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Intra and inter individual variation of the 3-D 8capulo~humeral rhythm 
during elevation of the arm in 'the scapular plane' ~/1)UlCliSI1i!WW(FI(lROU'" 
J.H. de Groot, Lab. of Measurement and Control, Delft Un. I tf,t/ . 

of Technology, Mekelweg 2, 2628CD, Delft, The Netherlands . ~ TUO ~ 
The scapulo-humeral rhythm is a clinical parameter used to quantify 
kinematic disorders or to determine the success of medical treatment . 
Inman et al., Poppen and Walker and others, published 2 -D scapulo­
humeral rhythms. The rhythms range from 2.27 s 68A/60~ s 3.25 (~6A: arm 
elevation, ~8m: scapular rotation). It can be shown that the 
resolution of this scapulo-humeral rhythm is very low, due to the 
projection from 3-D movements to 2-D planes (De Groot 1995). 

In this study the 3-D scapulo-humeral rhythm is recorded during the 
elevation of the arm in the (scapular-) plane, rotated 30 0 anterior 
from the frontal (coronal) plane. The accuracy of the applied 
palpation method (Pronk and Van der Helm) is determined. The intra.­
individual motoric noise and the inter-individual variance is 
estimated. 

Methods 
The subjects (n<==S, male, average age 25 years) r standing with feet, 
hips and head in fixed posi tions r performed an arm elevation in the 
scapular plane (10 positions). The three-dimensional position of the 
skeletal landmarks of the humerus (Medial and lateral condyles [Em,El) 
and the glenoid (GH)} and the scapula (Acromioclavicular joint [AC) , 
Angulus Acromialis (AAJ, Trigonum Spinae (TS] , Angulus Inferior (AI)) 
are determined by means of palpation and subsequent digitization of 
the landmarks except for GR. The position of GH is estimated from the 
scapular skeletal landmarks (Rozendaal 1995). The scapular axes are 
defined-by AA, TS and AI (figure 1). 

Figure 1: 
Definition of the local 
and the global axes. 
The scapular skeletal 
landmarks are in the 
plane of the paper. 

Cardanic angles are 
calculated subsequently 
around the Y (AA­
protraction),Z' (spinal 
elevation) and X"-axis 
(spinal rotation). The 
reference position is 
aligned with the right­
handed global co­
ordinate system. 

Al 

The palpation error Ep , expressed in the local scapular co-ordinates 
is experimentally determined. The scapula orientation [Os] is 
determined by the 9 co-ordinates of AA,TS and AI. 

Os = f(Pi) for i = 1, . , . ,9 co-ordinates (l) 

The variance on the Os due to the palpation error Ep is calculated from . 
f(p) by: 

(2) 

Intra-individual and inter-individual variance on the cardanic angles 
is determined at 4 intervals of 45° humerus elevation. 

Results 
The standard error on the individual coordinates of 
landmarks are about 4mm or smaller resulting in as, d. 
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~ i 'The dots in figure 2 show the results of five recordings of a single 
. (~~ject. A fifth order polynomial is estimated (solid line) and the 
· J.ritra-individual variance is calculated at 4 equal ' intervals of 45 0 • 

" ~he same procedure is used to calculate the inter-individual variance. 
-:;Tt'le results are shown in figure 3. 
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intervals of 45 0 arm elevation. white: 
intra-individual variance; $olid: inter-

: , <. When assumed that variances (sd2
) add linearly, it can be concluded 

. that about 20% of the inter-individual variance is explained by the 
'i.palpation error, 35% is explained by motoric noise and the residual 
· 45% is caused by morphologic and motoric dif ferencee bet~oJeen the 
:s':1bjects. 

-, Conclusions 
The three dimensional digitization of skeletal landmarks by means of 
.palpation is an accurate means of determining the spatial scapulo­
humeral rhythm . Each of the three cardanic angles can be used as a 
clinical parameter in the follow up a treatment. Due to major inter­
individual differences of scapulo-humeral rhythms, a deviation of a 
'normal pattern l must be relatively large in order to classify a 
kinematic disorder. 
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THE ANALYSIS OF GAIT DATA USING PRINClPAL COMPONENTS 

KJ. Deluzio, U.P. Wyss, P.A. Costigan, B. Zee 

Clinical Mechanics Group, Kingston General Hospital 
Kingston, Canada 

INTRODUCTION 
Osteoarthritis (OA) occurs world-wide (Altman, 1987), and is probably the most 

common rheumatic condition that causes disability (Dieppe, 1992). Experimental and 
clinical evidence suggests that maintaining nonnaljoint loading, articular geometry and 
lower limb alignment are important factors supporting normal knee ftmction 
(Kamibayas~ 1994). Gait analysis is slowly becoming recognised as a useful tool in 
understanding joint problems such as OA, and in the discerning changes after 
therapeutical and surgical intelVentions, and in artificialjoint development. However, the 
analysis and interpretation of gait data is varied, controversial, and has hindered its 
application to clinical decision making (Brand 1992). 

Gait data is often in temporal waveforms such as joint angles, forces, and moments 
measured in two or three dimensions. A common way to analyse these waveforms is to 
extract predefined parameters (maximums, minimums, ranges, etc.) from them and then 
attempt to discriminate between subject groups using statistical tests on these individual 
parameters. Consequently, many values from the wavefonns are discarded along with 
potentially useful discriminatory information. As well, the choice of these parameters is 
somewhat arbitrary and investigators are often left with many parameters that mayor 
may not contain useful infonnation which leads to significant interpretation difficulties. 

The proposed Modified Principal Components Method takes advantage of the 
complete gait waveform instead of a few individual predefined gait parameters. This 
method was developed in such a way that it accounts for the majority of the wavefolID 
variation through the entire gait cycle and .fl:om subject to subject so as to statistically 
distinguish between subjects. 
METHODS 

It is impoltant to develop a method for comparing the complete gait CUlVe between old 
asymptomatic subjects and OA patients in such a way that the results can be interpreted 
directly. The proposed modified principal components method is developed with this 
characteristic in mind. 

Principal components analysis (PCA) simply transfonns p correlated variables 
X=XhX2, ... ,xp (as in a timenonnalised gait CUlVe sampled at each 1% from 0 to 100% of the 
cycle) into p new WlcolTelated Pl1nCipal components 'Zi=z1;L2, ••• ,zp. The transformation is 
Z=XP where the columns OfP=phP2, .•• ,Pp are the eigenvectors of the covariance (or 
correlation) matrix of X These eigenvectors are also called the loadings of the prindpal 
components since each z; is a product of the original variables X and the loadings Pi. New 
obselVations on X can be transfonned into plindpal components using these same loadings. 
The power of PC A is its potential to adequately represent a p-variable data set in k<p 
dimensions. For example, a 100 point gait waveform can be reduced to 3 to 4 principal 
components that account for much of the variation in the original waveform. A measure 
variation explained is provided by the eigenvalues of the decomposition. 

The reduction in dimension coupled with the removal of collinearity has eliminated 
two of the main difficulties in analysing gait data. The principal components can now be 
used to calculate multivariate confidence limits on the database X. Hotelling's T2 is a 
multivariate generalisation of the squared distance from the sample mean to an 
obselVation. If the generalised distance is too large-that is the observation is too far .fl.-om 
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.. , th~ sample mean-then that observation is rejected as being an estimate of that mean. The 
~: :f.statistic can be calculated directly from the principal components as a weighted sum of 
.. ~quares. 
l;" Twenty-eight asymptomatic older subjects (ages 55-80,avg 65)were used to 
:'~~ablish a principal component model of the flexion moment throughout the gait cycle. 
~': ,thl~' model was then used to evaluate the preoperative gait of a single prospective hemi­
t ~ . art.hroplasty patient. We demonstrate that we could, with statistical significance, identifY 
, :: lli~ henri-arthroplasty patient. 
l;~< REsULTS 
~: !:, "' :' The flexion moment was chosen in this analysis because it has shown to reveal 
l',:'alS'criroinatory information between normals and preoperative OA patients (Mikosz et al. 
~ :; 19'94). Figure 1 displays the flexion moment for 28 older normals and 1 OA patient who 
t hlter received a hemi .. arthroplasty. The one and two standard deviation cmves indicate 
~: .. the '~ell-knoWJl significant variation in gait variables among nonnals. It is quite apparent 
~,: that the patient's flexion moment waveform differs dramatically from the normals, yet 
i',:', ,tbk 'is difficult to indicate statistically. Only at a few point does this waveform depart 
"1 ~ b~y~~d two standard deviation limits. Rather than choosing parameters from this curve 
<~ .... ,',.: ... e .... principal compon~nt~ ~ethod allowed us to describe the entire flexion moment 
:~w.aveform and then discnmmate based on the overall pattern. 

~~,!~ ~: ' ,'Pte analysis resulted in three principal components that explained 80% of the 
i ~ \ia!iation in the asymptomatic's flexion moment waveforms. These three principal 
i ~: co):riponents were then used to calculate the T2 statistic for each subject as well as a 95% 
: ~ cQD:6.dence limit. The flexion moment for the OA patient was introduced to the model 
ii~~d_the T2 statistic for this patient was found to exceed the 95% limit (Figure 2). 
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f' DISCUSSION 
t:, .. '\.-Gait analysis will find application in clinical decision making only when analysis 
~. methods can reduce the enormous quantity of data down to parsimonious measures that 
! ,provide clinical interpretation. The modified principal components method described here 
:: ~asily identifies the patient as having an abnonnal flexion moment waveform. Further 
f, examination of the loadings can then reveal the portions of the gait cycle that account for 
~ . these differences. 
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A NEW IN VJVO FINGER TENDON FORCE TRANSDUCER: 

CALIBRATION ISSUES 

Jack Dennerleint,tt, Ioel Milleq:, C.D. Mote Ir.t, and David Rempeltt. 

t University of California, Berkeley, Dept of Mechanical Engineering, USA 
tt University of California. San Francisco, Ergonomics Program, USA * Smith Kettlewell Eye Research Institute, San Francisco, USA 

IN1RODUCIJON: 
Knowledge of in vivo tendon force is a useful tool for study of musculo-skeletal 

biomechanics (Komi, 1990; Hahs, 1990). The development of tendon tension (buckle) 
transducers has been discussed by An. et. al., (1990) and Komi (1987 & 1990); 
however, discussions of device calibration have not considered the dynamic response of 
the transducer or the effects of seating of the viscoelastic tendons on the transducer. We 
describe a buckle transducer for fmger flexor tendons and summarize its static and 
transient performance, addressing the issue of tendon viscoelastic properties in 
developing a model to predict tendon tension from the transducer output 

BUCKLE TRANSDUCER DESIGN 
The transducer consisting of a 9 x 16 x 4.5 mm stainless steel frame and a 

removable stainless steel fulcrum, fits tendons up to 5 mm wide, 3 mm thick. Its slim 
profile allows easy fits inside the wrist during surgery (Fig 1). The tendon rests and self­
aligns in the semicircular arches (r=2.5 mm) in the frame and fUlcrum. The transducer 
operates by measuring the deformation of the frame through increased tension in the 
tendon passing over the fulcrum (Fig I), Bending of the frame is measured with strain 
gauges. Because the bending load depends on tendon thickness. the calibration requires 
correlation between the transducer output. the applied tension and the tendon thickness 
(An, et. al' J 1990). Two 500 n silicon strain gauges placed on opposites sides of the 
frame fonn a half Wheatstone bridge increasing the measurement of strain created from 
the bending load and summing the components from both sides. 

METIIODS: 
A 3-post caliper was fabricated to measure tendon thickness in the transducer. Two 

reference posts rest on the transducer and a central sliding post with a spring and locking 
mechanism is lowered to the top of the tendon indicating its thickness at the fulcrum. 

To assess linearity, repeatability and drift, the device was supported at the ends and 
weights (0-14 N) were hung from the fulcrum. These direct loading tests were repeated 
with the transducer at 37°C. Differences were tested at 95% confidence levels with 
sample t-tests. The dynamic response of the transducer was tested by tapping the 
transducer with a hammer instrumented with an accelerometer with no applied load. 

IN VITRO LOADING 
The conversion factor (CF) model was developed using 12 fresh frozen human 

fmger flexor tendons of different thicknesses taken from 5 hands. The tendons, mounted 
in a uni-axialloading machine and submerged in a 0.9% saline solution (200C), were 
preconditioned with 10 loading cycles (0-50N). Data were collected during three 
additional loadings. Five tendon thickness measurements were recorded immediately. 

The frrst calibration attempts indicated that tendon thickness changed during tests, 
affecting the CF. To study this tendon seating effect, a fresh frozen human f'mger flexor 
tendon, in a 0.9% saline solution, was loaded over 100 sinusoidal cycles. The tendon 
thickness was measured once every 20 cycles. 

RESULTS 
The transducer's output is linear (r~ 0.99), repeatable (s.d.~1 %) and has no 

noticeable drift over 5 minutes. Difference in the gains measured at the different 
temperature range were not significant The magnitude of the empirical transfer function 
estimation is flat until resonance at 660 rad/sec (105 Hz). 

Variations in tendon thickness measurements were small (s.d.~ 0.07 mm). The 
transducer's output for the three additional loading cycles was linear (r ~ 0.99). Over the 
three cycles the variation in CF was small «1 %). A least squares fit of the linear model 
relating CF to thickness (t) data provides the prediction CF = 42.8 - 9.9*t, (r=O.93) 
(Fig 2) with unbiased errors from 0% to 16% (j.L = 6%). 
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This error in the CF creates a biased error in predicting the tension. Average and 

maximum relative errors calculated for each tendon tested ranged from 1 % to 15% of 
scale (J.1 = 6%) and from 6% to 23% of scale (jJ. = 11 %) respectively. The absolute 
maximum errors ranged from 0.8 N to 8.3 N (11 =3.2 N). 

Figure 3 shows the change in the CF over the 100 loading cycles along with the six 
_ predicted gains based on the thickness measurements every 20 cycles. The CF increases 
,21 % over the fll'St 20 cycles and then 4%, 4%, 2%, and 3% for the second, third, fourth 
and rUth 20 cycles intervals respectively. The thickness measurements predicts an 
increase of 30%, 6%, 1%, 3%, and 0% for the same 20 cycles intervals . 

. DISCUSSION 
Several processes are involved in measuring tendon tension with a buckle 

transducer. Of course, it is the complete input/output relationship which is of interest, 
"but examination of the processes highlight limitations in the transducer concept. For 
'example, it provides insight to a possible source of creep (viscoelastic properties of 
tendon) reported by An, eta al. (1990), while providing evidence that the transducer is 
working properly. 

The assumption that tendon thickness is unifonn within the transducer can 
contribute error in predicting the CF. One of our tendons did not have constant 

. iliickness, its twisted geometry resulting in a reduced thickness at one end. The predicted 
CF error for this tendon was large (13 %). Because tendons deform around the buckle 

:, during loading, thickness measurement within the transducer differ from those outside. 
"Tendon seating (fig. 3) illustrates the necessity to m~asure the tendon thickness in the 
. transducer to reduce the error. 

0: _ The testing of tendons in tension requires preconditioning the tendon so that 
repeatable data are obtained (Woo, 1982, Viidik, 1987). Calibration of the transducer or 
seating of the tendon in the transducer requires similar preconditioning. The change in 
CF is greatly reduced after 10 cycles, and the change over the next three cycles (the ones 
uSed to create the model) is small «1 %). Over the next ten cycles it is within 6%, the 
elior of the conversion factor prediction. Therefore pre-seating or preconditipning 

,.~ieduces the cycle to cycle variation in the conversion factor. The in vivo tendon requires 
the transducer to seat and therefore should be exposed to several loading cycles before 

":. thickness measurements. Future in vivD procedures will include pre-seating the tendon 
~th 10 loading cycles. Ideally the design of the calibration procedure should be matched 

:: Wi~ the load cycles planned for in vivo testing. In vivo experiments will have only four 
~.Ioading cycles and monitoring the thickness during these experiment, as planned, can 
". predict similar changes in the CF. 
"f : 

1: Cross-sectional view of a tendon 
,.s-:-•• a"",,"" in the ~ucer. f = Tsin( 8) 

• CF 
--PredCF 

1.5 2.0 2.5 3.0 
Thickness (mm) 

The measured and predicted conversion 
for the 12 tendons. 

17 

-15 > c c 
"'" 613 

tJ 11 
+CF 

cPredCF 
9 

0 20 40 60 80. 100 
Cycle Number 

Figure 3: The measured and predicted conversion 
. factors for 100 loading cycles. 
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FINGER EXTENSOR MECHANISM PASSIVE RESISTANCE FOR DIFFERENT 

INTERPHALANGEAL JOINT POSmONS 

Denneriein J T t, tt, Hollister AM t, Rempel DM t 
t University of California, San Francisco, Ergonomics Program, USA 

tt University of California, Berkeley, Dept. of Mechanical Engineering, USA 

INTRODUCTION 
An accurate mechanical model of the finger extensor mechanism is needed to 

understand normal and pathologic [mger function. Previous workers have demonstrated 
that the extensor mechanism is a single structure distal to the metacarpophalangeal 
(MP) joint2J3 , that the moment arms for the proximal interphalangeal (PIP) joint vary 
with joint position4,5 , and that the function of the mechanism is dependent on the 
positions of the two interphalangeal (IP) joints2. Attempts to determine the moment 
arms for the mechanism by anatomical studies have been frustrated by the fme structure 
of the mechanism 1,5. We have extended the technique of measuring the joint torque for 
different loads4 to determine the passive resistance and the mechanical advantage at 
both IP joints in different positions. 

METHOPS 
The middle fmgers of three fresh frozen intact cadaver hands were mounted on a 

frame by pins through the middle metacarpal. Sutures were attached to four tendons, 
the extrinsic extensor, both interossei, and the lumbrical, proximal to the MP joints. 
Weights were hung from the sutures to load the fingers. The skin and flexor tendons 
were removed to reduce passive resistance. Care was taken to preserve the volar plate 
structures and the oblique and lateral retinacular ligaments. A self centering goniometer 
made with a precision potentiometer recorded joint motion. Torque was measured by 
strain gauges on the moving arm of the goniometer. The device was fixed to the lateral 
aspect of the fmger by fme pins drilled into the bones. The output of the strain gauges 
was calibrated by placing weights on the arm of the goniometer creating a torque (0-15 
N-cm). The output was linear (r ~ 0.98). The potentiometer was calibrated using a 
manual goniometer and its output was linear for 0 to 1800 (r ~ 0.98). Prior to testing 
each loading configuration and with the joint extended (00 flexion) the instrument was 
zeroed. 

Data from the PIP and distal interphalangeal (DIP) joints were measured for the 
following load configurations: unloaded, 0.6 N, 1.4 N, 2.8 N and 4.5 N on all tendons 
and 4.5 load on each tendon with all others at 1.4 N. The lumbrical was not loaded at 
the bigher loads due to its fme tendon of insertion. The PIP joint was measured in all 
load configurations with the DIP free, pinned in extension, 30", 60°, and 90" of flexion. 
The DIP joint was measured in all load configurations with the PIP free, pinned in 
extension, 30", 60°, and 90" of flexion.. The joint was moved passively from extension 
to flexion and back while the torque and angle were continuously recorded at 30 Hz. 
Three measurements were made for each configuration and averaged every 5 degrees 
(Fig 1). 

RESULTS 
The method's repeatability for measuring torque and angle for a single unloaded 

fmger is show in figure 1. The standard error over the three trials shown in figure 1 was 
on average 0.5 N-cm with extreme values at the maximum joint angles. The average 
standard error for all configurations ranged from 0.1 to 0.7 N-cm. 

The PIP joint passive torque changes as the DIP joint is flexed (Fig 2). The 
characteristic shape changes from a flat curve (similar to [4]) to a double humped curve 
as DIP flexion increases. The lateral bands of the extensor mechanism would tend to 
bow string above the PIP joint when the DIP was flexed and the PIP extended. The 
bands would then "pOp" to a position next to the PIP joint as it was flexed. This is seen 
as the frrst hump, at about 200 flexion, in figures 1 and 2. Therefore the preferred PIP 
position is a function of DIP angle. This was observed on all three fingers. 

The muscles exhibit different load curves when the same load was applied to each 
muscle individually (Fig 3&4). This indicates that the three muscles have different 
mechanical advantages at the joint. These observed differences change for different PIP 
angles indicating that the moment anns are a function of both joint angles (Fig 3&4). 
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. _ The new and repeatable method presented here allows us to study the effects of 
!; the IP joint positions on the mechanics of the fmger and it's extensor mechanism. It has 
Jr~vealed that the extensor mechanism exerts a significant effect on passive fmger 
resistance and fu~ermore this resistance is dependent upon the relative position of the 
, IP joints. The area of lower passive resistance coordinates the positions of the IP joints, 
,producing smooth opening and closing of the finger. The new method has also 
indicated that the mechanical advantage (moment anns) of the individual muscles are 
-different and are a function of both PIP and DIP joint positions (Fig 3 & 4). 

i'- . The combination of passive resistance and extensor mechanism moment arms at 
each joint detennine the preferred sequences for fmger opening and closing. When the 

);inger is used in flexion such as for pinch or grip, low extensor moment arms and 
n;toments at each joint are desirable. When the finger is moved into extension~ maximal 
~xtensor moment anns at each joint are needed. Models of the extensor mechanism 
d~rived from these measurements can be used to further analyze the function of and the 
Jo~es in the finger . 
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A METHOD TO QUANTIFY THE EFFICIENCY OF EXERCISES IN 
REHABILITATION OF ATROPHIED MUSCLE GROUPS 

Denoth J, Doninelli A, Gerber H, Muller R, Stacoff A, Stiissi E 

Laboratory for Biomechanics, Swiss Federal Institute of Technology (ETH), Schlieren, 
Switzerland 

INTRODUCTION 
Muscle atrophy is a serious problem affecting numerous 'bed-rest' patients. Human 

muscle biopsy studies have shown that, in general, it is mainly the type I fibres that 
undergoe atrophy with immobilisation. The cross-sectional area decreases and the 
potential for oxidative enzyme activity is reduced (e.g. Haggmark, 1978). In elite 
athletes, inactivity following injury, surgery, or immobilisation rapidly decreases the size 
and the aerobic capability of musc1e fibres, particularly in the fiber type affected by the 
chosen sport: In endurance athletes, type I fibres are affected, while in athletes engaged 
in explosive activity such as sprinting type IT fibres are affected (Arvison et aI., 1984). In 
other words, immobilisation can affect both fiber types. Physical training increases the 
cross-sectional area of all muscle fibers; the fibers respond to the athlete's prin~ipal 
activity. To increase muscular force or muscu1ar power for special sports activities 
different training techniques are used e.g. isometric, concentric or even eccentric physical 
training. In eccentric training more than maximum isometric muscle force is produced. 
This is due to (a) the force-velocity-relationship, a pure mechanical effect (Hill, 1970) 
and (b) an increased muscle activity as a consequence of a superposition of the reflex 
activity (Nichols and Houk, 1971) onto the voluntary nerve activation. Therefore an 
eccentric exercise is expected to be more efficient in training of muscle groups than 
isometric or concentric exercises. 
The goal of this project is to evaluate a method to quantify the efficiency of exercises in 
rehabilitation of atrophied muscle groups. 

METHODS 
By use of a specific Torque-Velocity Dynamometer (Denoth et aI., 1994) - which 

allows to deduct the intrinsic mechanical characteristics of muscle groups - experiments 
on the flexor and extensor muscles of the elbow and of the ankle are perfonned. The 
device allows to measure the angular velocity and the torque during predefined types of 
contractions. The following contraction types are studied: isometric, concentric and 
eccentric contractions under isovelocity or isotonic conditions. These types of 
experiments allow to deduct the force-velocity-relationship or the force-Iength­
relationship for different levels of activity. From a neurological point of view the 
mechanical response of the muscle on the stretch or release has a delay of about 50 msec. 
Considering this fact, it is possible to separate the pure mechanical part of the resultant 
torque from the neurological part. 

RESULTS 
In Figure 1 the torque of the flexors of the elbow during concentric (top) and 

eccentric (bottom) contractions (release and stretch experiments) at an angular velocity 
of 1 radls (left) and 2 radls (right) respectively are shown. The maximal torque in the 
two eccentric experiments is comparable and reaches about 150% of maximal isometric 
torque. In concentric experiments the influence of the angular velocity on torque is 
evident; at 1 radls a reduction of about 15%, at 2 radls of about 30% of the maximal 
isometric torque. (Rem.: The oszillations in the torque-time-curve are due to a nonrigid 
fixation between arm and device for security reasons with the prototype of the TVD.) 



211 

i 140 

120 

g 
~ 80 
~ 
o 
t-

60 

140 

120 

Torque 
1001---...-. 

60 

Angle Angle -
40 

20~~~~~~~~~~~~~ 

-200 o 200 400 600 800 
Time [ms1 

180 
neurological effect 

160 

140 

~ 120 
~ 
o 
f-

100~"'-...,;;;--r 

1 

80 ~ 
60~~m~e~~~h~~n~~~ca~l~e~ffi~e~ct~~!~!~~!~.~~. j 
- 200 0 200 400 600 800 

Time [ms] 

40 

180 

160 

140 

~ 120 
e-
o 

o 200 400 
TIme [ms] 

10tEI.SAV 

neurological effect 

t- 100Ft'"~.....,..---
r 

80 mechanical effect 

o 200 400 
TIme [ms] 

600 800 

Angle 

600 BOO 

Figure 1 The torque of the nexors of the elbow and 'the elbow angle during concentric 
(top) and eccentrIc (bottom) contractions at an angular velocity of 1 radls (left) and 2 
radls (right) respectively. 

DISCUSSION 
In concentric experiments these differences in torque are que to Hill's well known 

force-velocity-relationship of skeletal muscle. The torque developed during the eccentric 
experiments therefore is affected not only by the force-velocity-relationship but also by 
additional neurological reflex activity. This reflex activates additional muscle fibres. By 
this way a larger part of the muscle is ~timulated, and the efficiency of the exercise in 
rehabilitation of muscle groups will be enlarged. 
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THE EFFECTS OF SIMULATED MUAP SHAPE, RATE AND 

VARIABILITY ON THE POWER SPECTRUM 

T.R. Derrick, G.E. Caldwell and 1. Hamill 
University of Massachusetts, Amherst, MA, USA 

INTRODUCTION 
De Luca (1983) has modeled motor unit action potential (MUAP) trains by passing 

a series of impulses through a filter with an impulse response in the general shape of a 
MUAP. This process has the advantage of accurate replication of MUAP shape, but 
the MUAP wavefonn is then composed of mUltiple frequencies, making interpretation of 
the power spectral density (PSD) difficult. By modeling the MUAP as a sine wave, the 
interactions between shape frequency (Fs), rate frequency (Fc) and rate frequency 
variation (Frsd), each of which may be influenced by physiological processes such as rate 
coding or fatigue, become clear. The purpose of this study was to determine the effects 
ofF" Fr and Fl'Ild on the resulting PSD. 
METHODS 

A model ofa MUAP train was created with independent parameters ofMUAP 
shape, firing frequency and firing variability. PSD curves were then computed using a 
fast Fourier transform (FFT) algorithm. De Luca (1983) reported normally distributed 
interpulse interval histograms, thus the rate frequency was modeled as a series of 
independent and normally distributed values reflecting the natural variability in the 
interpulse interval. Values of 95.2, 35.1 and 7.8 Hz for Fs, Fr and Frsd respectively were 
used as representative values of MUAP trains. Independent manipulation of each of 
these values revealed their contributions to shifts in the median frequency (MedF) of the 
PSD. . 

RESULTS AND DISCUSSION 
Shape Frequency 

Figure 1 shows that a change in F, equivalent to a 10% reduction in conduction 
velocity produces a 7% reduction in MedF. Fatigue which produces such conduction 
velocity shifts has been associated with much Jarger shifts in MedF (Bigland-Ritchie et 
aI., 1981). This model then agrees with their suggestion that other factors such as motor 
unit synchronization account for part of the spectral shift seen with fatigue. 

Figure 1. Median frequency: a) 85.7 Hz; b)79.9 Hz. 
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Rate Frequency 
It would be expected that as Fr increases the median frequency of the PSD will also 

increase. However, because of the interaction between Fs and Fr this is not always the 
case. Increases in Fr can actually cause large decreases in the median frequency (Figure 
2). Fr values of20.0, 40.0 and 60.0 Hz produced MedF values of 84.0, 84.5 and 74.2 
Hz respectively. These graphs show a progressive increase in the power of the initial 
peak in the PSD as the rate frequency gets closer to the shape frequency. The peak at 
80.0 Hz in figure 2b is eliminated in figure 2c because only multiples of the 60.0 Hz rate 
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frequency appear. This eHmination of the 80.0 Hz peak together with an increase in 
~bwer of the initial peak causes the median frequency to shift from 84.5 Hz to 74.2 Hz. 
This occurs despite a 20 Hz increase in the rate frequency. Rate frequencies of60.0 Hz 
£e probably high for nonnal contractions but frequencies this high are not necessary for 

'this type of interaction to occur. A decrease in the MedF will occur when Fr exceeds one 
halfofFII' This can occur as the firing frequency of the motor unit increases or when the 
c~:mduction velocity causes a decrease in the shape frequency. 

,Figure 2. Median frequency: a) 84.0 Hz; b) 84.5 Hz; c) 74.2 Hz. 
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", By holding Fs and Fr constant and increasing FBd the median frequency also 
increases. Increasing Frsd from 0.0 to 4.0 Hz increased the median frequency from 70.2 
tp 81.1 Hz (Figure 3). A further increase in Frsd to 8.0 Hz resulted in a smaUer shift in 
i4e median frequency from 81.1 to 84.1 Hz. The rate frequency did not change during 
these trials, thus the initial peak at 35.1 Hz did not shift even though it spreads out with 
j~creased variability. De Luca (1983) states that the interpulse interval statistics of a 
MoAP only noticeably alter the shape of an individual NIUAP train power density 
~p~ctrum between 0 and 40 Hz. These data do not support this statement. 

;Figure 3. Median frequency: a) 70.2 Hz; b) 81.1 Hz; c) 84.1 Hz. 
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This project was an attempt to model the general properties of a MUAP train and to 
determine the effects of Fs, Fr and Frsd on the resulting PSD. There is a high degree of 
interaction between Fs and Fr that can produce surprising effects on the median frequency 
of the PSD. In general, peaks in the PSD will occur at multiples ofFr with the greatest 
power near Fs. Increasing the variability ofFr will cause multiple peaks in the PSD near 

./ each Fr multiple and it will cause a slight increase in the median frequency of the PSD. 
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KINEMATIC DIFFERENCES BETWEEN MALE AND FEMALE HIGH 
LEVEL SWIMMERS IN THE FRONT CRAWL TRAJECTORIES 

IDeschodt V.J., lRouard A.H., lMontei! K.M., and 2Bonifazi M. 
lCentre de Recherche et d'Innovation sur Ie Sport, University of Lyon. France; 2Istituto 
di Fisiologia Umana, Siena, ltalia ' 

INTRODUCTION 
Some physiological studies have been conducted on energetic cost of the upper limb, 

of the lower limb on the front crawl (Adrian & al., 1966), or in regard to the velocities 
range (Pendergast & a1., 1977). Few studies observed the kinematics difference. East 
(1970) analysed films frOln the lnen and women 100-yd events in aU 4 stroke styl~. The 
shorter distances per stroke accounted for the lower velocities. Craig & al. (1985) noted 
that although the faster women had greater length, they were lnore dependent than men 
011 faster stroke cates to achieve superiority. Rouard (1990) noted that the best swimmers 
(males or females), at the same relative effort, had a greater hip displacement. The 
swimmer's technique, especially the position of the upper arm during the push phase was 
an important parameter of the performance. This study aimed to compare the maximal and 
the minimal values of the underwater trajectory of each joint, in each dimension (distance, 
percentage of time) between female and male high level swimmers. 

METHODS 
Twenty-eight swimmers have been studied during the 100 m and 200 m freestyle 

races of the World Championships. Their characteristics were repOlted in the table I.Two 
video camcorders (30 Hz) filmed the s\vimmers on 15 meters, at the extremity of the 
length of the swimlning pool, before the turn. They were synchronised and fixed in 
underwater boxes (60 cm deep) with an angle of 90° between themselves. Each vie,\' ,vas 
digitized frame by frame, according to Schleihauf (1979). From this digitalisation, 
coordinates in each of the 3 dimensions were obtained for the wrist, the elbow and the 
shoulder joints during the cycle. One cycle was defined by the hand entry to the water to 
the saIne hand exit. 
Table 1: Characteristics of the population (N=18) 
Subjects (N=18) "Veight (kg) Stature (m) 
Males (N=10) mean 78,94 1.85 

SD ±14.98 ±O.02 
Females (N=8) mean 61,24 1,71 

3D ±lS.02 ±0.23 

Age(y) 

20,4 
±2,58 
19.01 
±4,Ol 

Velocity (m.s- i ) 

1.97 
±0,04 
1,79 

±O.OS 

The trajectories of each joint was observedin a descriptive way. Each maximal and 
minimal values of the coordinates in each dimension was used to obtain the maximal 
progression in the antero-posterior axis, the maximal lateral deviation and the maxitnal 
depth of each joint on the aquatic stroke. The time of the stroke was detennined and the 
time when the maximal and the minimal values appeared. were calculated in regard to the 
total time in order to compare the swimmers between themselves. 

RESULTS 
The duration of the total cycle was not significantly different between males and 

females (males: 0,84s ±0,03 and females: 0,83s ±0,05). The minimal and the maximal 
coordinates of the wrist and of the elbow for the aquatic stroke were described (Fig 1.), 
in each dimension. The females moved their wrist more fonvard and more backward than 
the males in the horizontal axis. The elbow had a greater maximal value (M(x» of 
displacement for the males than for the females. In regard to the lniniInal coordinate 
(mCx»), for all the swimmers, the elbow joint never slipped backward the x-coordinate 
corresponding to the begitnlning on the aquatic stroke. For the lateral axis, the maximal 
coordinates (M(y)) for the two joints were less important, and the subjects (males and 
females) were very dispersed. The male swimmers seemed to have greater lateral 
deviation than the female. For the vertical axis, the tninimal values of the coordinates 
(m(z)) were lnore important for the males than the females, the two popUlation being very 
homogeneous. 
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Figure. 1. Mean and standard deviation of the minimal (m) and maximal (wI) coordinates of the wrist 
(W) and of the eJbow (E) in each dimension (x, y, z) on the aquatic stroke for males and females. 
. Concerning the percentage of the time (Fig.2.), the males were dispersed for the time 
of the minjmal coordinate in the antero posterior axis (Tm(x)), contrary to the females 
and presented a minimal coordinates Tor the wrist at the end of the stroke. For this axis, 
the maximal value of the coordjnates appeared at the same tjme (TM(x)) for the two 
genders: at 50% of the total stroke for the wrist and at the end of the stoke for the elbow. 
For the lateral dimension, the population was very heterogeneous for the time of the 
minimal (Tm) and the maximal (TM) coordinates of the wrist and of the elbow. Finally, 

1 for the vertical axis, the same relative time (Tm(z)) have been observed for the minimal 
values of the coordinates of the two joints (about 600/0 of the total time of the stroke), the 
population being homogeneous. 
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Figure.2. Mean and SD of the time (%) of the appearance of the maximal (M) and minimal (m) 
coordinates, for the wrist (W) and the elbow (E) for each dimension. 

DISCUSSION 
The total tjme of the stroke did not differ between the males ans the females, but some 

differences emerged in studying each dimension of the upper limb joints aquatic 
trajectory. The females presented more variations of the wrist in the antero posterior axis. 
The relative time of the minimal value of this joint for the same axis showed that the wrist 
of the women slipped backward at the end of the stroke. The elbow did not glided 
backward like for the men. Even if important lateral variations was observed for the both 
groups, no relation was obtained with the performance because of the heterogeneity of 
the swimmers. The males presented greater deep of the wrist and of the elbow than the 
females. This results suggested that the males would presente a greatr extension of their 
ann during the aquatic stroke than the females. 
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COMPUTER SIMULATION OF THE IMPACT DYNAMICS DURING THE 
TENNIS STROKE 

C. Detlefs, U. Glitsch 
Institut~ of Biomechanics, German Sport University Cologne, Germany 

INTRODUCTION 
The dynamic process of the tennis stroke is rather complex because the different 
segments of the arm connected by joints interact with each other and the angle of those 
joints change already during the contact phase of the ball with the racket. Many 
mathematical models have described the ann with the racket fixed tightly at the hand as 
a pendulum consisting of three segments. Because of the enonnous calculative work 
which would be required for the solution of the whole equation-system of motion they 
have assumed for the transfer of impulse an infinitesimal short time. 
The experimental approach to look into the dependence of the ball rebound velocity 
from the grip force have registered muscle activities during the stroke by EMG. As a 
calibration is impossible only qualitative results but no information about applied muscle 
forces are obtained there. The results of our computer simulation make it possible to 
calculate the kinetics of the pendulum and the ball as well as the effective forces and 
torques in the grip and in the joints during the whole contact phase. The exact 
knowledge of the impulse transfer during the period of the contact between racket and 
ball is useful for the optimisation of the stroke technique (e.g. reduction of the grip 
force) and will in all probability give an explanation for arm injuries especially for the 
well known widespread tennis elbow. 

METHODOLOGY 
In our two-dimensional computer simulation of the tennis impact the three~dimensional 
human model ofGLITSCH, FARKAS (1993) has been modified. The hand, the forearm 
the upper arm and the immovable body are assumed to be connected by frictionless 
revolute joints so that the arm is movable without any resistance whereas the remaining 
part of the body is fixed. Calculations have been carried out by the software package 
DADS (Dynamic Analysis and Design System) of CADSI (Computer Aided Design 
Software Incorporation). Up to now no muscle activities have been considered. The 
racket is assumed to be fixed tightly in prolongation of the outstretched arm. The ann­
racket-system rotates with an angular velocity of 17)45 radls around the shoulder joint 
according with values of real tennis strokes reported by ELLIOT et a1. (1989). The 
racket area hits the resting ball. The impact process itself has been described as a elastic 
spring with a spring constant to the effect that the contact period is about 3 ms. 

RESULTS 
The results presented here focus on the transition between hand and racket. The 
resulting grip force consisting of an axial and a radial component must be expended by 
the tennis player to avoid the racket not to slip out of his hand when striking. The 
simulation of the tennis impact calculates a resulting grip force about 100 N. If the ball 
hits the racket in the sweet point it varies between 0 Nand 130 N, if the hitting point is . 
located at the edge of the racket the resulting force raises to values between 60 N to 
170N. 
Figure 1 shows the time history of the normal forc~ component at the grip effective , 
perpendicular to the racket. Distal impacts induce normal grip forces in one direction. If 
the racket hits the ball in the centre area or more proximal to the grip the appearing 
forces have an opposite effect. As shown in figure 1 there exists one point on the racket 
where the normal grip force disappears during the whole impact phase. Because the 
impulse transfer at this spot is soft it is called 'sweet point'. It is worth mentioning that 
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NORMAL COMPONENT OF THE GRIP FORCE 

DURING THE TENNIS STROKE 

the centre of the racket area 
and the sweet point must not 
be identical as already found 
out by Hatze (1993) in prac­
tice. 

0.000 0,001 

If the hitting point is located 
more distally the ball velocity 
after impact increases from 
30 mls to 32 mls as can be 

-distaIO,1m seen in table 1 which is appa-
·······disiaIO.05m tl d b th d' t 11 ____ sweet point ren y cause y e IS a y 
-'---eenlle higher trajectory velocity. Ne-
......... proximal O,OSm vertheless we get a paradoM 
---- proximalO,1m 

xical result here. Though the 
sweet point is located more 

0,002 0,003 0.004 0,005 distally than the centre point 
time [ 5 ] of the area the ball is acce-

. . lerated to the same velocity at 
Figure 1: Normal component of the gnp force for different . . . 
contact points along the longitudinal axis of the racket area both pomts. ~ snrular phen~­

men we obtamed when const-
dering the angular deviation of 

Table 1: Ball kinetics in dependency of/he impact point on the the ball trajectory during the 
longitudinal axis of the racket area 

distance from centre 
of racket area in m 

distal 0,1 
distal 0.05 

distal 0~O235 
(sweet point) 

centre 0,0 
j)roximal 0,05 

proximal 0.1 

ball velocity 
inmls 
31,95 
31~56 
31,18 

31.2 
30,69 
30,02 

angle of trajectory 
in degree 

0,132 
0,0792 

0,14 

0,052 
0,0424 
0,035 

impact. The further distally the 
hitting point is located the 
bigger the angle of trajectory 
is. But if the ball is hit in the 
sweet point the deviation 
reaches the highest value with 
0,14 degrees. As the spring 
acts only in one direction it is 
effective in the connecting line 
between racket impact point 
and the ball centre. Therefore 

the racket position relative to the ball must be responsible for the deviation. 

CONCLUSION 
The two-dimensional computer simulation calculates the movement of the arm 
described by a pendulum of three segments during a tennis stroke as well as the joint 
and the grip forces. Though it is assumed that the impulse values are higher in the sweet 
point it is more convenient for tennis players to hit the ball there. Because of the 
disappearing nonnal component of the grip force they only have to apply the radial 
component. Results of experimental investigations show that excellent tennis players are 
able to play with less effort. This computer simulation will be extended to the flexibility 
of the racket frame as well as muscular activities. 
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REPRODUCIBILITY OF TRUNK EXTENSOR ENDURANCE AND RELATED 
ELECTROMYOGRAM PARAMETERS 
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INTRODUCTION 

Various authors have suggested that low back pain (LBP) has a mus.cular 
component either as a cause or as a consequence of the primary etiological process. 
Prospectively, subjects with less trunk extension endurance have been shown to 
have a larger chance of attracting LBP[l]. In addition, in transversal studies 
evidence of a faster development of fatigue in LBP patients, as compared to 
healthy subjects, has been found [2]. Slope estimates of the time-series of the 
amplitude and spectral parameters of the electromyogram (EMG) of the trunk 
extensor muscles have been shown to be related to their endurance [3,4]. 
Consequently, it has been suggested that fatigue related changes of the EMG of the 
back muscles might be clinically used to diagnose and monitor the muscular 
component of LBP [5]. The EMG parameters would have the major advantage of 
being objective in contrast with endurance time measurements, and they \vould 
allow for less strenuous tests to be used. However, a fUlthel' prerequisite for the 
clinical use of these parameters is that the slope estimates are sufficiently 
reproducible. The present study was aimed at detennining the test-retest reliability 
of trunk extension endurance time and related EMG parameters at high force levels 
and to interpret these findings in terms of the clinical applicability of the 
parameters. 

METHODS 

9 healthy young male subjects pmticipated in the experiment. Mter detelmination 
of the maximum extension torque (MVC), they perfOlmed a contraction at 80% 
MVe,_ till the limit of endurance. During the test the EMG of the bilateral 
longissimus thoracis, iliocostalis lumbOlum and multifidus muscles was 
continuously recorded. Each test was repeated several days later. The EMG data 
were digitized at 1024 Hz, divided into 3-second samples and subsequently time­
series of the mean power frequency (MPF) and median frequency (MDF) were 
detennined using a 1024-point Fast Fourier TransfOlmation averaging the spectra of 
90% overlapping windows from each 3-second sample. The amplitude (AMP) of 
the signal was determined by calculating the rectified and averaged value of each 
of the samples. Linear regression analysis was performed to obtain estimates of the 
slope of the 3 parameters. In all subsequent analyses only slope estimates 
significantly different from 0 were used. Their relation to the endurance time was 
evaluated by means of regression analysis. To evaluate the reproducibility intra­
class correlation coefficients (ICC) and the smallest detectable difference (SDD) 
were calculated. The ICC expresses the inter-subject vaLiation as a proportion of 
the total variation in the complete data-set. The smallest detectable difference 
expresses the amount of change in a parameter, when repeatedly measuring on one 
subject, that is just large enough to be ascribed (with 95% certainty) to a real 
change instead of being due to test-retest errors [6]. 
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, RESULTS 

85% of the slope estimates of the AMP differed significantly from O. For the MPF 
this amounted to 820/0 and for the MDF to 79%. Based on these results it was 
decided to use the MPF to describe the spectral changes of the EMO. Using only 
non-zero slope estimates the logarithm of the endurance time appeared to be 
significantly related to 11 out of 12 AMP slopes and 8 out of 12 MPF slopes. 
When correlating the slope estimates for those muscles showing the steepest slope 
to the logarithm of the endurance time, coefficients of correlation of 0.8 and 0.7 
were found for the AMP and 0.9 and 0.7 for the MPF in the first and second tes~ 

- respectively. 
The ICC of the MVC was as high as 0.9, whereas it was only 0.7 for the 

_ endurance time. For the AMP slope estimates it was on average 0.7 (0.3 - 0.9) and 
for the MPF slope estimates 0.6 (-0.6 - 0.9). The SDD's for MVC and endurance 
time were 18 and 670/0, respectively. For the amplitude estimates the SDD was on 
average 1190/0 ( 61 - 1880/0) and for the MPF 89% (60 - 101 %). 

DISCUSSION 

The ICC of the endurance time in the present study was with a value 0.7 at most 
reasonable. In a similar setup, but without redetermining the MVC in the second 
test, J~l'gensen and Nicolaisen[7] found an ICC of 0.8 for the endurance time, 
which seems well comparable to our results. Using a somewhat different endurance 
test they found an ICC of 0.9, whereas Mannion and Dolan [4] even found an ICC 
of 1 for the latter test, using only 5 subjects, however. 
The relatively sh0l1 duration of the contractions used (45s, SD 18s) could cause 
poor reproducibility of the EMO parameters by yielding inaccurate slope estimates. 
Mannion and Dolan [4] found an ICC of the normalized median frequency of 
lumbar trunk extensors of 0.98 in a test which resulted in an endurance time of 
about 200s. However, from the 1'2 values of those observations included in the 
present analysis 720/0 for the time versus AMP regression and 88% for the time 
versus MPF regression were above 0.7. Therefore, the slope estimates can be 
considered fairly accurate, consequently this has probably not caused the low ICC 
values for some muscles. 
In conclusion, reproducibility of the parameters used in this study was in general 
not satisfactory for use in clinical settings. In spite of generally satisfactory values 
of the ICC, the EMO parameters can not be considered well repeatable. Even 
though confidence intervals for SDD estimates are rather wide, the high values for 
the SDD imply that only major changes in a patient's condition can be detected 
reliably. The present results suggest that an evaluation of a patient based on more 
than one parameter and more than one muscle might be necessary in order to 
obtain a valid and reliable judgement. 
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NONINVASIVE DIAGNOSTIC OF NEUROMUSCULAR DISORDERS BY A 

QUANTITATIVE EVALUATION OF THE HIGH SPATIAL RESOLUTION EMG (HSR-EMG) 

INTRODUCTION 

C. Disselhorst-Klug, J. Silny, G. Rau 

Helmholtz-Institute for Biomedical Engineering 
Aachen, University of Technology 
Pauwelsstr. 20, 52074 Aachen, Germany 

Neuromuscular disorders are often related to typical changes in the 
structure of single motor units (MUs). Therefore, is the information about the -
electrical activity of single MUs essential for the diagnosis of those disorders. 
The conventional surface EMG is, due to it's low spatial resolution, not 
suitable for this diagnostic purpose. That is why regardless to it's painfulness. 
the invasive Needle-EMG methodology is used in clinical practice. 

A newly developed EMG procedure with a high spatial resolution (HSR­
EMG) allows in contrast to the standard EMG methodologies the detection of 
the single MU activity in a noninvasive way [1]. First clinical investigations 
have shown that the HSR-EMG allows the detection of typical changes in the 
electrical activity of the MUs in neuronal and muscular disorder (Fig. 1) [2]. 
Here we want to describe a quantitative evaluation of the typical changes in 
the HSR-EMG pattern. 

Fig.1: Spatial filtered EMG­
signal of children with diffe­
rent kinds of neuromuscular 
disorders 

METHOD 

normal 

~ 

Duchenna spinal 

~ ~ 
'1O~ 

The HSR-EMG procedure is based on the used of a multi-electrode array 
in combination with a spatial filter processing [1]. The multi-electrode array 
consists of 32 pin-electrodes in a two-dimensional arrangement (inter­
electrode distances 0.25 mm). Using a special, spatial filter procedure [1] the 
EMG-signals of MUs located directly beneath the skin surface have been 
amplified and the signals of more distantly located sources have been 
reduced. 

The HSR-EMG has been recorded during maximal voluntary contraction of 
the m. abductor pollicis brevis in 117 volunteers (61 healthy children, 35 
patients with muscular disorders, 21 patients with neuronal disorders) aged 
between the infancy and 25 years. 

The typical differences in the HSR-EMG pattern have been evaluated by 
9 parameters regarding the excitation spread, the signal course in long signal 
segmonts, the shape of isolated peaks and the frequency distribution of all 
peaks within the signal (Tab.1). For each parameter a 'reference range~ has 
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r ~ " 'been determined which contains at least 44 of the investigated 61 healthy 
[; ,i'volunteers. Afterwards, the probability that a parameter in a specific patient 
~" ~ !"group is higher, the same or lower than the 'reference range' has been 
f: "" ,~~calcu lated. 

, 
~ " ' ': :RESUL TS 
:" The results show a distinct difference between the parameter sets of 
~ _ volunteers, patients with muscular and patients with neuronal disorders 

~.: . 

(Tab.1). 

Conduction velocity o 34 o 13 

Entropy o 23 8 

Root mean square {RMS} 17 4 3 

Dwell Time over RMS 22 1 o 16 

First zero crossing of ACF 35 o 4 3 

Maximal peak amplitude 0 29 3 7 

Peak -Energy/Gap-Energy 2 10 18 o 

Gradient of Peak Edge 0 32 9 5 

CHI-Value of the r-Test 1 28 9 

Tab.1: Parameters for a quantitative evaluation of the typical HSR-EMG patterns and the 
number of patients belonging to an interval higher or lower than the 'reference range'. 

Using the typical parameter sets 97% of all healthy children, 94% of all 
children with muscular disorders and 71 % of all children with neuronal 
disorders can be correctly identified by a classification based on the 8ayes­
Theorem. On the average the diagnosis by means of the noninvasive HSR­
EMG was in 92% of all investigated children correct. 

Conclusion 
HSR-EMG allows the noninvasive detection of the activities of single, 

superficial M~s. It also detects changes in the electrical activi.ties of the MUs 
which are typical for muscular and neuronal disorders. Using a special 
parameter set it was possible to classify 92% of all investigated children 
correctly. In this way, the noninvasive HSR-EMG, derived from the m. 
abductor po/licis brevis, becomes in children the same diagnostic selectivity 
as the commonly used invasive Needle-EMG. 
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THE INFLUENCE OF FIRM HEEL LIFTS ON MAXIMUM ACHILLES 
TENDON FORCE DURING BAREFOOTED RUNNING 

INTRODUCfrON 

S.J.Dixon and D.G.Kenvin 
Loughborough University, Loughborough, U.K. 

Achilles tendon injury is common in middle and long distance runners (Leach 
et al, 1981). The use of heel inserts made from Sorbothane, a shock-absorbing visco­
elastic polymer, has been demonstrated to reduce Achilles tendon pain (Maclellan and 
Vyvyan, 1981). In a previous study, of a subject running with a rearfoot ground strike 
(Dixon and Kerwin, 1994), it was demonstrated that attaching shock-absorbing heel 
inserts to the plantar surface of the foot decreased the maximum Achilles tendon force. 
Th~ use of running shoes with a relatively high heel has been demonstrated to have a 
similar effect (Subotnick, -1979). When prescribing heel inserts, practitioners have used 
two distinctly different types of heel lift: lifts constructed from a firm material, designed 
to raise the heel; and those made from a shock-absorbing material, designed to raise the 
heel and cushion some of the impact shock. 

The aim of the present study was to investigate the influence of finn heel lifts 
on maximum Achilles tendon force during barefooted running. 

METHODS 
Running trials were performed at seven minute mile pace (3.8 m.s·! ± 5%), for 

two subjects demonstrating distinctly different running styles at this speed. Subject A 
exhibited a rearfoot strike. Subject B made initial ground contact at the forefoot, with 
the heel not contacting the ground at any stage. Three running conditions were used: 
barefooted; barefooted with one heel lift; and barefooted with two heel lifts. Heel lifts 
were made from a high density EV A material tapered at a 5 degree angle along a length 
of 88 mm. These were attached to the plantar surface of the foot using surgical tape. 

A "single subject" approach was taken using a randomised block design. 
Single trials for each of the three conditions in 10 blocks were recorded for each 
SUbject. Video recordings at 100 fields per second were made of movement in the 
sagittal plane using two 50 Hz video cameras genlocked out of phase (panasonic F15 
camera and AG7350 sVHS recorder; MS2 video camera). Synchronised ground 
reaction force data were collected at 1000 Hz using a force plate (Kistler 9281B12). 
Four reference points, a point representing the ankle joint centre, and two points on the 
skin surface over the Achilles tendon were digitised. 

Using the methods of Dixon and Kerwin (1993), the line of action of the 
Achilles tendon was estimated as a straight line joining the two digitised tendon points. 
It was assumed that the ankle moment was generated entirely by the triceps surae 
muscle group, and was thus transmitted by the Achilles tendon (Figure I, Equation 1). 
Maximum Achilles tendon force was estimated for each subject for each of the 
conditions. 

F 

Achilles Marker 1 

Achilles Marker 2 

Toe 

Figure 1. Moments about the ankle joint 
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~tRESULTS 
('\Ii.. The maximum Achilles tendon force values are presented in Table 1. At-test 
~, correlated data was used to identify significant differences between conditions for 
~x subject. For Subject A, a significant increase in maximum Achilles tendon force 
rwas demonstrated for the one heel lift (p<0.05) and two heel lift (p<O.OI) conditions, 
~,'cpmpared to barefooted running. No difference in maximum Achilles tendon force was 
:, 'found when comparing one and two heel lifts. For Subject B, the use of heel lifts had no 

;influence on the maximum Achilles tendon force. 
~ j .~-

Table 1. Maximum Achilles tendon force in bodyweights (SD) 

Barefoot 

Subject A 9.3 (0.5) 

Subject B 17.8 (0.5) 

'bISCUSSION 

Barefoot l1ift Barefoot 2 lifts 

9.9 (0.5) 10.2 (0.5) 

18.2 (1.0) 18.3 (1.6) 

:. It has been suggested, (Subotnick, 1979), that raising the heel jn relation to the 
;:. forefoot, decreases the incidence of Achilles tendon injury, by reducing the tendon 
. Joading. In a previous study using Subject A (Dixon and Kerwin, 1993), a reduction in 

maximum Achilles tendon force was demonstrated using heel lifts consttucted from a 
. visco-elastic material. No significant changes in ground reaction force magnitude were 

:. observed at the time of maximum Achilles tendon force. It was therefore suggested that 
:: ihe reduction in maximum Achilles tendon force was a result of raising the heeL To 
;'~. isolate this effect; heels lifts constructed from a firm, rather than visco-elastic material, 
; , ;Were used in the present study . 
. : ' .' The results of the present study demonstrate that, for Subject A, film heel lifts 
:, caused an increase in the maximum Achilles tendon force. This is contrary to the 
'. indications of the previous study, demonstrating the complexity of the mechanism by 
. which heel lifts may influence maximunl Achilles tendon force. 

Subject B demonstrated a forefoot ground strike. When running barefoot, this 
subject did not contact the ground with the heel. Despite this fact, this subject had 
independently been prescribed a corrective device placed in the rear of the shoe, in an 
attempt to reduce Achilles tendon pain. It was therefore of interest to see that the 
attachment of firm heel lifts did not influence the maximum Achilles tendon force for 
this subject. . 

In conclusion, for prediction of the influence of heel lifts on maximum Achilles 
tendon force, detailed consideration of each individual case is clearly required. This 
suggestion has implications for the practitioners who routinely prescribe heel lifts to 
individuals suffering from Achilles tendon injury. 

REFERENCES 
Dixon, S.J. and Kerwin, D.G. (1993). Estimating Achilles tendon force using quasi­

static moments. 1. Sports Science, 170 (abstract). 
Dixon, S.J. and Kerwin, D.G. (1994). The influence of heel raises on Achilles tendon 

force in running. Proceedings of the Second World Congress of Biomechanics, 
abstract # 1-255B. Amsterdam. 

Cavanagh, P.R. and Lafortune, M.A. (1980). Ground reaction forces in distance running. 
J. Biomechanics 13, 397-406. 

Leach, R.E., James, S. and Wasilewski, S. (1981). Achilles tendinitis. Am. J. Sports 
Med. 9, 93-98. 

Maclellan, G.E. and Vyvyan, B. (1981). Management of pain beneath the heel and 
Achilles tendinitis with visco-elastic heel inserts. Brit. 1. Sports. Med. 15, 117-
121. 

Subotnick, S.l. (1979). The Running Foot Doctor. World Publications. 

Subotnick, S.I. and Sisney, P. (1986). Treatment of Achilles tendinopathy in the athlete. 
J. Am. Podiatric Med. Assoc. 76, 552-557. 



224 
A SO-FAR UNDESCRIBED ISO~TRlC BIO~CHANICAL FUNCTION OF TI:IE 
HUMAN H1P·JOlNT MUSCLES, PRESBNTING OR'IHOPAEDIC TREATMENT OF 
nm HIP-JOINT PATIiOLOOY IN A NEW LIGHT 

Dobrev R., D. Djerov, B. Vladimirov 
University Ffospital ofOrlhopaedica at Medical Univeraity in Sofia, Bulgaria 

INTRODUCTION 
While doing our research on the failures in hip-joint prostheaizing, we were quite 

impressed by the large munber of cases published of the so-called "illogical" breakage's 
of the femoral stem. of total eodoproatbeses. In 1986 MOzer and Hein [1] published their 
study on 25 similar breakage's, where the "illogical" element was expressed in that the 
cracka in the ste.tn metal had begun spreading from medially towards laterally. Such a 
direction of the cmck is inoompatib1e with the classical coru;:eption as to the console 
nature of the femur. The contradietion between clinical practice and the fimdamental 
thOOlY was obvious. The basic of this 1heory is to be found in the generally accepted ever 
since 1867 analogy of Meyer and Cn1mann, postulating that the proximal femur is 
assumed to act as a console, known as "C1l1mann's craneR. 'Ihe contradiction between 
theoty and practice gave us grounds to feel some doubt as to this console analogy. It 
would have been much more probable that the self-orgonising organisms had found some 
more affective solution, which is yet umavelled by science. The purpose of the 
investigation was to establish a more realistic model of human hip joint biomechanics, 
with the view to enhancing effectivity of joint pathology treatments. The study of the 
trabecular structure in proximal femur bone sections with different spatial orientations, 
canied out by us for the purpose, points to the existence of a new, so-far undescribed 
isometric biomecbanical function of the iliacus, obturator extemus, obturator intemus and 
vs.stus lateralis muscles. We named this function "active supportive funotion", and the 
physiological phenomenon - "active supportive bone .. and .. muscle synergy'. Here only the 
new function of obturator externus and vastus lateralis muscles will be discussed. 
1v1ET.HODS 

Cadaver materials were used of bone and muscle fragments of adults and newly 
born humans, as well as other biped and quadruped vertebral animals. The methods 
applied were: a study of the arohitectonics of cancellous tissue in the proximal femur 
and pelvic bones; comparative-anatomy studies of the pelvic bones and muscles; 
histological studies of bone-and-muscle preparations; biomechanica1 reinterpretation of 
the known anatomical data. 
RESULTS 

AB a result of the investigation, several facts were settled: At the lower end of the 
femo.ml head, where the furrow-like-shaped end of the femo.ml neck begins, a zoo.e was 
discovered where the trabecular beams ware directed perpendicularly to the outer surface 
of the bane. Just through this furrow-like-shaped canal underlying the femoral head slide 
the upper fibres of the obturator extemus muscle before reaching their terminal insertion 
site within fossa trochanterica; At an oblique bone section through fossa troohanterica 
and trochAnter minor we discovered a parallel trabecular chain, connecting fossa 
trochanterica to the front base of the troohanter major. The anterior end of the proximal 
imertion of m.. vastus lateralis is looated at this point; The obturators extemus and 
intemus are the only hip-joint muscles, whose initial insertion sites in the lesser pelvis 
are situated at a level below their terminal insertion site to fossa trochanterica. 

The biomecbanic.al interpretation of the above-mentioned facts gave us grounds to 
build up the following model of the active supportive bone-and-muscle synergy within 
the human hip-joint region: By the obturator extemus muscle isometric action, excited by 
osteoreceptor signals romiog from the loaded femoral neck, the upper fibres of the 
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~uscle, taut as a bowstring underlying the femoral nook, generate a lifting force, acting 
00 the furrow-like-shaped canal as an active support of the femoral head (thence the 
__ of "active supportive" function of the muscle"). The lower part of the muscle, 
'Whose initial insertion site is spatially lying lower down than its final insertion point is, 
" ,- absorbs from. ~ lesser pelvis pari of the pelvic 

load and transmits it directly into fossa 
troobanteriea. Through the muscle fibres of the 
lower part of this muacle, a practically "banging" 
pelvis results, suspended on the femoral tip in 
fossa trocbanterica. After the discussion the 
inference is reached that the pelvic force is divides 
into three branches before reaching the 

~ acetabulum.. Only one of the latter exerts a direct 
~ stress on the femoral head. The other two branches 
e of the force "used up" through os pubis and os 

.- b. ischium, and then, taken up by obturator externus 
thanks to its isometric action, are transmitted to its 
insertion point in fossa troohanterica. From this 
place, the pressure component of the tran.smitted 
force is shifted to the powerful femoral calcar, 

Fig. 1. while the tensile component is transmitted to the 
" front base of the trochanter major through a 
, parallel trabecular chain. From that site it is taken up by the vastus lateralis muscle. This 
_ defines the latter as a supportive muscle of 1he hip-joint too. The fossa itself:is situated in 
the longitudinal axis of the femoral dyaphysis. Thus, this part of the pelvic load does not 
cause bending of the femoral neck and of the proximal femur. The suspension of the 
Pelvis upon the lower part of the obturator externus muscle could be compared to the 
suspension of the royal catriages of olden times. The analogy (Fig. 1., given up by Dr. K. 
!Cane from Bern) :is complete, as to the above-mentioned two components of the pelvic 
load that have been deflected away from the acetabulum. 
DISCUSSION 

A so-far undescribed additional isometric supportive function of the obturator 
externus and vastus latem1is muscles was revealed. These muscles are involved in an 
active supportive bone-and-muscle synergy through this function, thus redistributing the 
loads upon the femoral head and providing for the high load-bearing capacity of the 
hip joint. The pelvis is practically partially 'hung' upon the supportive muscle. It bas 
turned out that the femoral neck is enjoying much more favourable biomechanica1 
conditions than our contemporary science has so fur taken for granted. The bending 
loads upon the neck as well as upon the dyaphysis are being brought down to a 
minimwn. This is also being facilitated by the vastus laterali.s muscle, which takes on 
the supportive reaction of the obturator extemus muscle and also plays the part of a 
supportive muscle to the hip joint. The new knowledge oftbe active supportive bone­
and-muscle synergy in a normal hip joint has made it necessary to reconsider 1he 
methods and means of treatment in pathologic joints. When replacing the injured joint 
with an artificial one, the conceptually new type of endoprosthesis ought to provide an 
'endoprosthesis-and-muscle' synergy that is closest to the natural bone-and-muscle 
synergy. In cases of congenital hip dislocation the pelvis is almost entirely hung upon 
the obturator externus muscle - something that necessitates an adequate change of 
methods in surgical treatment 
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SIMULATED FUNCTIONAL ACTIVITIES. 
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INTRODUCTION 
The mechanisms of load support in the foot have been the subject of investigation 

for many years. Electromyography studies have revealed that the principal mechanisms of 
load support are ligamentous, the muscles forming a dynamic reserve called upon during 
periods of excessive loading (Basmajian and Stecko, 1983; Walker, 1991). Several 
investigators have used a selective dissection process to explore the relative contributions 
of the plantar Hgaments of the foot to nonna1load support (Ker et al., 1982; Huang et aI., 
1993). While such tests provided broad conclusions of the relative importance of each of 
the plantar structures, the precise functional interrelationships in the intact foot could not 
be found. The aim of the present study was to gain a detailed, quantitative, understanding 
of the biomechanics and function of the pJantar Jigaments and passive support mechanisms 
of the human foot. The infonnation rendered would be of great value not only to 
biomechanics researchers but to surgeons and other clinicians, orthotists, prosthetists and 
footwear designers amongst others. A method of direct instrumentation of the ligaments 
of cadaveric feet subjected to functional loads, positions and movements was adopted. 

METHODS 
All tests were carried out on unembalmed cadaveric foot specimens. Five liquid 

metal strain gauges (LMSGs) were used to monitor strain patterns in four selected test 
ligaments namely; plantar aponeurosis (P A), long plantar ligament (LPL), short plantar 
ligament ($PL) and calcaneonavicular ligament (CNL). The LMSGs were custom made and 
introduced with approximately 5% prestrain onto the ligaments using a set of normalised, 
reproducible placement parameters derived from detailed measurements of embalmed 
specimens (Stone etal.,1983). Access to the ligaments was gained through a small incision 
along the bony margins of the lateral border and small windows in the plantar fascia. 
Virtually no tissue was removed and the intrinsic musculature was not sacrificed during this 
process hence the anatonlY was left essentially intact. The foot was placed in a specially 
designed loading rig which was mounted in an Instron® materials testing machine. The rig 
allowed the foot to be loaded dynamically in a variety of positions with either measured 
loads or fixed positions appJied to five extrinsic muscle tendons namely; tendo achilles 
(TACH)) tibialis anterior (TA), tibialis posterior (TP), peroneus longus (PL) and flexor 
digitorum longus (FDL). Physiological levels of force and loading rates, anatomical 
positions and small motions could be applied to each foot specimen. The following­
simulated functional activities were carried out: 
1. Standing (with the foot in five different orientations), 
2. Standing (with varying forces applied to fQur long extrinsic muscle tendons). 
3. Effects of toe extension on ligament strain patterns (,windlass' mechanism). 
4. Gait (simulated in three stages (i) heel strike, (ii) mid stance, (iii) toe off). 
All tests were repeated as a dynamic cycle, at physiological loading rates, in order to take 
account of preconditioning and nonMlinear visco-elastic behaviour of the tissues. 

RESULTS AND DISCUSSION 
Initial results have confirmed the viability of the techniques as well as providing a 

valuable insight into the mechanics of the foot. The results presented below were obtained 
from a left foot of a 67 year old male subject. Ligament strains during standing with applied_, : 
muscle forces and different foot positions are shown in tables 1 and 2. It can be seen from _ 
the values in table 1 that forces applied by the extrinsic musculature have a m~ked effect . 
on the strain patterns of the ligaments. In particular it was concluded that the T A and TP I 

muscles were able to reduce the levels of maximum strain in all the test ligaments, but 
especially for the LPL and SPL where reductions in strain of between 50 and 90% were 
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~ ," ABied. This confirms earlier findings that the extrinsic muscles have an important role in 
:···- ·.functionalload bearing of the foot (Basmajian and Stecko, 1963). During simulated 
n; ~tanding with the foot in different positions) a wide range of ligament strains was 
, 'iexperienced indicating a complex system of functional interactions. The strain in the CNL 
:";' - .W'as seen to rise by around 40% in eversion compared to the neutral position. This has 
r. <implications in the live subject for active eversion and incurred rearfoot motion during 
~~ ,running. Applied extension to the toes confirmed the existence and generally accepted 
(: . function of a 'windlass' mechanism with respect to the mechanics of the P A. In the 
: '::' . ~imulated gait studies, maximum Hgament strains were observed during the toe off phase 

._ iwhere strain values of 3 times those experienced during standing were recorded. These 
~. . results are being used in the development of a mathematical model of the structures of the 
.:,., foot which fonns a continuing but separate project. 
~, .! 

,J. Muscle Force Ap~ied 
Ligament None TA TP PL FDL .. 

SON lOON 50N lOON SON lOON 50N lOON 

PA (Distal) 1.01 0.81 0.54 0.74 0.81 1.09 2049 1.77 3.52 

PA(Prox.) 2.51 2.05 1.24 1.84 1.47 2.51 3.86 1.96 3.02 

~.t.~ LPL 2.96 1.58 1.10 1.92 1.38 1.99 1.80 1.50 1.05 

' ,:'~: SPL 7.21 5.61 3.80 3.93 0.61 3.04 3040 4.52 3.11 

~. ," 

r. ,,' Table L Percentage ligament strains in simulated standing in the neutral position with muscle forces 
~-: ._ applied to selected long extrinsic muscle tendons. 

Ligament Foot Position 

Neutral 10° Invert. 10° Evert lOoD, Flex 20° P,Flex 

PA (Distal) 0.65 0.82 0.36 0.54 0.49 

PA(Prox) 1.34 1.44 0.72 1.05 1.43 

LPL 1.34 2.09 1.09 1.09 lAO 

SPL 3.05 4.26 -1.32 3.04 4.12 

CNL 5.98 7.28 8.54 4.65 7.63 

Table 2. Percentage ligament strains in simulated standing with the foot in different positions. 
Negative strain values indicate a contraction from the reference position but not laxity in the ligament. 
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INTRODUCTION 
An analysis of cycling revealed that mono- and 

biarticular muscles may have different roles in the 
control of force and position during contact control tasks 
(Ingen Schenau et al., 1992). Mono-articular muscles 

. appeared to be mainly active when they could contribute 
to positive work, i.e. when they could shorten, whereas 
the biarticular muscles seem to provide the distribution 
of the net moments about the joints. To test this 
hypothesis, experiments had been executed on a special 
dynamometer (Figure 1), which allows independent 
change of force and position direction (e.g. Doorenbosch 
& Ingen Schenau, 1994). The results of these previous 
experiments showed that the activity of the biarticular 
antagonists behaved in a reciprocal way and thereby 
regulated the distribution of the net moments about the 

Figure 1. Illustration of the 
dynamometer, which was used 
for the experiments. Different 
movement directions can be 
adjusted according to the 
arrows. 

hip and knee joints. Following the proposed hypothesis very rigidly, the mono­
articulars were supposed to be active independent of the required net moment. 
However. also the activity of the mono-articular muscles showed a positive relation 
with the corresponding net moment. Moreover, both mono- and biarticular muscles 
seemed to be related to the amount of muscle shortening. It was speculated that 
compared to cycling, the subjects perfonned rather novel tasks at very low velocities. 
It was suggested that an intensive training period of the same tasks, executed cyclical 
at much higher speeds, would reveal more clearly the proposed differences in 
activation of the mono- and biarticular muscles. The purpose of the present study 
was to examine the activation of mono- and biarticular muscles during such dynamic 
contact control leg tasks. 

METHODS 
During two months prior to the 

1. 

15 o -15 

actual experiments, all subjects (n==5) 
trained intensively for 1 hour twice a 
week, practising the required tasks. 
Each subject was seated in the 
dynamometer with the right foot on a 
forceplate (see Figure 1). For the tasks, 
su bjects had to exert a force in a 
prescribed direction (see Figure 2) with 
a constant magnitude, while the 
forceplate moved five times down- and 

Figure 2. Illustration of the experimental protocol. 
upwards with a velocity of 0.4 m.s·1

• SubjeclS had to exert the force in 7 force directions 
The subjects were instructed to exert the ranging "from 45 to 1350 relative to the forceplate in 3 

different positions (-15 0 15). 
prescribed force while the forceplate 
moved downwards and hold the force as constant as possible. On-line feedback of 
the direction and magnitude of the reaction force was given on a computer screen. 
During each trial joint position and reaction force were recorded and muscle 
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For each task, the mean value of net moments and EMG, calculated over a 
p'eriod for which the knee angle was within 5 degrees of a reference position during 
the last two cycles, were used for further analysis. These datapoints were averaged 
for all subjects and used for statistical analysis. 

'DISCUSSION OF RESULTS 
All subjects perfonned the tasks very accurately, for both force direction and 

force magnitude. In Figure 3A, the EMG-activity of the biarticular muscles is plotted 
as a function of the required net moment combination of hip and knee (Mk-Mh). A 
clear reciprocal activity is present for the biarticular antagonists. The EMG data of 
the monoarticular mm.vastii and gluteus maximus are shown in Figure 3B and 3C 
and showed an increase with increasing extending moments. However, the vastii also 

~~~ppear to be active at knee flexing moments. 
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Figure 3. A. Mean values (n=5) of the difference in EMO (as % of SIC-level) between the rectus femoris 
. and hamstrings as a function of net moment difference of knee and hip (Mknee-Mhip). Inset shows the 
·correlation coefficient (R) for those datapoints. B.and C. The mean EMG-values (n=5) of gluteus maximus 

. (~) and vastii (C) as a function of net hip and knee moment respectively_ 

Compared to the data of the slow dynamic experiments described recently 
(Doorenbosch & Ingen Schenau, 1994), the amount of variation of the EMGs as a 
function of the net moments is considerably less in the present study. The squared 
correlation coefficient between the EMG difference of rectus femoris and hamstrings 
during the slow tasks was .865, whereas this coefficient is .972 for the data of the 
'fast' tasks. This means that in the present study less than 3% could not be explained 
by the amount of variation, whereas this was 13.2% for the slow movements. 

Clearly, the tasks were executed more stereotyped in the last experiments, 
indicated by the higher squared correlation coefficient. This might be due to a more 
constraining movement speed and/or the longer training period. It is likely that this 

- stereotyped muscle coordination is, at least in part, aimed at an optimization of the 
mechanical efficiency in these intensive movements. In comparison to our 
observations in cycling, the different roles between mono- and biarticular muscles are 
less pronounced. Although we found again a dominant role for the biarticular 
muscles in the fine regulation of the net hip and knee joint torques. The mono­
articular muscles also appear to be activated as a function of the required net 
moments necessary to control the direction of the external force. 

REFERENCES 
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A NEW MODEL FOR AN ARTIFICIALLY ACTIVATED HUMAN 
NEUROMUSCULAR SYSTEM. 

INTRODUCTION 

SJ.Dorgan, M.J.O'Malley, 

Department of Electronic & Electrical Engineering, 
University College Dublin, 
Belfield, Dublin 4, Ireland 

Most muscle models presented to date have been macroscopic models of either the 
Black Box or Lumped Parameter Type, 'simple' model structures capable of relatively 
easy parameter identification. With a myriad of smaller inter-dependant systems 
switcrung in and out of various contractile states at different times, any attempt to model 
the underlying physiology of musc1e increases model complexity. The apparent system 
complexity is such that many investigators abandon modelling the underlying processes 
in favour of macroscopic models, losing valuable insight into the actual biological system 
behaviour. 

Functional Electrical Stimulation, FES, of human muscle offers a possible solution 
to some of the present modelling difficulties. As both the inputs and outputs of the 
system are well defined, it is possible to model the underlying physiological behaviour of 
artificially activated muscle. In doing so one can easily incorporate neural feedback from 
proprioceptors, and gain significant insight into the actual behaviour ofFES muscle. 

MEmODS 
A model for physiologically activated musc1e proposed by Hatze, (1978), was 

taken as a basis for a new model ofFES muscle. This new model utilises the well known 
inverse recruitment dynamics ofFES activated muscle. The model may be categorised as 
being of an "activation type", It models Ca2+ ion concentration in the sarcoplasm and 
recruitment dynamics, in response to FES, to produce system outputs. The mathematics 
is very involved and will not be discussed here. 

A specially designed computer controlled electrical stimulator, (McCoy, 1994), 
capable of producing any desirable stimulation pattern, and a Cybex machine capable of 
accurately measuring joint torque's have been used to experimentally validate this non­
linear model. 

A non-Hnear spindle model, (Hasan, 1983), has been added to transform the 
muscu10tendon model to a new neuromuscular model, enabling an investigation of the 
role proprioceptor feedback plays in a neuromuscular model. 
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RESULTS 

The newly derived FES muscle model is presented below. It is a highly non-linear 
, and strongly coupled system that takes FES pulse amplitude and frequency as inputs. 
Variable definitions may be found in (Hatze, 1978). 

n =m(z(a)-n] (1) 

•• 1TIf r - -n - -----;,...---------:--.-
- In(l + 10-3m + ~2C) 

(2) 

[1- epO('V-41)] • 
\if = m( cv - \If) + cn [1 -] + ~ po - ecn 

(3) 

(4) 

(5) 

Equations (1) and (2) define the recruitment dynamics, describing the, number of 
active and semi-active fibres in the system. Equations (3) and (4) describe the excitation 
dynamics primarily as functions of FES frequency, and muscular length. Equation (5) 

. describes the contraction dynamics. Its structure is precisely that proposed for 
physiologically activated muscle, (Hatze, 1977), due to the fact that contraction 
dynamics are identical whether muscle be FES or physiologically activated. However, the 
excitation function 'el for FES muscle is differ~nt. . 

With the introduction of proprioceptor feedback a change in normal system 
behaviour is observed, with classic spastic phenomena being exhibited by the complete 
neuromuscular system as illustrated in the "Active Element Stretchll of Figure 1. 

DISCUSSION 

The newly derived musculotendon model gives fbrther insight into the complex 
dynamics of a FES activated neuromuscular system. Further the assumptions made for 
tractability in the Hatze muscle model derivation, (Hatze, 1978), have been removed. All 
fundamental assumptions made in the development of this model reflect the physical 
reality of an FES activated system. The FES model displays great stability, while 
demonstrating a number of well known behaviours, both spastic and non-spastic. 

Without linearisation, the new model also enables investigations to be made into 
the roles played by many elements involved in physiological feedback, such as input 
sensitivities and propagation delays. 
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A DEVICE FOR THE MEASUREMENT OF FORCES AND MOMENTS 
IN THREE DIMENSIONS DURING NORDIC SKI1NG 

P. Dorotich, W. Herzog, A. Stano, R. lackson* 

Human Perfonnance Laboratory & *Sport Medicine Clinic 
University of Calgary, Calgary, Canada 

INTRODUCTION 
Measuring ground reaction forces in skiing presents a technological challenge which 

only a few researchers have attempted to meet. Some (Komi, 1985; Leppavuori et aI., 1993) 
have used multiple force platforms buried beneath a ski track. This approach, however, 
appears cumbersome, expensive, and does not a110w the measurement of consecutive strides. 
Other researchers (Komi, 1987; Pierce et aI., 1987) have tried an mounting small load cells 
between the bindings and the skis. Force transducers beneath the forefoot and the heel were 
used to measure the forces normal and longitudinal to the ski. Smith (1989) used three­
dimensional video data to resolve forces normal to the ski into the components of an inertial 
reference frame. However, aside from a device constructed for roller skis (Street, 1988), no 
portable system has been designed to measure the forces lateral to the ski or the 
corresponding three-dimensional (3-D) moments. The purpose of this project was to build 
and evaluate a device for measuring forces and moments in three dimensions during on-snow 
Nordic skiing. 

METHODS 
A pair of transducers, capable of measuring forces and moments in three dimensions, 

was constructed to our specifications by Advanced Mechanical Technologies, Inc. The 
devices are essentially miniature force plates which have been inverted and mounted on a 
pair of Nordic skis (Fig. 1). Two strain gauge-based dynamometers are supported by hinges 
on L-shaped brackets mounted 50 crn apart on the skis. A 1 cm thick aluminum plate, on 
which the ski bindings are mounted, is suspended beneath the transducers such that the 
lower surface of the plate is 0.8 cm above the top deck of the ski. Each force platform 
weighs 1050 g and does not appear to impede the performance of a skier. Data from the six 
output channels on each ski are sent via cables to a portable data logger (Tattletale Model 
6F), carried in a belt about the skier's waist. At a sampling frequency of 100 Hz per channel, 
it is possible to collect data continuously for three minutes before having to download the 
data to a micro computer. A 12 V battery pack provides the power for the data logger and a 
5 V excitation voltage to the strain gauges of the force transducers. At room temperature, 
the battery lasts three hours. The total weight of the fanny pack with the data logger and 
battery pack is 1200 g. 

The force transducers were calibrated primarj1y using an Instron loading devjce. An 
instrumented ski was clamped to a rigid steel beam and placed beneath the cross-head of the 
Instron. A series of incremental static and dynamic loads (0-1000 N) were applied vertically 
downward at various locations on the force plate. Voltage output from the force and 
nloment channels was samp1ed for 1 s at 100 Hz for the static loads and for lOs at 200 Hz 
for the dynamic tests. The ski was also turned on its side so that loads (0-500 N) could be 
applied to the medial aspect of the plate in the positive Fx direction. Loads in the negative 
Fy direction (0-100 N) were applied by orienting the ski vertically, and hanging weights 
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from a rigid L-shaped bracket attached to the force plate. These data were used to calculate 
the sensitivity and resolution, at a gain of 1500, and to examine the linearity and the cross­
sensitivity of the system. The equipment was also tested in the field, using each of the three 
major skating techniques, to ensure operation in a cold, snowy environment. Output was 
~ampled at 100 Hz and smoothed using a low pass, Butterworth filter. 

~RESULTS 

: ~ The force transducers in all three directions were highly linear. Sensitivities were less 
than 5 mVIN for the force channels and ranged from 7 to 200 mVlNm for the moment 
channels. The smallest measurable force was less than IN and the resolution for moments 
ranged from .005 to .14 Nm. Test/re-test repeatability for various placements of an 800 N 
ioad in the Fz direction proved to be ±21 N, providing an accuracy of2.6%. When loads in 

, the Fz direction exceeded 700 N, some cross-talk (approximately 3.5%) in the Fy and Fx 
: 'channels was observed. The aluminum force plate, however, did not show any hysteresis. 
- ~epresentative force output is presented for on-snow trials of one-skate technique (Fig. 2). 

DISCUSSION 
. The accuracy and reliability of the ski-mounted force and moment transducers was good, 
suggesting that this device can be used to measure the forces and moments in three 
aimensions during Nordic skiing. Although there was evidence of some cross-talk, a stiffer 

:;plate would likely resolve this problem. However, given that Fz forces during our 
preliminary on-snow trials did not greatly exceed 800 N, the device may be used without 
-fuodifications. Should it be necessary, a calibration correction factor could be used to 
. ~ccount for the observed cross-talk. The portability of the system will allow for continuous 
measurement of the ground reaction forces and moments for compJete analysis of skating 
~echniques used in Nordic skiing. 200 ..,....--_____________ ---, 
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Figure 1: Schematics and local 
reference system of the ski­
mounted force/moment transducer . 

Figure 2: Force-time histories measured during three 
consecutive strides of the I-skate technique. 

. Acknowledgments - This project was supported by Sport Canada. 
REFERENCES 
Komi, P. (1987). Force measurements during cross-country skiing.l.J.S.B. 3, 370-381. 
Leppavuori, A. et al. (1993) A new method of measuring 3-D ground reaction forces under 
the ski during skiing on snow. J.A.B. 9, 315-328. 
Pierce, J. et al. (1987). Force measurement in cross-country skiing.l.J.S.B. 3, 382-391. 
Smith, G. (1989). Unpublished doctoral dissertation, Penn State Univ. 
Street, G. (1988). Unpublished doctoral dissertation, Penn State Univ. 



234 

VARIABILITY OF TORQUE-ANGLE-VELOCITY RELATIONS IN HILL-TYPE 
MUSCLE MODELS 

J.J. Dowling, 1.R. MacDonald, G. Ioannidis, K.S. Davison 
Department of Kinesiology, McMaster University, Ontario 

INTRODUCTION 
The use of Hill-type muscle models to estimate individual muscle forces has received 

wide spread interest in recent years. Often, literature values are chosen for parameters 
needed to define important functions such as the force-velocity and force-length relations 
of the muscle being modelled. Another method is to perform calibration experiments to 
establish torque-angle and torque-angular velocity relations on the specific subjects and 
then use anatomical information from the literature to convert to force, length and linear 
velocity. The latter method is quite time consuming and requires special dynamometers. 
A third method has been to use literature torque-velocity and torque-angle curves 
obtained from experiments on living subjects to ~timate the model parameters. While 
this third method is convenient, the accuracy of the predictions is limited by the external 
validity of the literature functions. 

The purpose of this study was to examine the variability in the torque angle and 
torque-angular velocity curves of the elbow flexors of four groups. 

METHODS 
The elbow flexors of 8 _untrained men, 8 untrained women, 8 trained men and 8 

trained women were examined on an isokinetic dynamometer (Biodex) that allowed both 
concentric and eccentric actions. The angular velocites were chosen to be -120, -90, -60, 
-30, 30, 60, 90, 120, 180. 270, 360 degrees per second (negative velocities indicate 
eccentric actions). Each of the 32 subjects was also tested isometrically at 90 and 120 
degrees of elbow extension. The order in which the velocities were presented to each 
subject was random and each velocity was performed at least twice to insure that reliable 
results were obtained. TD-e elbow torques and angular positions were converted to digital 
signals at a rate of 1500 samples per second and stored on computer disk. The joint 
angle data were differentiated to yield velocities which deviated slightly from those 
specified by the dynamometer. The actual velocities and elbow torques were calculated 
at every two degrees of elbow extension from 1700 to 60° for each subject at each of the 
11 speeds. In order to plot the three dimensional surface of joint torque by angle by 
angular velocity, the torque values for all velocities at each joint angle were linearly 
interpolated between each actual velocity to yield equispaced torque values in both angle 
and angular velocity. The torque values for each subject were normalized to the average 
maximum isometric torque at 900 and 120°, Means and standard errors of the means 
were determined. 

RESULTS AND DISCUSSION 
When the mean elbow torque data of the 32 subjects were plotted against angular 

velocity at joint angles of 900 and 1200 (see Fig. 1), the data were similar to those 
reported previously (Le. Westing et al., 1990). The standard errors of the means at each 
velocity were snlall which would indicate that a normalized function could be derived 
which would allow good predictions of velocity effects on torque in a Hill-type muscle 
model.' The mean interpolated data for all joint angles and velocities are shown in Fig. 
2, There were few systematic differences between the four groups of male and female, 
trained and untrained subjects. 

In spite of the small standard errors of the means, the variance was actually quite large _ 
and would be best demonstrated with the standard deviations. As an example of possible 



prediction errors, the data of a trained male (Fig. 3) were compared to the mean data of 
Fig. 2. The root mean square prediction error of using the group data on this subject 
was 13.4% of the maximum voluntary effort (12 N.m). These results suggest that 
caution should be exercised when normalized functions are used in Hill-type models that 
predict muscle forces during dynamic actions of individuals. 
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Figure 1. Mean ± SEM elbow torque vs. angular velocity of all 32 subjects at 90 and 
120 degrees of elbow extension. 
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THE ABILITY OF MECHANICAL POWER ESTIMATIONS TO IDENTIFY 
236 SOURCES OF RUNNlNG INEFFICIENCY IN CIllLDREN 

1.J. Dowling!, G. Frost2, O. Bar-Or2 
IDepartment of Kinesiology, McMaster University, Canada 
2Children's Exercise and Nutrition Center, McMaster University, Canada 

INTRODUCTION 
Older children consume less oxygen per kilogram of body weight than younger 

children when running at the same speed. This apparent increase in running economy 
with age cannot be accounted for simply by an increase in stride length and a decrease 
in stride rate associated with the greater height of the older children. We hypothesized 
that the running patterns of older children are more efficient and that a b iomechanical 
analysis might reveal the reason for the increased economy. 

Previous work that has assessed the ability of mechanical power and energy transfer 
estimations to elucidate the reasons for differences in running economy has concluded 
that neither kinematic nor kinetic modeling approaches can adequately explain 
interindividual differences (Martin et al. 1993). The previously cited study, as well as 
others, have used the correlation coefficient between mechanical and metabolic work 
rates as an indicator of the ability of the mechanical measure to identify causes of 
economy differences. While the square of these coefficients is an indicator of explained 
variance, a low coefficient does not necessarily mean that the biomechanical model has 
a low diagnostic value. A simple model that is missing several important characteristics 
could achieve a high correlation if some of the missing functions would cause an 
overestimation, and others an underestimation, of the dependent variable. Regardless of 
predictive value, simple models lack diagnostic value because many of the causal 
mechanisms have been replaced by more easily measured predictors. 

The purpose of this study was to examine the ability of mechanical power and energy 
transfer equations to account for differences in the running economy of children. 

METHODS 
Nine children in each of two age groups ran on a treadmill at four different speeds. 

MetabolIC power was calculated from the oxygen consumed (VOl) and mechanical power 
was calculated from the digitized video using linked segment mechanics. The equation 
for mechanical power allowed energy transfer within each of the 12 segments and 
between segments of the same lirnb only (Wwb). The methods of calculating mechanical 
power did not take into account work wasted by cocontraction of antagonistic muscles, 
work recovered from elastic energy storage or isometric work against gravity. Each of 
these omissions would lead to an overestimation of economy and may be responsible for 
the relatively high values obtained. By scaling all of the values per kilogram of body 
weight, the differences between the two age groups in terms of isometric work against 
gravity may have been mostly accounted for. 

RESULTS AND DISCUSSION 
Figure 1 shows the relationship between mechanical and metabolic power for the nine 

subjects of the younger age group at each of the four speeds. The correlation coefficient 
of 0.38 explained only 14 % of the variance in V02 which was similar to the relationship 
found by Martin et al. (1993). However, it can be seen in Figure 2 that a strong 
relationship between Wwb and VOl could exist for e~ch child even though this 
relationship was different for each. Since each subject was tested at four different 
running speeds, a correlation value could be obtained for each child within the age 



group. Table 1 shows that even though the group correlation value was low, each 
individual score was over 0.6 with an average of 0.85. Figure 2 shows that each child 237 
had a different economy and the economy changed with the speed of running, even 
within a child. These results show that even though a poor correlation between runners 
at the same speed may be achieved, the mechanical power calculations could be quite 

I accurate. -

I
}: :.,Given that Wwb is a good measure of mechanical work and that it does explain most 
:Jof the variance in metabolic measures for each individual, its diagnostic value still must 

be determined. In Figure 3, the data of the 7-8 year old children are compared with the 
10-12 year olds when running at the same speed. A significant difference in VOz was 
observed but there were no significant differences in the amount of mechanical work 
performed. This means that oxygen cost savings of the older group cannot be accounted 

.. foJ;" by more energy transfered and indicates that older children are more muscularly 
efficient. It could also mean that the oxygen cost savings were due to factors not 
accounted for in the Wwb model. Such factors include utilization of stored elastic 
energy, less waste due to antagonistic cocontractions, and less relative isometric work 
against gravity. 

Figure 3 shows the importance of energy transfers in running. Although it was not 
. responsible for the differences in the age groups, the amount of energy transfered in 
, running is about 30 % of the total work done. Perhaps this importance causes children 
,to learn the benefits early in the development of running patterns and that utilization of 
stored elastic energy and decreased cocontraction occurs later. 

REFERENCE 
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Table 1. Correlation coefficients 
of the children in Fig. 2. 

Subject r 
AF2 0.60 
AF4 0.83 
AM7 0.81 
AM8 0.76 
AFI1 0.96 
AM20 1.00 
AF29 0.88 
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MOTOR UNIT ACTIVATION ORDER DURING ELECTRICAL STIMULATION. 

DUCHATEAU J., FEIEREISEN, P. AND HAINAUT K 

Laboratory of Biology , Universite Libre de Bruxelles, Belgium. 

INTRODUCTION 
In the last two decades there has been quite some interest in the recruitment 

order of motor units (MUs) during voluntary and electrically induced contractions. It 
is now generally accepted that in voluntary isometric or dynamic concentric 
contractions, MUs are recruited according to Henneman's size principle (Milner­
Brown et al, 1973). This means that small MUs are actiVated before larger ones. 
Conversely, it has been shown in animals that during electrically induced contractions 
MUs are recruited in the reverse order (Solomonow, 1984). A reversal in the order 
ofMU activation during electrical stimulation has also been suggested in the case of 
humans (for a review see Hainaut and Duchateau, 1992), but the experimental 
approaches were indirect (Trimble and Enoka, 1991; Heyters et al, 1994)). The 
present study uses direct recording to compare the activation order of single MU 
during voluntary and electrically induced contractions in the human tibialis anterior. 

METHODOLOGY 
The experiments were perfonned on several occasions on 4 healthy male 

subjects aged between 22 and 39 and well accustomed to the experimental 
procedure. Each subject. who had given his consent, sat on a chair with his left foot 
strapped to a foot-plate connected to a strain-gauge transducer. In this position, the 
ankle and knee joints were set at about 90 and 100 respectively. Pairs of MUs were 
recorded by means of highly selective wire electrodes (40 !lm in diameter) inserted 
into the distal part of the tibialis anterior. Under voluntary activation the recruitment 
order was assessed during isometric ramp contractions. The recruitment threshold, 
defined as the level of force at which the MU action potential appeared for th~ first 
time on the e1ectromyographic (EMG) trace, was expressed as a percentage of the 
maximal voluntary contraction. Under electrical stimulation, rectangular pulses (0.1 
and 1 ms in duration) were delivered over the muscle motor point at a frequency of 
0.1 Hz. Once the motor nerve branch was located, the stimulus intensity was brought 
down to the level at which the first MU has been consistently recruited. The stimulus 
intensity was then gradually increased until the next small change in the EMG was 
seen, a change was considered to be the result of the recruitment of an additional 
MU. Single MU action potentials were then isolated by the subtraction of the 
preceding level. The action potential of these MUs was compared with those 
recorded in voluntary contraction on the basis of their shape and amplitude. The 
mechanical properties of single MU were studied using the spike triggered averaging 
method (Milner-Brown et al, 1973). 

RESULTS 
A total of 276 MUs were recorded with recruitment thresholds ranging from 

1 to 88 % of the maximal voluntary contraction. The analysis of the MU population 
showed that during voluntary contractions of progressively increasing in force, MUs 
were recruited according to Henneman's size principle since a linear relationship (r= 
0.66; p< 0.001) was found between the MU twitch force and their recruitment 
threshold. The comparison of the recruitment order between pairs of MUs showed a 
reversed sequence of activation in only 5% of our observations, and essentially when 
MU recruitment thresholds were very close. A reverse activation sequence appeared 
more frequently under electrical stimulation and its imp ortance was related to the 



duration of the stimulus. Indeed, while 25% of reversed MU recruitment was 
'recorded for a pulse width of 1 IDS, it was more frequent (33 %) for the short (0.1 

;<:l:ns) pulse duration. Moreover, the percentage of reversed activation for both pulse 
'durations was independent of the recruitment threshold difference of the two MUs. 

:DISCUSSION AND CONCLUSION 
, This work, performed on the tibialis anterior, confirms previous results 
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obtained on hand and forearm muscles indicating that in voluntary contractions, MUs , ue activated according to the "size principle". The few reversals observed in MU 
activation were within the range reported in the literature and occurred only for close 
recruitment thresholds MUs. Under electrical stimulation the percentage of reverse 
activation between pairs of MUs was less than expected. This had already been 

>.sUggested by indirect experiment approaches using both EMG power spectrum 
'analysis and the measurement of the average muscle fibre conduction velocity 
recorded in the same muscle (Knaflitz et a!, 1990). Our observation is also consistent 
'with another indirect approach consisting of the analysis of the change in the twitch 
contraction time during graded stimulation intensity. The results of this study indicate 

> that the reversal in the recruitment order should be less frequent in the tibialis 
anterior than in other muscles such as the vastus medialis, the gastrocnemius or the 
,first dorsal interosseous (Trimble and Enoka, 1991; Heyters et a4 1994). 

In conclusion, our direct observation ofMU recruitment during electrical 
stimulation supports the view that MUs are activated in reve~se order as compared to 
voluntary contractions. The evidence in the tibialis anterior is not as clear-cut as it is 

.'.in the other muscles, possibly because more slow MUs are peripherally located (cf 
HenrikssollMLarsen et aI, 1985), and their proximity to the stimulating electrodes 
facilitates their activation. 
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INTRODUCTION 
The non-invasive forced oscillation technique is 

convenient for investigations of postural changes in the 
respiratory mechanics. Transition from the sitting position 
to the supine position increases resistance, elastance and 
inertance of the respiratory system. A theoretical analysis 
showed that these changes can not be explained only by 
changes in the lung volume, so we supposed that a 
substantial role in changes of respiratory impedance may 
belong to the,shift of blood into the thorax [1]. Effect of 
posture on the mechanical properties of upper airways was 
not stUdied. We suppose "that changes of upper airway 
dimensions and a shift of fluids in a head in a supine 
position ar,e able to change an impedance of the upper 
airways. The objective of this paper was to study effects 
of posture and water immersion on the mechanical impedance 
of upper airways. 

METHODS 
We used a device designed for measuring the 

respiratory impedance under space conditions [2]. The pump 
produced small-amplitude forced oscillations at frequencies 
f = 7, 10, 13, 16, 19 Hz. An impedance of the upper airways 
Z(f) was measured for 6 s each frequency during the 
Valsalva maneuver with glottis closed. The parameters of a 
linear series 'resistance - inertance elastance (R-I-E) 
model were identified. A resistance is a frequency-averaged 
Re Z(f). E, I and compliance C=l/E were identified by a 
list square algorithm for slope I and intercept E in the 

2 linear regression W'Im Z :;;: W ·r-E; W :;;: 21(f. The 
sitting-supine study in air was ,performed in 4 normal 
subjects. Measurements were made for 20-60 minutes after 
changing a posture. Effect of head-out sitting water 
immersion was measured on two subjects in 2 hours after the 
beginning of exposure. In each subject from 4 to 9 
measurements in each position were made. Individual means 
of l(f) were used for calculation R, I, E, C. 

RESULTS 
The supine position increased Re Z and decreased 1m Z 

in all the SUbjects. Using the results of Z measurements in 
4 subjects individual and mean R, E, C and I of upper 
airways were estimated. The mean of individual ratios of 
supine R to sitting R is equal 1.515±O.210SD. By t-test 
this value is significantly greater 1 (P(O.02). In the 
supine position R, E increased (Table 1). 
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1. Effect of posture on parameters of upper airways 

- qroup mean±S.D. 
parameter P 

1 sitting supine 

R, hPa/l/s 

I 
4.06 ±1. 77 I '5.83 ±2. 04 I <0.05 

j E. hPa/l 636±130 899±151 (0.02 
1, C, ml/hPa 1.62 ±O. 35 1.13 ±O .17 <0.05 

\ I, 10-2 hPa/s2 /l 2. 86±O. 46 I 3. '50±0. 71 NS 

r 0.942±0.045 0.917±0.046 (0.005 
2 

"r - correlation coefficient between W'Im Z and (0 ; 
:S.D. - Standard Deviation; P - differences between sitting 
and supine postures by paired t test; NS - not significant 

.(P)O.05). 
! In the water immersion R was less in one subject and 

'greater in another than in the supine and sitting positions 
in air. However C was minimal in water immersion in both 
~ubjects. The mean value of C (mean±SD in a total number of 
8 measurements in each position) was respectively 3.01±O.40 
'in water immersion and 1.63±0.35 in the sitting position 
·and 1.01±0.24 ml/hPa in the supine position. 

DISCUSSION 
Oscillatory mechanical parameters of upper airways in 

tthe group of four subjects are close to parameters found 
~ith a head plethysmograph [3]. R, E and Re Z increase and 
C and 1m Z decrease in the supine position. Congestion and 
fluid filtration in tissues of a head may be the cause for 
~hese changes. We suppose that there are postural changes 
in rheological properties of upper airway tissues due to 
blood congestion. Another reason for the increase of Rand 
E may be an increase in stress of the muscles of upper 
airways which is demonstrated by a decrease in the pharynx 
and the glottis area in the supine position [4]. In the 
wate~ immersion the amount of data is too small to make 
definite conclusions. Only one significant increase of C in 
comparison with supine and sitting positions may be 
attributed to a decreased congestion and relaxation of 
muscles of uppe~ airways. 
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INTRODUCTION 
To quantify shock waves that are generated at the foot/ground contact in walking and 

running, bone-mounted and skin-mounted accelerometers were attached to the tibia. 
A statistical approach to relate peak rates of tibial bone acceleration (TBA) and ground 

reaction force (GRF) resulted in high correlation values ofr=0.99 (Hennig & Lafortune 
1991). A correlation value ofr-0.97 follows from relating tibial skin acceleration (TSA) 
and GRF by using a statistical approach, too (Hennig et al. 1993). Another attempt to 
capture the relationship between GRF and tibial acceleration was made by calculating 
transfer functions (Voloshin et a1. 1985; Lafortune & Hennig 1993). In contrast to single 
peak acceleration values, transfer functions p'rovide information about shock 
transmissibility for the entire foot/ground impact phase. Lafortune and Hennig set up a 
general tranfer function between GRF and TBA that was relatively free of individual bias 
and stated that this transfer function could be transmitted to other attempts under similar 
conditions (Lafortune & Hennig 1993). Own investigations under similar conditions 
showed that the use of a general transfer function was not suitable for an individuals of 
our sample. The purpose of the present study is to capture the relationship between GRF 
and TSA not by a general transfer function but by a comparison of individual transfer 
functions and different parameters to get more information on the underlying transmission 
phenomena inside the human body when measuring acceleration on the skin. 

METHODS 
Six male and six female individuals participated in this study. All subjects performed 

two heats of rearfoot running across a force platform sized 80 * 80 cm at different 
ve10cities (3 mls and 4.5 mls). Running speed was controlled by two photocells at equal 
distance in front and behind of the force platform. Every individual had to reach five good 
trials at each speed. All tdals within a range of 3 % of the exact speed were accepted. A 
sman piece of balsa \vood was fixed on the skin at the antero-medial aspect of the tibia at 
half the distance between the medial malleolus and the medial tibial condyle by a double 
adhesive tape. A six gram accelerometer with its axis parallel to the tibia shaft was glued 
on the balsa wood and additional1y held in place by an elastic bandage that was wrapped 
around the shank. Ground reaction force and tibial skin acceleration signals were sampled 
simultaneously at 1000 Hz when the subjects contacted the platform with their right foot. 
Before calculating mean patterns of GRF and TSA, data were filtered by a 100Hz low 
pass fourth order digital filter, then the mean of trials 1-4 was calculated. The heelstrike 
phase (64ms) of that mean signal of both signals-were subjected to Fast Fourier 
Transformation (FFT) to determine the Fourier coefficients F(w) (force) and A(w) 
(acceleration). An individual transfer function (TF) G(w) was obtained by dividing the 
Fourier coefficients of the acceleration by the ones of the force (G(w) = A(w) / F(w». 

To get an individually calculated acceleration signal the TF was Jnultiplied with the FFT 
coefficients of the force of the fifth trial of each subjects (As(w) = G(w) * Fs(w» and 
then converted back to time domain. By using time shift, mean of squared differences 
(MSD) and peak amplitude the quality offit between measured and calculated TSA was 
investigated. 

RESULTS AND DISCUSSION 
Differences between measured and predicted acceleration were found for the individual 

transfer functions. Only those transfer functions (TFs) were extracted for the comparison 
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fulfill the following conditions: i) predicted peak acceleration has to be in a range of 
of the measured peak acceleration, ii) MSD <1 g2 and iii) amount of time shift under 
Nine TFs were remaining out of24 TFs. 
TFs show different characteristics as for the appearing of peaks (Fig. 1). In contrast 
results in walking ofVoloshin et at. 1985, where the peaks always occur between 

_ 25 Hz and no frequencies over 30 Hz were transmitted by th~ lower leg, some TFs 
-i.have a second peak appearing at 46.8 Hz. Lafortune et a1. 1993 calculated TFs from a 
';ii·itinning speed of 4.5m1s that transmits higher frequencies in some cases) too. This 
. discrepancy may suggest that the impact transmissibility of the lower extremity complex 
is velocity dependent or other factors such as pronation playa role in that p~rt. 

co 
<.d 
v 

Hz Hz 

Figure 1: Individual transfer functions of two subjects in the frequency domain 

. To get more information about the transmission phenomena) the amplitudes of the TFs 
(.at all frequencies shown in Fig. 1 were statistically compared to running velocity and sex. 
"'T-test revealed significant differences (p<0.05) between male and female subjects at 15.6 

Hz and between running velocities at 31.2 Hz. This means that there is a difference in 
attenuating these frequencies between the sexes and different running velocities when 
measuring acceleration on the skin. Another hint of the different attenuation between 
sexes may be given when comparing the mean values of the frequency contents. The 
"higher frequencies are presented stronger at females than males (Table 1). 

15.6 Hz 31.2 Hz 46.8 Hz 62.5 Hz 78.1 Hz 93.7 Hz 

male I 7,26 3,01 3,29 0,91 1,9 1,26 
female 4,57 3,07 4,2 1,61 2,04 1,95 

Table 1: Mean values of the frequency contents 

In conclusion, individual TFs in running were statistically compared with different 
running velocities and sex. Significant differences were found for the frequency of31.2 
Hz between running velocities and for 15.6 Hz between male and female subjects. When 
trying to generalize the shock transmission of the lower leg when measuring on the skin, 
care must be taken between sexes and different running velocities. 

The irregular appearance of the second peak at 46.8 Hz seems to be unexplainable. 
Other factors as the ones we investigated could be of importance. To get more inside into 
this problem further investigations are necessary. 
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THE INFLUENCE OF FAST BOWLING TECHNIQUE IN CRICKET ON DISC 
DEGENERATION: A FOLLOW-UP STUDY. 

B. ELLIOTT and A. BURNETT (The University of West em Australia, Perth, Australia), 
M. KHANGURE (Royal Perth Hospital, Perth, Australia), R. MARSHALL (The 
University of Auckland, Auckland, New Zealand), and P HARDCASTLE (Sir George 
Bedbrook Spinal Unit, Perth, Australia). 
INTRODUCTION 

Young athletes are being forced to train longer, harder, and earlier in life to excel in 
their chosen sport. Young fast bowlers in cricket (where the spine must flex ]aterally, 
extend and rotate to assist the generation of a high ball release speed) have been shown 
to be particularly prone to overuse injuries, as their musculoskeletal systems are still 
immature (Elliott et aI., 1992). One of the most serious overuse problems for any young 
athlete is the development of abnormal radiological features in the lumbar spine such as 
pedicle sclerosis, spondylolysis or intervertebral disc degeneration, as they may cause 
pain and may debilitate the player (Foster et aI., 1989; Elliott et aI., 1992; Elliott et al., 
1993). Although not as severe as pars interarticularis abnormalJties, degeneration and/or 
bUlging of the intervertebral disc may compromise the normal functioning of the disc. 
The aims of this study were to identify if interverteberal disc abnormalities (reduced disc 
height, degeneration, bulging or herniation) changed over a two and a half year period 
for a sample of young fast bowlers. Selected fast bowling actions were related to the 
presence of these disc abnormalities. 
METHODS 

Twenty-four male bowlers (mean age 13.7 years), who bowled at a school and club 
level were tested in 1992 (session 1). This session involved assessing lumbar disc status 
using magnetic resonance imaging" (1v1RI). These subjects then bowled two maximum 
velocity tria1s at a wicket so that their front foot landed on a Kistler force platform 
during the delivery stride. A Photosonics camera operating at 200Hz filmed 
perpendicular to the plane of motion, while an overhead camera, operating at 100Hz also 
filmed each trial. Force data were recorded from the platform on a computer at 500Hz. 

All bowlers were then counselled as to the possible causes (particularly that of 
bowling with a "mixed" action (Foster et al., 1989)), of developing abnormal radiological 
features in the lumbar spine. Approximately two years later 20 of the initial sample, who 
were stiU actively engaged in fast bowling) were re-assessed using the same protocol as 
for session 1. MRI scans from 1994 (session 2) were used to classify the group into 
normal (group 1) and abnormal disc groups (group 2). Descriptive statistics were used 
to assess the presence or changes of disc abnormalities between the two sessions and the 
bowling actions associated with these changes. 
RESULTS AND DISCUSSION 

The 20% incidence of intervertebral disc abnorma1ities (TlrLl to LS-S1) increased to 
45% over the two and a half year period. The incidence of abnormalities by session 2 
was higher than the 30% reported by Tertti et at. (1991) for children of the same age 
who complained of low back pain, but approached the 65% and 70% incidence 
respectively reported by Elliott et al. (1992) for 18-year old high performance fast 
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:' b~wlers and Annear et at. (1992) for retired, elite level fast bowlers. No bowlers were 
:. ';reported as having a b.ony abnormality in session I, however, by session 2 one bowler 
,.' showed a spondylolysIs on a CT scan. Two of the four bowlers who recorded abnormal 
'iOisc pathology in session 1 had experienced a deteriorated condition, while the remaining 
rtwo recorded no change over the two sessions, 
f ,: I The counter-rotation of the trunk between back and front foot impact, (a 
'-'characteristic of the mixed bowling action), has been shown to predispose bowlers to an 
Jncreased incidence of bony (Foster et aI., 1~89; Elliott et at., 1992) and disc 
.abnonnalities (Elliott et at, 1993 : session 1) in the lumbar region. All bowlers, who 

': c6~nter-rotated their trunk by greater than 40° between back and front foot impacts, 
. recorded disc or bony abnormalities at session 2. Foster et at. (1989) had previously 
shown that fast bowlers who counter-rotated their trunk by more than 40° from the 
shoulder alignment at back foot impact to a more sidewon position near front foot impact 
were more likely to sustain back injuries. Eight of the rune bowlers, who recorded disc 
abnormalities used the mixed action, while the three bowlers in the sample who used a 
side-on action recorded normal scans of the lumbar discs. Peak vertical ground reaction 
force was not related to the incidence of disc abnormality as has previously been 
reported in the literature. 

This study therefore clearly shows that the progression in disc degeneration over the 
period between the testing sessions is a serious problem facing young fast bowlers, 
particularly those who used the mixed bowling action. A clinic aimed at modifying 
technique to one that does not predispose the player to injury was found to be 

,unsuccessful. It would seem that a more long term program must be structured to 
'. educate bowlers on how to reduce the risk of developing abnormal radiological features 
-in the lumbar region by using an appropriate action and thus allowing young players to 
participate in a relatively injury free environment. 
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INTRODUCTION 

Many st_udies on motor development in children have been done wi th the 
Quantitative data. To understanding child's motor development, the development of 
the actual motor pattern producing the performance should be investigated. Besides, 
there have been many Qualitative analysis of the kinematics of the thrower's body, 
whi Ie relatively small numbers of Quanti tative studies have been done on the kinematics 
of the throwing upper extremity and trunk. In paticular, very little Quantative data 
concerning the upper arm and trunk action during throwing have been reported because 
a standard method of ana.!ysis has yet to be established. 

The purpose of this study were to investigate the development of throwing 
pattern, and to make clear the kinematics of the throwing on the upper arm and trunk 
in chi Idren. 

NETHODS 

The subjects were 119 boys ch i Idren from 3 to 9 years of age, and were 
asked to throw a tennis ball for distance with maxImum effort. In this study, we 
have done to classify their throwing motion by the observational evaluation method 
using 6 throwing pattern (the development of throwing pattarn by Miyamaru,M. 1978). 
Furthermore, Three d i men ti ona I (3-0) high-speed cinematography was used to record 
their throwing motion. The direct linear transformation (DLT) method was used for 
3-D space reconstruction from 2-D images fUmed by two phase-locked cameras (100 
frames/s). Figure 1 indicates the definition and sign of the torso twist. 

Left Hip Lert Shoulder 
Joint Joint 

l.lt~r .w:::.==:::.. ./oml ...... y.~~ ... ~~!~" 
/f\ 

Right Shoulder : Right Hip 

Joint -r Joint 

X 

FIgure 1 DefinItion and sign of the torso twist 

RESULTS AND DISCUSS ION 

Table 1 shows the classi fication of the throwing pattern of boys chi Idren. 
The results of motor development revealed that the throwing pattern developed along 
with age from the immature pattern 1 to more mature pattern 6 progressively. After 
the age of four, pattern-4 of throwing was not to be had in children. 

Figure 2 shows the torso and upper arm angle for the skilled (pattern-6) 
and unskilled (pattern-2) boys. At the beginnig of external rotation, these angles 
showed very similar kinematic pattern. But, at the instant of maximum external 
rotation, the torso and upper arm was in torso twist angle (skilled boy:4. 9° J 

unskilled boy:-28.8° ) and an external rotation angle (skilled boY:-82.5° I unskilled 
boy:-45.8° ). This throwing motion of ski lied boy indicates that rotate the hips, the 
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I~[I:UI)}(, .:and the shoulders to the left whi Ie retracting the throwing arm to the final 
Ion before starting the forward arm action. Further. in this skilled boy, at 

instant of ball release, the angles of abduction and horizontal adduction of the 
I ~t{ UODt~r arm were bo th pos i t i ve. The upper arm, 'Ih J Ie rap I d I yin terna II y ro ta t i ng at 

t~e'dn~tant of release. was sti II in an externally rotated posi tlon at this Instant. 
~:" " " ; The changes of angles of the joints (abduction/adduction angle at the 
·~il~q~lder joint, l~ternal.rotatlon/exte~nal rotation angle at the s~oulder joint, 

~. ' ,~p·I;..i.zontal abductlOn/hortzont~1 adduction angle at the shoulder JOI~t. flexlon/ 
: L ext~nsion angle at the elbow Joint, and trunk angle of the torso bust) showed 

~H,i~ llferent patterns dependent on the skill levels of throwing in the children. 
~ :~' l " : Y ,[hese results suggested the effectiveness of 3-D fi 1m motion analysis 
~~ .. ,!,tf;Ghn i Que in i nves t i ga tl on of the th row j ng mo t i on and throw I ng teach i ng. 

~:~ : .:.~: 11' 
TABLE-t Classlflcatlon of the throwing pattern 

of children (Boys) 

: ~ 
. ' . 

" 3-Year-old (-year-old 5-year-old 8-year-old 
~ . 

r ;: .::· 
~ ~I. ~ 

i . . ' ~ 

[1 c' ': ' 
~ ~ ; . 
; : . 
( . : ~ 

". 
~ I . 
~~ . . 

Pattern-l 

Pattern-2 
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or-

Pat \ern-5 

Pattern-S 

Tolal (I) 

Angle (deg) 
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90 
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I 
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Figure 2 The torso and shoulder angle for the skilled(Pattern-6) 

and unskilled(Pattern-2) boys 
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LOWER EXTREMITY JOINT RANGE OF MOTION AS A MEASURE OF 
EFFICACY FOR SELECTIVE DORSAL RHIZOTOMY SURGERY 

J.R. Engsberg, K.S. Olree, T.S. Park 

Motion Analysis Laboratory, Department of Neurosurgery, St. Louis Children's Hospital 
and Washington University Medical School, St. Louis, Missouri, U.S.A. 

INTRODUCTION 
Pre- and post-surgery gait analyses of children undergoing selective dorsal 

rhizotomy (SDR) (1) have generally indicated improvement (2). The time and 
complexity associated with a gait analysis however, often prevent widespread utilization 
of the procedure as a means of determining SDR efficacy. Physical therapy evaluations 
such as passive joint range of motion tests performed on these children are less time 
consuming, less costly and simpler, but lack the objectivity associated with 
comprehensive gait analysis. The purpose of this investigation was to quantify lower 
extremity joint range of motion as a means for evaluating the efficacy of SDR surgery. 

METHODS 
Forty-two children (mean age, 5 years, range 2-16) with cerebral palsy (CP) 

scheduled for a SDR the following day and 9 children (mean age. 7 years, range 3-17) 
with able bodies were recruited. Reflective surface markers were placed on both sides 
of the body at: 1) rostral aspect of proximal head of fifth metatarsal. 2) posterior aspect 
of calcaneus, 3) lateral malleolus, 4) lateral condyle of tibia) 5) greater trochanter of 
femur, and 6) iliac crest. A video camera in conjunction with a PEAK motion analysis 
system was used to record the locations of the markers (60 Hz) during the tests. 

For the tests the children were seated on a table in an upright sitting posture with 
feet not Jouching the groun'd. The children were instructed to actively perform at least 3 
repetitions of complete knee extension. Two to three practice trials preceded data 
collection. Verbal instructions, tactile cues, demonstrations and other techniques were 
used to help the children understand and execute the task. No physical assistance was 
given during actual collection of the data. The speed of the movement was self-selected 
but any kicking technique was not accepted. Maximum knee flexion was determined 
following the same procedure. A second test was conducted with the subject's leg 
supported at approximately a 450 angle from the verticaL As with the preceding tests, 
the children performed at least 3 repetitions of maximum dorsiflexion and plantarflexion. 
The entire procedure psuaUy required less than 15 minutes of patient time. 

Video data were tracked to produce 2D locations for the surface markers as a 
function of time. End range positions for each movement, trial, and subject were 
determined and averaged for the knee and ankle joints, respectively. Values were then 
averaged for the respective groups. An unpaired t .. test was used to test for significant 
differences between groups (p<O.05). A paired t .. test was used to test for significance 
for 5 children that have thus fall been tested pre .. and postwsurgery (7 l11onths) (p<O.05). 
Data processing generally required less than 1.5 hours per patient visit. 

RESULTS 
Results indicated that the children with CP (pre .. and post-surgery) had 

significantly less knee extension and ankle dorsiflexion when compared to similar results 
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rr io~' the children with able bodies (Figures 1 & 2). Significant differences existed 
t!.:: between the children with able bodies and the full cohort of children with CP prior to 
:/~urgery for knee f1exion and ankle plantarflexion. Results also indicated a significant 
~~) evel of improvement post-surgery for knee extension and ankle dorsiflexion. 

~' DISCUSSION 
.,. . The results for the active range of motion at the knee and ankle illustrate the 
~.;. iimited motion of the children with CP when compared to results from those with able 
.1 .. bodies. This was particularly true for dorsiflexion where the children with CP (84 
~ 'li mbs) could not attain a dorsiflexed position, achieving only 20° of plantarflexion pre­
~ 'surgery while the children with able bodies achieved 19° of dorsiflexion. Significant 
· .. ·improvements post-surgery (l0 limbs) for active dorsiflexion and knee extension were 
:. 1'3 0 and 12°, respectively. This method provides a simple objective evaluation of knee 
~. ,and ankle impairment. It is less time consumming and complex than gait analysis a~'d 
:'; more objective than physical therapy measurements. Future work evaluating the three 
~. ~ethods with the same group of children seem warranted. 

1 ' . 
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Figure 1. Means and SD for motion at the knees for 42 children with CP and 9 
with able bodies. Five children were tested pre- and post- SOR (7 months). 
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Figure 2. Means and SO for motion at the ankles for 42 children with CP and 9 
with able bodies. Five children were tested pre- and post- SOR (7 months). 
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QUANTIFICATION OF HAMSTRING SPASTICITY IN CHILDREN WITH 
CEREBRAL PALSY 
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Motion Analysis Laboratory, Department of Neurosurgery, St. Louis Children's Hospital 
and Washington University Medical School, St. Louis, Missouri, U.S.A. 

INTRODUCTION 
A major impairment in cerebral palsy is spasticity. It has been characterized as a 

velocity dependent resistance to stretch (2). Many surgical, pharmaceutical and 
therapeutic procedures are performed on children with cerebral palsy to minimize or 
eliminate the influence of spasticity. To assess the efficacy of these procedures 
objective measures describing changes in spasticity are required. Investigators have 
reported measures to quantify spasticity yet a simple objective mechanically based 
method incorporating speed, resistance, and range of motion for its quantification does 
not seem to exist (3). The efficacy and possibly the necessity of many procedures to 
alter the influence of spasticity remains unclear. The purpose of this pilot i~vestigation 
was to develop a method to quantify spasticity in the hamstrings. 
METHODS 

Ten children (mean age, 11 years) diagnosed with spastic diplegic cerebral palsy 
and 6 children with able bodies (mean age, 9 years) volunteered. AU subjects were 
tested on a KinCom isokinetic machine capable of moving the passive leg through a 
range of motion and measuring the resistive torque. Each child sat upright on the chair 
of the KinCom machine with stabilization straps placed across the pelvis and thigh. The 
axis of the KinCom lever arm was aligned with the knee axis of the child. A laboratory 
coordinate system was set to 0° by moving the lever arm to the horizontal. The leg of 
the child was attached to the lever arm with Velcro straps. The test starting position 
was about 60° below the horizontal. The final extension position was determined by 
utilizing a feature which stopped the machine when a preset torque was reached. The 
preset torque for the children was determined for each subject and varied between 6 and 
20 Nm. Children were instructed to remain as relaxed as possible as the leg rotated 
from a flexed position to an extended one. Tests for knee extension were conducted at 
speeds of 10, 30, 60, and 90 o/s and the resistive torque was continuously monitored 
during the trials. Torque-angle data were processed to eliminate the influence of gravity . 
and other factors which disrupted the signal (e.g., acceleration, machine dynamics). The 
areas within the torque-angle curves were determined for each speed for each child to 
yield the work done by the machine on the child. Linear regression was used to 
determine the slope of the line of best fit for the work-velocity data for each child. The 
work-velocity slopes for each group of children were averaged and a t-test was used to 
determine if a significant difference existed between the slopes for each group (p<0.05). 
RESULTS 

Torque-angle data for a typical child with an able body indicated very little change 
in torque as a function of-speed (Figure 1). In contrast, similar data for a typical child 
with cerebral palsy indicated larger torques with an increase in speed (Figure 2). The 
work done by the machine on the knees of the children with able bodies (6 legs) 
remained relatively constant for the 4 speeds (7% increase from slow to fast) while the 
work done on the children with cerebral palsy (14 legs) increased as the velocity 
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_ .... ,.'O-::lC,'/:>(1 (69% increase from slow to fast) (Table 1). The slope (Joules/(o/s)) of the 
.~~III""""'" regression line for work as a function of velocity for the children with able bodies 

very close to zero (0.0031 , SD=O.009) while the 'corresponding slope for the 
cerebral palsy was approximately 10 times greater (0.033, SD=O.O 19) (Figure 

These slopes were significantly different from one another. 
:DISCUSSION 

The slope of the work-velocity data incorporates the three major components 
:characterizing spasticity (i.e, speed, resistance, range of motion). While only a small 
cohort of subjects have thus far been tested, significant differences existed between the 
gfoups. Previous investigators have conducted tests similar to the ones carried out in the 
P!esent investigation (1,3 ,4). They have not however, processed the data to produce a 
simple mechanically based variable to characterize all components of spasticity. This 

:.method may prove to be a valuable objective measure for quantifying spasticity thus 
!~ermitting more effective assessment of treatments designed to alter spasticity. 
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, Table 1. Work done (Joules) by machine on 
knees of 2 groups of children at 4 speeds. 

Group 

Able Bodied 

(SD) 

2.84 2.78 
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Fig 2. Passive resistance test for CP child. 
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INTRODUCTION 
In many sports events the role of posture control is central. Shooting may be an 

extreme example of the role of stability jn a sport event: even small changes in posture may 
lead to significant changes jn perfonnance. In normal standing, the oscillations of the body 
are considerably smaller in experienced shooters than in untrained controls even when tested -
without supportive clothing (Aalto et al" 1990). Also in conditions corresponding nonnal 
competitive shooting the stability of the posture may.be much better in top-level shooters 
than in less experienced shooters during the last seconds preceding the trigger pull (Era et a1., 
submitted, a). The purpose of this study was to analyze if there are differences in stability 
during the last seconds preceding the shot between good trials and poor trials and if these 
differences are similar in well trained top-level shooters and less experienced shooters. 

METHODS 
The subjects were right-handed volunteers (n=24) who represented three different 

ability levels. Six male and three female subjects were internationally ranked rifle shooters. 
Eight male shooters were representative of national levels of competition in three-position 
rifle. The remaining seven males were inexperienced novice subjects, who had basic 
knowledge about aiming, holding and triggering, but whose experience in shooting was 
limited. 

Testing was conducted indoors using a laser-rifle system (NopteI Co., Finland). The 
shooting distance was 18 m. During shooting the subject stood on a force platfonn (Kistler 
9861A, area 600 mm * 1200 mm, placed parallel with the shooting track). Each subject 
chose foot locations freely according to their individual style. Signals were amplified and 
converted into digits using a micro computer. Using an algorithm developed earlier (Era et 
a1., submitted, b), the horizontal location of the center of pressure (COP) was calculated. On 
the basis of the coordinates for the COP, the mean moment of velocity of COP movement 
was calculated, These analyses were carried out in 5 successive windows, 1.5 seconds each, 
preceding the trigger pull. The quality of performance was described the movement of the 
aiming mark and the position of the aiming mark at the very moment of the trigger pull (hit 
point). 

RESULTS 
In trained top-level or national level shooters no significant difference was observed 

between the )east and most successful trials, whereas among the amateurs the value of the 
moment of velocity was higher in the less successful shots (Fig. 1). 

DISCUSSION 
1his study indicated that a good perfonnance in the actual shooting (the score and 

the quality of the aiming as reflected by the movement of the barrel) was associated with the 
variables describing the stabllity of the posture only among the unexperienced controls. 
Among them, a better shooting performance was associated with more stable posture. This 
could partly be due to the fact that 'poor trials' had clearly different meaning among the 
highly experienced shooters than among the controls. A difference in performance when 
hitting 8.5 instead of 10 was something so small that it could not be observed systematically 
in the force platform data, and a poor result in these highly trained shooters was probably 
seldom if ever due to a problem in the whole body stabilization. In contrast, in the novise 
shooters significant differences in the balance parameters between good and poor trials could 
be observed already 4 - 6 seconds prior to the shot and these differences remained also 
during the last seconds preceding the shot 
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:fig.1. Movement of the center of pressure as indicated by the mean moment of velocity 
'during the last 7.5 seconds preceding the shot in the best and poorest trials of the top-level 
i.'male (A) and female (B) and national level male shooters (C) and unexperienced controls 
,:(D). Means in each window lasting 1.5 sec. in each group and the statistical significance for 
the differences between the best and worst trials (paired t-test) are shown . 
. * p<.05 ** p<.01 
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Introduction: 

Previous studies (De Luca et ai, 1982, De Luca et ai, 1987) have lead to the concept of 
common drive which proposes that in pelionning a given task, motor units of a 
motoneuron pool receive a shared command signal that controls them collectively, as 
opposed to an arrangement whereby motor units are monitored and controlled 
individually. Other studies (De Luca and Brim, 1994, Brim et ai, 1994) have aimed to 
delineate the rank-ordered aspects of inherent motor unit properties that define their 
responses to command signals and make the harmonious operation of the system under 
the common drive scenario possible. The goal of this investigation was to obtain a better 
understanding of the system as well as the characteristics of the driving signal by .. 
studying the system in contractions where different force 1evels were targeted. . 

Methods: 

Myoelectric signals were detected from the Tibialis Anterior muscle of six subjects with a 
special quadrifilar needle electrode while the subjects generated isometric forces that 
increased linearly with time (10% of maximal voluntary contraction I s) up to a target 
level that ranged from 20 to 100 % of the maximal voluntary level. The target levels of 
20, 50, 80 and 100% of maximal voluntary contraction (MVC) were maintained for 18, 
12,6 and 2 s, respectively and then force was brought down to 0 at rate of 10% MVC/s. 
These signa1s were decomposed into the constituent motor unit action potential trains and 
an accurate record of the interfiring intervals was obtained using the previously described 
method of Precision Decomposition. 

Results: 

The recruitment threshold was calculated for each motor unit that was observed to fire in a 
stable manner. In all the contractions, including those that reached 100% MVC, the 
highest recruitment thresh01d noted was 71.3% MVC. In other words, no recruitment 
was observed beyond approximately 700/0 MVC. 

For each target force level, the standard deviation and the coefficient of variation of the 
interspike interva1s (computed in the constant force region) were investigated as a 
function of recruitment threshold. At sub maximal force levels, there was no dependency 
(p>0.05) of coefficient of variation on recluitment threshold, while standard deviation 
increased significantly (p<O.OOI)with increasing recruitment threshold. This could imply 
that the coefficient of variation of the interpulse intervals is the parameter which the 
system controls and maintains constant. The dependency of the standard deviation was 
probably due to the positive correlation between average interpulse interval (IPI) and 
recruitment threshold (see below) since the standard deviation (0") and the coefficient of 
variation are related by cr = CV*!PI. At the maximal force level of 100% MVC, the 
coefficient of variation decreased with increasing recluitment threshold, while standard 
deviation displayed no dependency on recruitment thresh01d. This behavior could be 
related to the fact that at maximal levels, firing rates of a11 motor units converge to the 
same value. It was observed that the coefficient of variation increased with increasing 
target levels. 

The joint behavior of pairs of motor units were investigated by cross correlating the 
continuous mean firjng rate signals estimated for each motor unit (by filtering the impu1se 
trains corresponding to the fuing times of that unit) in the constant force region. The 
peaks of the cross correlation functions were located approximately at zero latency in all 
cases, irrespective of the targeted force level, or the difference in the recruitment 
thresholds Of the motor units analyzed. However, the standard deviation of the peak 
locations were observed to increase with increasing force, possibly due to the shorter 
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~"~bi~rvation window available. No significant correlation was observed (p>O.05) 
: f6&(w~en the peak value of the cr?ss correlation function and the difference in the , 
1~~'iebrOitment thresholds of. the U~lts, On th~ ot,her ha~d, a weak tendency was observed m 
; the:level of cross correlatIOn to Increase wIth IncreasIng target force levels. 

( F~~ each submaximal f~rce level, av~rage firing rates computed for t~e constant force 
~~'. '-region were plotted agamst the recnutment threshold of the motor umt. RegressIOn 
:, ;analysis re~ealed. a significan~ ?orrelation (p:<O.OOI) between the. recru~tment t~eshold of 
: "-a motor umt and Its average fumg rate at a gIven force level. ThIS findmg confinned 
r· e tirii~r r~ports r~garding. the onion sk~n ph~no~en?n whi.c~ states that in a ~iven 
i ' .contractIOn, earlIer recruIted motor umts mamtam hIgher fIrIng rates than theIr later 
'. re6ruited counterparts, As would be expected from increasing firing rates with force, the 
· :,regress~on intercepts showed an increase with increasing t8f'get levels. ~urther~ore the 
" regression slopes showed a tendency to approach zero, whiCh agreed WIth earher reports 
~ ',tHat 'firing rates of motor units with different recluitment thresholds converge to the same 
: ,viilue at maximal force levels. The initial firing rate (calculated as·the inverse of the first 
· ,three interpulse intervals) was found to increase with increasing recruitment threshold . 
. '( - :"',. 

~ Disdlssion: 
· The results of this study confirmed two previously reported observations regarding the 
· rank-ordered control of motor units: l)Common drive phenomenon was reflected in the 
" high cross correlation peak values centered around zero latency at all force levels. 
t 'Common drive phenomenon refers specifically to the organization of the motoneuron 
:' 'pool. According to this arrangement, the firing activity of individual motor units are 
· .effected, not through separate command inputs, but through inherent differences in the 
r ,Way individual motor units respond to a common drive. Such an organization would 
t ielieve the central nervous system from the burden of keeping track of and controlling 
:" ~ach motor unit separately, and provide a strategy whereby a single command could be 
,. ¢niployed to regulate the activity of all the motor units in a given motoneuron pool. 2) 
: The inherent properties of motor units that determine their responses to varying input 
;-' ~ignals are not randomly distributed but closely linked to their recruitment rank. As in the 
: qependency of average firing rates and initial firing rates of motor units, the recruitment 
.' r{mk or recruitment threshold of a motor unit determines its response characteristics. This 

Wghly ordered arrangement of motor unit properties makes it possible for a common 
?~ive to effect the harmonious operation of the system in an efficient manner. 

;jn addition to providing further confinnation that these notions, which relate to the 
, architecture of the motoneuron pool and the inherent characteristics of individual motor 
'units, hold hue at all force levels, the present study provide~ insight regarding the input 
signals that drive the motor units. If the inputs received by a motor unit are modeled as a 
common drive shared by all the other units in the motoneuron pool and a "noise" input 
specific to that unit, the higher cross correlation values for higher target levels would 
indicate that common drive increases faster relative to the unshared "noise" component of 
the inputs seen by the motoneuron as the targeted force level is increased. 
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INTRODUCTION. 
Articular cartilage (AC) once injured possesses limited capacity for repair. The 

repair of full-thickness defects which violate subchondral bone is influenced by several 
factors, namely, the maturity of the AC, the position of the defect, the size and the type 
of articular function after defect occurrence. These type of defects have access to . 
inflammatory and marrow stem cells, heal transiently but imperfectly, and degenerate. 
Early motion has been reported to produce a better cartilage repair. More recently, 
continuous passive motion (CPM) has been introduced as a procedure for improving 
this limited repair ability in full-thickness defects. Also postoperative exercise was 
found not detrimental to the AC response in horses (French, 1989). The purpose of this 
study was to investigate if mild running exercise results in improved repair of AC 
materialized by a better collagen fiber arrangment in osteochondral defects. 

METHODS. 
Thirty male Wistar mature rats were anaesthetized and through a medial 

parapatellar incision full-thickness AC defects (0.85 mm 0) were drilled into the medial­
condyle until bleeding was observed. One week post-operatively, the animals were; 
divided in the folowing groups: cage activity for 4 weeks (n=4) and 8 weeks (n=5) 
providing intermittent active motion (lAM) and running training (RT) for 4 weeks 
(n=10) and 8 weeks (n=12). Animals were euthanized and distal femur samples were 
fixed in 4% paraformadehyde in 0.1 M sodium phosphate buffer, pH 7.4, decalcified 
with 7.5% EDTA and processed for paraffin embedding. Histological sections were cut 
(5 11m) through the center of the lesion perpendicularly to the surface, dewaxed and, 
treated with bovine testicular hyaluronidase. Polarization analyses were performed on· 
unstained (cover-slip mounted with DPX) sections using a polarized light microscop~ 
equipped with a lambdal4 compensator plate and monochromatic plate (lambda=591.4, , 
nm) connected to a cCCD camera system. A Macintosh II computer eqquiped with a' 
256 grey-level monitor and an image analysis software (IP Lab Spectrum) were also ,:) 
used. Optical retardation values (ORVs) . 
of birefringence were determined in 
central and junctional areas of the repair 
tissue using defmed regions of interest 
(ROIs) (Figure 1) and at two different 
positions [parallel to the scar surface (45 0 

position) and at 0
0 

position (extinction 
position)]. For statistical analysis t-test for 
unrelated samples was used. 

RESULTS. 

Figure 1 - Examples of ROIs at junction (j) 
and central (c) areas of the scar tissue 

, , 

Qualitative PLM observations indicated a great variability in the organization 
the repair tissue from defect to defect. Both groups showed different patterns 
collagen fiber orientation, except in the superficial zone where fibers with the 
orientation as in the superficial zone of normal AC were observed. These oh~u~nlatllons 
also showed a lack of fibril continuity between the repair tissue and the adjacent 
even when light microscopy demonstrated an apparent continuity of the tissue. 
With respect to the quantitative analysis at 4 weeks the ORVs of birefringence wen~ 
significantly higher in lAM group except in the junctional area at 45° position (Figure 
2A) but on the contrary at 8 weeks RT group showed ORVs higher than lAM group 
both positions and in central and junctional areas, being these differences 
significant at 450 position (Figure 2B). The results of lAM groups (4 and 8 weeks) 
very variable at both positions (Figure 2C). On the other hand the RT groups (.!hr'U1f~Cl 
significative increase in the ORVs from 4 to 8 weeks in central and junctional areas 
both positions (Figure 2D). 
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Figure 2. Optical retardation values (ORVs) of runners (run) and non runners (non 
run) animals at 4 weeks (4 wk) and 8 weeks (8 wk) and at 45° and 0° positions. * 
p<0.05; ** p<O.Ol; *** p<O.OOl; **** p<O.OOOl; NS - non significative 

DISCUSSION. 
This study allowed quantitative characterization of the collagen network of 

repair tissue of defects in AC. The higher ORVs of lAM group at 4 weeks can indicate 
that the running training probably is responsible for the coHagen fiber spatial orientation 
at random during the early stage of the repair. No major alterations with time were seen 
in the lAM group suggesting that these arrangment remained almost the same. Running 
exercise influenced the outcome of the repair tissue as shown by the higher retardation 
values of RT animals at 8 weeks. CPM treatment improved the repair tissue of 
osteochondral defects (Salter et al.~ 1980). Large osteochondral defects treated with 
periosteal grafts also improve after several weeks of CPM showing higher % of 
collagen type IT (O'Driscoll et al., 1986). Todhunter et al. (1993) also found higher % 
of collagen in exercised ponies. At 8 weeks the differences between lAM and RT 
groups were more significatant in the central area and, since at 4 weeks the RT group 
demonstrated lower values it seems that the most evident modification from 4 to 8 
weeks was in the central area of the scar tissue suggesting formation of highly oriented 
collagen network. Post-operatively mild running training might enhance the quality of 
the scar tissue by improving the nutritional supply to it and providing mechanical 
stimulation which can be responsible for the closed packed collagen fibers in the 
runners animals at 8 weeks indicating either improved collagen organization or 
increased amount of collagen. 
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A COMPARISON OF MEDIAL ARCH ANGLE AND CALCANEAL 
INCLINATION WITH THREE DIMENSIONAL REARFOOT MOVEMENT 
DURING THE STANCE PHASE OF WALKING. 

A. Fahey, R. Smith and A.E. Hunt. 
Facu1ty of Health Sciences, The University of Sydney, Sydney, Australia. 

INTRODUCTION 
Foot shape has been suggested as a factor which may predispose an individual to 

lower limb injuries (Subotnick, 1981). AbnonnaUy shaped feet (for example flat or 
overpronated feet) are thought to move excessively during walking and running and thus 
cause lower limb injuries. Measures of foot shape may be clinically important because 
they are believed to identify the individuals who display this excessive foot movement 
and are at risk of injury. Recent experimental research suggests that some clinical 
measures of foot shape do not identify people with abnormal foot movement. Measures 
such as the height of the navicular, arch index and other footprint measures have been 
shown to be unable to identify people with excessive foot movement duting the stance 
phase of walking and running (Nigg, et aI, 1993; Hamill, et aI, 1989). However, other 
measures of foot shape exist and fut'ther research is needed to detennine if any these 
measurements can be used clinically to the identify the individuals who display excessive 
foot movement. . 

The purpose of the present study was to determine if either medial arch angle or 
calcaneal inclination (two measures of foot shape) can be used to identify those people 
who display excessive rearfoot eversion or abduction (leg internal rotation) during the 
stance phase of walking. . 
METHODS. 

Nineteen males aged between 18 and 26 volunteered to participate in the present 
study. Calcaneal inclination and medial arch angle were measured while the subjects 
stood; calcaneal inclination was measured with a protractor and medial arch angle was 
measured with a small goniometer. Calcaneal inclil1ation was defmed as the number of 
degrees the midline of the calcaneus deviated from being perpendicular to the floor and 
medial arch angle was defmed as the angle formed by the medial malleolus, the navicular 
and the head of the fust metatarsal. The three dimensional kinematics of the right 
rearfoot were recorded with the Motion Analysis System™. Hyper-reflective markers 
were attached to bony landmarks on the foot and shank. The positions of these markers 
were recorded while the foot was in a standardised reference position (Gant, 1993), 
which was used as the baseline for the kinematic measurements. Foot movement was 
recorded with four cameras as the subjects walked along a flat walkway. Five stance 
phases were recorded for each subject, then averaged. The maximum amounts of foot 
eversion and abduction were detennined for each subject from the average curves. 
COll'elations were performed to detennine if either calcaneal inclination or medial arch 
angle were related to the maximum amount of foot eversion or abduction during the 
stance phase of walking. 
RESULTS 
The scatter plots for the four correlations performed in the present study are presented in 
Figures 1-4. The only significant cOll'elation was between calcaneal inclination and the 
maximum amount of eversion duling the stance phase of walking (r =0.46; p=0.48). 
SUbjects with a more everted calcaneus in standing displayed more realfoot eversion 
during the stance phase of walking. While significant this relationship only explained 
21 % of the variation in maximum eversion. There were no other significant correlations. 
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Figure 3 Figure 4 
Figures 1, 2, 3, and 4 show the four correlations which were peiformed in the present 
study. Each dot represents one subject and the dashed lines represent the least squares 

- regression line. The only significant correlation is in figure 4. 
DISCUSSION 

The comparison of absolute kinematic measurements used in the present study 
assumes that the baseline of each subject is identical. Great care was taken to ensure that 
each subject was placed in the same reference position (which was used as the baseline), 
thus the cOll-elations perfonned in present study are valid. 

In the present study the only significant correlation was between calcaneal 
inclination and maximum eversion, however, this correlation is not strong enough to 
suggest that calcaneal inclination can be used clinically to identify people with excessive 
foot eversion. In fact, the subject who displayed the most eversion during walking had a 
calcaneal inclination of 00

, which is considered normal. Thus, using calcaneal inclination 
alone to prescribe treatment may result in this tt-eatment going to the inappropriate 
people. 

There was no relationship between medial arch angle and either the maximum 
amount of eversion or abduction, thus people with flatter arches do not display excessive 
foot eversion or abduction (leg intelnal rotation). 'This finding contradicts the cun'ently 
held hypothesis that clinically measured flat (or overpronated) feet move excessively 
during walYJng. In conclusion, neither calcaneal inclination or medial arch angle should 
not be used clinically to identify people with excessive foot eversion or abduction during 
the stance phase of walking. 
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THE EVALUATION OF VERTICAL FORCE LOAD RATE FOR LOCOMOTOR 
STUDIES 

N. Fell and A. Lees. 
Centre for Sport and Exercise Sciences, School of Human Sciences, Liverpool John 
Moores University, Liverpool, L3 3AF, UK. 

INTRODUCTION 
Load rate is a characteristic measurement variable of the vertical ground reaction 

force, and it has been widely used to assess the shock absorbing characteristics of 
individuals, styles of locomotion and footwear. During normal heel-toe running the 
greatest load rate is associated with the initial or impact force peak. It has been defined 
as the magnitude of the force peak above the base line force value divided by the time 
from the onset of the force to the time at which the peak force is achieved (Lees and 
McCullagh, 1984). This may be tenned the average load rate. However, in order to 
overcome the 'end effects' some authors (e.g. Miller, 1990) have used the central 
portion of the impact slope. The load rate quantified in such a way may be termed the 
eQecI;ve load rale. A further difficulty is apparent when estimating load rates where data 
over the region of interest are clearly not linear (e.g. the drive off peak for heel-toe 
running or the vertical GRF data for fore-foot running). An alternative method would be 
to use the dynamic load rate, defined as the continuous first differential of the force 
curve (Nigg, 1986). The dynamic load rate is therefore characterised by a graphical 
profile rather than just by a numerical value. The aim of this study was therefore to 
quantify the dynamic load rate for heel-toe and fore-foot running, and to compare the 
peak dynamic load rate estimates with the conventionally computed average and 
effective load rates. 

METHOD 
Two subjects were required to run bare-foot over a Kistler force platform (Type 

9281). They were required to complete two series of ten runs (heel-toe and fore-foot), 
each at a speed of 4 m.s-l. The force signals were sampled at 1000 Hz and were used to 
compute the average, effective and maximum dynamic load rates. The average load rate 
was calculated as defined by Lees and McCullagh (1984) between the points A and B in 
Figure 1. The effective load rate was computed over the visually linear portion of the 
impact force peak (from points C to D in Figure 1). For each method of calculation, the 
load rate was computed from each trial and the mean value (n=10) detennined. 
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Figure 1. The impact peak in heel-toe running amplified in time. Points A to Band C to 
D indicate the points between which the average and effective load rates may be ' 
computed. 
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RESULTS AND DISCUSSION 
.' A one .. way ANDV A with repeated measures established that there were significant 
differences (p<O.OOl) between each of the three estimates of load rate for heel-toe and 
fore-foot running for both subjects. As an estimate of the load rate applied to the body 
during running, the peak dynamic load rate gave a significantly higher value than the 
"average or effective load rate. It is therefore more IikeJy to be a truer representation 'of 
the actual load rate or shock experienced by the body after the compression of the 
calcaneal fat pad. A further comparison of these estimates of load rate has shown that the 
load rate can be underestimated in heel-toe running by some 20% or more using the 
effective load rate, and by over 60% using the average load rate. In fore-foot running the 
discrepancies are so large between each approach that it is doubtful if anything other 
than the dynamic load rate could be meaningfully used. 

TABLE I. A comparison ofload rates for heel .. toe and fore .. foot running (kN- 1 ). 

Subject A Subject B 
mean SO mean SD 

Heel-toe running average 166.7 
effective 269.2 
peak dynamic 396.2 

Fore-foot running average 17.3 
effective 19.3 
peak dynamic 144.5 

NotmalfHd nme 4"-) 

Figure 2. Dynamic load rate for heel-toe running. 

42.0 231.3 54.6 
54.1 471.3 '73.0 
65.8 607.9 82.4 

1.2 21.8 1.6 
2.1 23.7 1.7 
35.9 318.3 106.8 

It was ruso apparent that at as well as the initial peak in the dynamic load rate, there 
were at least two and possibly three additional peaks (Figure 2). It is therefore suggested 
that the dynamic load rate gives a more detailed picture of the absorption of force than 
the average or effective load rates. The peaks in the dynamic load rate data are thought 
to reflect some underlying structural mechanisms which are important as part of a 
sequence of progressive shock absorption. 
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EFFECTS OF ARM SUPPORT OR SUSPENSION ON SHOULDER AND 
ARM MUSCLE ACTIVITY DURING SEDENTARY WORK 

Yi Feng, Wim Grooten and Ulf P. Arborelius. 
Kinesiology Research Group, Department of Neuroscience, 
Karolinska fustitutet, Stockholm, Sweden 

INTRODUCTION 
Occupations with static sitting posture are known to cause problems in the 

shoulder region, even if the mechanical load is low (Hagberg & Wegman 1987). One 
way to assess the load on the muscles is to use electromyography - EMO - (Hagberg 
1981). The aim of this study is to evaluate the activation of shoulder and arm 
muscles during various work tasks, with the lower ann supported by different types 
of arm supports. This is a continuation of our previous work, concerning e.g. 
evaluation of balancers as an aid in industry (Arborelius & Harms-Ringdahl 1986). 

METHODS 
The subjects were asked to perform four tasks: typing, simulated assembly 

work in two different positions, and simulated pipetting. The supports used were: no 
support, fixed arm support, horizontal movable arm, "flexible arm II support which 
could move in vertical and horizontal direction, and lower arm suspension with 
balancer (10N force). 

EMG was used to measure muscle activity. The signals were recorded with surface 
electrodes, low pass filtered, NO converted and turned to amplitude distributions. To 
make comparisons possible between the levels of activity in different muscles and 
subjects, a normalization was performed, with activity during isometric maximum 
(95 percentile of EMG recording) as a reference. 

EMG from the following musc~es was registered: Deltoideus pars ant., Deltoideus 
pars lat., Trapezius upper part and dorsal wrist extensors (Extensor carpi rad. long. & 
brev.). 20 seconds of EMO was analyzed for each action. Movement and force data 
were recorded, and are under processing and will be discussed in another paper. 

RESULT 
Table I shows the over all mean (and SD) from individual median activity 

with and without supports. Activity is expressed as % of reference (lMVC) 
contraction. 

Delt.ant. 
Delt.lat. 
Trap.up. 
Wrist ext. 

No support 

6.2 
4.5 

11.5 
12.0 

(5.3) 
(3.7) 
(7 .3) 
(6.8) 

Support 

2.4 
2.1 
7.0 

11.3 

(3 .0) 
(2 .1) 
(7 .0) 
(6.3) 

An example of mean cumulative EMG curves from nine subjects, trapezius muscle 
and low assembly work, is presented in Figure 1. Cumulative relative distribution on 
Y-axis and % of reference amplitude on X-axis. The use of supports give a shift to 
the left, corresponding to lower EMG amplitude. Filled circle: No arm support, Open 
circle: Balancer (K-Block), Filled square: !lFlex." support, Open square: Horizontal 
movable, Open triangle: Fix support. 
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In Fig. 2. the mean for muscles (in the sanle order as table above) of individual 
medians for activity during low assembly work are shown, with activity without 
support (NOS) set to 100%. A statistical analysis (Kruskal-Wallis one-way analysis 
of variance by ranks) showed that the (except for wrist extensor) there was a 
significant difference (p=0.05) for each muscle between supports, both with tina 
support" included or excluded. 

To show which support that was best for a specific task, ranks were used. In Table IT 
ranks for the different tasks and all muscles are shown to the right. To the left is the 
total ranks (all tasks and muscles) and the sum of all individual ranks for the same 
device. Lowest rank = lowest EMG. 

Total 
rank Sum 

Horizontal 1 278 
Fix 2 332 
Flex arm 3 336 
Balancer 4 387 
No support 5 512 

DISCUSSION 

Typing Pipet. 

1 1 
4 2 
2 4 
3 3 
5 5 

Assembly 
Low High 

1 2 
3 1 
2 2 
4 3 
5 4 

The muscular activity in shoulder musc\es can be reduced by the use of arm 
supports. Our investigation gives no information about the effect of fatigue, but 
possibly the effect could be more prominent over longer time. In our study the over 
all best effect, on muscle activity, was provided by the horizontal movable support. 
This support, however, can not easily be used for work which requires more vertical 
movement. We plan to investigate this further. 
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CALCULATION OF AREA OF STABILOMETRIC SIGNALS USING PRINCIPAL 

COMPONENT ANALYSIS 
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INTRODUCTION-
The stabilometric signal describes body sway by measuring the excursion of the 

centre of pressure in the frontal and sagital p1anes from signals recorded by a force 
platform on which the patient stands. Various parameters have been extracted from these 
signals to quantitatively study equilibrium and posture control. One is the area covered 
by the centre of pressure (CP) in the x (lateral) - y (anterior posterior) plane during an 
interval of time. A conventional method for area calculation is based on an ellipse, whose 
major axis is determined from the standard deviation along the regression line fitted to 
the stabilogram in the x-y plane. The minor axis is found correspondingly in the 
orthogonal direction. This study proposes the use of principal' component analysis as an 
alternative to regression, which from theory, simulation and the analysis of 112 
stabilograms is shown to be more reliable. 

METHODS 
Supposing the data to follow approximately a 2-Dimensional Gaussian 

distribution, an ellipse is defined with radii 1.96 times the standard deviations along the 
major axes, thus covering 95% of the samples. The orientation of the principal axis is 
usually defined by Jinear regression applied to the data (Odenrick et al., 1987, Hasan et 
al., 1990). In regression analysis, the residual distance between the data samples and the 
regression line in the direction of the dependent variable is minimized, requiring that one 
of the axes (x or y) be,defined as the dependent, the other being the independent variable 
(regression y VS. x or x vs. y). The resulting estimate of the inclination of the principal 
axis is biased, an effect known in statistics as regression to the mean. The estimated 
angle can differ quite widely depending on which axis is chosen as dependent, a choice 
which in stabilometry seems arbitrary. The accuracy also depends on the angle and 
therefore the experimental conditions of the test. 

Principal component analysis (PCA) minimizes the deviation in a direction 
orthogonal to the line fitted to the data, which intuitively is more suitable for the present 
problem. There is no need to define x or y as dependent, as the technique determines the 
direction of maximum (and minimal) variance of the scatter plot. The slope of the major 
axis is the first eigenvector of the covariance matrix, and the variance along this axis is 
the corresponding (larger) eigenvalue. The second eigenvector and value define the 
direction of the minor axis (orthogonal to the first) and its variance. For the x, y data, the 
calculation is very simple: 

s2+s2± (s2-s2)2+4(s 2)2 2 x)- x)- X) 
Spc = 

2 
(1) 

where Sx 
2

, s} 
2 are the estimated variances in the x and y directions respectively, and 

s~ 2 is the 'covariance between x and y. The two solutions for spc2' correspond to 

variances along the two axes, respectively. The angles can also readily be calcu1ated: 
222 

_ -1 spc -sx _ -1 SX) 
a pc - tan 2 - tan 2 2 . 

SX) Spc -S> 
(2) 
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The two solutions of equation (1) give the inclination of the major and minor axis, 
respectively. 

SIMULATION 
To test the differences between regression and PCA, simulations were carried 

out. Two independent normal distributions (I500 samples each in the x and y directions) 
were generated (with variances of 2 and 1 respectively) and rotated in the range of 0 to 
90°. The area of the ellipse and the slope of the principal axis were calculated for each 
angle by linear regression of x vs. y and y vs. x, and principal components. The area and 
the slope of the major axis calculated by PCA gave only a small estimation error 
throughout the rotation. Regression y vs. x gave areas and slopes near the correct value 
for angles close to zero degrees, while regression x vs. y was best for angles near 90°. 

APPLICATION TO STABILOMETRIC DATA 
Twenty eight normal young female ( 22 ± 2 years old) were tested by means of 

stabHometry with 4 test protocols (eyes open and eyes close with feet apart and feet 
together), 30 seconds each. Subjects were instructed to look forwards and maintain an 
upright position on a three point vertical force platform. The sampling rate for the signals 
from the ce]]s was 50 Hz. The areas and inclinations of the ellipses were then calculated 
using linear regression and PCA for each subject and each experimental condition. 

RESULTS AND DISCUSSION 
With feet apart and eyes open or closed, the angles calculated by principal 

components and regression x vs. y tend to agree. Regression y vs. x frequently gave 
differing angle estimates. With feet together this picture tends to reverse and regression x 
vs. y becomes the 'odd-one-out'. With feet apart, the displacement of the CP tends to be 
more anterior posterior with angles near 90°, which would indicate greater reliability of 
the regression x vs. y, considering the simulation results. With the feet together, the 
displacement pattern seems to be more disperse, sometimes wHh a strong lateral 
tendency. The inclination of the ellipse is near zero degrees and regression y vs. x 
becomes more reliable. For both cases, feet apart or together, the differences in angle 
estimates can be very large, but peA almost always agrees with either one or the other 
of the regression estimates. 

The results for the area estimates show a similar pattern, though the differences in 
estimates are less pronounced. As expected, when two methods gave similar angle 
estimates, the areas calculated tend also to agree. 

CONCLUSION 
The angles and areas calculated by linear regression depends on the inclination of 

the ellipse. The results of regression y vs. x and x vs. y can differ greatly; principal 
component analysis, which we have suggested as an alternative, improved the estimate of 
angle and area, and appeared reliable in all tests. Additionally, the calculations necessary 
are no more difficult than those for regression. 
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ROTATION ON RECIPROCATING ORTHOSIS FOR PARAPLEGICS 
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INTRODUCTION 
Since late 1960's several orthotic systems (ParaWalker, RGO, ARGO) have been 

developed in order to allow paraplegic patient with thoracic level lesions to walk again. 
While the success of these systems was high for myelomeningocele children, their 
application to adult traumatic paraplegics was shown to be more problematic, for the 
higher mechanical stress provided to the orthosis and for the increase of efforts needed 
by the upper limbs. For these reasons the high energy consumption associated with such 
locomotion remains one of the main problems to be solved in adult patients. 

Various attempts have been proposed to reduce the cost of locomotion, both 
modifying the structuraL design of the orthosis (to minimise defonnations) and adding 
Functional Electrical Stimulation of lower leg muscles in order better to distribute the 
effort between lower and upper limbs. A crucial point in this optimisation process is the 
possibility to use quantitative evaluation procedure to guide the modifications and to 
assess the real improvement during the functional use. The mostly reported approach is 
to evaluate the energy consumption during walking by means of oxygen consumption 
measurements [1,2], the main drawbacks being the low accuracy of such a method and 
the difficulty to find direct correlation with design parameters. In our opinion 
multifactorial biomechanical analysis of gait seems better to face to these problems. 

In previous works we have developed biomechanical procedure both to analyse 
the deformation occurring in the orthosis during walking [3] and to quantify the 
modification induced by FES [4] on walking pattern. In this pilot study the results 
coming from the analysis of a new hip joint for reciprocating orthosis are presented. 

lvlETHODS 
The new hip joint (R2GO, [5]) is characterised by the simultaneous horizontal 

and sagittal rotation with a 1.8 ratio between the two movements: each 1.8 degrees of 
flexion/extension is associated with 1 degree of extemaliintemalleg rotation. A pair of 
bowden cables links the hip joint of both sides, as in the standard RGO [2], in order to 
guarantee a reciprocal movement. The goal of the new joint is to allow a pelvic rotation 
as in healthy walking, not permitted by the classical RGO joints unless orthotic 
deformations. In fig. 1 feet, legs, pelvis and head of a patient during a left step are 
schematised in a top view: the possibility to rotate pelvis at each step is clearly shown. 

8 
Fig.l - Top view of the patient during 
the double support phase (left leg in 
fOIWard position) with nonnal RGO 
(A) and R2aO (B). 

A paraplegic patient (maLe, 22 years, 164 cm 
height, 50 Kg weight) with a complete injury at 
T5 level was selected and analysed during 
walking with his LSU-RGO orthosis both with 
the standard hip joint and with the new one. 
To collect I9nematic data an ELITE system 
(BTS, Milano) was used with a 4 TV cameras 
configuration (a couple for each side) in order to 
allow a 3D analysis of the total body. The 
acquisition protocol and the considered 
landmarks were reported in a previous work [2]. 
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RESTJLTS 
Time course of pelvic rotation angle, measured respect a transversal laboratory 

axis, and right hip sagittal angle are presented in fig.2A and B for RGO and R2GO 
respectively. Time is expressed as percentage of the gait cycle from one right heel strike 
to the next one; bar diagram represent walking phases of lower limbs and walking frame. 
Each graph shows average values ± one standard deviation on five different trials. 
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Pelvic rotation (+ right side forward) Pelvic rotation (+ right side forward) 
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Fig.2 - Pelvic rotation and hip sagittal angle (average value ± std) during the gait cycle 
with RGO (A) and R2GO (B). Positive values mean forward rotation of right side of 
pelvis and hip extension. Bold line: stance phase, thin line: swing phase. 

DISCUSSION 
. As shown in fig.2 the sagittal hip angle are similar in both orthoses while the 

pelvic rotation has a different range (7 deg in A versus 18 deg in B) and a different 
pattern. With R 2GO during walking the pelvis is rotating in accordance with the 
forward leg: at right heel strike (0%), when hip is maximally flexed, the right side of 
pelvis is in forward position~ vice versa at left heel strike (50%) the left side of pelvis is 
in forward position. With the classical RGO the pelvic rotation is lower and uncorrelated 
with the different phases of gait cycle, because it is related to deformations occurring to 
the orthosis that tends to force the pelvis into a fixed position in the horizontal plane. 

The presented method appears to be able to quantity the improvement induced in 
walking pattern by hip joint modifications. We believe that this technique will be a useful 
tool for further improvement in hip joint design, particularly in the choice of the best 
ratio between horizontal and sagittal rotation not yet optimised. 
REFERENCES 
[1] Nene, A.V., Patrick, lB. (1990). Energy cost of locomotion using the ParaWalker­
Electrical Stimulation "Hybrid II Orthosis. Arch Phys Med Rehabil, 71: 116M 120 
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REPEATABILITY OF FOOTBALL OFFENSIVE SCHEMES. A STATIST[CAL 
EVALUATION BY THE MORPHOLOGICAL VARIATION ANALYSIS. 

V.F. Ferrario, C. Sforza, S. Dugnani, G. Michielon, F. Mauro. 

Laboratorio di Anatomia Funzionale dell t Apparato Locomotore, 
I.S.E.F. ~mbardia, UniversitA degli Studi di Milano, Italy. 

INTRODUCTION 
The Morphological Variation Analysis (MVA) has recently been developed to 

quantify shape differences in the arrangement of body segments during the execution 
of sports movements (Ferrario et al., 1994a). Any sport movement can be divided 
into single frames or moments, each characterized by a peculiar body shape, i.e. a 
particular arrangement of body segments, which can be described by a set of 
landmarks. Correspondingly, any action of a football team can be described by series 
of reciprocal positions of the players, who will correspond to the body landmarks of 
the classic application (Ferrario et aI., 1994b). In this report MV A has been applied 
to analyze the within-team morphological variability of two offensive schemes in the 
football. Indeed, in a well functioning team, the offensive schemes in a significant 
moment of the action, a part from the defensive response. should be the same, i.e. the 
players should have the same reciprocal positions. 

MATERIALS AND METHODS 
Two juniores (players aged 15 to 17) football teams of different level (one 

quasi-professional. one amateur) were analyzed. A TV-camera was positioned 16 m 
above one half of the field, and the reciprocat positions of the players during two 
different offensive schemes were filmed (Fig. 1). Each scheme was repeated 20 
(quasi-professionals) or 10 (amateurs) times. For each scheme, the single frame 
corresponding to the cross by player #1 was evaluated, and the position of the eight 
players (close circles in Fig. 1) was digitized using a semiautomated instrument 
(LAFAL Videoanalyzer, CUBE srl, Italy). The position of the goalkeeper was not 
evaluated. Each player thus corresponded to a body landmark in the classic MV A 
applications. and his coordinates were analyzed by MVA (Ferrario et aL, 1994a. b). 
The player position was calculated from the most posterior image of the heels: both 
left and right heels were digitized, and mean coordinates computed. This position 
should correspond to an approximate "centre of gravity" of the player on the ground. 
An algorithm developed on purpose allowed for the correction of parallax. The 
analysis was performed separately for the two teams and for the two schemes. 
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Fig. 1. The two offensive schemes: A, trow-in: B, wing attack with interchanging 
positions. The players' positions at the beginning of the scheme (open circles), their 
movements (solid arrows), the positions they should have at the end of the scheme 
(close circles), and the ball movement (broken arrow) are indicated. The position of 
the closed circles corresponds to the analyzed frame (cross by'player #1). Player #9: 
goalkeeper. The numbers refer to the position of players not to their identity. 



RESULTS 
The schemes were performed during a standard training session: the coach 4:~t 

explained the scheme. then the players trained for about two weeks before the TV 
session. The schemes were also performed at the normal play speed, but without 
opponent (defensive) players: the following considerations thus pertain to the 
repeatability of the offensive scheme in sea A first qualitative inspection evaluated the 
films: in all the repetitions of the two offensive schemes the eight players moved in 
the field with an adequate precision. and the frame corresponding to the cross by the 
player #1 was always well defined. Only this frame was further analyzed with the 
quantitative MV A. 

Both teams showed a higher reproducibility (i.e. lower MVF) of the reciprocal 
positions of the players in the trow-in scheme (Table 1); the reproducibility was lower 
in the amateur team. In the trow-in of the best team, players #5 and 6 had the highest 
variability; conversely, in the same scheme of the amateur team the variability was 
more distributed among the players. In the wing attack of the best team, the position 
of player #2 relative to the two attacks had the highest variability. 

In order to evaluate the effect of fatigue, MV A calculations were repeated for 
the first 15 repetitions of both actions performed by the quasi-professional team. No 
differences were found for the trow-in scheme. while in the wing attack the first 15 
repetitions had a lower variability (lower MVF in Table 1), 

Table 1. Morphological variation factors MVF computed in the offensive schemes. 
and most variable distances (less repeatable reciprocal positions of the eight players) 
during the analyzed frame of movement (cross by the player #1), 

Team (repetitions) 
Trow-in 

MVF distances 

Quasi-professional (20) 12.77 5-6, 5-7, 4-5 
Quasi-professional (15) 14.22 5-7, 5-6, 5-8 
Amateur (10) 18.40 2-3, 4-5, 7-8 

DISCUSSION 

Wing attack 
MVF distances 

11.90 2-7,2-8, 1-2 
7.90 2-8, 1-2,4-7 

21.50 6-7. 3-8,3-8 

Our findings confirm that the quasi-professional team had higher training level 
and players I coordination than the amateur team: the offensive schemes resulted more 
reproducible. Moreover. the more or less repeatable positions of the players were weB 
correlated to the IItechnical maturity" of each player: for example. the most variable 
positions of players #5 and 6 of the best team could be explained by a relative 
distraction during the play because they were not directly interested in the trow-in 
scheme. 

The highest differences between teams were demonstrated for the wing attack, 
which was also highly influenced by the effect of fatigue. Indeed, the trow-in scheme 
was easier to understand and perform even for the less expert pJayers, and implied 
smaller movements in the field. Obviously, the presence of opponent players would 
have modified the same offensive schemes: further investigations would analyze the 
repeatability of more complex schemes. 

To the best of our knowledge, this is the first report that analyzed the 
repeatability of a team play using a consistent number of players, a high speed play, 
and a large outdoor field. A part from the technical football considerations, the 
protocol employed in this study could be proposed for further quantitative 
investigations on the play schemes: evaluation of the training, play tactics, correction 
of errors, in most of the team plays (football, handball, volleyball, basketball). 

Ferrario VF, Sforza C, Alberti G, Mauro F. Quantitative assessment of body shape 
during the standing long jump test. Proposal of a new method. J. Biomechanics, 
27: 663, 1994a. 

Ferrario VF, Sforza C, Bazan E, Mauro L, Michielon G. The repeatability of the 
defensive formation in the volleyball evaluated by the Morphological Variation 
Analysis. Proc. Int. Congr. Appl. Res. Sports, Helsinki, 1994b, p 10. 
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INTRODUCTION 
Most of the attacks perfonned in the basketball follow a patterned play. The 

evaluation of the offensive movements is usually qualitative: indeed, quantitative 
analyses of these movements, of the time necessary for their perfect repeatability, and 
of the players' ability to follow them have never been performed. One of the motives 
could be the lack of adequate statistical tools. A recently developed method for the 
quantification of shape differences in the arrangement of body segments during the 
execution of sports movements (Morphological Variation Analysis, MVA, Ferrario et 
al., 1994a) seems suitable also for the analysis of the within-team morphological 
variability during the execution of offensive schemes. Any basketball scheme can be 
described by series of reciprocal positions of the players, who will correspond to the 
body landmarks of the classic MVA application (Ferrario et aI., 1994b). Indeed, in a 
well functioning team, the offensive movements in a significant lnoment of the action, 
a part from the defensive response, should be the same, i.e. the players should have 
the same reciprocal positions. 

MATERIALS AND METHODS 
Three basketball teams of three players each were analyzed: 1. juniores male 

players aged 16 (national championship); 2. high school male players aged 11-12 
(regional championship); 3. amateur female players aged 19. A TV-camera was 
positioned 6.3 m above the center of the floor, and the reciprocal positions of the 
players during two offensive schemes were filmed (Fig. 1). Each movement was 
repeated 20 times by each team. For each movement, the single frame where player 
#1 (give-and-go) or #2 (distorting defense option) received the ball for the lay-up was 
evaluated, and the position of the three players (close circles in Fig. 1) was digitized 
using a semiautomated instrument (LAFAL Videoanalyzer, CUBE sri, Italy). Each 
player thus corresponded to a body landmark in the classic MVA applications, and 
his/her coordinates were analyzed by MVA (Ferrario et al.) 1994a, b). The player 
position was calculated from the most posterior image of the heels: both left and right 
heels were digitized, and mean coordinates computed. This position should 
correspond to an approximate "centre of gravity II of the p layer on the floor. Parallax 
was corrected using an algorithm developed on purpose. The analysis was performed 
separately for the three teams and for the two moves. 
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Fig. 1. The two offensive movements: A, give-and-go; B, distorting defense option. 
The players' positions at the beginning of the scheme (open circles), their movements, 
and the positions they should have at the end of the scheme (close circles) are 
indicated. The position of the closed circles corresponds to the analyzed frame (player 
#1 in A, #2 in B, receiving the ball for the lay-up), 
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· Both offensive plays were performed at the normal play speed, but without 

opponent (defensive) players: the following considerations thus pertain to the 
repeatability of the attacks in sea A first qualitative inspection evaluated the films: in 
all the repetitions of the two offensive schemes the three players moved in the court 
with an adequate precision, and the frame where player #1 (give-and-go) or #2 
(distorting defense) received the ball for the lay-up was always well defined. Only this 
frame was further analyzed with the quantitative MV A. 

In both the high school and amateur teams the repeatability of the reciprocal 
positions of the players was higher in the give-and-go scheme (lower MVFs in Table 
1) than in the distorting defense option of give-al1d-go. Conversely, the juniores team 
had a poor reproducibility of the give-and-go scheme: the MVF was higher than the 

, values scored, by the low level teams in the same scheme, and it was also higher than 
" the MVF scored by the same team during the repetitions of the other scheme. 

· Table 1. Morphological variation factors MVF computed in the offensive schemes 
.during the analyzed frame of attack (close circles in fig. 1). 

Team 

1. Juniores 
2. High school 
3. Amateur 

DISCUSSION 

Give-and-go 

12.983 
8.748 
8.293 

Distorting defense 

8.327 
13.513 
14.633 

This investigation analyzed the repeatability of two offensive scheme of 
· different technical difficulty. Indeed, the give-and-go scheme was easier to understand 

and perform even for the less expert players, and implied a lower number of ball 
passes and players' movements. Surprisingly, the repeatability of this option was 
lower in the best team, while the other two teams well reproduced the coacher's 
instructions. This first scheme was unfamiliar to the junioreS players: it is usually 
learned at the beginning of the basketball training, but it is no more used in high-level 
championships. The scheme thus resulted banal to them. These players diversified the 
scheme during the 20 repetitions, probably imagining the presence of defensive 
players. Obviously, opponent players would have modified the same offensive move 
in all three teams: further investigations would analyze the repeatability of more 
complex schemes. On the contrary, the high school players w.ere used to the give-and­
go that is part of their routine training. 

The other offensive option (distorting defense) was more complex, and the 
situation reversed: the high-school and amateur teams did not reproduce it with the 

. same reciprocal positions of the three players because the scheme was new to them, 
and the movements involved were relatively too complex to be learned without a 
precedent practice opportunity. Conversely, the juniores tealU well reproduced a 
common offensive way to play. 

Our findings confirm that the players' coordination depend on the difficulty of 
the task to be performed. MVA could be used to quantify the team coordination 
during the execution of new patterned plays: this could be a measure of the ability to 
understand and apply new play situations. A part from the technical basketball 
considerations, the protocol employed in this study could be proposed for further 
quantitative investigations on the play schemes: evaluation of the training, play 
tactics, correction of errors, in most of the team plays (football, handball, volleyball, 
basketball). . 

Ferrario VF, Sforza C, Alberti G, Mauro F. Quantitative assessment of body shape 
during the standing ]ong jump test. Proposal of a new method. J. Biomechanics, 
27: 663, 1994a. 

Ferrario VF, Sforza C, Bazan E, Mauro L, Michielon G. The repeatability of the 
defensive formation in the volleyball evaluated by the Morphological Variation 
Analysis. Proc. Int. Congr. Appl. Res. Sports, He]sinki, 1994b, p 10. 
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INTRODUCTION 

Although a large investment has been already made in the study of the walking 
performance of amputees (Skinner & Effeney,1985), a greater understanding of the 
capacities of these subjects is stiH needed. In this context we undertook the present study 
in order to analyse the performance of above-knee amputees (AKA) in tasks related to 
locomotion. Usually the evaluation of the functionality and adaptation to the prosthesis is 
done through the performance of walking tasks on level surfaces. We studied two groups 
of individuals, one of able bodied (AB) subjects and a AKA group, performing two 
different tasks, namely, level ground (LG) walking and climbing stairs (CS). 

METHODS 

For each individual and for each task three trials were recorded. The CS task 
corresponded to the climbing of a staircase of three 
16 em in height steps (fig. 1). The performances were 
normalised by comparing a complete LG walking 
cycle and the climbing CS from the first to the 
second step. These performances were filmed at a 
rate of 25 frames per second by two video cameras, 
one located at the side and another at the back of the 
track and the three-dimensional data reconstruction 
is done according to a procedure similar to that of 
Gervais and Mariano (1983). Twenty reflective : 
marks were located on convenient anatomic points 
and their co-ordinates were collected using a 
software program we developed (Ferreira & Correia 
da Silva, 1994). 

Fig .1 A thirteen segments body model is used to 
calculate the center of mass (CM). The percent . 

values of the CM co-ordinates relative to the subject's height is calculated along the 
vertical (Z axis), the horizontal antero~posterior (Y axis) and the axis X normal to the 
previous ones using a method developed by Enseberg et al. (1992). The sagittal and 
lateral inclinations of the trunk and the sagittal rotation of the knee are also computed .. 

RESULTS AND DISCUSSIONS 

Of this study we only present the results which were obtained with regards to the 
location of the CM . Table 1 presents the average values of CM relative co-ordinates ' 
along the three axes for the two groups of subjects and for the performance of the two 

Table 1 

Axis z y x 

tasks. The eM for the AKA group 
performing the LG and CS tasks is 
located at a lower level (Z), further to 

Group AB ~l AB ~ AB ~l the back (Y) and, general1y, on the 
Walk (LG) 56.081 ~ 0.988 ~wi 0.300 ~QIf~ side of the prosthesis (X) as . 
Climbing (CS) 49.263 fff~1 1.887 ~ -0.097 ~ compared with its location for the AB .'.: 



performing the same tasks. These results agree with those obtained Engsb~7i et 
. al. (1992) for the LG task. The 

FoMardQdIl~(Jldlhn; CM location along the Z axis 

00 01 ~ 03 04 05 0.5 Q7 08 09 1.0 

is determined fundamentally by 
the fOlWard flexion. of the 
trunk (fig.2) and, for both 
groups of subjects, is lower 
for the CS task than for the 
LG tasks' as a result of the 
need to place this center on the 
vertical of the propulsive limb. 

Fig. 2 
For both tasks, the CM 

location along the Y axis (figs. 3 
and 4) is similar for the two groups and only slightly more post~rior for the AKA group 
in resu1t of the larger backwards rotation of the arm opposite to the prosthesis. 

Normalized Location of Ce nter of Mus -lG • Y axis 
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~~1.1~ 1 Asl .. .£! ~ 
~i _3.3~e ~o -AKA 

Por Coni ofwlllking cycle 
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Anterior (+) I Postlnor (-i 

Por Cont ofwliklng f:jde 

Fig. 3 e 4 

The CM location along the X axis (figs. 5 and' 6) is, for the AKA group, always 
opposite to the prosthetic side as a result of the trunk compensating inclination in that 
direction. For the AB group, the CM oscillates naturally from side to side of the body 
sagittal plane. 

Normalized locallDn of Cenlar of Mass. LG. X axis 
left SIde (+) J Righi SId. (-) 

~!a da _~ 7 .......... -AS 'I:"'~ J ;.-. ~ 
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Left Side (t) I RIghi Side (.) 

~!i .u~ ~e 0.8 I~O I ~I 
IItr Ce nt 0/ wIning cyde 

. Fig. 5 e 6 
CONCLUSIONS 

We may conclude from these results that the two tasks correspond to significantly 
different petformances and that the differences are more profound for the AKA group. 

The use of a staircase to test the performance of AKA subjects is clinically relevant as 
it brings up some of the most serious problems associated with the quality of adaptation 
of the prosthesis to the patient. 
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DEVELOPMENT OF A TREADMILL FOR MEASURING VERTICAL GROUND 
REACTION FORCES AND CENTER OF PRESSURE DURING GAIT 

J. B. Fewster and G. A. Smith 
Oregon State University 
Corvallis, Oregon USA 

INTRODUCTION 
Floor-mounted force plates have enabled researchers to measure and understand 

the forces in human gait. However, this equipment limits the study to one or two foot 
strikes and necessitates carefully controlled, time-consuming procedures to obtain 
desired gait velocities. If the researcher wishes to measure more than two successive 
foot strikes or measure forces during changes of velocity or gait, such as during the 
walk-lun transition, such methods prove inadequate. A tool is needed which can 
measure vertical ground reaction forces (vGRF's) and center of pressure (COP) over 
multiple cycles while providing control of locomotion speed. 

Ground-reaction force measuring treadmills have been built for individual 
research projects (E. Hennig, personal communication; Johnson, et aI., 1993; Kram & 
Powell, 1989; Newman & Alexander, 1993) and recently one has become available 
commercially (Fuglewicz & Klavoon, 1994). Hennig and Johnson et al. encountered 
problems with excessive noise, believed to be due to the drive motor, and higher than 
expected vGRF's, possibly from the treadmill bed flexing with each foot strike. Some 
projects have involved building a dedicated treadmill (Fuglewicz & Klavoon, 1994; 
Kram & Powell, 1989; Newman & Alexander, 1993) or using expensive hardware 
(Hennig). The goal of this project was to build a treadmill capable of measuring vGRFs 
and COP using an existing treadmill and low-cost, non-dedicated hardware with the 
resulting device having a high natural frequency, minimal flexion with each foot strike 
and low noise to prevent degradation of the fprc~ data. 

METHODS 
An existing treadmill (Quinton Q55) was modified to meet the stated goals. The 

motor unit was disconnected from the treadmill bed and vibrationally isolated save for a 
single drive belt connecting the two. The bed was set on six rigid supports with a 
uniaxial piezoelectric transducer (PCB Piezotronics 208A03 or 208A02) at each point 
of loading. Alignment pins prevented the bed from moving in the horizontal plane. 

Each transducer was powered by its own signal conditioning unit (PCB 
Piezotronics 484B or 484B02) which sent unity gain signals to an AID board and 
microcomputer for data collection. A Visual Basic (v. 3.0) program collected data from 
all six channels, summed across channels to yield total vGRF and calculated the COP 
during stance. 

RES~TS 
The resulting device may be seen in Figure 1. Signal conditioning is positioned 

next to the treadmill. Note the three rigid supports visible below the bed. 
Figure 2 illustrates unfiltered data collected from a subject running at 10 kmlhour. 

The top graph shows the six individual signals which make up the total vGRF plotted 
below. The third graph represents anterior-posterior COP l measured from the front 
support of the treadmill. 

DISCUSSION 
The six-support structure further stiffened a relatively rigid bed. In combination 

with the loss of motor-unit weight, the natural frequency of the treadmill bed was raised 
to approximately 275 Hz. Standard filtering techniques can readily reduce noise at such 
frequencies. 

Force measurements were done by small, inexpensive transducers. Each 
transducer-signal conditioning unit produced a long time-constant resulting in a stable 
zero-point during successive impacts. The front four supports had larger force-range 
transducers than the two rear supports, cOITesponding to the higher forces involved in 
heel strike and a subject's normal positioning on the treadmill. 

Data collected from a subject running at 10 kmJhour demonstrates great similadty 
to expected vGRF curves. Flexing of the bed did not occur with heel-strike, providing 



force values within the expected range. The mounting of the treadmill bed in the 275 
manner illustrated resulted in little vibration from the motor as demonstrated by 
minimal noise in the transducer outputs during each flight phase. After summing forces 
across channels, the unfiltered signal (-1800N--peak vGRF during running) to 
vibrational noise (±8N--during flight phase) ratio was approximately 225: 1. During 
flight a slight downward drift was noticed which amounted to -35N, believed to be due 

, to the hardware used. The resulting signal to drift ratio was -50: 1. 
By summing the moments about the front supports, the A-P COP was calculated 

for stance. While landing and toe-off values were somewhat noisy, the midstance 
section illustrates the constant velocity rearward motion of the foot on the belt. 
Filtering of the raw signals before calcuJating COP should alleviate much of the noise. 

This device successfully measures the vGRF's while a subject runs on the 
, treadmill. Successive foot strikes may be recorded and the speed controlled by the 

researcher, greatly facilitating kinetic gait research. The ability to calculate the COP 
during repeated stance phases provides additional kinetic information. These results 
were achieved using an existing treadmill which may be easily removed from this setup 
and returned to its normal use. Transducers and signal conditioning were neither 
dedicated nor expensive. The problems of higher than normal vGRF's and excessive 
noise (Hennig; Johnson, et al., 1993) were minimized. 
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Figure 1 (above): The treadmill 
apparatus with supporting structure. 
Figure 2 (right): Unfiltered running 
data. The top graph plots the six 
transducer outputs while the middle 
graph represents the summed forces. 
The bottom graph illustrates A-P COP 
during stance. 
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ESTIMATION OF LOWER EXTREMITIES MUSCLE ENDURANCE, BASED ON 
POWER CHANGE IN THE TIME FUNCTION 

K. Fidelus, Cz.Urbanik, Academy of Physical Educatio~ Warsaw, Poland 

The purpose of this research was to estime the lower extremities endurance on the basis on the 
decrease of power developed during a take-off series. The slope of a simple regression line was 
adopted as a measure of endurance. 
The hypothesis was: that competitors basing their training process on low-energy sources will 
achieve higher endurance. 

MATERIALS AND METHODS 
A group of 15 Warsaw Academy of Physical Education students (mean age 23±2 years, mean 
body mass 77±6 kg, mean height 181±8cm) training in different disciplines and possessing at least 
sport category II, took part in the research. 
Measurements were taken on an incline plain (K.Fidelus, C.Urbanik 1993, K.Fidelus et al. 1994). 
Lying on the carriage) the examined perfonned a series of take-offs against the platform with 
maximum power. The trolley reached its maximum height from the platform, and rolled down 
because of gravity. The task given to the examined was to brake against the gained momentum 
(passive action) and to a perfonn following take-off (active action). A thin line, fixed to the 
carriage, passed through a revolution meter, and a device for recording the displacement of the 
carriage, both interfaced to the computer. Special software was designed for data processing 
(work, power, time). 

RESULTS 
To estimate the maximum value of power each examined person perfonned 2 series of 6 take-off 
with a 3 minute break in between. Then, after a following 3 minutes he performed a series of 70 
take-offs, tending to develop maximum power at each movement. If initial power proved, the test 
was interrupted. The course of power in time is described both by the straight-line equation and 
simple regression equation. In both cases a significant correlation (p<O,OOI) of power decrease in 
function of time was proved. It was adopted, that in the simple regression equation (P=a-bt), factor 
b wonns about endurance. Approximation based on equation of simple regression of power value 
(P) in time function (t), is shown on figurel. Presented factors of equations of po\ver decrease 
simple regression in time function clearly divide the examined into the following: 
PI - those who developed low initial power, and have low power decrease in time (long-distance 
racers, cyclists). . 
P2- in the group of sprinters the highest average initial power and its lowest decrease was observed. 
P3- analysing results of team-games representatives large diversification of power and its decrease 
factor was noticed. Volleyball players and soccer player develop high power, while handball 
players and basketball players significantly lower. 
In all cases the factor of power decrease in time was significant at the level of p<O,OOl. 
Representatives of group Ph likewise soccer and handball players registered the smallest decrease 
of this factor after a 180-second effort. The ones to achieve maximum power were sprinters and 
basketball players. Fast decrease of power occurs in group P2• After about 90 seconds the power 
they developed was a half of maximum power value, and after 180 seconds it dropped to 40% of 
Pma-x. 

THE DISCUSSION 
Evaluation of physical features level usually involves doubts and different opinions. TIus refers in 
particular to endurance estimation, which is usually identified with amount of oxygen conswned 
per minute in comparison to outstanding competitors) achievements (P.O.Astrand 1978). However, 
such a relation was not proved with reference to lower-categories competitors, or those not training 
(D.L.Costil 1970). It follows from practical observations and energy conversion 
zones(S.Kozlowski et al 1983, N.I.Wolkow 1989) that higher endurance level occurs at' in 
competitors taking part in sport events, in which sport achievements are determined by lower 
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power value developed in a long-time period (long distance racers, cyclists, oarsmen). In cases 
where maximum power is needed (sprint, jumps, acrobatics etc.) the endurance is lower, and in 
team- games representatives it is established on medium level. Evaluating the decrease of power in 
time function, the proof was achieved ,that more efficient slope of simple regression line 
(b ) occurred in long-distance racers and cyclists cases. The inimediate drop of power occurred in 
the sprinters group. In team games players, the endurance level is diverse. The lowest endurance 
characterises volleyball players, which is probably determined by game specifics, where based on 
high general endurance, short, intense teclmical actions are performed. On the other hand, in bandy 
players, who perfonned a cykloergometer exercises, a significant decrease in anaerobic power of 
about 47% over a time interval from 0-15 to 45-60s. (K.Hakkinen et al. 1991). In 20% of rugby 
players and 15% of cross-country rmmers, who performed a 30 s treadmill exercise, a power 
decrease (reflected by running speed) was observed (M.E.Cheetam et at. 1985). 
The research proved the hypothesis, that a slope of simple regression of power decrease in time is 
an appropriate measure of lower extremities muscl~ endurance. Hypothetically, this relation will 

r occur in other muscle groups. The endurance can be estimated not only by measurement of internal 
power variation in time. This method is very general, because it evaluates endurance in efforts of 
'10-20 s as well as 100-200 s duration. 
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HIP JOINT LOADING DURING ACTIVITIES OF DAlLY LIVING 

A.M. Fitzsimmons, A.C. Nicol, J. Lane and LG.Kelly 

Bioengineering Unit, University of Strathclyde, Glasgow, Scotland 

INTRODUCTION 
With recent advances in materials characteristics and surgical techniques, the long 

term success rate of total hip replacements should have continued to improve at a rapid 
pace. However, the high number of revisions currently carried out indicate that this is 
not the case. 

Design calculations for hip prostheses and recent mechanical testing have so far 
been based on hip joint forces determined for level walking. During activities that 
involve ]arger ranges of 3D joint motion, the resultant hip joint force and its 
components may significantly differ from those of level walking. The intersegmental 
moments produced by such activities will be altered and require appropriate alterations 
in the forces produced by muscles which cross the hip joint. It is possible that the 
loading on the hip joint that results from such activities may be responsible for the 
loosening and failure of implants. 

Hence the aim of this project was to calculate the magnitude of the hip force vector 
produced during various activities of daily living. 

METHOD 
The activities investigated were car entry/exit, bath entry/exit, walking with a tum, 

stair ascent/descent, sit/stand and level walking. The car and bath activities were 
included since hip replacement patients regularly comment on the difficulty which these 
activities impose. 

16 post-operative hip replacement patients and 10 age·matched non·arthritic subjects 
have undergone tests in the biomechanics laboratory at Strathclyde University. The 
patients were analysed between 12 and 24 months after their operation. Specially 
constructed frames were used to represent the car and bath and a 5 step staircase was 
used for stair negotiation tests. Whilst the subjects performed the activities, a 6 camera 
Vicon motion analysis system provided the 3D position and orientation of the hip joint 
and limb segments and 2 Kistler force platforms provided ground reaction forces. 

A 3D model based on a rigid body mechanics approach was developed to calculate 
muscle and then hip joint forces using input data which included the following: 

- Vicon and force platform outputs 
- Anatomical muscle data 
- Subject specific anthropometric data 

38 muscles elements have been included in the model. Where muscles do not act 
in straight lines but wrap around underlying structures, algorithms to correct for the 
curved path have been included. A linear optimisation procedure has been used to 
calculate the muscle forces in this indeterminant system. The procedure chooses the 
combination of muscle forces which acts to minimize the maximum muscle stress. 
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RESULTS AND DISCUSSION 
,.- A sample of the results for non-arthritic subjects is presented in table 1. The values 
shown are resultant hip joint forces in terms of body weight in a selection of the 

.- activities performed. For the majority of activities, the results are for 5 subjects. The 
~verage peak value is given for each activity along with the range of peak values 
incurred. 

Table 1 - Preliminary results 

Activity 

. Gait 
Standing up 
Stair ascent 
Car entry 
Car exit 
Bath entry 

Ave peak resultant 
hiQ..joint force 
x.. body weight 

4.97 
3.45 
4.67 
6.45 
5.94 
5.63 

Range of peak resultant 
hip joint force 
x..body weight 

3.23 - 6.26 
2.56 - 5.01 
3.38 - 6.03 
5.25 - 8.21 
4.51 - 8.08 
4.65 - 6.60 

The average peak value of 4.97 times body weight for gait lies within the range of 
values observed in the past. Such values have varied greatly. At a speed of 1.Im/s, 
Rydell (1966) recorded 2.95 times body weight from the telemeterised prosthesis 
implanted in his second more active subject. Paul and Poulson (1974) calculated values 
up to 10 times body weight in fast walking at approximately 2m/s. 

In stair climbing Rydell measured 3.38 times body weight in his second subject 
whilst Crowninshield et at (1978) recorded over 7 times body weight. The average 
value of 4.67 times body weight calculated in this study lies within this range. 

Similarly, the average peak value of 3.45 times body weight calculated for rising 
from a chair in this study compares with that of Crowninshield et al which was over 3 
times body weight. 

The values of resultant hip joint force reported in tab1e 1 for car entry and exit are 
those for the left hip when getting into and out of the front left passenger seat. Those 
for bath entry correspond to the side of the first foot to be put into the bath. The test 
period was started when the subject's foot touched the bath floor and ended when the 
subject was sitting in the bath on the bath stool provided for safety in all bath tests. 

Interestingly, the average peak resultant values for the bath and car activities in 
table 1 are greater than those for walking, stair ascent and rising from a chair. Although 
preJiminary, these results have implications for the loading on hip joint prostheses. 
However, it is recognised and has been observed that patients with hip replacements 
sometimes perform activities in a different manner to non-arthritic subjects. Firmer 
conclusions with regard to prosthetic hip joint loading will be drawn once more results 
have been generated. 
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CYCLIC DEFORMATION BEHAVIOUR AND MICRODAMAGE 
ACCUMULATION OF CORTICAL BONE 

C. Fleck, D. Eifler, Department of Materials Science, University ofKaiserslautern 

Kaiserslautem, Gennany 

INTRODUCTION 
Pennanent implants have gained growing importance in orthopaedics during the 

last decades. Despite improvements concerning materials and design they still fail after 
10 to 20 years due to biomecharucal andlor biological incompatibilities. In order to 
increase the life time of these implants it is necessary to understand the cyclic 
deformation behaviour and the remodeling processes of the bone itself and at the bone 
implant interface. It is widely accepted nowadays that fatigue damage occurs in bone 
under physiological loading conditions. This damage is assumed to be one stimulus for 
the permanent remodeling of bone (Frost, 1994). Fatigue fractures are avoided as long 
as, on one hand, damage formation and repair and, on the other hand, bone resorption 
and formation as a response to the loading conditions are in balance. Despite its clinical 
and physiological relevance the fatigue behaviour of bone has not been thoroughly 
examined. Former work focused on aspects concerning fatigue life and its dependence 
on microstructure, porosity or density (see e.g. Carter & Caler, 1981). During cyclic 
loading, bone shows increasingly non-linear behaviour with an increase in the area of 
the hysteresis loop and a decrease in stiffness (see e.g. Pattin, 1990). In the present 
work the cyclic deformation behaviour of cortical bone under uniaxial loading 
conditions is charactelised by the development of the plastic strain amplitude, the 
stiffuess and the plastic mean strain as functions of number of cycles and correlated with 
the results of light and scanning electron microscopic observations. 

:METHODS 
Flat fatigue specimens with a gauge length of 10 rom and a reduced cross-section 

of 5 by 6 mm were machined in longitudinal direction from the midMdiaphysis of horse 
tibiae. Strain was measured by an extenso meter attached to the gauge length. Uniaxial, 
stress-controlled constant amplitude tests were performed on a servo hydraulic testing 
system with a sinusoidal waveform and a frequency of 5 Hz. Specimens were loaded 
with stress amplitudes between 30 and 75 N/mm2 without or with various tensile or 
compressive mean stresses. Microstructural investigations were performed after 
predetermined numbers of cycles. Crack initiation and growth were examined on the 
surfaces and in the bulk of the specimens by light and scanning electron microscopy. 
The specimens were stored in Ringer's solution at 4 °C and kept wet during machining 
and testing. 

RESULTS 
The cyclic deformation behaviour of cortical bone is characterised by cyclic 

softening. In the first cycle, a characteristic plastic strain amplitude develops, the value 
of which depends on stress amplitude respectively mean stress. Subsequently, the 
plastic strain ampJitude increases continuously as a function of the number of cycles. 
This increase is more pronounced just before final failure. Increasing stress amplitudes 
under loading without mean stress lead to characteristic higher plastic strain amplitudes 
with a linear relationship between stress amplitude and average plastic strain amplitude. 
At constant stress amplitude, decreasing compressive and increasing tensile mean 
stresses result in higher plastic strain amplitudes. Caused by the accumulation of 
microstructural damage the stiffness of the specimens decreases with increasing number 
of cycles. Under loading without mean stress, this decrease is generally pronounced 
towards final failure and still more pronounced with increasing stress amplitudes. As a 
function of fatigue life ratio, under loading with compressive mean stresses hardly any 
change in stiffness can be observed for the greatest part of fatigue life followed by a 
sharp decrease before final failure. Tensile and zero mean stresses lead to a gradual 
decrease in stiffness as a function of fatigue life ratio. Under cyclic loading without 
mean stress cyclic creep occurs. Due to non-symmetrical deformation during tensile and 
compressive loading the plastic mean strain increases continuously as a function of 
number of cycles. Higher stress amplitudes lead to higher plastic mean strains, which 
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again is described by a linear relationship between stress amplitude and average plastic 
mean strain. Increasing compressive mean stresses prevent cyclic creep besides a small 
decrease in plastic mean strain before final failure. Increasing tensile mean stresses 
result in more pronounced cyclic creep effects. 
Lightmicroscopic investigations revealed crack initiation on the surfaces and in the bulk 
of the specimens. First surface cracks could be observed after the first cycles for loading 
without mean stress or with compressive mean stresses. Under loading with tensile 
mean stresses first cracks are initiated after 5 % of fatigue life. The majority of surface 
cracks originates at sites of high stress intensity at Haversian or Volkmann canals. This 
observation is in good agreement with results from cyc1ic bending tests after a defined 
number of cycles (Carter & Hayes, 1977). The surface cracks usually propagate along 
the lamellae and cement lines of the Haversian systems or the interstitial bone. As a 
function of the loading conditions, more cracks are orientated rather parallel (0° - 30°) 
or rather orthogonally (60° - 90°) with respect to the loading direction. Under loading 
without mean stress, lower stress amplitudes result in a majority of cracks propagating 
in a longitudinal direction, i.e. rather parallel to the loading direction. With increasing 
stress amplitudes, the majority of cracks is orientated rather orthogonally to the loading 
direction. Compressive mean stresses promote crack propagation in a longitudinal 
direction whereas tensile mean stresses in average lead to a higher proportion of cracks 
with a rather orthogonal orientation. Some cracks initiate in the bulk of the specimens, 
which was also observed after axial strain-controlled loading (Schaffier et aI., 1989). 
The observed behaviour of crack propagation in dependence of crack length and 
loading conditions is reflected by the appearance of the fracture surfaces. Generally, the 
area caused by fatigue crack growth has a rough appearance. Loading without mean 
stress leads to an orientation of this area under a more acute angle towards the loading 
direction for lower stress amplitudes and under an increasingly plane angle for higher 
stress amplitudes. Increasing tensile mean stresses also result in planer angles towards 
the loading direction. With increasing crack length, the fracture surface appears 
smoother. The area of final fracture is generally orientated orthogonally to the loading 
direction. 

DISCUSSION 
The cyclic deformation behaviour of cortical bone is characterised by cyclic 

softening. Light and scanning electron microscopic investigations revealed the main 
damage mechanism to be crack initiation and growth along the lamel1ae and cement 
lines. The non-elastic deformation due to the opening of cracks leads to an increase of 
the plastic strain amplitudes. Presumably viscoelastic and creep deformation are also 
included in the plastic strain amplitudes. "Fictive plastic strain amplitude" therefore is 
the more correct term. Loading with zero or tensile mean stresses resuJts in cyclic 
creep. The crack propagation behaviour is strongly influenced by the loading conditions 
as well as by the microstructure. With increasing stress amplitudes and tensile mean 
stresses as well as with increasing crack length the microstructure becomes less 
important for the crack growth behaviour. It is then more and more determined by the 
loading conditions, i.e. the influence of normal stress on crack growth is promoted. 
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BIOMECHANICS OF THE GLENOHUMERAL JOINT AS RELATED TO 
ANTHROPOMETRIC FACTORS DERIVED FROM FRESH CADA VER 
SPECIMENS 

P. Franklin, H.A.C. Jacob, A. Imhoff and A.C. Nicol 
Bioengineering Unit, University of Strathclyde, Glasgow, Scotland and Biomechanics 
Unit, Balgrist, University of ZOrich, Switzerland 

JNTRODUCTION 
Biomechanical studies of the shoulder have had a long and varied history from the 

EMG studies ofDuchenne (1867), the works of Fick and Weber (1877) and the works of 
Cleland (1881) to the important study of Inman et al. (1944), using Comparative anatomy, x­
ray analysis and EMG study and the modeIll: methods of Van der Helm et al. (1992) using 
finite element techniques to model the shoulder. An area where research is lacking is that of 
accurate anthropometric data of structures pertaining to the action of the glenohumeral 
joint which is necessary to form any theoretical model dealing with the forces crossing 
this joint. Published data has failed to reveal such information and thus an investigation, 
using fresh (unembalmed) shoulder specimens, was carried out to meet these 
requirements. 

NfETHODS AND MATERIALS 
The topography of the glenohumeral articular surfaces was recorded using the 

moire fringe technique which assigns a polynomial equation to the articular surfaces. 
These equations can be used to produce a number of two-dimensional profiles, or 
contours, of the articulating surfaces of the glenohumeral joint. The equations can also 
be used to find the radius of curvature of the surfaces at any point on the contour. 

The moment anns of muscles crossing the glenohumeral joint were calculated as a 
ratio of tendon travel to joint angulation. The moment anns are thus defined for a given 
motion and with respect to an average centre of rotation of the joint during this motion. 
Furthennore a factor is used in order to estimate the muscle force distribution amongst these 
muscles during the given motion. This factor is the normalised cross-sectional area (NCSA) 
of the muscles of the shoulder as detennined by Karlsson and Jarvholm (1988). 

The mechanical advantage of those muscles crossing the glenohumeral joint were 
found with respect to the tendon displacement which occurred as the glenohumeral joint 
was dislocated. The investigation was performed under circumstances in which the 
glenohumeral joint was seen to be vulnerable to anterior dislocation or subluxation. The 
effect of the depth of the glenoid was investigated by performing the experiment with a 
normal glenoid fossa and with a spacer inserted between the glenoid fossa and the humeral 
head which effectively flattened the surface of the glenoid fossa. 

RESULTS AND DISCUSSION 
Analysis of the contours of the glenohumeral articulating joint surfaces found 

through the moire technique revealed that surface contact is not maintained over the 
whole glenoidal area. The glenoid fossa has a generally larger radius of curvature than 
the humeral head, implying that there is little contact area between the two surfaces and 
hence there is little inherent stability in the joint and stability comes from the surrounding 
musculature. 

The method used to find the moment arms of those muscles crossing the 
glenohumeral joint did not need the prior knowledge of the centre of rotation of the joint 
whilst the moment arms are given only in the plane of rotation. Consequently the 
investigation found the moment arms of the muscles crossing the glenohumeral joint 
during different stages of abduction, adduction, flexion, external and internal rotation. At 
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the initiation of abduction the moment arm of the supraspinatus was shnilar to that of the 
.. nt~rior and middle deltoid which shows that these three muscles all initiate abduction of 
~the humerus in approximately equal proportions. As the humerus is raised the moment 

,>:,arm of the supraspinatus does decrease to zero (figure 1). Figure 2 shows the changing 
, rilOment anns of the different parts of the subscapularis as the humerus is internally 
::,.rotated at different degrees of abduction. 

SPECIMEN I 

: ~ -+---supl8splnalus 
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1: --D-snt. deltoid 
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'Figure 1. The moment arms of the 
supraspinatus, anterior and middle deltoid from 
0°.30°,300 .60° and 60°-90° abduction. 
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Figure 2. TIle moment arms of the upper 
subscapularis (U.S.)~ middle subscapularis 
(M.S.) and the lower subscapularis (L.S) during 
internal rotation from 0° to maximwn internal 
rotation at 0°, 30° and 60° abduction. 

The glenohumeral joint was seen to be prone to anterior dislocation when the 
';'humerus was elevated 60° in a plane 45° posteriorly to the plane of the scapula. When a 

force was applied to the humerus anteriorly the mechanical advantage of aU parts of the 
, deltoid were negative implying that the shearing component of the muscle brought about 
translation of the humeral head on the glenoid in the direction of the force. When a force was 
applied to the humeral head antero-posteriorly the mechanical advantage of all parts of the 
deltoid were positive implying that the shearing component of the muscle worked against the 
destabilising force. Thus the direction of the destabilising force is a significant factor in 
anterior dislocation or subluxation and under the conditions where the glenohumeral joint is 
prone to dislocation the shearing component of the deltoid works to bring about anterior 
translation of the humeral head on the glenoid, The subscapularis had no mechanical 
advantage at all in the position where the glenohumeral joint was seen to be vulnerable to 
dislocation whatever the direction of the destabilising force. This implies that the muscle does 
not act as a dynamic constraint to anterior translation. The supraspinatus and infraspinatus 
were seen to have the greatest positive mechanical advantage under the conditions previously 
described. This implies that these two muscles are the greatest dynamic constraints to anterior 
translation of the humeral head on the glenoid and that any damage to these two muscles will 
lead to subluxation or dislocation of the glenohumeral joint. 

REFERENCES 
1. Cleland J. (1881) Shoulder girdle and its movements. Lancet 1:283-284. 
2. Duchenne G.B. (1867) Physiologie des mouvements. Translated and edited by E.B. 

Kaplan. Philadelphia, lB. Lippincott Company) 1949. 
3. Fick A.E., and Weber E. (1877) Anatomisch-Mechanische studie ueber die 

schultennuskeln. Proceedings of the Physical.-Medicin. Gesellschaft, Wurzburg. 
4. Inman V.T., Saunders J.B. and Abbot L.C.(1944) Observation on the function of the 

shoulder joint. J Bone Jt Surg 26: 1-30. 
5. Karlsson D., and Jarvholm U. (1988) Force-producing ability in all shoulder muscles, as 

determined by cross-sectional areas. Preprints 1988:2 Centre for Biomechanics, C.T.H. 
6. Van der Helm F.C.T." Veeger H.EJ., Pronk G.M., Van der Woude L.R.V. and Rozendal 

R.H. (1992) Geometry parameters for musculoskeletal modelling of the shoulder system J 
Biomech 25: 129-144. 



284 
EMG TO MUSCLE FORCE CALIBRATION IN DYNAMIC MOVEMENTS 
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Waterloo, Waterloo, Canada 

INTRODUCTION 
Lumbar spine tissue force time 'histories have been estimated via EMG assisted 

models (Granata and Marras, 1993; McGill, 1992). In these models scaling factors 
for the conversion of the EMG to force requires maximal voluntary contractions 
(MVCs) in flexion and extension of the trunk. The need for MVCs eliminates 
application of these models to people who are unable to produce a "true" MVC 
because of pain. This paper describes a method that does not require MVCs and 
makes the use of calibrated EMG applicable to injured populations. 

METHODS 
A three dimensional, twelve channel, EMG assisted model of the lumbar spine 

was utilized (McGill, 1992). The maximal effort EMG scaling factors req~ired for 
Equation 1 were obtained for a subject who perfonned a standard set of static flexion 
and extension contractions. The EMGmax and Po tenns in Equation 1 were replaced 
by an EMG-to-Force factor (EF) (Equation 2), obtained from a pair of isometric 
flexion and extension efforts (Equation 3). 

Fm(t) = utt) * [(EMGtt) I EMGmax ) * Po * 8(t) * nCt) + Fpec(t)Jm (1) 

Fm(t) = utt) * [EMGtt) * EF * 8(t) * n(t) + Fpec(t)]m (2) 

E~JJ = [(AMFH/ - AMFLO) I (AEMGHJ - AEMGLO)]m (3) 

Where: 

F m(t) == Muscle Force (NlUnit Area) 
EMG(t) == EMG Amplitude 
Po = Muscle ForcelUnit Area 
OCt) = Velocity Factor 
m == muscle fascicle 
AEMGHI• LO == Ave EMG70%. 60% MVC 

G(t) == Gain Factor 
EMGmax == Max EMG Amplitude 
o(t) :::: Length Factor 
F pec(t) :::: Passive Elastic Component 
EF == EMG-to-Force Factor (NlUnit EMG) 
AMFH,• LO == Ave Muscle Force70%. 60"10 MVC 

To compare the two techniques, Equations I and 2 were used in the dynamic 
model, applied to three repetitions of full range trunk flexion and extension. 

RESULTS 
The two methods of detetmining the scaling factors are illustrated in Figure 1. 

The MYC approach assumes that the subject is producing true maximal effort (100% 
MVC) and incorporates an experimentally based non-linear EMG to force equation. 
The EF approach assumes a linear EMG-to-Force curve (produced in Equation 3). 
This accommodates a small range of biological variability in the approach without 
substantial enor. 

For the simple flexion-extension task, the two methods produce similar extensor 
muscle force time histories with the EF method producing a smaller net extensor 
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muscle force (Figure 2). The average RMS difference in L4/L,5 compressions 
between the two methods was 200 N (12% MVC). The average gain required by the 
MVC approach was 1.2 and the EF method was 1.13 (RMS difference = 0.15). 
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Figure 1 Muscle force produced by EMG activation. Linear (linear from 0 to 100% 
MVC) MVC (the model approach based on experimental data (non-linear), and EF 
(linear relationship extrapolated from HI (70%) and LO (60%) efforts). 
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Figure 2 Trunk extensor muscle force (sum of20 thoracic and lumbar muscle fascicles) 
during the performance of three cycles of flexion (FL) and extension (EX) as detennined 
by the EF and MVC scaling factor methods. 

DISCUSSION 
The similarity of the net extensor force and L41L5 compressive force between 

the two methods is encouraging. This development allows the model to be applied to 
individuals unable to produce a "true" MVC. The differences in muscle force 
distribution between the two methods (not presented here) reflects the sensitivity of 
the EMG-to-Force processing technique to the calibration procedure. 
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1vflJSCLE ACTIVATION DURING ACCELERATION-PHASE IN SPRINT 
RUNNING WITH SPECIAL REFERENCE TO STARTING POSTURE 

Ulrich Frick, Dietmar Schmidtbleicher, Roland Stutz 
Institute of Sport Sciences, Johann Wolfgang Goethe-University) Frankfurt, Gemlany 

I 

INTRODUCTION 
Studies on musc1e activation in sprint running concentrate on sprint push off (J ), 

phase of peak-velocity (3) or artificial running velocities (2). To our knowledge, no 
studies are published, describing muscle activation throughout the acceleration-phase. 
This is of interest, because during the acceleration-phase body-posture and joint­
movements are changing considerable and therefore the relative contribution of certain 
muscles to the generation of performance may change, too. This could be of importance 
concerning recommendations for training (strength training of certain muscle groups; 
coordination-exercises), because present conclusions on training regimens for sprinters 
reflect musc1e activation during peak-velocity, only (4,5). 
Therefore the purpose of the studyl was to analyse the activation of leg and hlp extensor 
and flexor muscles and their relative changes during acceleration-phase in sprint running, 
with special reference to starting posture. 

METHODS 
After warm-up and preparation exercises 12 male subjects executed eight 30m­

dashs. They were performed from a starting-block (crouch start) or from a contact­
platform (standing start) in an alternating order. 
Intermediate times of 51n-intervaHs were taken via 6 ( double) light gates. Duration of 
ground contact (contact time) was registrated using a pressure-transducer inside the 
shoe. Angle-time-characteristics of ankle-, knee- and hip-joint were measured with 
electro-goniometers. Muscle activation of mm.soleus (SO), gastrocnemius (GA), vastus 
lateralis (VL), rectus femods (RF), biceps femoris (BF) and glutaeus maximus (GM) was 
determined via surface-EMG. To estimate the relative contribution of each measured 
luuscle to the total activation of all measured muscles, we determined the total activation 
of each muscle during the functional phases of each step cycle and then calculated the 
percentage of the respective muscle. For better understanding we combined data of 
muscles according to their main function during a step cycle (SO + GA = plantar flexors; 
VL + RF during ground contact knee extensors; BF + GM = hip extensors; RF during 
swing phase = hip flexor). 
For description of data means and standard deviations were calculated. Differences were 
tested for significance (p<O.05) via students or paired t-test or multiple factorial repeated 
measures analysis of variance using SPSSPC-program. 

RESULTS 
During acceleration phase of sprint running muscle activation is changing 

considerable (fig. 1). In the beginning kn~e extensors contribute most to the total 
activation of aU measured muscles (T AMM). This is significantly more pronounced in 
crouch start (CS) condition compared to standing start (S8) condition (fig. 1&2). During 
the foHowing steps the relative contribution of knee extensors is declining significantly. 
In contrast to these muscles the hip extensors enhance their relative contribution to 
TAMM significantly (fig. J&2). This is significantly more distinct in CS compared to SS 
(fig.l&2). While hip flexor increases its relative contribution to TAMM significantly 
during acceleration-phase in both conditions plantar flexors don't vary this parameter in a 
significant manner (fig. 1&2). 

Ithis study was supported by a grant of the Bundesillstitut rur Sportwissenschaficn (VF0407/0S/12/93) 
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Obviously the relative contribution of the investigated muscles to the total 
activation of all of them is changing during acceleration-phase of sprint running 
significantly and the effects are more pronounced in crouch start compared to standing 
start. Therefore the importance of the respective muscles to the generation of 
perfonnance should vary during acceleration-phase. During the initial phase (0 m to 5 m) 
knee extensors and plantar flexors are more dominant. Whereas in the later phase of 
acceleration (20 m to 30 m) activation of hip extensors and plantar flexors is more 
distinct. For that reason a well .. balanced training of all muscle groups involved should be 
preferred to training regimens concentrating on one aspect only (4,5). 
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CHANGES IN SPRINT KINEMATICS THROUGH THE CONSCIOUS EMPHASES 
ON THE LEG MOTION 

N. FUJII, M. AE, K. MIYASHITA, Y. MORIOKA, and Y. MIYASHITA 

Institute of Health and Sport Sciences, University ofTSUKUBA, TSUKUBA, JAPAN 

INTRODUCfION 

It is well known that some characteristics of the leg movement in sprint are 
re1ated to running velocity (Ito et al. (1993)). Although some instructions for the 
improvement of the leg movement are based 011 these relationships, it is not always 

possible to improve the leg movement of the young sprinters. One of the reasons of the 

differences between coach's expectations and the actual motions of the sprinter would be 

that the change in leg movement of a gi ven segment andlor phase influences the 

movements of other segments and phases, because the body segments and movement 

phases closely relate each other. The purpose of this study was to investigate the changes 

of the leg motions in sprint running, which were induced by different emphases on the 

leg motion, and to obtain some suggestions to the sprint training. 

MEfHOD 

Five male sprinters served as subjects (height: 1.76 ± 0.06 m, weight: 704 ± 75 
N). Two dimensional leg movements were recorded with a high-speed video camera 

operating 250 fps, which was panned in order to take large images of the subjects. 

Subjects were asked to emphasize the leg motions consciously and to sprint as fast as 

possible. Motions emphasized were (a) quick recovery of the leg after the toe-off (TO)~ 

(b) quick knee flexion after TO, (c) quick swinging back of the leg before the touchdown 

(TD), and (d) high knees. Their own sprint motions were studied as control. Sixteen 

kinematic parameters of the hip and knee joints were selected and analyzed: angles at TO 

and TD of the hip and knee, maximum flexion and extension angles of tIle hip and knee, 

angular velocities at TO and TD of the hip and knee, and maximum angular velocities of 

flexion and extension of the hip and knee. These parameters were nOlmalized by mean 

values and standard deviations to each subject and parameter. Principal factors of the leg 

motions were analyzed 011 the normalized parameters. 

Eighteen male sprint~rs (height: 1.74 ± 0.06 tn, weight: 655 ± 60 N) including 

five subjects of the first experiment served as subjects. Two dimensional leg motions 

were recorded with a high-speed video camera in the same manner as above. Spdnting 

speed was measured as the average speed of 30 m interval where the leg Illotions were 

recorded. The relationships between the sprinting speed and the leg motions were 

analyzed without normalization of parameters. 

RESULTS AND DISCUSSIONS 

Six principal factors were derived fron1 the analysis of the data of the first 
experiment. Figure 1 shows the kinematic parameters of three principal factors out of six 

factors. In Figure I (a) of the principle factor 1, the change in the angular velocity of the 

hip atTD was related to the change in both the angular velodty of the knee at TD and the 

miniJnum angle of the hip' in the Jate recovery phase. The coefficients of correlation 

between parameters also means that the increase in the angular velocity of extension of the 
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(a) Factor 1 (b) Factor 2 (c) Factor 3 

Figure 1 Principal factors of sprint. It was difficult to independently change 
the kinematic parameters in each factor. 

hip at TO caused the decrease in the velocity of flexion of the knee at TD (1'=0.542) and 

related to the minimum angle ~f the hip (r=0.586). These relationships are explained by 

the kinetics of the leg motion. The large angular velocity of extension of the hip at TD is 

due to the large angular acceleration of the hip, which causes the large joint force at the 

knee in the direction of the knee extension. Therefore the angular velocity of flexion of 

the knee at TD decreases. The hip flexion before TD also causes the large range of motion 

of the hip for acceleration. In the similar manner, it is explained that the large angular 

'velocity of extension of the hip at TO related to the small angular velocity of flexion of the 

knee at TO in the principal factor 2, as shown in Figure 1 (b). 
Figure 2 shows the relationships between the sprinting speed and the kinematic 

parameters collected in the second experiment. The large angular velocity of extension of 

the hip and the large flexion angle of the knee at TD related to the sprinting speed. 

Although the large knee angle at TD was caused by the large angular velocity of the knee 

joint before TD, it was difficult to increase both the angular velocity of extension of the 

hip and the angular velocity of flexion of the knee in the same time only through the 

conscious emphases without preparations, e.g. strength training specific to sprint. 
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Figure 2 Relationships between sprinting speed and paralneters of the leg motion. 
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ACTIVATION PATTERNS OF ANTAGONISTIC PAIRS OF MONO- AND 

BI-ARTICULAR MUSCLES DURING ARM PUSH MOVEMENTS 

T. Fujikawa, T. Oshima, M. Kumamoto and T. Yamamoto 

INTRODUCTION 

Faculty of Engineering, Toyama Prefectural University 
Kosugi, Toyama 939-03, JAPAN 

Kumamoto et al. (1994) revealed that the existence of 
antagonistic pair of bi-articular muscles greatly contributed to the 
hybrid position/force control and compliance control of the end 
point of the upper and lower limbs, and resulted in smooth and 
precise movements of the limbs. However, activation patterns of the 
mono-articular muscles were not clearly described in the previous 
paper (1). Now in the present experiments, activation patterns of 
antagonistic pairs of mono-articular muscles as well as bi-articular 
muscles during arm push movements were examined in terms of 
electromyographic kinesiology. 

METHODS 
Subjects employed were 9 healthy young male adults, and 

muscles tested were deltoid anterior (Da) and posterior (Ds) 
portions, brachialis (Br), biceps brachii long head (BIo), and triceps 
brachii lateral (Tla) and long (Tlo) heads. EMGs, utilizing 
conventional surface electrodes, and the maximum force (Fmax) 
exerted at the wrist joint were simultaneously recorded during 
isometric arm push movements. An experimental posture is shown 
in Fig.I. Se1ected joint angles of e 1, e 2 and 93 were, 40°, 90° and 
50°, and 50°, 60° and 30°, respectively. Line S-W was set around 
minus 10°. Experiment A; all subjects were requested to perform 
arm push movements in wider range of directions than in their 
most common daily movements, from -90° to +100°, Experiment B; 
only a few subjects were requested to perform arm push and pull 
nl0vements in all round directions (3600)~ and EMG recordings, 
without force recordings, were attempted. 

RESULTS AND DISCUSSION 
The maximum forces (Fmax) developed at the wrist joint with 

changes in the force direction (af) were shown in Fig. 2. In Fig. 2, 
the curves of Fmax well correspond to the stiffness curves obtained 
from the mechanical two-joints link model (1). However, the 
directions (ar) of the highest Fmax were between 5° and 10°, 
whereas they were 0° in the mechanical model. This directional 
shift of the highest Fmax might be due to more complex muscular 
alignment than in the simplified mechanical model. 

In experiment A, a representative pattern, where integrated 
EMGs (IEMGs) of the muscles tested were plotted with changes in 
force directions, was shown in Fig. 3. The Blo and the Tlo reversed 
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their activity levels around 15°, and the Da and the Ds, around -20°, 
'and' the Br and the Tla~ around 100°. The results obtained here and 
f'r~m the other joint angular conditions suggested that crossing 
iPoints of activity levels of the pairs of antagonistic muscles of the 
; B-10 and Tlo, the Da and Ds~ and the Br and Tla, were in-between 
directions 0° and a shown in Fig.1 ~ directions e and 0° ~ and 
directions (l and b, respectively. 

In experiment B, a pattern of IEMGs of each pair of the 
antagonistic mono- and bi-articular muscles was not typical as 

,shown in the mechanical model (1), but was enough to suggest that 
,each crossing point of the activation levels of the pair is in-between 
adjacent directions. Therefore, if a two-joints link model has 
simplified muscular alignments, such as one pair of antagonistic 
mono-articular muscles on each joint S and joint E, and one pair of 
,antagonistic bi-articular muscles on both joints Sand E, a schematic 
diagram shown in Fig. 5 will be lead naturally, Reliability of the 
schematic diagram will be discussed in terms of mechanical control 
engineering later on by our colleague. 
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Contrlbuti,on of Series Elastic Component in Elbow Flexion 

using Stretch.Shortening Cycle 

Senshf FUKASHIRO, Jun'ichi OKADA and Tetsuo FUKUNAGA 

Dept. of Life Sci., The Univ. of Tokyo, Komaba 3 .. 8-1, Meguro, Tokyo 153, Japan 

INTRODUCTION 

The skeletal muscle-tendon complex demonstrates elastic behavior especially when the 

muscle is activated and simultaneously stretched prior to concentric action. Although this 

complex consists of contractile and series elastic components (CC and SEC), the 

potentiation by elasti~ity is considered due to the contribution of SEC. The purpose of 

this study was to examine the contribution of SEC ip. human elbow flexion using 

stretch-shortening cycle (SSC) exercise in comparison with pure concentric action (CA). 

METHODS 

The subject was asked to perform the following two tasks usi,ng the ergometer shown 

~ Fig.!. 1: maximal elbow flexion from 120deg as CA, 2: maximal elbow SSC exercise 

in which the elbow was flexed as fast as possible after extension from 90 to 120deg. 

Quick counter movement was emphasized in the SSC. Six weights (Le. 2,3,5,7,9 and 

13kgw) were loaded in these two tasks respectively. 

The biceps brachii is defined as the equivalent elbow flexor. The force and 

displacement data were directly measured (Fig.1) and were recalculated to those in distal 

end ofm.biceps brachii, considering moment arm. The power in whole muscle (PTotaJ 

was obtained from the force and the velocity between origin and insertion of m. biceps 

brachii. On the other hand, the force(F).length(l) relation of SEC in elbow flexors was 

estimated by the Quick Release method, referring to Poussen et a1. (1990). The stiffness 

constant I k I of SEC was calculated assuming a quadratic characteristics of SEC, i. e. 

F;::ke. Then, the power by SEC (P sBdwas calculated in P SBC= F • 1 /sec. Also, the 

positive work of whole muscle (WTotaU and SEC (WsBd was respectively calculated from 

the power curve integrated by time, i.e. Work;:: S P( d)t. The power and work by CC (P cc 

and W cc) were obtained from the difference between Total and SEC. 

RESULTS AND DISCUSSION 

Figure 2 showed the typical curves of P Total' P SEC and P cc in CA and SS C. Because the 

SEC is stretched in the first phase of CA, the onset of the PTotat can be observed 

subsequent to the increment of P cc' A little WSBC was recognized in the subseq~ent J?hase. 

On the other hand, the different pattern was found in SSC. Since the SEC is stretched 

considerably in elbow extension phase, the CC has to perform positive work during that 

phase in SSC. Although the P cc decreased slightly in the counter phase of SSC, the P cc 

increased again in the subsequent elbow flexion phase. In this positive phase, the WSEC 
contributed greatly to the WTotal in SSC. 

Figure 3 showed the W cc and WSBC in the different loads of CA and SSC. Although 
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FORCE~VELOCITY CHARACTERISTICS BETWEEN WEIGHTLIFTERS AND 
BODYBUILDERS IN MONO- AND MULTI-ARTICULAR MOVEMENTS 

K. Funato, A. Matsuo, S.Ikegawa and T. Fukunaga 
Department of Sports Sciences, College of Arts and Sciences, University of Tokyo, 
Komaba 3-8-1, Meguro-ku, Tokyo 153, Japan 

INTRODUCTION 
Training for weightlifters(WL) is aimed to increase the muscle power i.e., improve 

the higher speed production under- the heavier loaded condition, on the other hand 
bodybuilder's(BB) training is focused just on muscle hypertrophy. Those difference 
might result muscle morphological and functional changes between WL and BB. This 
study was undertaken to examine the characteristics of resistance training between WL 
and BB from the force - velocity relations developed during mono- and multi-articular 
movements and anatomical cross-sectional area of the muscle. 

METHODS 
Joint torgue and movement power: For the single isolated joint torque measurements, 
isokinetic dynamometer (Dynamic Tension Meter, Sakai Medical Co.; Japan) was used 
for concentric and eccentric actions for extension and flexion of elbow and knee joint. 
Movement speeds selected were 0, 5 and 15rpm. 

A "Power Processor" dynamometer was manufactured for the measurement of 
specific movement power especially for the multi-articular movement. The body of the 
Power Processor was composed of a electrical rotary encoder to measure the axis 
revolving time and a load cell to measure the tension of the wire. The loads were 
provided by electrically controlled pawder brake system. Data for the time of revolution 
and wire tension were sampled every 5 ms and recorded digitally on personal computer. 
Instantaneous power was obtained by multiplying the instantaneous velocity and force 
values for every 5 ms. Peak values obtained from respective curves (PP: peak power, 
PV: peak velocity and PF: peak force) were taken for the analysis. Movements selected 
were high clean (HIC) and bench press (BPR) as shown in the figure. 
Momhological measurements: Lean body mass (LBM) and %fat were determined by 
underwater weighing-technique. Anatomical cross-sectional area (ACSA) of the muscle 
of extensor and flexor of knee and elbow were determined by using ultrasound 
techniques. The measured site was 60% distal from acromion for right upper arm and 
50% distal from trochanterion for right thigh, respectively. 
Subjects: 30 bodybuilders those who trained for more than five years including the 
winners of world and national body building competition and 25 national Olympic 
weightlifters were selected as the subjects of this study. Additionally 27 sedentary healthy 
males were tested for the comparison to the athletes. 

RESULTS AND DISCUSSION 
Lean body mass for BB ( 68.6 kg in average) were significantly (p< .05) larger than 

that for WL ( 62.8kg) and ACSAs for both extensors and flexors in elbow joint were 
larger in BB than in WL. 

Static torque developed for isolated single joint movement have tendency to be larger 
in BB than WL in both absolute and relative to LBM values (Table 1). Static torque for 
knee flexor on the other hand, showed larger value in WL than that in BB. Maximum 



static torque per ACSA in elbow flexor and extensor showed statistically larger in WL 
and sedentary control group than in BB. This might be suggested that the training method 
for BB might not be accompanied the functional increase of the muscle force with the 
muscle hypertrophy. One of the reason of the small value in absolute strength for BE was 
interpreted as the inefficient transportation of muscle tension of the muscle fiber to tendon 
due to the enlargement in muscle fiber penn at ion angle. 

For power developed during multi-articular movement. BPR showed statistically 
larger in BB (9.1W/kgLBM) than WL (8.1W/kgLBM) on the other hand. WL 
(28.0W/kgLBM) demonstrated statistical1y larger value than BB (20.8WlkgLBM) in the 
movement of HIC (Table 1). It is suggested that dominance in the mono-articular torque 
does not necessary demonstrate the increase in the power developed by multi-articular 
movement. The difference in power shown between WL and BB was interpreted as the 
characteristics of movement speed of resistance training which each athletes usually 
perfonned. i.e., fast lift and slow lift. 

Force - velocity relations obtained from HIC movement in WL shifted rightward 
compared to that of BB. indicating the WL developed the maximum power under lighter 
load and higher speed condition. 

The results of the present study suggest that respective resistance training for WL and 
BB might cause unique changes in muscle hypertrophy and torque or power output for 
isolated and multi-articular movement 

Table 1. Static torque for elbow and knee joint and power developed in bench press 
and high clean movement. 

~RtnUa@ 1i®I1@jQIJ@ Body Builders Weightlifters 

Elbow Flexion (Nm) 76.0 ± 14.7 NS 69.2 ± 17.0 

(NmlKgLBM) 1.2 ± 0.1 > 1.1 ± 0.2 

Elbow Extension (Nm) 97.9 ± 25.5 > 81.0 ± 23.5 

(NmlKgLBM) 1.5 ± 0.3 » 1.3 ± 0.2 

Knee Flexion (Nm) 157.2 ± 31.5 NS 167.9 ± 40.2 

(Nm/KgLBM) 2.3 ± 0.3 « 2.7 ± 0.5 , 

Knee Extension (Nm) 304.3 ± 68.9 »> 240.8 ± 56.8 

(NmlKglBM) 4.5 ± 0.8 > 3.9 ± 0.8 ,-------------------------------------------------------------------------
[P®\!t7@!7 
~------------~---------------------------------------------------~--------
Bench Press (W) 623.3 ± 143.2 > 533.9 ± 141.5 

(WIKglBM) 9.1 ± 1.8 NS 8.4 ± 1.3 

High Clean (W) 1423.7 ± 361.7 < 1766.0 ± 575.6 

(WlKgLBM) 20.8 ± 4.8 «< 28.0 ± 6.1 

<: pcd).05, «: P<0.01, «<: pcd).OO1 
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THE MODULATION OF SOLEUS H-REFLEX BY AUDITORY STIMULATION 
DURING HOMONYMOUS MUSCLECONTRACfION. 

Toshiaki FURUBA Y ASHI and Tomoyoshi KOMIY AMA 
Department of Sports and Health Science, Faculty of Education, 
Chiba University, Chiba (JAPAN) 

PURPOSE 
It has been known that proprioceptive and teleceptive 

mechanisms play an important role in human motor control. 
Extensive studies with vision have been conducted in the 
teleceptive mechanisms. However, it has not been known how 
auditory stimulation affect the motor control system. Therefore, we 
examined the effects of auditory stin1ulation on intraspinal motor 
neuron as an index of H-reflex in the soleus muscle (Sol), 

MEfHODS 
The experiments were performed on 10 normal subjects aged 

20-34 years.· All subjects gave informed consent to the 
experimental procedures. 

In these experiments, the posture and motor task used were 
as fol1ows; (A) Sitting at rest, (B) Standing at rest, (C) Forward 
support standing and (D) Isometric plantar flexion while sitting. In 
cases (A) and (D), the subjects were comfortably seated in an 
armchair, with knee and ankle joint at J 70 and 110 degrees, 
respectively. the right foot was fixed into place on a foot plate 
transducer. In case of (C), the subjects held a bar which was set in 
front of them to relax the Sol. In case of (D), amount of voluntary 
contraction was as same as the background EMG obtained standing 
at rest. Auditory stimulation of lOOms duration (lms pulse, 10ms 
interval, ] ltrain), O.5Khz and 110dB (sensation level) intensity was 
presented to both ears through headphones (conditioning 
stirnulation; C). EMG responses were recorded with bipolar surface 
electrodes placed on the skin overlying the right SoL Sol H-reflex 
rectangular pulse of electrical simulation (test stimulation; T). 
Stimulus intensity was set to about 40% of the maximum M­
response. 

RESULTS 
Fig. I shows the time course of the auditory effects on Sol H­

reflex. Facilitatory effects were observed at 40-50n1s after 
auditory stimul ation. Maximum facilitation was attained about 
lOOms. Fig. 2 shows a summary of the results obtained from seven 
subjects. In cases (B) and (D), a statistically significant depression 
in the facilitatory effect relative to that for sitting at rest (A) could 
be seen. This effect was not significant while in the forward 
supporting case (C). 
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Fig-2. Facililalury crrecL~ betwcen " IIlsks by 
nuuitory slimulalion. A: silling al rest. 
:Stlllluing. C: ForwnnJ supporl stflnuing. D: 
isometric planter nexiull while sitting. 

In the previous studies in acute cats, it has been reported that 
'~uditory stirn ul ation elicits facilitation alone, inhibition alone or a 
combination of both effects (Wright and Barnes, 1972). In human 
experiment, EMG activity can be e1icited with the startle reflex in 
Sol and forearm flexor (Rossigno, 1975, Brown et aI., 199 J). In the 

. present study, we observed the facilitatory effects of H-reflex of 
So1. Therefore we strongly suggest that auditory startle reflex is 
not only fl,exor reflex, but also reflex that occurs as a purposeful 
combined action. Brown et a1. (199]) have observed that in ankle 
plantar flexion tasks and during crouching tasks, the amount of EMG 
increase in Sol and biceps brac_hii, respectively. However in the 
present study, the facilitatory effect decreased in the H-reflex. 
Therefore it is Inore likely that there exist some descending 
pathways which depress Ia afferent input during auditory 
stimulation. 

REfERENCE 
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RorrignoI, S. (1975): Electroenceph. Clin. Neurophysio1., 39, 389-397. 
Wrigh, C.O. and barnes, C.d. (1972): Brain Res. 36, 307-331. 



298 HELICAL TRANSLATION IN JOINTS 
A CLASSIFICATION CONCEPf 

Franz K. Fuss, Angelika H. Fuss 

Institute of Anatomy 1, Division of Biomechanics, Univ. of Vienna, Vienna, Austria 

INTRODUCTION 
Within the group of "hinge joints", so called IIscrew joints ll with distorted joint 

surfaces are distinguished (e.g., tarsal joint of hoofed animals and kangaroos: Barnett et 
aI., 1961) which perfonn a translation during motion. Even the human humeroulnar joint 
has been lively debated whether a screw thread exists or not (Fick. 1911), The human 
knee has been clearly identified as a screw joint with a translation of up to 4 mm 
(Blankevoort et al , 1990). The aim of this paper is to analyze the helical trans~ation in 
various joints and to propose a classification concept. 
PRINCIPLE 

The common principle of 3-D-kinematics is that a moved rigid body performs a 
rotation about an axis (finite helical axis) combined with a (helical) translation (HI) 
along the axis. It should be noted. that. if the axis changes its direction during motion, 
the HT does that too. 
METHOD 

The Tars6s~ examination system consisting of a Macintosh workstation (Macintosh 
Hci 80/5), an electromagnetic digitizer/tracker (Polhemus 3Space® Isotrak® MI00~ 
McDonnell Douglas. Colchester, Vermont. USA) and a specialized software package 
(Tars6s,3 2.0, Inst. Anat. Vienna. calculating the helical axis parameters. helical 
translation and pitch I translation per rotation]) was used (Fuss. 1993, 1994). 
Concerning the HT, the accuracy of the system was tested using a technical hinge and a 
screw. Care was taken of metallic fixation devices which might impair the magnetic field 
of the digitizer. Each analysis was carried out at least three times to test the 
reproducibility. 
JOINTS ANALYZED 

Man (Homo sapiens): humeroulnar joint (4 specimens)\ knee - femorotibial joint (5). 
knee - femoropatellar joint (5), talocrural joint (3), talocalcaneonavicular joint (3). 
various joints within the wrist joints (extension/flexion. 2), radioulnar joints (2). 
shoulder system (humerus vs. trunk, abduction: 47), atlantoaxial joint (rotation, 2), 
atlantooccipital joint (rotation. 2); animals: tarsal joints (horse - £quus caballus, camel -
Camelus dromedarius), hoof joints (horse), knee - femorotibial joint (crocodile­
Crocodilus niloticus, ostrich - Struthio camelus, wallaby - Macropus aRilis~ baboon -
Papio ursinus, lion Panthera leo, elephant - Loxodonta africana. hippo Hippopotamus 
amphibius, camel, horse), knee - femoropatellar joint (pig - Sus scrofa domestica), 
tibiofibular joint (crocodile,ostrich). The human joints were cadaver specimens analyzed 
within three days after death (partially deep-frozen), The human shoulder system was 
analyzed in test persons (Fuss, 1994) The human tibiofemoral joint, aU patellofemoral 
joints and the human shoulder system were analyzed under unloaded and stressed 
conditions. The animal joints were partially fresh and partially fixed with carbol. 
CLASSIFICATION 

The following coordinate system was used: x-axis pointing anteriorly (cranially in 
quadrupeds), y-axis pointing cranially (dorsally) and z-axis to the right. The helical 
translation was always depicted for a right joint (if symmetric). when the distal element 
of the joint is moved according to the thumb rule (clockwise motion when looking in the 
direction of the respective axis), A positive HT is hence an anterior (crama!), cranial 
( dorsal) or lateral shift. 
RESULTS 

Concerning the accuracy of the system, the standard deviation from the ideal line (no 
helical translation in the hinge, constant helical translation in the screw) was 0.07 mm. 
AlI examined joints showed more or less screw motions. Joints with an increasing HT 
and with a HT changing direction during motion could be distinguished. The amounts of 
tIT where found between 1 mrn and L cm. The ill did not always change during stress 
situations (knee, shoulder). An HTs were reproducible within the single joints and rather 
unchanged (with some individual variability) comparing identical joints. Examples of the 
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":', h~rban humeroulnar joint (Fig. I ) and of the ostrich knee joint (Fig.2) are depicted 

~., below. 
k:· i "oi; : ,! 
':'. ;Fio~'ure 1: translation of the Figure 2: translation of the femoro-
~ .,; huc;nan humeroulnar joint tibial (knee) joint of the ostrich 
' : " 

'lateral 
\ translation 

90° flexion 

DISCUSSION 

medial 
translation 

1 em 

90° extension 

Joint surfaces are designed to transmit forces (muscle, ligament and external forces 
I gravitation, inertia and reaction forces)) between the elements and to perform a guided 
motion. These forces influence the shape of the articular surfaces. As forces occur in 
three main directions, the exceptional case of a pure rotation (without translation) is 
excluded. HT must hence be regarded a common case. The shape of joint surfaces 
guarantees a reproducible HT. If the joint is stressed, viscoelastic behavior of ligaments 
and articular cartilage can change the HT. HTs of more than 1 em were found. In this 
connection it should be noted that, comparing 2 identical joints, the joint size influences 
the amount of HT. 
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