foot in walking and
running. Piezoceramic materials show very small and
highly elastic deformations. For rapid loads, these
transducers combine good linearity and a very low
hysteresis (Hennig et al., 1982), However, piezoelectric
sensors have a semistatic response, becmise volume
conduction through the material will discharge the
generated electricity. Most piezoceramic materials also
exhibit pyroelectric properties and will create electrical

charges with changes in temperanure. Therefore, for these
transducers, thermal insulation or a temperature
equilibrium, as it is normally present inside of shoes, is
necessary. Piezoceramic transducers have successfully
been used for applications ranging from messuring the
pressures under diabetic feet (Cavanagh et al., 1985) o
analyzing the foot to ground interaction during running
and jumping.

SINGLE TRANSDUCER VERSUS SENSOR MATRIX
ARRANGEMENTS

Because footwear influences the foot w ground
interaction considerably, in-shoe pressure measurements
are of special interest. Insoles with a ransducer matrix or
single ransducers, placed under specific anatomical
locations, can be used for plantar in-shoe measurements.
Pressure insoles with & matrix shaped sensor arrangement
can easily be placed inside shoes. ing on the
number of sensors, & more or less detailed picture of the
foot 1o shoe interaction during load bearing can be
created. Because most feet show individual differences in
geometry, the exact placements of the sensors under the
anaomical sites of interest are not known. As shown in
figure 1, this can result in a substantial underestimation of
the pressures under small bony structures (e.g., metatarsal
head V). In situation B (figure 1) the sensors will only
measure 25% of the actual peak pressures.

Figure 1: Localized pressure point (P) on top of one (A)
znd four (B) sensors.

Depending on the construction features of different shoe
constructions, the placement of the insole matrix may
have a slightly different position tmder the foot. In the
worst case, situation A may occur in one type of shoe, and
situation B in another product. Pressure insoles with a
large number of small ransducers, offering a high spatial
resolution, are necessary to overcome this problem.
However, pressure mats with a high density of accurate
sensors are expensive. Many sensors will also restrict the
time resolution of scanning and will generaie iarge
amounts of data.

Single transducers are typically fixed with adhesive tape
under palpated anaomical locations. Once, the
transducers are placed under the knmown anatomical sites,
the nfluence of footwear can be examined. The major
advantage of this technique is an exact placement of the
sensors under the foot structures of interest, independent
of individual foot geometry. It is also guaranteed that the
sensor locations under the foot will be identical in
different footwear. The typical locations for single sensors
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. under the foot are: medial and lateral heel and midfoot,

the metatarsal heads, and the oes. The use of single
sensors does not give a complete picture of the foot to
shoe interaction. However, figure 2 demonstrates that the
vertical ground reaction force curve during running can be
reproduced, using the summed pressures of only 8 sensors
under the foot. The chosen plantar sensor locations were
medial and lateral heel and midfoot, the metatarsal heads
1, IO, end V, snd the hallux. The data from 22 subjects,
nunning in one type of footwear at a speed of 3.3 m/s,
were used for the comparison in figure 2.

AE

¢ Summed Pressures

Figure 2: Vertical GRF signal in comparison to the
surmmed pressures of cight single transducers

Mechanical interaction between the measuring insole and
the shoe construction will occur with all

systems, This will lead to a different viscoelastic behavior
of shoe sole properties, Even a thin sheet of plastic foil on
top of a soft shoe sole will lead to a distribution of local
loads. Single transducers only cover a small portion of
the shoe sole and should influence the mechanical
behavior of the shoe construction to a lesser degree.
However, they will create unevenness of the surface and
will overestimate typical pressures. Small thickness and
dimensions of single transducers re desirable to reduce
this interface problem. There has been & concern that
single transducers in a shoe will create discomfort and
caunse mm altered running or jumping style, Using single
piezoceramic transducers of small dimensions, subjects
reported no discomfort for such high load disciplines as
triple jump, long jump, and high jump (Milani & Hemnig,
1994). Most subjects did not even feel the sensors under
their feet during the activity.

APPLICATIONS

The following example demonstrates the value of in-shoe
pressure in comparison to vertical ground reaction force
measurements. Twenty-two subjects with normal feet
performed rexrfoot strike ruming trials in two different
types of commercially available running shoes (A & B) at
a speed of 3.3 m/s. For the first vertical ground reaction
force maximum (A =1.66 bw; B = 1.67 bw) and the
vertical force maximum during mid stance (A = 2.66 bw;
B =2.63 bw) no significant between shoe differences
were found, The peak pressures were determined using

Excerpted with permission from
Proceedings, Eighth Biennial Conference, Canadian Society for Biomechanics, Calgary, August 18-20, 1994

single piezoceramic transducers under the lateral and ¥

medial heel and midfoot (LH, MH, LM, MM), three 8

metatarsal heads (M5, M3, M1), and the hallux (H). With

the exception of M5 and H the peak pressures in the two

shoes were found to be significantly different at all other

snatomical locations (p<0.05 for MH; p<0.01 for all other *

sites). a}[
i

LH (| MH LM [ MM | M5 | M5 | Mi H

A | 873 17661 464 | 228 | 413 [ 475 9551 532

B 11038 ] 825 | 356 ] 169 | 396 ] 530 ] 800 | 535

Table 1: ’elk;msm (kPa) during rurming in two
differemt running shoe constructions A & B.

Along with the determination of the peak pressures

relative load analyses have been shown to be particularly

useful. A regional impulse is determined by integrating

the local forces under the specific anatomical landmarks
throughout foot contact, The relative loads are calculated

s peroentages, dividing the local impulses by the sum of

all impulse values. Table 2 shows differences in the foot

loads of 22 subjects, running in two different types of :
footwear. During push-off, the media! load under the first |
ray (M1 & H) in shoe C is substantially higher, wheress ‘
shoe D demonstrates an increased contribution of the third

and fifth metatarsal head structures. Considering these

large differences in forefoot loading, it should be no i
surprise that footwear may have an influence on the 9
occurrence of overuse injuries. ‘

LH T MH | LM | MM [ M5 | M3 | Mi H

Cl124] 115 88 | 32 1 9.1 | 11.6] 253] 17.6]

D] 1311281781 32 [125]143]21.6] 14.8

Table 2: Relative loads (%) dunng numing in two
different nmning shoe constructions C & D.

In-shoe pressure distribution measurements can also be k
used to study the loss of midsole cushioning with use.
Ninetsen running shoes from different manufacturess, i
worn for a distance of 10 km by 22 runners, weze tested !
after 220 km against 19 corresponding new pairs of shoes. L
After use, average increases in peak pressures of 85% il K
weze found in the heel and 8.8% under the forefoot. For '
mepnaﬂarslwepmdua.theloasofcmhmnmgms |
gluslnwmgprsmmoﬂi%mmheel

mdl395mﬂ1eforefomln-shoepxumed:smh:mn il
measurements have also successfully been used for the i
demmmonoffootbadsulnghmaaspon

for the understanding of foot mechanics ;
during bicycling, and for the evaluation of shoe orthotics. E

REFERENCES
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FOOT PRESSURE PATTERNS IN CHILDREN AND INFANTS T
1. Pisciotta*, S.R. Simon*, P. Quesada*, S. Leurgans”

* Stride Rite Corporation, Cambridge, Massachusetis
*+Gait Analysis Laboratory, Division of Orthopaedics, Ohio State University
* Rush -Presbyterian-St. Luke's Medical Center

INTRODUCTION

Developmental acquisition of various motor
skills in children has been of interest to
researchers for many years. Developmental gait
patterns in children have been studied by a
oumber of researchers. In the most
comprehensive study to date, Sutherland et al 1
studied kinematic and kinetic patterns of gait in
children learning to walk using modemn
cinematographic and computer techniques. The
dynamic distribution of the forces and pressures
under the weight-bearing foot and its importance
in both normal and pathological gait has been of
great interest to orthopaedists and other clinicians
specializing in foot and gait disorders. Reported
differences between developing and mature gait,
as well as between children and adult foot
structure2 suggest that differences may exist in
dynamic foot pressure patterns.

The present study sought to identify and measure
gdynamic foot pressure patterns in normal infants
and children during walking, in order to establish
a normative database 10 provide an accurate basis
for comparison to other research populations.

METHODOLOGY

Infants and children were recruited for a data
collection session at the gait analysis laboratory
in the foliowing age intervals; 1-2 years, 3-4
years and 4-5 years (cross-sectional component).
The 1-2 year olds repeated data collection at 6 and
12 month intervals from the date of their original
study (longitudinal component), The 4-5 year

olds also retrned for a second session at a single

6 mounth interval, Foot pressure data was
collected at 50 Hz with an EMED-SF pressure
platform.

-For each subject at each session, five (5) trials of
complete foot pressure data were analyzed. For
each trial, 12 plantar regions of interest (Figure
1) were identified and analyzed for; peak pressure
magnitude, pressure duration, pressure onset, and
pressure offset. Stance phase foot positions were
assessed qualitatively by a trained gait lab
technician and classified as: 1. pronated,
supinated or neutral; 2. toed in, toed out or
straight; and 3. heel strike, full foot strike, or
forefoot strike. Summary statistics for pressure
data were computed using representative trials.

Statistics for timing variables were calculated
using only trials with pressure in the region.
Ratios were also calculated between different
regions of interest and appropriate statistics were
computed with a significance leve] of P<.05.

RESULTS

Space limitations do not facilitate presentation of
all the data; however, a general overview is
provided for the purposes of this abstract,

168 infants were studied (93 males, 75 females).
Age, age at onset of walking, beight, weight and
foot length had means of 16.9 months, 11.7
months, 31.0 inches, 24.3 Ibs. and 4.9 inches
respectively. Significant differences were deiected
in foot pressure patterns in comparison t0 adult
panerns. Infants displayed a more medial pressure
progression with earlier onsets of the 1st MT
and 1st Toe versus lateral MTs as is typical of
the adult pattern, Highest peak pressure for the
metatarsal heads (MT) occurred at the 1st MT
which was also atypical from adult loading
patterns. At the 6 month follow-up 89 subjects
returned to the lab for a data collection session.
Slight increases in peak pressure magnitudes
were noted, while the pressure pattern remained
similar to tbe initial session. Seventy two {72)
subjects returned for a second follow-up session
12 months after the original study. Again slight
differences in peak pressure magnitude and
timings were observed. Fifty three (53) subjects
aged 3-4 years were analyzed. The heel
demonstrates the overall highest peak pressure,
while the 2nd MT hkad the highest peak for the
metatarsal region. High pressures are still visible
at the 1st MT, while pressures at the 5th MT and
lateral side of the foot are still relatively low.
Sixty two (62) 4-5 year old subjects were
analyzed and demonstrated foot pressure patterns

* similar to the aduit pattern. Forty three (43) 4-5

year ¢ld subjects returned for a second visitata 6
month interval with only minimal differences
detected.

DISCUSSION

In summary, significant differences existed in
infant foot pressure patterns from adult patierns.
These differences have been quantified in the
present study. A steady progression seems to
occur in the foot pressure regions, timings and

with permission from
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+ magnitudes, until approximately age 4 (Figure
2), when the pattern appears similar to the foot
pressure patterns of normal adults, but with
smaller magnitudes of peak pressure in the
regions. Some foot positions were correlated
with specific foot pressure patterns, until the foot
assumed a more nevtral position as observed in
the 4 year olds. Therefore, foot pressure patiemns
in children appear to progress through a
developmental pattern similar to other
neuromuscular skills. However, a mature pattern
seems Lo occur at approximately 4 years old,
slightly ahead of the onset of the mature gail
pattern. This data was used by Stride Rite to
develop a new line of infant shoes. In-shoe
pressure patterns were measured and compared
with barefoot pressure patterns to assist in the
development process. Brief examples of these
pressure measurements and the biomechanical
principles which were incorporated into the final
footwear designs will also be presented.

REFERENCES: 1. Sutherland, D. et al., JBJS,
62A, 336-53, 1980. 2. O'Rahilly, R, et al,,
CORR, 16:7, 1960.

The authors are indebted to the staff of the Gait
Analysis Laboratory . This research was funded
by the Stride Rite Corporation, Cambridge, Ma.
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Figure 2. Metatarsal Head Peak Pressures By Age
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An Instuznented Linkage 1o Measure the Leve] of Support Provided w the Ankle Joint by High-top Athledc Footwear

By: Sorin Sicgler, Sicphan Lapoinie, Robent Nobilini, and Joseph McFadden, B.Sc.

Department of Mechanical Engineering and Biomedical Engineering, Drexel University sd
The Drexel / Hahnemann Bjomechanics Research Laboratory, Phila. PA, USA

DNTRODUCTION

msb-mfmmwhdlmumﬂepnnmdudc
baskethall shoes, hiking shoes, military boots, etc. One major goal
of these ghoes, as well as of other external mkle support systems
such as ankle braces and tapes, is to support the ankle as the foot
moves over aneven ground of is involved i jumps and other fast
lateral movements. (Baver, 1970; Robinscn, 1986). Optimizing

&meqmnmldﬂa.bemﬁ:mmeﬂ'mdtenuepm

using the Grood and Suntey parsmeters (Grood aud Suntry,
1983)'Ihetcquuew-pphedtomdy|hzeﬂ'ead‘hgm
injuries (Sicgler et al, 1990) as well &+ 10 study the suppont
chanceristics of some sthictic footwear (Siegler and Black,
1991). The cxperimental technique consisted of applying loads
across the mkle joint through a set of pocumatic actustors s
measmuing the resuking joint motion using an Opwo-electric
kinematic data scquisition system. This sysiem proved to be o
&ncmnmhuuﬂmfwmﬁveh-vivomh;nd
furthermore it required complex and time comsuming dana
pmwmgToovmhspmblem.am—depmd-ﬁeedom
instrumented finkage, shown schematically in Figure 2, was
developed. This systan allowed spplication of forces and moments
along and sbowt the Grood snd Suntsy parmmeters sxes of the
un.\'.le.dwunnﬁgml while measuring he comesponding
tanslstions ad sotations along snd show these axes. The
simplicity of this device, both in terms of its aligament  the snkle
as well as in its operation, and the lack of complex data processing
make this device particolarly suitable for in-vivo studics such as
the one which was requined in the present work.

EXPERIMENTAL FROCEDURE

Subiects: Young male volunteers mnging in age between 20
and 40 years of age with size H(USA) feet were tested None of
these subjects had a higtory of severe snkle injuries such as
fractures or severe sprains. All were mvolved i recreational
sports.

Maierial; Two types of high-top shoes were tesied in this
sindy. The first was a high-lop basketball shoe equipped with
inflatable air pockets. These pockets, located in the lining of the
dwemnotmdmgﬂumﬂe,cwldhemﬂuedmvanonsmm
up 0 § psi. A pressure gage was used W set the pressum within

Excerpted with permission from

these pockets. The second type of shoe| was a high-top aandard
military flight boot.

Ieming procedure;

The first group of subjects, were|wested with the military
flight boot snd the second group of five (subjects wem tested with
the high-op basketbull shoe. The first
baskethall shoe oo under two different ponditions. Farst, with no
pressure i the air chambers and the i i

chambers inflated 1w 6 psi. ‘

The st was conducted as 5. First, the tips of the
medial and latrral maleolii were oa the skin and then o
the outside of the comresponding hi shoc. The subject was
then seated in a semi-reclining position #od his tibis was secure 1o
the device. The foot o the shoe was md:ndm:ioolptnen

position. During the test, the subject
muscles.

RESULTS:

Typical data obtained with the military flight boot is shown

in Figure 3. This figure shows a

cooperison  between the

inversionjeversion and hlaullou.l.im(u:am.l rotation stiffness
characteristics of the bare ankle and the| stiffness characteristics of
the mkle when wearing the militry | boot. In Figue 3a, the

inversionjeversion angle is plozed as

mversion/eversion torque for  the two ¢

internal sotation/ external rotation an
spplied internal/extemal torque.
Typical dats showing the effect 0

in the high-10p basketball shoe is showp
compares the inversionfevension (Figa 4:)
routon/exiemal rotation (Flgm 4b) giffin

6 psi.

primarily nmmnﬂ v

motation sppeared to be less effectad by
The military flight boot was found 10 in

nkh .ph m h inverzion
Iy 1 .

Towdion.
The six-degrees-of-freedom in
nthumdymlybelvduzbl:wol

|ﬁmmdﬂxapphed
s and ju Figure 3b the

inflating the air chambers
in Figure 4. This figure

mﬂlmgﬂumd:mhul

wnented linkage presented
nqmﬁfmeﬂumwn

chancleristics of various high-top thoes and may be used o assist

in designing improved high-top shoes.

BEFERENCES:
Baver, H, Athletic 1., 50, 74-T7, 1971
Sicgler, etal, J. Biomech. Eng., Pant

11, 110, 364-384, 1938

RobinsonJ R 2t al., Med. & Sci. Sp. q Exe., 18,6, 625-628, 1986

Grood snd Sunlay, J. Biomech. Eng.,
Sicgler, et al., J. Biomech. Eng., 112,
Siegler S. mnd Black, S., ASME Win. )

05, 136-145, 1983.
129-137, 1990
Vieet., 1951
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barefoot

¥k ACE

|

; Figure I - Definition of the Grood &

k1
ki joint complex. e1 « axis fixed in the tibis. Rotation about this g :
; axis - 8 comesponds to dorziflexion/plantarflezion and translation - 4
; ql comrespond 10 lateral translaticn. e2 - floating axis mutmally

; papendicular 0 el and ¢3. Rotaticn - b comespond ©
! invemion/eversion and q2 - correspond L amterion) jor
drawer, €3 - axis fixed in the caleaneus. rotation - g comrespond 10 !
intenslfexternal  rowtion ad g3 comesgpond W Torgue pim! !
distmaction/compression. Figore 3b J

Figure 3 - Data obtained from subject JDM ing the Joad displacement -

chancieristics of the ankle barefoot to those wh wearing & military flight boot :
Each curve was obtained from five loading -

Figore 2 . Schemuic view of the six-degrees-of-freedom
instramented linkage uwsed to measnre the ko

Figure
chanacteristics of the ankle joint complex along and about the F#0re4 - Daia obtained from subject SS
Grood & Suntsy parzmeter axes.

COMMDES ‘ﬂg
characteristics of the mnkle joint before and after inflating the sir chembers in the
basketball thoe to 2 pressure of 6 psi,
Excerpted with permission from
Proceedings, Eighth Biennial Conference, Canadian Society for Biomechanics, Calgary, August 18-20, 1954
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STABILITY AND REARFOOT MOTION TESTING: A PROPOSED STANDARD
1. Hamill!, M. . Milliron?, J. A. Healy?

1Biomechanics Labortory, University of Massachusens Amherst, Amherst, MA
“Riomechanics Labontory, Converse Inc., North Reading, MA

INTRODUCTION

The factors associated with athletic shoe rearfoot stability are
extremely complex. To evaluate the stability of athletic shoes,
rearfoot motion measures have been used. Rearfoot moton is
equated with the pronation/supination sctions of the sub-talar
joimu;:‘rdanotherdniwmodmofﬁnfootmdkgﬂm
occurs tmost rapidly during the first 100 ms of the support
phase of the nmning stride.

The pronation motion of the sub-talar joint is of the
body's natural shock attenvation mechanism. ore, 8
certain amount of pronation is desirable. However, excessive
[:m.lﬁa:oﬁhe wbu.larﬁmmyludtmhcdwdopmauof

wer extrermity injuries. The construction of athletic shoes o
provide control of excessive pronation can help o reduce the
risk of injury.

The necessity of standards for testing rearfoot stability in the
foorwear ind is obvicus. In 1992, the ASTM sub-
coramittee FOB.54 established a working commintes o
recommend standards for the testing of stability of athletic
footwesr. The remainder of this paper deals with the
recommendations of this sub-commitiee for the establishment
of such standards. It should be noted that these proposed
standards pertain only to two-dimensional rearfoot motion and
do not address three-dimensional rearfoot motion.

SUBJECT RECRUITMENT
When subjects are recruited for a study peruining to rearfool

subility, il is suggested that the subject tmdergo & complete
suatic lower extremity evaluation. The evaluation should be
conducted by dinically trained . This evaluation

will provide a profile of potential subjects and should include
a history of lower extrermity injury, foot type, forcfoot
alignment, rearfoot alignment, tibial rotation, and the range of
motion of the sub-talar joint. The preferred running foottall
pattern should also be determined. In addition, & training
history of the subject should be recorded. This history should
include particular training habits, miles per week, training
pace, and race pace. The Jower extremity evaluation and
training history could be used for inclusion or exclusion of
subjects from a sody.

If the stability test is to be camied out on 3 treadmill, the
subjects should be experienced treadmill ronners. I the
subjects are not ienced treadmill runners, a minimum of
one 20-minote period should be held prior to the day of data
collection. During this initial treadmill run, the subject should
be started at a slow pace with the speed gradually increasing
mlil_itisslpew:_ﬂnud. 'Ihed:&moumd%buw%f
practice sessions depend on the comfort of the subject
with treadmill running.

DATA COLLECTION

The initial concern for collecting rearfoot motion data is the
frame rate of the video/cine camera. The sampling frequency
for any data collection it based on the highest frequency in the
signal. In papers by Williams et al. (1991) and Hamill & al.
(1992) the highest z-eqomey in the signal was 15and 16 Hz
respectively. Further, in unpublished work completed in our
Ial . the highest frequency in rearfoot motion dala was
found 1o be 18 Hz. The Nyquist theorem suggests that the
sampling frequency () be at least two times the highest
frequency (Winter, 1991). However, by sampling at exactly
20, signal aliasing becomes a severe problem. Itis therefore

wmmm ing frequency {or rearfoct dana
ection be a1 Jeast 5o (| eim, Willsky, and Young,
1983). For rearfoot maotion, therefore, § ssmpling frequency
of at beast 90 Hz is recommmended.

Figure 1 fllustrates the differences in oot data curves of
the same footfall digitized at sampling frequencies of 200,
100, and 50 Hz. There were no diff in the curves
digitized at 100 and 200 Hz. These two curves are in fact
overlayed in Figure 1. However, the oot angle varied

from -15° a1 2 200 Hz sampling frequency 1o -13° a1 50 Hz.
The rearfoot angular velocity also varied from -585 %/ 1 200
Hz 10 -368 95 a1t 50 Hz. This example|illustrates the

differences that an be obxained simply by virue of varying
the sampling frequency.

15
—— 200 H2
T Wl

121 -pess SOH:

Rearfool Angle (degrees)

Thmea {#)

Figure 1. A single rearfoct angle curye generated from data
digitized & sampling frequencies of 200, 100, and 50 Hz.

In preparing the subjects for the data pollection session, it is
malylgmtd and objectively place the markers on
the leg and the thoe. protoces for marker placement

established by Clarke et al (1984) is ended, The use
of 3 “jig" as suggested by Clarke iates is i
10 remove the experimenter bias in

Clarke et al {1984) also suggesied a
; ine the calibrat
placed. A "jig” in which the subject

abducied to 7° with their heels § cm should be used 10
tardize the h ™ ¢ A '
the heel mngle is calaulated. The b Mmmﬁ‘
subtracted from all heel angles obtained y.

collection of the data. run should be consistent
throughout the study. The warm-up time should be given in
each shoe condition 10 allow the subject 1o agcommodate to
the shoe. During the data collection|run, the ranming pace for
all subjects should be held constant ghout all footwear
conditions.

Excerpiod with permission from
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Close atiention should be paid to the expenme'nu] design of
the sudy. There are three considerationt in this regard. First,
the number of subjects should be determined using a sample
size estimation ure (Levy and Lemeshow, 1980).
Second, the shoes (conditions) t.ened should be presented in a
balanced order wo minimize sn order effect. This also requires
that the number of subject be at least two times the number of
conditions. Lastly, an equal number of footfalls (Le. trials)
for each subject shouldbeamlyud If these three items are
taken into consideration, the stady should have sufficient
suatistical power from which 1o make valid conclusions.

DATA ANALYSIS

pon digitizing the video/cine data, decisions concemning
cut-oﬁfmqumcyfordx;mlﬁlmgmunbemade. As
mmnm&dpmﬂy.m%%gﬂnnmad
suggested cut-off frequencies of 1 respectively.
From unpublished data collected in our . the cut-off
hequmcyformﬂomdaumfomﬂmhellﬂr_ A cut-off
ﬁequeneybelowlSszﬂ]mmlbemuimdﬂ:edm
set and could cause the experimenter 1o draw incorrect
conclesions. In Figure 2, a single trial, sampled a1 100 Hz, is

ted with cut-off frequencies st 12 Hz and 18 Hz. A1L12
Ezlhehxgh frequency components of the signal are severely
attenuated. Therefore, it is our recommendation that cut-off
frequencies between 15 and 18 Hz be used.

the

15

1B Hx

10 1 —_— N

-5 9

Reerfool Angle (degress)
o

=10 4

15 —
0.0 o

Tome (2)

Figure 2. A single rearfoot sngle trial that was digitized at 2
sampling frequency of 100 Hz and filtered with cut-off

frequencies of 18 Hz and 12 Hz,

There are sevenal angle canventions that are evident in the
literamure concerning rearfoot motion (Bates et al., 1979; Nigg
et al, 1980; Clarke et al, 1983). While all of these

conventions ultimately provide the same information, the
committee decided that the most alently used convention
was that of Qlarke et ab. (1983). , the recommendation is

that the rearfoot angle should oscillate sbout 0° (i.c. aeuteal)
with positive angles designating supination and negative
angles designating pronation.

Thmmnnwnherofvan&blu!hnmbcgmedfmn
single rearfoot-time curve. However, many of these
prameters oconr when the leg it out of plane and thus the
calculated angles may not be an acconte representation of the
actua] event. Archlad et al (1990) illustrated the difference
between two-dimensional and three-dimensional rearfoot
angles. At maximum ,the 2-D rearfoot angle is
appm:mmlqultomefi-bmgk. For thiz reason, this
committee urges reporting caly events concemed with
maximum pronation angle. These
maximum pronation angle; 2) maxonuom leg angle; 3)

with

permission from

maximum heel angle; and 4) time to m
angle. Other parsmeters may be calenla
understood that these parameters may be i
D nanrre of the analysis.

The suggesied statistical protocol for rearfoot motion stdies
involves 1 repeated measures ANOVA
mpnxed factors, conditions (shoes) and
provides information on the umhahi.h
addition, analysis of md:vxdual mbjea

10 determine if "om-lyers” have

dau.

The standardization procedure for the collection and analysis
of rearfool data that is presented here only|concerns two-

dimensionsl anatyses. Issues regarding subject sclection,
sampling frequency, data cellection, and dta analysis are
maned.'n:e used by several ) tories have
cxxmined in the development of a proposed standard
procedure for rearfoot testing. dization of
testing within the industry result in © t methods

being used and comparisons of results to b made where
appropriste.
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EVALUATING OUTSOLE TRACTION OF FOOTWEAR

Gordon Valiant
Nike Sport Research Lab, Beaverton, OR

Introduction

Sufficient traction is a required characteristic of athletic footwear
for the development of high horizontal forces against the playing
surface for fast nnning, quick starts and siops, rapid changes i
running direction, etc. High traction may be associsted with a
higher risk of injury, however, due to excessive foot fixation. In
the workplace, or when wom for casual wear, footwear outsoles
require sufficient traction for the prevention of slips and falls.
Since outsole traction provides so many useful functions,
inciuding the basic provision for the horizontal force development
Decessary for most forms of locomotion, and since outscle traction
is an empirical quantity which does nit follow the classical
relations of Coulemb friction (van Gheluwe et al,, 1983;
Schlacpfer &1 al., 1983; Valiant, 199Q), there is a need for its
accurate evaluation.

Identification of Evaluation Methods

Subject Tests

Nigg et al. (1987) imply that physical traction tests are
inappwopriate for assessing frictional foroes developed during
common sports activities. They emphasize that tests for traction,
particularly rotational traction, should involve subjects and the
measurernent of koading on the bocomotor system during actual
buman movement. Stocke ct al. (1984) also employ multiple
trials of human subjects performing actoal movemenis on playing
surfaces mountad on & force platform to quantify traction
chancteristics. Observing kinematic adjustments as & function of
the frictional characteristics of playing swfaces demoastrates the
need including human movement in the quantification of footwear
outsole traction.

However, there are descriptions of many different physical traction
testing methodologies and their applications w different sports or
to different types of footwear. Both approaches have their merils
and limitations.

Mechanical Tests

Bonstingl ¢t al. (1975) and Rheinstein et al. (1978) described a
physical traction testing device, instrumented with a strain goaged
dynamometer, which measured rotational traction characteristics
as a weighted pendulum struck a loaded fool form to which was
fited a shoe. A hydranlic piston was used (o drag the shoe outsole
Iinearly on the test surface to measure friction coefficients.
Bonsting] et al. (1975) reported that frictional resistance to
physically rotated cleated shoe outsoles was highly relsied 1o
effective cleat surface area. Rheinsisin et al. (1978) showed that
resistance 10 rotation about a vertical axis decreased as the
hardness of the outsole increased.

van Gheluwe et al, (1983) described a similar traction westing
device in which a shoe was pushed or rotated along & force
platform mounted playing surface at refatively fast spoeds by a
striking pendulum. Friction was greater when a larger portion of
the shoe oulsole contacted the playing surface. A dependence of
coefficient of friction on normal load was also reported.

Schiacpfer et al. (1983) also used force platformn signals o
calcuiate static and kinetic coefficients of friction. Shoe outsoles
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weighted with Plaster of Paris and sttached

were pulled at various velocites along a playi
on the force platform. Coefficients of fricti
outsoles on an artificial playing surface

court shoes filled with plaster across surfaces mounted on a force
platform lo measure coefficients of limiting friction on different
dry, wet, and dusty surfaces.

Andréasson et al. (1986) measured the fricti
developedbyshoemmluonlpecﬁcph rarfaces with a
rotating platform and a strain guaged frame. The

sppanus can accommodate many different| orientations of the
shoe with respect to the playing susface as well a3 differeat normal
loads and relative sliding velocities. They ned & slight
relationship between the coefficients of frictjon of different shoe
owutseles on artificial turf and torque developed during rotation.

forces and torque

‘Winkelmolen et al. (1991) used a custom mechanical apparatas to
measure transiational and roiastional friction| coefficients of shoes.

Considerable investigations on the characteistic of slip resistance
of walkway surfaces and shoe outsole matefials have been carried
out under the jurisdiction of organizations such as the Amencan
Society of Testing and Materials, Underwriters Laboratories,
National Burcau of Standards, and i

Health Agency. The James Machine, an strut which
moeasures the critical angle al which loaded le specimens slip
on a lest surface (James, 1 944) has historically been used for

portable testers of walkwsy surfaces have $
primarily for identifying slip resistance in workplaces (Irvine,
1967; Brungraber et al., 1978; Meserlian, 1993).

Device
ice that evaluates both

sely simulated in-
1. hcan also be used

Yet nmber mechanical traction testing

over a foot form. Pinned to the foot form in a hole pormal to its
bottom suface is & shaft supporting & stack| of weighis 30 that tests
«can be made at pormal loads specific 10 the(sport for which the
shoe is intended. Interchangeabic sections pf applicable playmg
surfaces can be firmly bolted 1o a force measuring plafonn.

In the rotation test, an actustor rotates a shoe on the playing

from the recorded foroe signals. In the
pulied or pushed 0.35 m by an air cyli

simulate different foot orientations. Slidi
speeds approaching foot strike velocitics
LVT. The normal and frictional foroe components are calcalated
from the sampled forces, The matios of
coefficient of friction. |




—_—

ISB Working Group on Functional Footwear

physical traction tests is the imperfect reproduction of in-use
loading conditions. It becomes especially important to deal with
this limitation knowing that the classical Coulomb relations do not
apply 1o footwear outsole rubber and polymers| The primary
advantage of human subject traction tests is the|application of the
unique subject variability in specific human movements that
cannot be incorporated in mechanical tests, icularly if traction
characteristics are responsible for kinematic ahierations. However,
the experimental movements performed in the laboratory are not

steel weights

TR L L e L s L e

rolary actuator guarantesd to be valid reproductions of in-use pesformance.
14
127 u
air cyknder 1.0~
foot form —F = ] :
l'l‘k 0.8 - oo
T 0.6 1 -
force plat 04 |
0.2 ’
0.0 :
clean dusty
0 T !
Figure 1. Sketch of a device for mechanically evaluating =10 7 i
translationa) and rotational traction chanacteristics of 50
shoe ontsoles under sport-specific loading conditions. B mm
+30 7
Example Applications of the Mechanical Device 40 '
The material out of which outsoles or playing surfsces are -50 7
composed has the greatest effect on traction. Valiant et al. (1985) 60
thowed that harder Nitrile rubber cleats develop 26% lower 20 -
frictional forees on antificial marf than sofier Styrene-Buatadiene

rubber cleats moulded in identical geometries. Physical test moment resising rotation [Nm]
results reported by Nigg et al. (1987) demonstrate that friction
cocfficients of different shoe outsoles are about 50% greater on
artificial grass than on 4 non-porous synthetic teanis surface.

Figure 2. Ranges of kinetic coefficients of frition and ranges of ‘
peak moments resisting medial ion of a urethane
basketball thoe outsole on clean and dusty finished i

wooden basketbal Matiant, 1993).
Traction is also affected by the conditions of the playing sarface of n basketball surfaces (from Valiant, 1993)

the outsole material Kinetic coefficients of friction of walking

shoe outsoles are reduced an average of 65% when linoleum is References ;
wetted (Valiant, 1993). Transiational and rotational traction of ;
shoe outsoles are decreased 55% when a basketball surface Andréasson ef al. (1986). Am. 1 Sports Med,} 14(3): 225-230. i
becomes dusty (Figure 2). Bonstingl et al. {1975). Mad. snd Sci. in Sports, 7(2): 127-131. ‘
Bnmgnberctal (1978). in Walkw aces: Megsurement o \
Outsole design also affects traction. ‘The coefficient of friction of Slip Resistance. Anderson et al. {eds.), 40-43. ‘r
rubber or urethane basketball shoe outsole material increases with Chapman et al. (1991). ..!..Smm 9: 33-41
increases in surface ares (Valiant, 19871). A first order Irvine (1967). Materials Re garch ndands, 18(12): §35-541. i
relationship between kinetic coefficient of friction and normal James (1944). MW Oct, 111-115. '
pressare within the range 35 - 207 kPa accounts for 90% of the Meserisn, (1993). in Slip and Handbook, Rosen (ed.). Civ. 6.
variance of the combined non-Coulomb dependence of outsole Nigg et al. (1987). mesa) 117145,
waction on surface ares and on normal load (Valiant, 1987b). Rheinstein et al. (1978). Med, and S<i. in Sports, 10(4): 282-288.
deheﬂ'ereul (1983) in Biomechanical Aspocts of Spott Shoes
Factors affecting translational traction also affect rotationa) and Plaving Surfaces, Nigg et al. (eds.), 153-160.
traction, incloding material effects, playing surface condition Stnckeetu!.(mu). in Sport Shoes and Plaving Surfaces
effects, and design effects, as demonstrated by the data in Figure 2. Frederick (¢d.), 87-97.
Valiant (1987s). in Biomechanics jn Spons 111 and Terands &t
: al. (eds.), 20-37.
Concluding Remarks Vatiant (1987H). L.Bm@anm 2 892.

Physical traction measuromeats and racton tets ovolving BIman  © g i A Tt S0 el (ods), 61-68.
subjects performing movements both have merits and limitations. Valiant (1993), mnm T) 171-178. !
H}ygnnll 1ess are very repeatable, and subject variability or trial - Valiant et al. (1985). Med, and Sci, Sports Ex.. 17: 205-296.
trial variability is removed. Thus, the dependent variable van Gheluwe et al. (1983). in Biomechanichl Aspects of Spor
associates 4 chmens}:c to an ouuol_e / thmg surface . Shoes snd Plaving Surfaces. Nag.g etal(eds.), 161-168.
combaonors el s pluonsong s o el . (191, L B, 471
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THE INFLUENCE OF RUNNING SPEED ON REARFOOT MOTION, TIBIAL ACCELERATION

AND IN-SHOE PRESSURE DISTRIBUTION
G. Schnabel, E.M. Hennig & T.L. Milani

Biomechanik - Labor, Universitit Essen, Germany

INTRODUCTION
The influence of running speed on various kinematic
ang kinetic variables has been reported by several
researchers. Increased running speed (Nigg, 1986)
results in a higher rearfoot range of motion. For
treadmill running, Clarke et al. (1983) found
increased shank acceleration of 72% for a group of
10 subjects when running speed increased from 3,35
m/s 1o 5.36 m/s. Mitani & Hennig (1988)
investigated the influence of running speed on in-
shoe pressures. Comparing the two running speeds
3.0 m/s and 4.5 my/s, peak pressures increased
approximalely 13% in the rear and 8% in the
forefoot at the higher velocity, Most of the above
studies have only looked at isolated biomechanical
variables of foot ground interaction, Because these
studies were independently conducted with different
kinds of footwear at various speeds, a general picture
of the effect of running speed on kinematic and
Kinetic variables is not available. The purpose of the
present study was to simultaneously record rearfoot
moton, tibial acceleration and in-shoe pressures for
nunning speeds between 3.0 my/s and 5.0 m/s.

METHODS
Twelve male subjects with an age of 27.7 years (SD
3.1) and a body mass of 78.7 kg (SD 9.9) were
instructed to run in a randomized sequence of speeds
at 3.0, 3.5, 4.0, 4.5, and 5.0 m/s on a "Woodway"
treadmill (type Ergo ES2). The subjects were well-
trained runners with treadmill running experience.
Eight repetitive trials were performed by all subjects
for each of the speeds. The same type of running
shoe (Adidas Torsion ZX 8000) was chosen for all
subjects. Heel strike running style was identified by
analyzing the pressures under the heel, midfoot and
forefoot structures. If the heel pressures during the
first 20 ms after contact were more than 5§ times
higher than the sum of all other pressure values, the
trials were accepted as rearfoot strike running. Eight
anatomical locations under the foot (medial & lateral
heel and midfoot; 1st, 3rd and Sth metatarsal heads;
hallux) were palpated and piezoceramic transducers
(4 mm x 4 mm) were fasiened under the foot with
an adhesive tape. An "Entran EGAX-F-25"
miniature accelerometer was attached 1o the medial
aspect of the tibia at 2 mid location between medial
malleolus and the tibial plateau. An
clecrogoniometer (Megatron MP 10) was fixed at
the heel counter with its axis of rotation at the
approximate height of the subtalar joint. The
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movable pant of the goniometer fixed at the
lower leg in parallel to the achilles tendon
orientation. Angular motion between rearfoot and
achilles iendon orientations is an indirect estimation
of subtalar joint pronation. The pronation values, as
they are presented in this study, refer 1o the angular
motion from a bipedal standing situation to the
maximum achilles tendon angle during ground
contact. Maximum pronation velocity was calculated
from the angular values. The data|of tibial
acceleration, rearfoot motion and pressure
distribution were collected simultaneously by a
compuler in a pretrigger mode at a rate of 1 kHz per
channe] and a resolution of 12 bit] Maximum
pronation (PRON)} and pronation velocity (PVEL),
peak tibial acceleration (PACC), and the mean peak
pressures and impulses were averaged across 8
repetitive trials in all conditions. Relative loads were
determined as the percentage of each single impulse
1o the sum of all impulses. Tibial acceleration data
were only available from 9 of the 12 subjects. A
repeaied measures ANOVA was ysed in this study,

RESULTS & DISCUSSION
Table 1 summarizes the mean values for maximum
pronation and pronation velocity as well as the
maximum tibial acceleration at the chosen running
speeds. The ANOVA revealed significant (p<0.01)
speed effects for the three variables, An almost linear
increase of all three parameter values with running
speed could be observed. The maximum achilles
tendon angle increased by 1.6 degrees for a change
in minning speed from 3 to § m/s. Ati
running speeds, Nigg (1986) repo
change in achilles tendon angle of
subjects, running in a shoe withas

Pronation velocity at 4.5 m/s, as fi
compares well with the relatively high values (789
*fs) from Cavanagh (1978) at the $ame running
velocity. It is interesting 10 note that pronation only
increased by 1.6 degrees whereas pronation velocity
changed by more than 50% from the lowest to the
fastest running speed. From 3.0 ni/s to 5.0 m/s the
tibial acceleration increased about 78,5 %. This
value is similar to the increased tibial acceleration of
72%, reported by Clarke et al. (1983) for the higher
running velocity of 5.36 m/s, when compared o a
low speed of 3.35 mys.

und in this smdy




The peak pressures under the foot are summarized in
tabie 2. Under most anatomical locations a steady

" increase of the peak pressures with higher running

velocities can be seen. Peak averaged heel (PAV-H)
and averaged forefoot pressures (PAV-F) were
calculated from the two heel (LH &MH) and four
forefoot (M-5, M-3, M-1, H) anatomical locations
and plotted against the running speed (figure 1).

with speed than the forefoot pressures, the relative
loads remain almost the same in both foot regions.
At 3m/s heel and forefoot loads of 17.1% and 71.6%
are similar to those found at § m/s (heel=18%:
forefoot=71.6 %). This indicates that|at higher
running speeds rearfoot strikes occur (harder but for a
shorter time duration. The trend to
shorter heel impacts with higher
may also be responsible for the s

increases of peak tibial acceleration with speed.

VEL T FRON] PVEL | PACC IPAV-H] PAV-F

VEL 1

PRON | 97 1

speed (m/s) | PRON (") | PVEL ('/s) | PACC(g) |
3.0 3.86 564 6.5
3.5 3.90 598 7.5
4.0 4.52 633 8.8
4.5 4.80 737 10.7
5.0 548 857 11.7

PVEL | 96 | 972 1

Table 1: Pronation (PRON), pronation velocity
(PVEL) and tibial acceleration {PACC) for
5 different running speeds

30 |35 | 40 |45 5.0

LH | 815 | 921 | 985 | 1064 | 1102

MH | 991 | 1078 | 1167 | 1242 | 1326 |

LM [ 446 1482 | 477 | 491 | 531

MM | 242 | 254 { 272 |} 277 | 272

M-5 | 740 1 756 | 745 | 157 | 741

M3 | 758 1 826 | 829 | 879 | 907

M-1 | 1230 1 1268 | 1361 | 1417 | 1572

H 658 1 706 | 734 | 780 | 836

Table 2: Planatar peak pressures (kPa) at 5 running
speeds (m/s). Lateral and medial heel &
midfoot (LH, MH, LM, MM)}, 5th, 3rd, 1st
met. heads (M-5, M-3, M-1) and hallux (H)

& heel
X forefoot

MPa
82 85 9 95 1 10511 115 12 125
Figure 1: Peak pressures under the heel and
forefoot with increasing running velocities

The graph demonstrates that higher running
velocities result in a substantially steeper increase of
the heel versus the forefoot pressures. However, this
imbalance of rear to forefoot loading with speed is
not reflected by the relative load analysis. Although
heel pressures increase by approximately 15% more

PACC 19939651 964 | 1

PAV-H| 9971 95 | 938 | 988 || 1

PAV-FT.9941 973|979 | 984 || 985 i

Table 3: Correlation matrix between the different
kinematic and kinetic variables (VEL =
running speed)

Because this study combined the informations of
pronation, tibial acceleration and plantar pressures
the relationship between these variab es with

correlation matrix (table 3) shows ths
con'c!auon coefﬁcxens were found for all variables

speed effect influences the different va ‘
similar degree,

CONCLUSION

running substantial differences in plantar pressures
and tibial shock variables. A future sudy should,

therefore, investigate if the results from the present
study also apply to overground i
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IN.SHOE HEEL PRESSURE DISTRIBUTION DURING TREADMILL
M. J. Lake, M. A. Lafortune, G. A. Valiant *

School of Human Biology, University of Guelph, Ontario.
*Sport Rescarch Laboratory, Nike, Oregon.

INTRODUCTION

Previous work bas demonstrated that in-shoe pressure
measurements during overground running are able to
differentiate the in-vivo cushioning abilities of
footwear with different midsole demsities (3).
Research into the biomechanical aspects of
locomotion is often facilitated by using a treadmill in
a controlled laboratory setting. The degree to which
treadmill experimental results can be used to evaluate
footwear properties is still open to question. Heel
in-shoe pressure measurements were recorded during
treadmill running in nine subjects wearing shoes
with different midsote densities. The pressure results
were able to discriminate between the midsole
densities of footwear but the distribution of pressure
was different from overground data.

REVIEW AND THEORY

Several studies have indicated that there are small
differences in the kinematics of treadmill running
compared to normal overground running (1,7). Little
research has focused on whether treadmills adequately
simulate the loads experienced during overground
locomotion. Milani et al. (1988) found considerable
increases in calcaneal impact shock experienced
during barefoot treadmill running compared to
overground running. More recently, shank
acceleration and discrete pressure sensor
measurements during shod treadmill and overground
running indicated that impact loading was reduced on
the treadmill (4). In-shoe pressure measurcments
provide information relevant to reduction of
symptoms associated with overloading of the{oot (2)
and 1o the design of footwear to cushion the forces
associated with foot-ground impact. This study
compared the magnitude and distribution of in-shoe
hee! pressures during treadmill runmning in
experimental shoes with differing midsole densities.

PROCEDURES

Nine male recreational runners (mean: 71.0 kg and
175.1 cm) were asked to nm in three experimental
shoes differing only in midsole deasity (hard, 0.4
g/em>; medium, 0.3; and soft, 0.25) at 3.83 m/s on
a motorized treadmill (Collins, model 07203). All
subjects were rearfoot strikers and familiar with
treadmill running. Heel pressure distribution was

with
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¢ Pressure $Ensors
point loadmg

performed a five minute
condition on two visits to the |
of shoe conditions was randomized between subjects.
Heel pressure signals were sampled at 500 Hz by a
MicroVax/GPX II computer and digitally filtered at
50 Hz. Pressure signals from a total of forty
contacts for each shoe condition were recorded for
averaging purposes. The distribytion of pressure was
determined by calculating the relative impulse of the
various heel regions as a percentage of the total
impulse in all regions.

RESULTS

For the entirc heel area, as the midsole density
increased so did rate of loading (ROL) and peak
pressure (PK). The results of these two variables for
specific regions of the heel can|be seen in figure 1.
Generally, the ROL variable jwas better able to
differentiate between shoes. Independently of the
shoe used, area B results (ncarer the arch} were
significantly lower than under any other regions of
the heel. Pressure measurements along the lateral
border (area A) and the extrem rcarpanoftheheel
(areas C and D) were better discriminators of midsole
density. The relative impulse distribution over the
heel areas was similar between shoe conditions, with
approximately 29 % in area A, 26 % in E, and 7-9 %
inareas B,Cand D.

DISCUSSI(

In comparison to overground running heel pressure
data on the same subjects (3), trea

were 3040 % lower. In ad uon. the relative

impulse for the overground datajin areas C and D was

larger (12 %), while in area A |t was lower (23 %).
This may suggest a slight change in strike index on
the treadmill which was consistent between shoes.
This comparison indicates that for a group of heel-toc
runners, pressure related impact loading is reduced
during treadmill running. This agrees with the recent
treadmill results of Lafortune et|al. (1994) who found
that acceleration of the shank and pressure under the

from
18-20, 1994
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Figure 1. Rate of loading (A) and peak pressure (B) distribution.

central portion of the heel was significantly lower
compared 1o overgroond runoning. The more
compliant properties of the treadmill may be the
main reason why pressures were reduced over the
cntire heel area in this study. Nevertheless, the
. treadmill modality still aliowed footwear properties
to be discerned. The rear and lateral border of the heel
were shown to diffcrentiate better between shoe
conditions than other heel areas. This was also the
case for overground running (3), and has implications
for sensor placement when the number of sensors are
limited.

This research was sponsored by Nike.
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SURFACE EFFECTS ON IMPACT FORCE ATTENUATION
LA. Crussemeyer, N, Stergiou, B.T. Batcs

Biomechanics/Sports Medicine Laboratory, Dept. of Exercise and Movement Science
University of Oregon, Eugene, USA

INTRODUCTION

Treadmill (TM) manufacturers have recently begun 10 design
shock absorbing sysiems 10 reduce impact forces (IF). The
cffects of these mechanical systems on running IF magnitdes
has not been thoroughly investigated.

Two instrumentation systems, high speed video and skin-
mounted accelerometry, were incorporated to evaluate the
cushioning effect of two TM beds. Results identified IF
differences between surface hardness (33.6%) for all group
and 88.9% of the within-subject conwrasis. Methodologically,
sccelerometry produced greater g values than comparable
videography measures.

REVIEW AND THEORY

IF is » well documented cause of rumning injuries James et
al, 1978; Nigg, 1985; Perry, 1983). Traditionally, researchers
have primarily focused their efforts on the effects of shoes for
reducing impact forces (Bates et al., 1983; Clarke et al, 1983;
Nigg et al., 1988; Nigg et al., 1987) with linle emphasis
directed toward the effects of surfaces on IF (Bates et al.,
1992). Shock sbsorbing characteristics are currently a design
feature being offered by several TM manufacturers, with the
intent of reducing IF. The purpose of this smudy was 1o
invesdgate the effectiveness of a shock absorbing treadmill
bed system compared 1o & non-cushioned bed in reducing

lower extremity impact forces. A secondary purpose was 1o
compare the results from two measurement systems.

PROCEDURES

Data were obtained from six male subjects running at a seli-
selected pace. A Kistler uniaxial accelerometer was securely
atached to the right tibial tuberosity. Ten footfalls of
accelerometer (1000 Hz) and kinematic video data (200 Hz)
were simultaneously collected for two treadmili conditions:
non-cushioned bed (NC) and shock absorbing bed (SA).
Kinematic data were digitized osing a Motion Analysis
YP320 video processor while accelerometer data were
processed via an Ariel APAS System. The kinematic data
were smmoothed using a second-¢ordey Butterworth filter with
an optimal cut-off algorithm based on Jackson (1979).
Vertical ankle and knee acceleration values were calculated
using a cubic spline function. The firm maximum and
minimum values were identified slong with corvesponding
absolute times from conuact. Similar values were obtained for
the accelerometer data. The xnalysis consisted of within-
subject (Model Statistics: Bates et al., 1992) and growp
{repeated measures ANOVA) evaluations.

with

RESULTS

conditions siong with the group mean values. NC produced
significantly greater IF values for 88.97% of the individual
subject comparisons which is also reflected in the significant
group results. Within conditions, ankle values were greater
than knee values for 91.7% of the within-subject comparisons
and the NC group comparison.

Table 1 contains the maximum EV‘E;\:“ all subject-

The times 1o maximum acceleration for the ankle and knee
joints are presented in Table 2 (i
the accelerometer). As would be

the times on NC

were significant.

Temporal differences between the max
minimum acccleration values are pre: l.emetbleS
Although 66.7% of the subject comp
the only significant group mean was for the accelerometer
data. Nine of 10 between joint within| condition comparisons
msulwdmagmﬁmﬂylongumkh

DISCUSSION
The range of values observed for the sccelerometer data in the
present study was considerably greater than that observed by
Hennig et al. (1993). Two probable for the difference
are subject body mass and ruming speed.  Subjects in the

same (3.3 m/s) variability for this
greater (ST = 0.85 m/fs). A third po: reason for the

differences could be due to the accelerometer anachment. We
believe this is a Jess likely reason singe considerable care was
taken when mounting the accelerome:

was considersbly

ion from
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Results

Maximum rise distance of the foot off the ground was
significandy different a1 0.88 (p<0.01)and 1.32 mv/sec
{p<0.05). The mean maximum rise values & 2 walking
speed of 0.88msec were 0.06 meters on the ground versus
0.08 meters on the treadmill. At a walking speed of 1.32
m/sec maximuin tise of the foot was (.07 meters on the
ground versus .09 meters (Fig. 1), Larger knee and ankle
flexion values were also observed for treadmill versus
overground walking although they were not significantly
different. However, significantly larger hip flexion sagles
were found at both 0.88 and 1.32 m/isec ( p < .001) on the
tweadmill Hip flexion at & walking speed of 0.88 misec was
20.62 degrees on the ground and 23.61 degrees on the
treadmill; at a walking spead of 1.32 m/sec hip flexion was
20.18 degrees on the ground and 23.67 degrees on the
treadmill. (Fig. 2) These results indicated that the increased
tise distapce of the foot on the treadmill versus the ground
was probably due o an increase in hip flexion. Stwideiength
was also significantly different between the two conditions
at 0.44 mssec (0.87 on the ground vemsus 1.19 meters on
the treadmill) and 0.88 m/sec (1.26 meters on the ground,
1.31 meters on the treadmill) but not at 1.32 m/isec (Fig 2).

Discussion

These results indicated that walking strategies differed at
slow versus fast walking speeds. At the two slowest
walking speeds, subject's steps were significantly shorter on
the ground than on the treadmill. While at the two fastast
walking speeds the strategy was wowards greater hip flexion
and higher rise distance of the foot from the ground during
wreadmill walking versus overground walking. The results
lead 1o the conclusion that the readmill influences walking
kizematics compared o overground walking and
influences kinematics differently throughout the range of
speeds.
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Figure 1. Maximum rise of the foot from the grouad (step
beight) at .44, .88 and 1.32 mAec. Solid lines indicate

overground walking and doted lines are mill walking
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Figure 2. Hip flexion during swing phase g all walking
speeds for overground (solid line), and mill walking
(dotted Line).
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Figure 3. Strdelength for overground walking (solid line)
agd treadmill walking (dotted line).
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COMPARISON OF TREADMILI, AND OVERGROUND RUNNING

M.A. Lafortune, E.M. Hennig* and T. Milanir*

School of Buman Biology, University of Guelph, Guelph, Ontario
Biomechanik Labor, Universitat GE Essen, Essen, Germany

INTRODUCTION

Treadmills are commonly used as
rehabilitative devices, to evaluate
phyaiological performance and footwear
properties. Several biomechanical
studies have agsessed the ability of
treadmills to mimick overground running.
Based upon kinematic measurements and
associated parameters, researchers have
reported minimal differences for
treadmills with powerful drive systems.

In the present study, kinetic and
rearfoot measurements were used to
compare treadmill to overground shod
running. Kinetic measurements included
foot plantar pressure and shank axial
acceleration. Treadmills reduced peak
pressure under the foot except under the
arch and the big toe, they also reduced
shank impact shock but had minimal
effect upon pronation. Some differences
were observed between treadmill types.

REVIEW

Scheib {(1986) reported that habituation
to treadmill is necessary to establish a
normal running gait. While Dal Monte et
al. (1973) suggested that differences
existed between treadmill and overground
running, Van lngen Schenau (1980) stated
that no biomechanical difference existed
for devices with strong driving
mechanisms. This last study relied upon
a theoretical model of the energetic
aspects of running. In 1989, Milani et
al. presented results of barefoot
calcaneal acceleration that implied
higher impact during treadmill running.
Their distal accelerometer positionning
excluded the foot/ankle complex which
likely plays an important shock
attenuating role, Thus, impact
measurement at the calcaneus may not be
representative of the shock wave
travelling up the locomotor system.
Barefoot locomotion was also shown to
produce impact loading that is different
from shod locomotion (Lafortune, 1992).
The purpose of this study was to examine
the treadmill-overground comparison for
shod running.

METHODOLOGY

Fifteen healthy male subjects
experienced at treadmill running
participated in the study (73.325.5 kg).
They ran at 3.3 m/s overground (OVGR)
and onto two different treadmills
{TREAD]l, Woodway; TREAD2, Jaeger
Laufergotest) while wearing running
footwear. The overground range of
accepted velocities was = 0.1 m/s.
Plantar pressure was monitored with
piezoceramic transducers (4mm X 4mm).
Their physical properties were described
by Hennig et al. (1982). The sensors
were fastened under the foot with
adhesive tape at the following palpated
anatomical locations:beneath the medial
and lateral heel and midfoot, the head
of the 1st, 3rd and 5th met., and the
hallux. An electrogonicmeter was used
to determine the rearfoot angle which
provides us with an estimate of foot
pronation. Shank acceleration was
measured with an "Entran EGAX-F-25"
miniature accelerometer attached to the
medial aspect of the tibia at mid
distance between medial malleclus and
the tibial plateau. To improve its
mechanical coupling to the tibia, the
accelerometer was forcefully pressed
against the bone by an elastic band.
Analog signals were sampled at 1 kEz.

The two treadmills were presented on
different days while overgroung running
was repeated on both days to account for
potential differences in transducer's
mounting and/or location. Eight trials
were performed in each condition and
mean values were calculated for
pressure, acceleration and pronation
(rearfoot) variables. Feak (FPKP) values
characterized plantar pressure; peak
(PKA) and median power frequency (MPF)
for shank acceleration; maximal rearfoot
angle (MRA) and angular velocity (MAV)
for pronation. The load bearing
description at individual locations was
further complemented by integrating the
local preasures throughout the stance
phase. Relative loading (RLP) was
calculated by dividing each local

with permissicn from
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impulse by the sum of all eight local

impulses. ANOVA {a=0.05) was used to
compare experimental conditions.

RESULTS

Compared to OVGR both treadmills were
found to significantly reduce PKP under
most foot structures (Fig. 1). The
differences were not significant under
the arch and big toe and, the 5tb pet
head with TREAD2. The only difference
in relative loading (RLP) was at the
lateral heel, TREAD2 decreased RLP. FKA
was significantly reduced by both
treadmills but only TREAD2 increased MPF
(Table 1). Treadmills had no effect
upon peak pronation but TREAD? increased
MAV. Finally, it was found that TREAD?
reduction in PRA was significantly
larger than the reduction with TREAD].

Table 1, Means and standard deviations.

OVGR1 TREAD | OVGR2 TREAD2
PRA g | 8.8 7.5 * | 8.8 5.5 *+
s.d. 2 2.9 1.8 1.9
MPF Hz | 15.6 17.6 *| 15.4  16.6
s.d. 0.9 2.6 1.2 2.7
MRA d 11 11.2 | 10.5  10.7
s.d. 2.7 3 3.9 4.4
MvA d/s| 482 587 *+ | 480 525
s.d. 98 150 106 133

* OVGR= TREAD + TREAD1w» TREAD2

DISCUSSION AND CONCLUSION

The large discrepancies in peak preasure
! and peak shank acceleration indicate
! that the loading characteristics of shod
treadmill running were substantially
different from overground running. The
lower values obtained for the treadmills
! were likely indicative of a greater
compliance in these deviceg rather than
kinematic modification of the foot-ankle
camplex. The shock attenuating
pronation was found to be gimilar
between treadmill and overground
conditions. The greater peak pressure
reduction under the heel as compared to
the forefoot could have implied a change
toward midfoot striking during treadmill
running. Yet, the relative loading data
showed that load sharing among foot
structures remained unchanged from
overground running. These findings also
suggest a greater compliance in the
treadmills.

From a footwear evaluation perspective,

Proceedings, Eighth Biennial Conference, Canadian Society for Biomechanics, Calgary, Avgust 18-20, 1994

.should depend upon its intended usage.

the shock and pressure reduction
agsociated with treadmill use may lead
to lower discriminating power. Yet, in
rehabilitation these same cushioning
characteristics would be benefitial.
Pronation velocity, median power
frequency and peak shank acceleration
indicate that treadmills differ and as
such the choice of a specific model
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RESTRICTION OF FOOT INVERSION BY TREKKING SHOES IN UNEXPECTED ANKLE TURNS

T. L. Milani & E. M. Hennig

Biomechanik Labor, Universitit Essen, Germany

INTRODUCTION AND REVIEW

Ankle sprains are the most frequent injuries in
sports (Mack 1982). In various sport disciplines
(e.g. basketball, tennis & mountain climbing) 30%
to 34% of the athletes are suffering ankle sprains
(Southmaid & Hofman, 1981). According to Taylor
(1988), ankle sprains are mostly acute athletic
injuries, resulting from sudden blows or twists.
Therefore, an important criterion for the protective
function of trekking shoes is the effectiveness of
the shoes to protect the body from foot inversion
injuries, which generally occur unexpectedly.
According 10 Melville-Yones & Watt (1971) and
Greenwood & Hopkins (1976) an unexpected fall
situation is forced when the ime toreacton a
stretch is less than at least 200 ms (o initate a
voluntary contraction. Unexpected turning of the
ankle normally occurs too fast for protective
voluntary muscular contraction, Up 10 a time of 100
ms only simple (at around 30 ms) or vestibular
reflexes (at approximately 100 ms) can be
expected. Using a similar protocol, Kimura et al.
(1987) studied the effectiveness of different ankle
braces on rearfoot motion. This study was
performed to investigate the mechanical properties
of 13 different trekking shoe products in preventing
excessive foot inversion in a simulated unexpected
ankle turn sitnation.

METHODS

Twenty-three male subjects volunteered o
participate in this study. The average age was 249
(SD 4.3) years, the mean height 178 (SD4.8Ycm
and the mean mass 70.1 (SD 6.4) kg From the 13
trekking shoe constructions, one had a low, nine a
medium and three a high cut heel shaft. A metal
platform with the dimensions of 35 cm x 36 cm was
constructed. The functional portion of the platform
is a tiltable section to invert the right footto a
preset angle of 20° (Fig. 1).

For protection the tiltable part of the platform (17
cm x 35 cm) was built with a 7 cm high boundary.
Triggering an electromagnetic release mechanism
the movable platform part dropped to an angle of
20°. The subjects on the platform were not aware of
the time of release to create an unexpecied fall

sitpation. The subjects were instructed to position

their right foot with the lateral edge parallel to the
boundary. The subjects stood with almost full body
weight on their right foot on the movable platform
section. The left foot on the fixed portion of the

with

platform served only to achieve a stable standing
balance. The falling distance of the heel center was
determined as 4.3 cm, which corresponds 10 a
falling time of approximately 94 ms. According o
Melville-Jones & Watt {1971), during this period
only muscular activity by a simple reflex can be
expected. Therefore, the restriction of foot
inversion can be expected to be mainly a
consequence of the type of the shoe construction.

Figure 1: Platform and goniometer arrangement for
the simulation of unexpected foot inversion

The angle of inversion was measured by an
electrogoniometer to determine the achilies tendon
angle for the estimation of rearfoot motion. A light
weight half circular metal construction with a
potentiometer was fastened at the heel counter of
the trekking shoes. The axis of rotation of the
goniometer was adjusted to the approximate height
of the subtalar joint (figure 1). A precision
conductive plastic potentiometer (Megatron MP10)
exhibited a high angular resolution and good
linearity (1%). The movable part of the goniometer
was fixed at the lower leg in alignment t0 the
achilles tendon orientation. The inversion platform
was mounted onto a Kistler force platform (Model
9261A) and data collection was initiated with a
pretrigger mode, using the ground reaction force
signal, With all subjects 5 trials of unexpected falls
were carried out in each of 13 commercially

isgion from
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available trekking shoes. Testing for one person

* was done in a single session using a randomized
shoe sequence. The data were sampled with 12 bit
resolution and at a sampling rate of 1 kHz. The
maximum inversion angle was defined as the range
of angular displacement from standing 10 maximum
inversion. This range of angular motion was easier
1o detect and its use seemed adequate, because the
amount of pronation during standing was very
similar between the different footwear
constructions. Additionnally the maximum
inversion velocity were determined for each
trekking shoe and cach subject. After averaging the
parameter values across the repetitive trials in each
of the footwear conditions, the mean values were
used in a repeated measures ANOVA.,

RESULTS AND DISCUSSION

The statistical evaluation shows large differences
between the different shoe constructions. For the
maximum inversion angle as well as for the
maximum inversion velocity the ANOVA revealed
significant (p<.0001) between shoe differences.
The inversion anglcs forthe 13 n'ekkmg shoes

_]_Range’
34.343.7

Parametcr
Angle of

inversion [*]

576-807

Table 121 Mcan. standard dc\nauon(SD), tange e of
inversion and inversion velocities

Figures 2 and 3 show the inversion angles and
angular velocities for the 13 pairs of shoes.
Whereas the highest angle of inversion was
observed for the shoe with the low heel shaft (#1),
low angles could be found for the three trekking
shoes with high shafts (#11, #12, #13). However,
trekking shoe #3 with a medium shaft height
limited angle of inversion as effectively as the high
cut models.

] - Maximum inversion angle

44

42/
404
384
364
344
324

30-

10 11 12 13

123456789
Figure 2: Maximum inversion angle

The angular velocity measurements (figure 3) show
a similar trend as the maximum inversion findings.
Again, shoe #3 with a medium shaft height limits
the angular velocity as effectively or even better
than the high cut shoes. A simple regression
analysis revealed a significant comrelation (p<.01)
of r = + 0,84 between maximum inversion and
maximum irversion velocity. However, shoes #2,
#4, #12 and #13 show that inversion range and
inversion velocity behave differently. Therefore,
both quantities are important to judge the protective
function of footwear, The maximum inversion of
the foot may be used to estimate the amount of
loads at the ligaments. A low inversion velocity of
a trekking shoe may give the amount of extra time
to use voluntary muscle contraction in avoiding an
excessive inversion, Overall comfort of the shoes
was evaluated using a 5-point perception scale
(1=very comfortable, 5=very uncomfortable). A
correlation analysis revealed a weak, but significant
relationships (p<.05) between perception of
comfort and maximum inversion (r = + 0.60) as
well as inversion velocity (r = + 0.60). Opposite to
what one might have expected, the more
comfortable shoes had a tendency 1o restrict
inversion to a higher degree.

[*/s] Maximum angular inversion velocity

12345678910111213
Figure 3: Maximum angular inversion velocity
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MECHANICAL PROPERTIES OF RUNNING SHOES - MEASUREMENT AND MODELLING

B. Krabbe, W. Baumann

Deutsche Sporthochschule Kain, Institut fur Biomechanilc

1. INTRODUCTION

In the last twenty years the rupning shoe has ofien been subject of
mechanical (1,3) and biomechanical (4) studies. The shoe can be
characterized by mechanical parameters such as “stiffness” and
*damping”, often being more or less complex functions of
deformation and deformation velocity respectively.

The puspose of this paper is to present 3 new measuring device,
that offers the possibility to measure under "realistic conditions™
and to demonstrate different possibilities in quantifying the
mechanical properties of running shoes as viscoelastic materials.
With the collected data of different running shoes in a new and
worn condition, the following thesis are provided with the help of
an appropriste statistical design (multifactorial anmalysis of
variance).

1. There are differences in the mechanical properties of the tested
high price running shoes.
ﬂ.ﬁepmpqﬁsoﬁhelhoadungeaﬁeraspoﬂspcziﬁcuage.

2. MATERIALS AND METHODS

The tests were done with each of 10 pairs of five different high
pdoenmningshoesofimpmummmuﬁmuminanewmd
worn (200 km) condition. The mechanical properties of the shoes
in the heel and midfoot region were measured using a dynamic
test device. The squipment offers the possibility to exert force on
sportshoes, sportshoe-malerials or sportfloors. The foroe acts over
a variable piston onto selected parts of the shoe. The maximum of
effective force, the time of contact and the velosity of the piston is
variabel in certain limits.

For this study we choose the parameters in the way that the time-
curve of the resultant force is similar to the Vertikal Ground
Reaction Force in running During the coutact phase force,
deflection of the material and derivated parameters can be
measured with high frequence or calculated and recorded 10 3
computar.

With the help of this measurement the following parameters
describing mechanical properties of the shoes are calculated for
the heel and the midfoot region of the shoe: '

- stiffness between 200 N and 400 N (ST ! [N/mm]) and

with

between 1000 N and 1400 N (ST 2 [N/mm}).
- maximum eniergic input (Epy (Nm]) and the loss of encrgic
. durning the contactphase (E1_ [%]).

Moreover we calculated the constants of a linear Kelvin-Voigt-
Model and some nonlinear models describing the viscoelastic
properties of the shoes. The three discussed models are given with
the following differential equations.

F(6)m ey sdt)en i) W

m)sél-u{%wa(:) @

#l1)= ?';c, '"'(')":5:)1'?’.:." e ®

3. RESULTS AND DISCUSSION

As one can sé¢ in table 1, 2 and figure 2 (because of a betier
illustration only four of the five shoes are shown in figure 2) there
arc differevices in the caloulated properties of the tested running
shoes in the heel as well as in the midfoot region. The most
important parameter is stiffiness 2, because it describes the
properties of the tested shoe under a realistic high force input
Especially the difference in both parameters (ST 1 and ST 2)
between shot 3 and shoe 5 is very interesting though the
maximum deflection of both shoes is nearly the same (see
figure 2). From this poist of view the relationship between the
ST 1 and ST 2 could be an aditiona) parameter of importance.

The change of the propertics afier a specific use of 200 km
running is dependent on the tested shoe. The relative as well as
the absolute differences, especially of the parameter ST 2,
correspond with the stiffness of the shoes in the way that the

. differences decrease with an increase of the stiffness of the shoes.

The increase of ST 2 is more distinct in the midfoot than in the
heel region.

The modelling of viscoelastic properties is commected with two
problems of different nature. The usage of a linear Kelvin-Voigl-
Model results in physically meaningful calculated spring and
damper constants. The disadvantage of this model is the
unacceptable agreement of the calculated with the measured
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forces. The application of model 3 shows an opposing character
(good agreement of calculated and measured forces (see figure 3)
but no possibility to a meaningful physical interpretation of the
constants), Model 2 is & compromise of the two models because it
is realtiv simple as well as it avoided the disadvantapes listed
above.

Table I: Mechanical parameters of the heel region

param | cond | shoe 1 | shoe 2 | shoe 3 | shoe 4 | shoe 5

ST1 new 122 104 77 96 61
STt | wom 130 104 78 o4 62
ST2 | new 201 136 119 147 147
ST2 { womn 195 147 124 157 163
Em new 85! 116] 139 1L1 123
Em | worm 86| 1.1 134 107] 11,5

EL new 656 59 62 62 51
EE%_ worn 65 63 67 62 54

Table 2: Mechanical parameters of the midfoot region

param | cond. | shoe 1 | shoe2 | choe3 | shoe 4 | shoe S

ST 1 new 117 85 95 88 74
ST1 | wom 117 78 91 91 72
ST2 | new 287 2301 205]| 205]| 284
§T2 | wom 296| 249 2241 263]| 307
new 6,8 8,7 9.0 9,1 7.8
Epn | wom 6.5 8,1 8.4 7.8 1.3
new
worn

70 63 70 sl 61
72 £9 73 72 65

“ew s mew old o o mw ol mw o
Shoe 1 Shoe 2 Shoe 3 Shoe 4 Shoe 5

Figure 1: Stiffness2 (ST 2) in new and worn condition in the
midfoot region :
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SBOCFK TRANSMISSIBILITY OF THE BUMAN BODY

M.2. Lafortune, M.J. Lake and R. Wilson

School of Human Biclogy, University of Guelph
Guelph, Ontario, W1G 2wl

IRTRODUCTION

Acceleration transients result from the
impact of the feet with the ground
during locomeotion. The human body -
controls the transmission of the shock

. to the skull through active and passive
attenuation. Active attenuation refers
to the kinematic responses of the
locomotor system during impact while
passive attenuation involves structures
and visco-elastic properties of tissues.

The shock tranamissibility of the human
body was evaluated under 3 different
impact conditions. A human pendulum was
used as impact modality while knee
kinematic response was minimized. The
results indicated that the locomotor
system was effective at attenuating the
impact shock transmitted from the shank
to the skull. Its performance appeared
to be independent from the severity of
the impact force.

REVIEW

shorten and Winslow (1992) examined the
frequency gain/attenuation of the human
locomotor system during running. In
comparing head to shank acceleration
signals, they found that the spectral
components of the head signal were
attenuated above 10 Hz. The authors
attributed this attenuation to kinematic
adaptations that focused upon knee
flexion. McMahon et al. (1987) reported
that body shock transmission during
running, ratio of head to shank peak
acceleration, passed from =0.5 to 0.1
as thigh flexion increased from 20 to
30°. The purpose of this study was to
assess the shock transmissibility of the
human locomotor system under different
impact conditions while knee kinematic
response was minimized.

METHODOLOGY

Nine male subjects participated in the
present study. They were free from
lower limb injuries at the time of the

experiment. Their mean age, mass and
height were 24.7 yr, 78 kg and 178 cm
respectively. A human pendulum served
as impact modality (Lafortune and Lake,
1993). Entran accelercmeters recorded
the shock experienced by the shank and
head of the subjects following impact of
their foot with the force platform.

Three experimental interfaces were
randomly assigned to each subject:

l)barefoot and force platform (BARE),

2)barefoot and force platform covered
with an EVA mat (MAT),

3)shod and force platform (SHOE).

The EVA mat and shoe sole had identical
hardness (55 Asker C) and thickness

(24 mm). Fifteen impacts were recorded
for each interface. The subjects were
informed to keep their knee from
flexing. Trials that demonstrated knee
flexion were repeated. The 0.9 ms—l
impaet velocity was achieved by pulling
the pendulum 0.54 m away from the force
platform. Exact impact velocities were
monitored with a velocity transducer.
(Celesco DV-301-0075). 8ignals were
sampled at 1500 Hz and subjected to a
fourth order low pass (200 Hz) digital
filter. Foot contact was identified
from the wall reaction force signal.

Transmissibility was assessed in the
time (TD) and frequency (FD) domains.

TD variables consisted of peak
acceleration ratie, transient rate ratio
and peak time delay (DTIME=tpkp-tpkt).
The (FD) variables included mean power
frequency shift (DMPF) and
gain/attenuation profile (5.9-100 EBz) of
the shank-to head shock transmission.
The initial 256 points of the
acceleration signals were used in the
spectral analysis leading to a
resolution of 5.86 Hz.

RESULTS

The human pendulum allowed for a tight
control of the impacting velocity
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(Intra-and intersubject coeff. of var:
1,72 % and 0.99%). Between interfaces,
the mean impact velocities deviated by

less than 0.003 ms~!, BARE interface
induced significantly higher peak impact
force (PKF} and rate of loading (ROL)
than the MAT and SEOE interfaces (Table
1). The rate of loading was also higher
in MAT than in SHOE interface. The
results showed that the experimental
interfaces had no significant influence
upon the TD and FD transmissibility
variables. On average, DTIME was 6.5 ms
while peak acceleration and transient
rate ratios were almost identical -at
0.34 and 0.33 respectively. MPF was 4.4
Hz lower at the head than at the shank
and, the gain/attenuation profiles for
each interface indicated attenuation
over the entire frequency range (Fig.l).

DISCUSSION AND CONCLUSION

The time and frequency demain results
revealed that the human locomotor system
was effective at attenuating the shock
wave resulting from impact to the foot.
In the time domain, the substantial
shock reduction (66%) in absence of
cbservable knee flexion implies that the
loceomotor system possesses other
valuable shock attenuators. Within the
range of impact severity simulated in
this study, the results also indicate
that these shock attenuators performed
independently from impact magnitude.

The frequency domain results further
suggest that the abilities of the
locomotor system to attenuate the shock
wave and to filter out its higher
frequencies were unaffected by the
spectral components of the shock wave
travelling up from the shank segment.

‘Conversely, Shorten and Winslow (1992)

reported that < 6 Hz frequencies were
amplified and, signal attenuation above
10 Bz increased with increasing impact
shock. The absence of knee kinematic
adaptations in this study provides a
potential explanation for these
discrepancies.

The present results support the idea of
a shock attenuating mechanism that
maintainsg the shock to the head below a
set threshold (Shorten and Winslow,
1992). The significant differences in
head transient rate and mean power
frequency suggest that the mechanism
might be restricted to shock magnitude.

Eowever, our approach prevented
kinematic adaptations which are integral
components of the shock attenuation

function of the locomotor system.,

The

effects of kinematic adaptations upon
shock attenuation will be examined in
future studies.

TABLE 1. MEANS AND STANDARD DEVIATIONS

BARE MAT SROE

PKF (BW) a |1.87 (0.20)|1.64 (0.18){1.4B (0.20)
ROL (BW/8)b | 317 (57) 199 (26) 117 (44)
PKS (g) ¢ 10.8 (2.1) | 9.9 (1.5) | 8.4 (2.5)
PKE (g) 3.3 (0.4} | 3.2 (0.5) | 2.9 (0.6)
RATIO 0.32 (.08) | 0.33 (.06) | 0.37 (.11)
DTIME (ms) | S.4 (3.8) | 5.8 (5.0) | 8.4 (3.9)
TRS (g/s) a | 1326 (498) | 925 (337) | 742 (305)
TRE (g/s) a | 387 (112) 296 (89) 218 (81)
RATIO 0.32 (.11) | 0.34 (.11) | 0.31 (.11)
MPFS (Hz) a | 24.7 (2.9) | 22.6 (1.%9) | 22.0 (2.4)
MEFH (Hz) a | 20.6 (5.9) | 17.7 (3.3) | 17.9 (3.6}
DMPF (Hz) 4.1 (6.1) | 4.9 (4.2) | 4.1 (3.7)
a BARE > MAT and SHOE (a=0.05)
b BARE > MAT > SHCE (a=0.05)
¢ BARE > SHOE (a=0.05)

¢ 4t st ——

25 -

0

FREQUENCY (5.9 to 100 Hz)

Fig 1. Attenuation vs frequency,

5.86 Hz intervals.

Lafortune, M. A. and Lake, M. J.

REFERENCES

data at

(1993).

Proceedings of the ISB meeting, Paris
{pp. 744-745).
Shorten, M.R. and Winslow, D. S. (1982%.
Int.J.Sport Biomech.8, 288-304.

McMahon, T.A. et al. (1987).

J.Appl.Physiocl. 62, 2326-2337.

This research was funded by NSERC.
Experimental footwear and EVA mats
were provided by RIKE, USA.

Excerpted with permission from ‘
Proceedings, Eighth Biennial Conference, Canadian Society for Biomechanics, Calgary, August 18-20, 1994

29

2 AR IURLIEY (R TR e Lo Tt Ay g 1 AR T

BT 5 TR I A I VPRSP T T MR ST NPT SR IR 2




RELIABILITY OF FORCE PLATFORM DATA IN THE ESTIMATION OF INSOLE SHOCK ATTENUATION

Michaet W. Whittle* and Colin D, Williams'

*The University of Tenncssee at Chattanooga and Siskin Hospiul for Physical Rehabilitation, Chattanooga, Teanessee
'Compasite Products Inc., Chardotie, North Carolina

INTRODUCTION

The “heelstrike transient” (Gg. 1) is a short-lived force (typically
20ms) which occurs each time the heel of the foot contacts the
ground during normal walking (Collins & Whittte, 1989}. It
probably results from the deceleration of the moving leg, with a
resulting transfer of momentum from the leg 10 the ground
(Whittle, 1993). It is most accurstely measured using bone-
mounted accelerometers (Light et al,, 1980), but such an invasive
procedure is clearly not suitable for routine use. Whittle (1993)
demonstrated that the heelstrike transient could be studied using
a force platform, providing the force platform had a high enough
frequency response, data were sampled at 2 high enough mie,
and smoothing was not employed.

The ability of athletic shoes to attenuate the transient force st
impact duting running hus been studied extensively (Nigg et al,
1987). However, less attention has been paid 10 the heelstrike
transient during walking, despile the fact that it has been
implicated as 2 possible cause of degenerative joint disease in the
lower Limb (Radin, 1987). A mumber of insole materials have
been developed which claim o reduce the magnitude of the
heelstrike transient, and thereby possibly to offer some protection
sgainst the developmen: of ostecarthrosis, Johnson (1986, 1988,
1990) developed & portable instrument for measuring the
magnitude of the heelstrike transient, using an aceelerometer
strapped firmly to the lateral malleotus, and showed that it could
be used 1o stdy the effects of different shoe and insole
matetials. The present study offers an altcrnative technique for
the same purpose, based on the use of equipment found in most
gait Laboratories.

METHODS

Tests were cartied out using wo Bertec force platforms, data
being sampled (without filimtion) at a frequency of 1000Hz,
using a Vicon gait amlysis system. In this pilot study,
measurcments were made on & single subject, a 52 year old male
weighing 680N, wearing “Oxford” shoes with » hard rubber heel
Two walks were made under each of eight conditions: withot an
insole, and with seven different types of insole or heel cup.
Details of these insoles are unimportant - they were simply 4n
assonment of differentt devices coveting a range of shock
attenuation, properties. No formal effort was made to control the
subjoct’s cadence o stride leagth, although he anempted 1o walk
in the same manner for cach test.

The Vicon files of three-dimensionzl data (*.C3D) were
transferred to a personal computer, whete 2 specialiy-written
progam extracted the fore platform data channels of interest
and copied them into a file which could be accessed by the
Microsoft Excel spreadsheet prograrn, in which all further
processing was performed.

The magnitude of the ground reaction force (GRF) was
calculated from its three orthogonal components. Four vadabies
wese derived from the data, and examined for reliability. The
GRF consists of the vector sum of the heelstrike transient and
the “weight acceptance”, which consists of the transfer of the
body weight to the leg. The latter element was subtracied using
the procedure suggested by Whittle (1993). A stright line was
fitted: between the point of initial contact and the “trough” in the
GRF following the heelstrike. The value given by this straight
line was then subtracted from the overall GRF at that instant
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Figure |: Magnitude of ground reaction force vorior during
stance phase of gait, showing heclstrike transient.

Figure 2: Detail of first 100ms of ground reaction foroe, showiag
definition of varables PEAK, EXCESS, AREA and RATIO.
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. Table L: Values of variables for ench test condition with mean,
standard deviation (8.D.), coefTicient of variation (C.V.), and
correlation coefficients CORR 1v2 and CORR LvR (see text).

Variable: PEAK EXCESS AREA RATIO
Units: N N Nms ms
No insole 908 639 6793 10.6
Insole A 782 547 6692 122
Insole B 818 566 6826 12.1
Insole C 688 464 6406 139
fnsole D 745 506 6059 12.0
Insole E 707 487 5834 12.0
Insole F 606 359 5459 5.1
Insole G 643 363 6040 165
MEAN 737 491 6264 13.0°
s.D. 98.1 96.6 496 2.0
CV. (%) 133 19.7 19 15.0
CORR iv2  0.69 0.66 0.16 093
CORR LvR 0.71 071 0.05 0.95

(fig. 2), the foree in excess of the straight line being taken as the
transient. The variables examined were 1) PEAK (absolute force
magnitude al peak of transient); 2) EXCESS (force magnitude al
peak of transient, minus value given by straight line); 3) AREA
(product of time and force magnitude minus value given by
straight Line); 4) RATIO (AREA divided by EXCESS). Tt was
decided that a realistic test for reliability would be firstiy to
compare replicate measurements made under the same tes
conditions, and secondly to compare the messurements made on
one foot with the measurernents made simultanecusly o the
other foot.

RESULTS

Table 1 gives the mean vatues from two walks, from both feel,
of PEAK, EXCESS, AREA and RATIO for each of the &ight test
conditions {without an insole, and with seven different insoles).
1t also gives, for each variable, the Pearson product-moment
correlation coefficient (1) between the data from the first and
second messurements (CORR 1v2) and between the data from
the left and right sides (CORR LvR).

DISCUSSION

There are a number of laborstory lests which measure impact
attenuation in vitro, and the introduction of an Americen Society
of Testing Materiais (ASTM) standard on this subject is currently
under discussion. However, it is unclear bow puch
measurements relate o conditions in vivo. In the absence of 2
-gold standard” against which 10 compare the results, the present
study therefore addressed only the relisbility of force platform
measurements of impact attenuation, and not their validity.

The only vasiabie with a high reliability was RATIO, which had
2 correlation coefficient between the first and second tests of
0.93, and between the two sides of 0.95. Both PEAK and
EXCESS had much lower correlation coefficients, in the region

with

of 0.7 for both cornparsons. AREA showed negligible
correlations, with vatues of less that 0.2,

Whittle (1993) suggested that the weight acceptance phase of the
GREF is limited (o low frequency components, and that over the
dusation of the heclstrike transient it can be approximated by a
straight line. Any force in excess this line constitutes the
“transient®, which is thought to be due to the loss of momentum
from the decelenating leg. Since force can be defined as mte of
change of momentum, the sarea beneath the forceftime curve

"should equal the change in momentum of the leg. Assuming

there is no difference in the gait pattem, the properties of the
insole matedal should not alter the absohunte magnitude of the
momentum lost from the leg st heelstdle. This loss of
momenturm is tepresented by the variable AREA, which should
thus be constant from walk to walk, with & coefficient of
vadation (C.V.) of ptro. This was clearly not the case in
practice, although the C.V. for AREA was iess than that of the
other variables. In contrast, the impact sttemuation properties
should affect both the height of the peak force (relsted 0
EXCESS) and the time course of the eveat (related 1o RATIO).
In other words, & greater level of impact sttenuation should result
in a lower value for EXCESS, and a correspondingly higher
vatue for RATIO.

‘The current data support the hypothesis that insole properties
change the shape of the curve of the GRF more than they change
the area beneath the heelstrike transient, and suggest that the
GRF may thus be used to provide a relisble measure of transicnt
anequation. In the present study, the varisble most sensitive 10
impact attenuation was RATIO, which relates to the time over
which deceleration occurs. However, other methods of enalyzing
the dats uiynpmveevmmomeffeeﬁve.formmplem
form of frequency analysis, such as that used by Johason (1986)
for acceletometer data.

The mote difficult problem of validity requires heelstrike
attenuation measured from force platform dats to be compared to
some cther measure, The “shock meter” (Johnson, 1990) is
probably pot secumte enough Lo provide a standsrd against
which other methods can be judged, and i may require invasive
studies, using bone-mounted accelerometess, to validate the
method described here.
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THE EFFECT OF REARFOOT MOTION ON THE ATTENUATION OF THE
IMPULSE WAVE AT IMPACT DURING RUNNING

V. R Yingling, H. J. Yack, 5.C. Whitc

Department of Physical Therapy and Exercise Scieace
State University of New York at Buffalo, Buffaio, New York

INTRODUCTION

With each foot contact, runners cxperience an impact force
which is 2-3 times their body weight. Injuries such as stress
fractures, shin splints, cartilage breakdown, low back pain, and
osteoarthritis have been associated with these increased forces
{Shorten & Winslow, 1992).

Energy absorption mechanisms, both internal and
external to the musculoskeletal system, can affect the foroe at
impact and the resulting impulse wave. Soft tissue, bone,
articular cartilage of the joints and the motion of the joints
may contribute 1o the attenuation of the impulsc wave.
Extemal factors affecting the magnitude of the force at impact
intiude running speed, footwear and the gradient of the
running surface.

Few studics have focused on the attcnuation
properties of the foot. In theory, pronation of the subtalar
joint should extend the duration of the impact phase thereby
reducing the peak impact force at hee! contact. In the present
study, subtalar joint motion (rearfoot motion) was restricted to
investigate the affects of reduced rearfoot motion on the
impulse wave associated with impact.

METHODS

Fifteen subjects with informed consent and who were
free of any injurics at the time of data collection participated
in this study.

EGAXT accclerometers were used to record the
magnitude and time duration of the impulse wave experienced
by the lower extremity with and without a medial wedge in the
running shoe. They were interfaced to a light weight portable
amplifier/ telemetry system (2 kg.), which was carried in a
backpack securely attached to the subject. One accelerometer
was attached to the skin overlying the proximal, medial-
anterior aspect of the tibia, a second to the calcancus and a
third on the heel of the shoc.

Four reflective markers were attached to the
subject's posterior leg and foot to define the relative angle
between the calcaneus and the leg during the running trials.
This angie represents the angle of the subtalar joint (Qlarke,
Frederick & Cooper, 1983). The subjects were videotaped
from the rear during each trial to record the position of four
markers placed on the subjects. The markers were used fo
caiculate the rearfoot motion for subjects running with and
without the wedge. A synchronizing system (Kristal Instrument

Corp.) was used to align the hee! accelerometer signal with the .

video data in the time-domain.

The subjects ran on a treadmill at a cadence of 160
steps/min at a comfortable speed under two conditions. One
running condition included running with 2 medial wedge
inserted into the running shoe (NIKE Air Huarache) to limit
fearfoot motion. The other condition included running with 2
flat insert (7 in. long, 05 cm. thick) placed in the shoc, made
of the same material as the wedge. The subjects were
familiarized with the treadmill, the wedge and the cadence
during a S minute warm-up period. Each running trial was

approximately 67 scoonds with data colicction oocurring during
the final 7 seconds.
Rearfoot motion was caiculated for both conditioas

for the initial 15% of the stance phase. Accelerometry signals

were A/D converied on-line at a rate of 3787.88 Hz. using
Bioware (Kistler Instjument Corp, Amherst, NY 14228).
Accclerometry data were anpalyzed in both the time and
frequency domains. In the time-domain, the magnitude of the
scceleration peaks of the heel, calcancus and tibia accelerometry
records and the time-to-peak value of the tibia were detcrmined
(Figurc 1). The acceicrometer signals were then transformed
from the time-domain to the frequency-domain using a Fast
Fourier Transform (FFT). The predominant frequency of the
impulse pesk occurs between 12-25 Hz (Shorten & Winslow,
1992). The frequency of the impulse peak and it's magnitude
were compared between the two running conditions (Figure 2).
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Figure 1: Schematic diagram representative of the peak
accelerations and the time-to-peak values for one subject.
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Figure 2: Frequency spectrum of the tibia acceleration
signal shown in Figure 1.
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A paired t-test (p < 0.05) was used to establish the difference
in the rearfoot motion between the two conditions (wedge -
non-wedge). The time-domain peak accelerations of the heel,
caicaneus and tibiz accelerometers, the time-to-peak values of
the tibia accelcrometer, predominant frequency of the impulse
wave at the tibia and the amplitude at that frequency were also
compared between conditions.

RESULTS

Restricting rearfoot motion did not result in an increase in the |

magnitude and time-to-peak value of the impulse wave at the
tibia. Both the time-domain and the frequency-domain results
yield no significant differences between the two running
conditions, (no-wedge and wedge), ¢xamined in this study
(Table ).

DISCUSSION

The collision berween the foot and ground at heel
contact results in a large force acting over a short period of
time as the momentum of the body is arrested. Rearfoot
motion is thought to attenuate the magnitude of the impact
force at heel contact by increasing the time interval over which
the impact force acts on the body. Three explanations may
hefp interpret these results. First, the results might suggest
that the rearfoot movement, although limited during the
wedged condition, was still sufficient for shock attenuation.
The motion immediately after heel contact may be enough to
increase the duration of the impulse and thereby decrease the
magnitude of the impact force and thus the accelerometers at
the tibia would detect no changes in the impulse wave.

Secondly, sagittal plane kinematics may have been
altered to compensite for a reduction in rearfoot motion.
Joint motion can reduce the effective vertical stiffness of the
body and lessen the transmission of mechanicat shock up the
body. Joint motion has been found to decrease the impulse
wave measured between the tibia and the head (Paul et al,
1978) and the motion of the ankle, knee and hip joints may
have been altered to some degree by the subjects of this study
to compensate for the loss of rearfoot motion.

A third passibility is that there may have been a
change in the amount of co-contraction of muscles at the joints
at impact. A change in position of the foot when the wedge is
introduced may alter the feedback of the muscle receptors and
change the stiffness of the joint.

Excessive pronation has been associated with injury
during running. Shoe and commercial orthotic design bhave
focused on controlling subtalar joint motion, primarily
pronation. Since pronation is a aaturally occurring movement
and is thought to aid in shock absorption, controlling pronation
may have implications on the sbsorption of shock. Studies
involving shoe design in the control of rearfoot motion found
that midsole hardness and heel flare affect maximal rearfoot
motion. These studies restricted rearfoot motion by 11.7% a
much smaller amount than the current study. Previous studies
involving commercial orthotics have limited maximum pronation
in the range of, 10 - 354%. Thec present study showed no
significant increases in the impulse wave at the tibia using a
medial insert which restricted rearfoot motion in the initial 15%
of stance phase by an average of 62%. Shoes and orthotics
designed to coatrol rearfoot motion therefore should have
limited affect on the magnitude and the timing of the impulse
wave resulting from heel contact.
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Table 1: Mean time and frequency domain values for the no-wedge and wedge renning conditions.

No wedge ‘Wedge
Rearfool angle motion (degrees)” 12.60 (8.45) 4P (417
Peak hee? acceleration (g) 2.891 (1.045) 2.783 (1.031)
Peak eskcaneus acceleration (g) 3.93% (1572) 3818 (2244)
Peak tibia acceleration {g) 3.764 (0.891) 3.805 (1.069)
Time-to-peak tibia aceeleration (ms) 044 (0.009) 047 (0.010)
Predominant freq. of tibia impulse wave (Hx) 157 (15) 159 (L7
Araplitude of predominant tibia freq. (g) 360 (160} A76 (.160)

" Significant Difference (p < 0.05)

4 1
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IMPACT SHOCK ATFENUATION AND STRIDE FREQUENCY RELATIONSHIPS

3. Hamilll, T. R. Demick!, K. G. Holi?

1Biomechanics Laboratory, University of Massachusetts Amberst, Amherst, MA
2Human Performance Latonatory, Boston University, Boston, MA

INTRODUCTION

The loads resulting from repeated impacts during the support
phase of a running cycle bave been implicated in overuse
mjuries and degenerative diseases (Simon et al., 1972; Radin
etal, 1972; Valoshin and Wosk, 1982). These loads are
transmitted throughout the skeletal system and thus affect all
segments of the body. Increases in impact shock can result
from an incresse in nmning speed (Hamil et al., 1983) , from
increasing stride length (McMahon et al., 1987) or from
mhgﬁownhillb:ﬁimﬂ_lqa.l.. 1984) The cost of shock
attenuation may be scen in increased axygen consumption
(McMahon et al., 1987). It has also been shown that a
deviation from the preferred utride frequency (PSF) increases
oxygen cost. (Holt et al, 1991). It would appear, therefore,
that impact shock sitennation is an important factor on which
individuals optimize.

While the importance of shock atenuation may be a critical
factor in the suscepuibility of an individual 1o mjury, there
may be other reasons for optimizing on this factor. For
example, gince shock is wansmined throughout the skeletal
system to the head, subility of the hesd during impact may
be important 10 mainin consistent information from the
vestibular and visual systems.

REVIEW AND THEORY

The notion that humans are self-optimizing machines is
supported by research findings in biomechanics (Kugler and
I&urve‘y. 1987, Hon'ﬂ.tll-;islsdf). A model that bas proved

ective in imization durt
locamotion is 4 ular model, the force-driven harmonic
oscillator (FDHO). The FDHO requires a periodic forcing
function to maintain its occillations with a minimom force at
the resonant frequency to maintain its oscillations. Holt et al
(1991) Mlustrated that oxygen cost is optimized at the PSF
daring locomation. Another optimizing factor may be the
transmission of the impact shock 10 the head. The purpose of
this stmdy was, therefore, 1o determine if impact shock st the
head was minimal at the PSF, and thus the resonant frequency
of the FDHO during ranning.

PROCEDURES

Five young, healthy adult males served as subjects in this
experiment after signing informed consent forms in
sccordanee with University palicy. All subjects were free of
lower extremity injury that may have affected their
performance in this sudy and all were experienced treadmill
rumers. They mnged in body mass from 55.0 kg 10 83.9 kg
(mean = T4.4 £ 121 kg) and m sunture from 1.7S m 10 1.9 m
{mean = 1.84 3 0.75 m).

Shock auennation was determined asing two 1.7 gram Kistler
sccelerometens interfaced to a microcomputer via an AD
converter. Data sampling was accomplished at 1000 Hz. One
of the accelerameters was mounted on the anteromedial distal
sspect of the Jeft tibia with an elastic sirap (Valiant et al.,
1987). The other accelerometer was mounted on the frontal
bane of the head of the subject 2150 using an elastic strap
(Wosk and Voloshin, 1981). To record the instant of impact,
a force transducer was placed under the treadmill and
interfaced to the computer via the A/D convener, The
sensitivity was adjusted such that any contact with the
treadmill was detected by the computer,

A Gould 9000IV Computerized Metabolic Can was used 10
coliect the metabolic data. The metabolic cant was calibrated
before each test session. Heart rate was monitored with a

Vantage Performance Monitor telemetry system. Oxygen
caasumption snd heart rate values were sampled every 20 s.

&d%&u‘?‘:ﬁdmwmm session, 'I'hehmn'on
gan jects warming up by runaning on & heavy-

motorized treadmill. After the warm-up was completed,

subject chose their preferred running speed (PRS)
following a protocol nsed by Holt et al. (1991). The PRS
ranged from 5.0 to 5.6 mph. When the PRS was established,
the prefesred siride frequency (PSF) at that speed was
determined. The PSF ranged from 76 w0 83 strides/minue.
The conditions of PSF, +20%, +10%, -10%, and -20% were
then calculated resuliing in five experimental conditions
incloding the PSF. Each subject ran at their PRS in each of
the five conditions until nesdy fale was achieved. The five
conditions were balanced 1o redoce order effects. At steady
state, five 2-second trials of sccelerometry data were
collected. Two footfalls were collected and subsequently
amlyzed in each trial

The accelerations data were evaluated to determine the
scceleration during the contact phase of the lefi footfall. for
both the head H) and tibial ) accelerometers.
Since two foodalls were present in cach trial, & 10 footfall
mean for each subject/condition was calculated A
transmission ratio, indicating the shock transmirnzd from the
tibia to the head, was aadeulated. During the steady state
periad of each condition, the average value of oxygen
consumption and hean rate during the final two minutes were
calaulated.

The mesan peakl. and peakH acceleration values for all

subjects/conditions were evaluated using a repeaied measures
OVA and a trend analysis. The criterion alpha level was
0.05.

RESULTS

Mean values for axygen consumption and heant raie arc
presented in Figure 1. ANOVA on the axygen consumption
and heart rate data revealed significant results among the
locomotor frequencies (p < 0.05). Post hoc analyses on both
parameters revealed that the -20% conditon was significantly
different from the PSF and the +20% condition (p < 0.05).
Trend analyses indicated a sigrificant quadratic uend for VO3

(R? = 0.99) and for heant raiz (R2 = 0.97).

14 T T 1.

<0 -10 e +10 «20
Faguacy

Figure 1, Metabolic parameters as 2 function of stride
frequency.
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Mean values for peakH and peakl. are presented in Figure 2,
gNg:’qA revealed statistically 05). = l:igerenm among

e frequency conditions (p < 0. 'ost hoc analysis
indicated that the two low(p&equmcy conditions were
ngmﬁwnlydiﬁmlhmtbePSFmdmelwohigh
frequency conditions (p < 0.05). Trend analysis indicated a
significant linear trend (R? = 0.83) with a negative slope.
There were no statistically significant differences among the
frequency conditions for peakH.

Paak Acoalanton ()
I

0 Y T T Y T
20 «10 PIF 410 +*20
Paguncy

Figure 2. Peak acoelerations for the leg and the head a5 a
function of stride frequency. .

The ratio of the peakH/peak L produced results similar 1o the
peakL parameter. That is, significant differences among the
conditions and a significant linear trend (R2 =0.75) with a
positive slope (Figure 3).
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Figure 3. PeakH/peakL ratios as & function of stride
frequency.

DISCUSSION

The oxygen consumption and heart rate data sre similar to
those presented by Holt e al (1991). These data reinforce the
notion that there is a frequency that can be astocisted with &
minimal metzbolic cost. In the FDHO model, this frequency
hmcmmmfmqnmcymatmmwunPSF olt
gnxl..l9f90} Inl.hlsh:]t:g;.me ini mugumen F

al a frequency shi greater than igure 1).
The indication here is that the observed PSF was not the
FDHO resonant frequency

running specd remained constant for each subject but stride
frequency and hence stride length changed. As sride length
i ame?.h\pnnd:ockmmredumeleg increased
e . 1

nﬁo.howm.dﬁmfoﬂowlhem ic function

that is associated with the FDHO. suggest thar

suability of the head during locomotion may be 1 critical

optimizing factor for the system regardless of the frequency.
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MODELING LANDING IMPACTS
J.8. Dufek, R. James
Department of Exercisc and Movement Science

University of Oregon
Eugenc, Oregon 97403-1240 USA

INTRODUCTION

Macauley (1587} has siated that the human body is a
complex machine and that its functional responses 1o
impact are not well understood. A plethona of current
landing literanare docaznents the magnitude of forces
associated with impact (¢g., DeVita and Skelly, 1992;
McNin-Gray et al,, 1993; Schot and Dufek, 1993). The
impact adaplation or modification process related 10
performance is yet unclear.

A 1cries of rigorous statistical procedures were invoked to
predict impact forces associated with a ange of landing
performances varied by knee joint flexion. Results of the
two group modeis averaged 74.7 and 98.6% explained
variance 1o which two and zero individual subjects
subscribed, respectively. These results suggest the potential
error in generalizing such an overall (group) performance
model to all members of an activity group.

REVIEW AND THEQRY

Using correlation techniques and s large sample size (150
trials per subject x 10 subjects), Dufek and Schot (1993)
suggested that discrete vanables (kinematics and joint
kinetics) best representsd the landing impact phenomena.
Furthermore, landing wchnique characterized by joint
kinematics has been shown 10 influence impact (DeVila and
Skelly, 1992; Dufek and Baies, 1990). However, the
concept of helerogeneity of performance {expanding the
performance outcome range) has yet to be incorporated.
By elicting & greater range of performances (impact forces
and associated kinematic patterus) within & given skill, one
can maximize the ability to identify performance
relationships. The purpose of the sudy was to predict
landing impact forces from a heterogeneous sample of
performance trials,

PROCEDURES

Six male volunteer subjects granied written consent and
then each performed three conditions of 0.6 m step-off
landings onto a dual AMT] force plaform system {one foot
per platform).  The first condition (NOR) consisted of 30
landing trials using a self-selecied technique. For the
second and third conditions, consisting of 10 trials each,
subjects were instrucied to land as softly (SO) or stiffly
{ST) as possible using only the knee joint 10 manipulate
performance outcome. Right side vertcal ground reaction
force (VGRF) values were obtained (1000 Hz) and
evaluated during the impact phase of landing {100 ms post-
contact). Two vGRF variables were identified, normalizad
to body mass and used for subsequent analysis: first (FI)
and second (F2) maximum vGRF values. Kinematic
information from the right side was obtained using a high
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speed real Gme video scquisition system (Motion Analysis,
200 Hz). Kinematic dita were processed (digital filier, 10 Hz
eut-off), synchronized {0 the force platform data, and 30
kinematic independent Ivariables (TVs) were computed using
laboratory software (Téble 1). The kinematic variable set was
then sysiematically redjaced to produce an IV szt represenuative
of landing performance across all subjects and used as input W
predict F1 and F2, on & group and individual-subject basis.

RESULTS

Within-subject Fl and F2 condition comparisons were first
evaluated using the Mdbdel Sutistic single subject technique
(Bates et al., 1992). Riesults identified 97.2% significant (a =
0.05) condition differehces overall indicating that all subjecs-
conditions except $2-H1 (NOR vs SO) eliciied performance
results that were different. These resulis suggest the landing
conditions (S0, NOR, 'ST) may represent unique skills. This
question was examined by computing the effective curve
correlaton coefficients using a Shapiro-Wilks' nonmality test.
The percent explained ivariance associsied with these combined
condition correlations pcross subjects sveraged 88.8 (F1) and
§7.4 (F2) and appeared 10 represent expansion along &
continuum (ie, produce hetcrogeneity within a skill). This
interpretation is graphically illustrated with mndomly selected
trials from onc experithents] subject (Figure 1).

Within-subject correlation matrices were computed amang F1,
F2 and the IV set. A} comrelation cocfficients not significantly
different from zero {ai= 0.01) were first eliminated from the
analysis. Of the remaining IVs, those identifying >= 25%
common variance acrdss &t least four subjects for F1 and F2,
respectively, were thed rewined for the prediction models and
are identified in Tablel 1.

Table 1. Kinematic variables examined and prediction model
compositions.

Ankie Knee Hip

0 contact * P contact *# 6 contact
9 event P event *# 0 evem #
@ contact © comact # o cotLact
o event w event  event
Vv contact * Vv contact * Vv contact
Vv event Vv event Vv event #
Hv cootact Hv contact Hv coatact
Hv event * Hv event Bv event #
Va contact Va contact Va contact
Va event # Vacven # Va event *#

Note: contact = landing conuct; event = time of DV
occurrence; Vv = vertical velodity; Hy = horizontal velocity;
Va = verntical acceleration; ¥ = used in Fl prediction model;
# = used in F2 predidiion model.
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A stepwise muluple regression procedure was incorporated
with a limit for overall model significance set at a = 0.05. A
group model using subject-condition mean values was first
compated for Fl and F2. The resulting regression equations
were: [Fl = (Hip Va@F! * 0.002) + 13.032}; [F2 = (Ankle
Va@F2 * 0.003} - 20.56] and accounted for 74.7 and 98.6%
of the respective variance. Similarly constructed within-
subject models were then computed using each set of 50-tria)
values. Results of the subject models are comparatively
summarized in Figures 2 and 3. For F1, two subjects (52,
§3) generally performed like the group model. A second pair
of subjects (5S4, S5) were characterized as mkle joint
dominant. The primary predicior for S1 was knee joint
vertical velodity at contact.  No significant model was
produced for S6. For F2, no subject displayed the dominant
charactensiics of the ankle joimt vertical accelerstion at F2, as
pet the group model. F2 was best predicted for four subjects
with hip joint vertical velocity and acceleration values,
accounting for an average of 84.8% cxplained variance across
these subjects. The remaining two subjects (81, 54)
exhibited models that identified knee8, kneew and knee
vertical aceeleration accountng for an average of 76.0%
explained variance.

DISCUSSION

The process of IV identification for inclusion into the model
was stringent.  The methods employed produced a trialIV
ratio of 7:1 and 9:1 for F1 and F2, respectively. These ratios
are much more conservative than the often recommended 5:1
ratio. It is acknowledged that the “pre-selection” of IVs
using a procedure such as & correlation matrix has the
potential of applying only 1o the study sample from which it
wis genenated. In this study, however, a more crinical
culcome was observed-<hat of the inaccuracy of the subset
{subject) models with respect Lo the overall {group) models.
This finding, perhaps atributable to the multiple degrees of
freedom within the human sysiem, suggests that
biomechanically, one should be concerned not only about
generalizing empirical resulis 10 an unmeasured "population”,
but also with genenlizing all subject performnances 1o the
group or average performance outcome.

SUMMARY

Group and individual multiple regression models were
computed 1o predict F1 and F2. The average explained
varisnce for significant group sd single-subject models was
74.7 and 77.5% (F1) and 98.6 and 903% (F2). Unique IV
entry to the models should caution researchers as 10 any
functional interpretation of the task and suggests a possible
technique 0 categorize subjects based upon "strategies”.
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. RUNNING IMPACT FORCE MODELING

N. Swergiou, B.T. Bates

Biomechanics/Sponis Medicine Laboratory, Department of EMS
University of Oregon, Eugene, USA

INTRODUCTION

Impact forees (TF) have been implicated as 2 major cause of
running injuries (James, et al,, 1978; Nige, 1985; Pemry,
1983). Individual adaptations to factors influencing IF are not
well understood.

Impact characteristics were evaluated via group and
individual-subject regression models. Resulls identified &
tingle predictor for the group models while individually, an
average of 3.8 unique variables were identified. Three
categories of impact accommodsating strategies were observed
across all subjects.

REVIEW OF LITERATURE

It has been suggesied (Clarke, e1 al, 1983; Nigg, et al., 1987)
that variations in the motor program can be used (o
sccommodate 10 environmental changes introduced during
running. Changes including footwear, surfaces and speed as
factors have been documented to influence IF values (Bates,
et al., 1983; Clarke, et al., 1983; Bowers and Martin, 1974;
Bates and Stergiou, 1993; Hamill, et al., 1983)

It has also been suggested that response pattems 10 these
different environmental factors can range along a continsum
from completely ignoring (Newtonian or mechanical
response) 1o 1otal accommodation (neuro-muscular response).
The former response will produce varying IF values while the
lauer will result in consistent IFs across conditions, One
approach to gaining & better understanding of these
phenomena is to determine the relationship between IF and
other descriptive parameters. The purpose of this study was to
predict and evaluaie group and individual subject IF values
during heel-oe nmning from selected kinematic parameters.

PROCEDURES

The research protocol used attempled to create s more
hetzrogeneous IF sample for each subject by imposing
moderate perturbations on normal stride (NS) length by
requiting specified trials to be slightly shortened (undersiride,
US) or tlongated (oventride, OS). This procedure cbviously
has the potential to creais three independent conditions, esch
a separale skill. If successful, however, creating a more
heterogencous sample enhances modeling capabilities for the
techniques nsed (multiple regression). :

Six cofiege-age males volunteered as subjects. All subjects
ran with a heel-toe patizm at their preferred running pace,
while being monitored by a timing light system (+/- 5%
rget pace). They performed 30 trials of normal running an.
20 trials for each of the OS and US conditions. Right side
vertical GRF data were collected using 3 force platform

system (1000Hz), while bpth rear and sagitial view kinematic
daus were acquired using n awomated tracking system
(200Hz). The spatial coorflinates obtained were scaled and
smoocthed using & low-pask digital flter with a selective cut-
off algorithm based on that of Jackson {1979).

The first siep in the analykis was 10 evaluate the IF condition
m. -1 values for the group and individual subjects using
ANOVA and an individud] subject techmique (Model
Suistics; Baies, et al, 1992) respectively. Next, the
combined IF data sets forieach mubject were evaluated using a
curve comelation technique to determine whether or not the
three conditions could be combined. The final step was 1o
geuerste the IF regression models for each subject (individual
trial data) and for the grop (subject mean data). Twelve
independent variables {Table 1) were identified based upon
the litersture and pilot werk for the modeling process. The
variable set was limited ¢ 12 in order 10 maintain 3 minimum
510 | ntic between the number of trials and independent
variables, The resulis of these anatyses were compared to
identify performance strategies.

RESULTS

The group and individual subject mean IF values are given in
Table 2. The group results indicate no difference batween the
US and NS condition while the OS value was significantly
greater. Single subject cofnparisons resulted in 88.9%
significant differences. Three subject strategies were observed
none of which were the same as the group result (51, 52, 54;
§3, S5, S6).

These results initially suggest that the conditions represent
different skills and should not be grouped for funther analysis.
To verify or rejext this canclusion the grouped data seis were
evaluated using a curve correlation technique that compared
the grouped distribution with a normal distribution. The
results of this analysis ard given in Table 3 (Normal). The
mean shared variance forjall subjects was 88.0% (r=0.938)
wuggesting a high degree pf gimilarity between the combined
individual subject data seis and a normal distribution. Based
tpon @ common variance icritericn of 80% (r=0.895) all seus
of subject dats were retained for forther salysis.

DISCUSSION

The results from the regréssion anatyses (Table 3) illustrate
that the group regression iidentified & single variable (K8,) for
best predicting IF, accounting for 66.6% (r=0.816) of the
variance, This value wasislightly greater than the mean
subject value of 65.0% (¢=0.806) but less than three of the
subject models. The subject models included an average of
3.8 variables with explaifed variance ranging from only 9.4%
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configuration, until the end of the range of motion is
encountered. The program then produces an animated graphical
votput, showing the positions of the ligaments, contact points and
femoral and tibial surfaces as the model moves through its range
of motion.

Results

A preliminary sct of anatomical parameters was obtained from
Zavatsky's study of joint liganment machanics (7). The motion of
the mode! was determined by the computer program.  Figure 2
shows a sagittal plane view of the model in (a) full extension, and
(b) 70 degrees of flexion. This clearty thows that both contact
poiats have moved posteriogly on the tibial platesn with flexicn
This figure also shows that the lateral contact point is posterior to
the medial contact point, which demonstrates that the tibis has
rotated internally about its long axis relative to the fexmmr.
Rotation of the tibia is plotted against flexion angle in Figurs 2.

Figure 2: Sagittal plane view of the modal in 4} full extension
and b) 70 degrees of flexion.

Discussion

The two significant motions predicted by the geometric model
have been observed in sudies ‘of passive imee flexion.
Goodfsllow and O'Connor {2] studied the translation of the
contact points in the knee during passive flexion by observing
the motion of meniscal besrings in a knee prosthesis. They
fourd comgistent posterior translation of both the medial and
-" lateral contact points on the tibia as the knee was flexed.
O'Commor and Biden ef al {4] studied the motions of the knee in
passive flexion using cadaver specimens in a & degree-of-
freedom test rig.  They observed significant internal rotation of
the tibia with knee flexion. The average results for eight knees
from O'Connor and Biden's work are compared to the resalts of
the mechanism modetl in Figure 3.

The preliminary set of anstomical parametdrs used in this study
has produced & model whose kinematics aré qualitatively similar
to the knee joint. To validate the modél quantitatively, the
motion of a knee specimen should be ¢ompared to motion
predicted by a geometric model using agaromical parameters
obwined from thz specimen Tt is afticipated that these
experiments will be undertaken goon.

‘This model also demonstrates the i role the Ligaments
play in_guiding the motion of the knee Some xuthors
contend that the knee ligaments have no fonction. It

uchn&unﬁqmnm(l)thnmug:dm:smmqmadto
pmdmmemmrmﬁmobsmedmnud;sofknum
motion. It is bmpartant 10 note that a
the orientation or attachment of a li
kinematics (xnd by extension, the i

Thit should be s considerstion when planning gurgery that
distupts or replaces the Ligaments.

Condusions

The three-dimensional geometric model in  this study
qualitatively describes the significant feathres of knee motion
Because & predicts motions that cannot be accounted for by
pisnsr geometric models, it will provide mdre sccurate values for
the position and orientation of the ical stroctures of the
knee at 2 given flexion angle. The cleatly demonstrates
that the ligaments and contact points together to controt
joint motion, and that, in passive flexion, the knex is 2 one DOF

Figure 3: Tibial rotation with kpee flexion.
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MEASUREMENT OF FOOT STIFFNESS DISTRIBUTION AND
COMPUTATIONAL SIMULATION OF PLANTAR PRESSURE DISTRIBUTION

N. Praxmarer

Institute of Light Weight Structures and Aerospace Engineering, Technical University of Vienna

INTRODUCTION

It is widely accepted, that increased plantar pressure
represents & risk factor for lesions of the diabetic foot.
Although the complexity of the interaction of high
plantar pressure and ulceration is still not fully under-
stood, it is obvious that reducing the pressure peaks
is beneficial in diabetic foot care. Elastic, individually
shaped insoles are used to achieve this reduction dur-
ing walking. However, no technique is available to find
an optimized design of these insoles. In our work, a
procedure to pumerically predict the evolution of the
plantar pressure distribution during walking is pre-
scnted. As basis for all mathematical treatment an
adequate biomechanical model has to be established.

Most of the models published so far sre structure-
mechanical models, consisting of structural components
like bones, ligaments and joints and are able to cal-
culate internal forces or deformations. Among these,
different mechanical approaches are found: static mod-
els, some of which also can treat dynamic motion by &
quasi-static consideration (MORLOCK, PROCTER);
clasto.static models including the compliances of joints,
ligaments, ¢tc. (SALATHE, SIMKIN); elasto-static
models in & quasi-static imitation of dynamic motion
{SCOTT 1993); models based on inverse dynamics
which employ gait-analysis (APKARIAN, SCOTT
1990) and direct dynamic models (PANDY).

After &ll, it cannot be expected that structure-me-
chanical models will lead to a continuous pressure
distribution at the sole of the foot. This requires a
coptinuum-mechenical approach. Few attempts have
been made to apply the method of finite elements
{(NAKAMURA, CAVANAGH). However, the complex-
ity of the foot and the lack of reliable material dats
limnit the potential of this approach. In our project

a different type of continuum-mechanical model was
developed, specially designed to predict the plantar
pressure distribution. It should be mentioned that re-
cently SHORTEN published a multiple-element model
of a running shoe that essentially incorporates & simi-
lar mechanical description.

BIOMECHANICAL MODEL

A multiple-clement, quasi-3dimensjonal, non-linear elas-
tic model is established as sketched in Fig.l. The bony
rear foot consisting of calcancus and naviculare is as-
sumed 8 ngid body, to which 8 coordinate system is
attached. Presuming the foot resting unicaded on &
horizontal plane, the x-y-plane is defined to be hon-
rontal, with the y-axis in posterior-anterior direction.
The sole of the foot is divided into & 2dimensional
arrangement of prismatic elements. Bach of these mul-
tiple elements represents a non-linear spring with 1
DOF, deformable in the vertical (i.e. z-) direction.
The upper end of every spring is supported in the x-y-

Excerpted

plane of the rcar foot goordinate system, whereas the
lower end matches the jplantar surface and allows for
its elastic deformations.

T 3 \ \ -
T e TR
i) LT
&

Fig.1: Multiple-clement model

In order to propexly reficct the elastic behavier of the
actual foot, the propetties of every spring element have
to be equivalent to thd actual compliance at the corre-
sponding location whidh of course is & superposition of
all centributing joint-, ligament- and soft tissue compli-
ances. Thus, by the lepgths of the multiple spring ele-
ments the shape of th+ plantar surface is represented,
and by the stiffiness chisracteristics of the spring ele-
ments the elastic behavior of the foot along the plantar
surface is represented.

With no additional mdichansism included, the model is
valid only for the description of motion without signif
icant pronation/supindtion. It is clear that no infor-
mation about sctual ifternal forces can be gained by
this model. All required model data can be measurcd

individually and ia vivo.

MEASUREMENT SETUP

A special measurement setup is designed to enable an
acquisition of the required stifiness characteristics. A
stifiness characteristic of a non-linear elastic element is
nothing else than & diagram of the losd-displacement
relationship. Thus, thi concept is to simultancously
measure both the load and the displacement histories
of all of the previously introduced spring clements dur-
ing & representative quasi-static loading of the foot.

An EMED.SF pedography system with 2 sensors per
cm? and a memery of 150 complete pressure pictures
is used for measuring the load histories. Favorably, the
2dimensional arrangethent of elements in the model
will coincide with the;2dimensional array of load sen-
sors of the pedography plate. A special, PC-driven
device is developed ard named “pedomech” system,
which is connected to and synchronited with the pe.
dography system to mjcasure the displacement histo-
ries. It essentially employs 3 electro-mechanic displace-
ment transducers which act in vertical direction -

with permission from

Proceedings, Eighth Biennial Conference, Canadian Srwiety for Biomechanics, Calgary, Augest 18-20, 1994
Fu




sufficient to monitor the rigid body motion of the rear
foot (i.e. the current location of the rear foot coordi-
nate system). Knowing the undeformed shape of the
sole of the foot from a prerequisite geometrical measur-
ing and knowing that the lower boundary of the foot
in any load situation is given by the horitontal pedog-
raphy plate, the deformation-displacement at any lo-
cation at the solc of the foot can be deduced from the
rigid body motion of the rear foot. A specific software
is written to perform the necessary data manipulations
and calculations.

Special concern deserves the Linkage from the displace-
ment transducers to the bony rear foot. A shaped foot
sleeve which conjugates with particular bone projec-
tions is closely fit to the rear foot. By means of thin,
vertical rods which compensate for horizontal perturba-
tions the transducers are connected to the foot slceve,
and by 3 three-axial guideways they can be fixed in
that position. With this method the crucial problem of
skin-displacerment errors (MASLEN) can be overcome.

At the beginning of the measurement the bare foot,
wearing the foot sleeve that is connected to the trans-
ducers, rests unloaded on the pedography plate. Then,
within some seconds, the test peracn shifts its weight
entirely on that foot while both, the evolution of the
Pressure distribution, and the motion of the rear foot
due to elastic deformations of the foot are measured
and stored to a PC. By moving the body forward and
backward during the measurement the full load range
that will appear in dynamic motion can be covered.

MEASUREMENT RESULTS

A single measurement yields about 200 stiffness char-
acteristics, These data define the properties of the
multiple spring elements introduced in the biomechan-
ical model and will serve as input data for the compu-
tational simulation.

15.0

(N/am2)
10.0

Load
S.0

[ r y v + T *
0 5.0 10.0
Displacement  {um)
Fig.2: Measured stiffness characteristics

Fig.2 shows two selected curves, one for a location at
the heel and onc from the ball of the foot. The pro-
gressive load-deformation relationships reveal the non-
lincar stifiness which is expected of biclogical tisanes.
It is significant that the heel behaves much stiffer than
the forefoot. However, this does not imply that the
heel was harder then the ball of the foot. Rather the
equivalent stiffness of a forefoot spring element also
accounts for the compliances of the tarsal joints.

SIMULATION

From & mechanical point of view applying & given load
to the multiple-element model represents & non-linear
clasto-static problem indluding a contact problem. The
latter one corresponds to the activation of indiviual
springs only if the eventual gap between the plantar
snd the supporting lu.rf+cu is closed. Using the prin-
tciple of virtual work the stiffness matrix is derived, in
which both the values of the elements and the matrix-
rank are deformation-de . By cmploying the
Pure-Newton-Raphson miethod & numerical algorithm
is established to find equilibrium, and implemented in
& computer program. The reguired input dats are: the
undeformed shape of the plantar surface, the stiffness
characteristics of the spring clements and the load. In
& quasi-static ducriptioxf, also time.dependent loading
like in walking can be idered. By an additional
messurement the time histories of magnitude and lo-
cation of the ground reaktion force are acquired from
the test person walking scross the pedography plate,
These data are input int the simulation program

as load history and the fuccessive equilibrium states
are calculated by the indremental treatment of the
Newton-Raphson method.

At the present stage of this study the contact bound-
ary in the simulation is assumed a rigid, horizontal
plane. Comparisons of the predicted pressure distribu-
tions to pedegraphic measurements are presented.

DISCUSSION

The presented simulation algorithm based on & spe-
cific modelling of the foat proves suited to predict the
plantar pressure distribution for simplified boundary
conditions. Future work iwill be dedicated to adding
& model of the shoe and:elastic insole, thus cresting a
tool to design orthopedi¢ footwear with regard to the
anticipated in-shoe pressire distribution. It is werth
mentioning thet the presented messurement technique
itsclf has a potential in the diagnosis of the diabetic
foot. Disbetic neuropathy is indicated by a loss of foot
flexikility which could be detected by means of stifl-
ness messuremnents.
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THE INFLUENCE OF PARAMETER VARIABILITY ON SHOE THSTS

KNICKER, Axel / KIM, Hong Nam

German Sports University Cologne, Institute for Athletics and Gymnastics

Purpose of the study

The recent study waats W iovestigate the influence of parameter
variability as reporied earlier by different authors (see NIGG
1986 for details and references) on tests of different shoe models.
Four kinetic and two kinematic parameters gencrally regarded as
lcading factors in running have been investigated concerning their
abilities 1o distinguish between the shoe models.

Methods and procedures

Eight injury free subjects with sufficent runniog expericnoe
performed twenty Tuns with each of eleven pairs of running shoes
over a Kistler force platform mounted level to the surface of an
indoor track at the German Sports University Cologne. Running
sped ranged from 3,6m/s 1o 3,8m/s. A NAC HSV-400 Highspeed
video camera provided a rear view of the runners’ left lower limb
from the heel o the knees during foor platform conmtact The
camera's position was adjusted to the average foot eversion angle
al midstance of each runmer. Kinetic data were gathered at
1000Hz; the frame rate of the camers was adjusted o 200fps.
According o Nigg/Denoth (1980, p.44) the resulting force time
history was assumed to consist of an initial passive part and an
active pan due 1o nmscular control of the accompanying
movements. The initial peak force value as well as the initial force
rate were assumed to characterize the passive pant. The total
impulse together with the second maximum force value were
taken as descriptives of the active part. Range of rearfoot motion
between first heel-ground contact and takeoff of the heel as well as
the maximum rearfoot angular velocity after touchdown of the
heel were taken as kinematic parameters of load. After visual
inspection of each footfall 1715 and 1708 thals respectively could
be included into further analysis.

Results
The values for the parameter patterns are within the ranges which

weze reported earfier by different authors (see NIGG (1986) for
details and references).

It is but evident that the varabilities (see table 1) for the
parameters related 1o the active part of the force-time-hiqtory are
considerably lower than those related to the initial moment of
footstrike,

As far as the total impulse and the "active™ maximum force are
concerned their comparably low variabilities of 7,9% and 13,0%
respectively point to 8 well controlled running speed within the
wtal sample. The higher standard variations for the kinetic
parameters related to the initial footstike and the kinematic
parameters are due © interindividually different adjustments 1o
the shoe models.

E

Figure 1 reveals the individual differences for ranges of pronation
related to four different shoes of one brand. We cap cbserve inter-
and ingaindividually differemt  variabilities (displayed as
quartildeviations) in dependance of the shoemodels. But the
effects of the shoes on range ‘of pronation cannct be regarded as
uniform. Shoe one (ASICS Alliance) e.g. shows lowest variability
for subject D_A. whereas for subject AK. it is shoe four (ASICS
Ge! Exult).

Analyses of Variance revealed that the shoe models could not be
told apant by the parameters iderived from the active part of the
force-time-history. As these parameters must be related to the
subjects’ propulsion from the ground the latter resuits can be
regarded as a logical consequence of a well conwolled maning
speed. Kinetic parameters related to the initial foot ground contact
showed differences between shoe models for more subjects than
the "active” knctic parameters.

But as table 2 reveals there pre also parameter patterns for shoz
combinations which show no significant differences at all for any
of the subjects. The best discriminating abilities can be attributed
to the kinematic loading factors. For up 10 seven subjects
significamt  differences could be found concerning range of
propation (shoe 3 : shoe 5 J shoe 2 : shoe 5) and for up w six
subjects concerning pronatios velocities. (shoe 3 : schoe 6 / shoe 4
:shoe 7 /shos 6 :shoe 7)

As shown before differences between shoe models are extremely
influsnced by intraindividual variabiliies and cannot be
uniformed. Thus the discriminating abilities of kinemalic
parameters of load can only be validated for intraindividual
conditions. Parameters relatéd 1o ground reaction forces must be
rejected as shoe test parameters.
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Table 2: Summary of ANOVA resulis. The numbers in the tabie

; ! indicate the aumber jo!’ sybjects with sigaificant differences
! : E.ﬂ between the respective ishoes (p<0.1%) related to the parameters:
; i | range of pronation / prqnation velocity / initial peak force / initial
: : 0.4 foree rate f 2ad maximym force / otal impulse. [order of pumbers
‘ t - incelis = order of the parameters)
] e
f shilsh2|sh3fshd|shS{sh6|sh7|shs sh9 | 510
0. A sh |S/3/| X
2 271
v.4 1/1
1 sh |473/1 003/ X
AN 'F' shoe moda! 3 | o[ 1y
k| Thasics 072 |20
w4 ASIGS Aarce sh [ 1727] 54/ [ X
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. . B iscs Gu tanr sh Y405 T Tar | 3141 | X
o 1 L » 5 34/ | 32| 1L 101

range of pronation I3j1njon 11

Figure 1: Modian, quartideviaion and confidence ioerval Tor A A A EEA ER R
rfngcsd'_prou&ionfotshouafonebmddisphyedfaevuy w2 loe |12 |1n 121
single subject. "N ESEAETER AN
7 |3 anr| 34| 3mr | 230 | 301y
B l2a {1 in e
Table 1: Mean and standard variation (standard deviation given as sho {437 25| arar [ 57 and | tar | 157 | %
% of mean) for kinematic and linetic loading factors for all trials. 8 | 4mr|4n 30| 30 o | 3ear | 13
13 |30 110 |20 |20 (120 | 4N
parameter mean standard sh | S5/} st | 3mas | 3ear | 2mr { 3isid st |2 | %
yanation 9 |6n/fer|3ns| 203y | a2 | 2
| range of pronation (n=1715) 144° | 35 % 01 (10 100 J10 fon |12 |21 |10
propation velocity (n=1715) 1633 317% sh [ s el | v a2 Bl X
s 10 {220 | 21¢f 207 omr | 12} oo | 3 | 230 | 271y
: initial peak force (n=1703) 119N 325 % on i jw]on {m|inlin lon
; initial foree rate (n=1708) 12900 | 216 % sh |52/ zar| 23r [ sl | smv | 2037 | 237 | 17 [ 237 | 42
Nis n 3t zulwvons | v | v g o] 1y
; "active” maximum force (n=1708) 1753 N 130% 12 1171 041 F1m Jon |oz (20 b0 foa |on
; tota} impulse (o=1708) 23INs | 19 %
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