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The famous Russian scientist, Bernstein, in his inciteful predictions (1967) regarding 
total body motor control, postulated the "principle of equal simplicity" where "it would be 
incredibly complex to control each and every muscle,," Our challenge, as researchers, is to 
see how the CNS actually controls a 3D multisegment system towards a common goal or 
goals Gait is a particularly demanding movement in terms of complimentary and 
competitive goals; the stance and swing limbs appear to have separate agendas and the large 
common segment (HA T) joining the two lower limbs must be balanced against large 
perturbing forces, 
OUR FIRST CHALLENGE - RECOGNIZE REDlJNDANCY AND IDENTIFY 
COMMON GOALS 

Before we attempt to pinpoint synergies we must recogniz~ the anatomical organization 
of the neuromuscular system It is a huge converging system starting with the individual 
motor unit, then to a recruitment strategy to generate individual muscle tension, then the 
algebraic contributions of each agonist and antagonist to individual joint moments and finally 
to synergistic combinations of moments-of-force, Such a converging system is highly 
redundant and again Bernstein (1967) observed that "the coordination of a movement is the 
process of mastering redundant degrees offreedom and its conversion to a controlled 
system" To identify what degrees offreedom are being mastered is our goal It does not 
come easily and often requires years of observation of both normal and pathological 
movement The value of studying pathological movement is that the eNS has had to adapt 
the kinetic patterns and by scrutinizing the changed patterns we can often identify a 
synergistic pattern Also, by applying controlled perturbations to the movement we can 
identify synergistic responses (cf Horak and Nashner, 1986) 
EXAMPLES OF TOTAL LIMB OR TOTAL BODY SYNERGIES 

Three quite differentexarriples are presented to demonstrate synergies present during 
standing and walking The first was identified 15 years ago (Winter, 1980) and has 
subsequently been expanded and explained (Winter, 1984) The second is a total body 
response to a potential trip (Eng, et al, 1994) and the third is the total body's balance 
response in the frontal plane during quiet and perturbed standing (Winter, et al 1993) 
SUPPORT SYNERGY 

The notion of a total limb support synergy during stance phase of gait resulted from a 
major adaptation that was seen in a knee replacement patient For years prior to her surgery 
the pain due, to osteoarthritis had forced her not to use her quadriceps during weight 
bearing" She compensated by using her hip extensors and achieved a safe weight bearing 
This adaptive trade-off was !"art of a total limb defence against collapse and was quantified 
as a support moment, M, = ~ + ~ + M.., where extensor moments ar'e positive, A positive 

--and sorriewhat invariableM,is-seen Ui-allnormals and patients -On repeat-trials of the same 
subject we see low variability in M, in the presence of high variability in Mh and Mk (Winter, 
1984), Such findings demonstrate the tremendous redundancy of the many flexors/extensors 
at all three joints which is mastered by a single kinetic pattern, M,.. The reasons for the high 
variability in Mh are the demands of balance of the large HA,T segment on a stride-to­
stride basis. Thus the support synergy is a eNS response to keep the vertical support 



constant at the same time as responding to the variable stride-to-stride demands of HAT 

balance 
TRIPPING RESPONSE 

The goal of the CNS during swing is to achieve a safe and efficient trajectory of the 
foot Thus a safe toe clearance and a gentle heel contact are the goals.. Our biomechanical 
analysis of the degrees of freedom in the stance and swing limbs reveals that six angular 
changes have major influences over the toe clearance (Winter, 1992}. Thus we would 
predict that any or all of the muscles controlling those joints could respond in a trip during 
swing.. In actual fact four of the six muscle groups responded together in a total "elevator 
strategy" when a trip was induced early in swing (Eng, et al. 1994) The swing knee flexors, 
the stance hip abductors and the stance ankle plantarflexors all responded with the shortest 
latencies to extend the stance limb, raise the pelvis and flex the swing limb.. Interestingly, 
the swing tibialis anterior, traditionally responsible for toe clearance was not bnly late but 
inconsistent in its response.. The swing hip flexors responded consistently but with a longer 
latency than the first three muscles.. If the trip were induced late in swing the response 
changed completely, no longer was an elevator response the goal of the CNS, rather an 
extensor response was evident showing that these synergic responses were phase dependent. 
MEDIAL-LATERAL BALANCE DURING STANDING 

Quiet standing has been heavily researched in the anterior/posterior (AlP) direction and 
an ankle strategy was evident during quiet standing and low level platform perturbations 
However, a hip strategy is utilized when the ankle cannot act (Horak and Nashner, 1986) 
Most researchers have assumed that MIL balance is also controlled at the ankle during quiet 
stance A biomechanical analysis of frontal plane balance shows there are four control sites 
two sets of ankle invertorslevertors and two sets of hip abdladductors Theoretically, each 
site can control equally well However, our anatomy demonstrates a major conflict when' 
the ankle invertors/evertors act because they also have dominant responsibilities as 

___ d()~~~flexors and plantarflexo!s.. Also, because of the narrow width of the feet the maximum 
ankle inversion/eversion moment is about 10 N.m, whereas the hip abdladductors can 
generate 150 N m Thus biomechanics and anatomy predicts that the only independent 
control of MIL balance would be a hip loadlunload mechanism by the hip abd/adductors 
(Winter, et al .. 1993) Only through the use of two force platforms can we see this motor 
action, as one limb loads by a few % the opposite limb unloads by exactly the same %. Thus 
the centre of pressure (COP) movement between the two feet moves solely because of hip 
motor action and not because of COP changes under each foot. 
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In the last three decades, great emphasis has been placed on understanding the 
ability of bone to alter its mass and morphology in response to physiological and 
mechanical stimuli. In that light, here, we focus on how selected stimuli (diet, exercise, 
vascular response) initiate and m!;!diate adaptation in the skeleton. 

In the healthy adult skeleton, a coordinated interplay (remodeling) occurs between 
osteoclasts and osteoblasts, in which the bone-resorbing osteoclasts are first recruited, and 
then followed by the recruitment and differentiation of osteoblasts to fill in the newly 
excavated sllIface.4 As the primary reservoir of body calcium, the skeleton must fulfill 
dual-at times antagonistic-roles in maintaining the metabolic homeostasis and 
StructUfal integrity of the body" A variety of imbalanced systemic states (vitamin D 
deficiency, hyperparathyroidism, menopause) affect recruitment and activity of 
osteoclasts and osteoblasts, and, as a result, dramatically influence skeletal mass. 
Obviously, dietary calcium plays a central role in skeletal health7, but recently, we 
examined other influences of diet on bone.9,13.!4,l5 Both short-term9.!3 and long-tenn!4 

- expo-sure to high-fat and sucrose (HFS) diets markedly influence lataxial and 
appendicular bone mechanical integrity. After 2 yr on either an HFS diet or a low-fat 
complex-carbohydrate (LFCC) diet, we found that the vertebrae of rats on the HFS diet 
withstood significantly smaller loads and compressional stress and were significantly less 
stiff than LFCC vertebrae. Also, the femoral necks from the HFS rats withstood 
significantly smaller mechanical stress and had an increased ratio of trabecular-to-cortical 
bone. In immature vertebrae and femoral necks in trained versus untrained rats fed either 
a recommended- or high-protein diet, we!5 found that coupling high dietary protein with 
exercise attenuated the adverse affects of strenuous exercise on immature rat bone, 
particularly in the weight bearing femoral neck. 

In adults, long-tenn training elevates bone mass, but the specific parameter 
responsible for controlling that adaptation has not been identified_ Numerous mechanical 
parameters have been proposed, including: strain magnitude!2, frequency!!, and history2 
and strain ~nergy density.s Recently Gross and colleagues5 applied exogenous loads to 
tUrkey radii and found that sites of periosteal new bone formation correlated poorly with 
sites ,of peak strain magnitude, but strongly related to sites with large circumferential 
strain gradients. We are now measuring strain gradients generated during nonnal 
locomotion and identifying changes in stimuli related to running speed, to predict sites of 
exercise-induced adaptation. TIrree triple rosette strain gages are attached to the medial, 
lateral, and anterior cortices ofthe diaphyseal tarsometatarsus (TMT) in mature White 
Leghorn roosters, as they walk and run on a treadmill. Using linear beam theory, the 
distribution of longitudinal normal strain acting on the mid diaphysis cross-section is 
determined. The cortex is divided into 12 equal-angle pie sectors, and the circumferential 
strain gradient within each sector is calculated. We are finding that despite a 3-fold 
increase in locomotor speed, peak compressive and tensile strains and the location-of the 
neutral axis vary little dllIing the stance phase of each gait (FIG 1), but maximum strain 
gradient magnitudes are non uniform in distribution (FIG 2).. The range of functionally 
induced gradients is not altered by running speed. We are also investigating whether 
uphill or downhill running more substantially alters these gradients, thereby providing a 
larger stimulus for adaptation. 
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While mechanical stimuli undoubtedly playa vital role in skeletal adaptation, 
. profound vascular adaptation (hyperemia, angiogenesis) also plays a role. Cellular and 
, molecular data indicate that endothelial cells, if stimulated by fluid flow, express peptides 

that act directly upon bone cell populations, or alternatively, as paracrine regulators of 
bone cell activity. 1,10 Thus, endothelial cells (through a flow mediated pathway) may play 
an active---rather than passive-role in regulating bone cell activity} To examine this 
hypothesis, we assessed the relation between bone blood flow and bone structural 
integrity following joint injury in mature female New Zealand white rabbits (n=8 ACL 
transection, n=8 sham surgery).6 Post surgery, rabbits ambulated either 14 or 48 wk, and 
then anesthesia was induced and colored micro spheres were injected into the left 
ventricle. Cylindrical bone cores (3 x 6 mm) from the medial condyle of the each right 
femur were mechanically tested, the number of spheres trapped within the remaining 
subchondral bone was assessed, and standardized blood flow was detennined. The 14 wk 
joint laxity was associated with a 76% increase in experimental bone blood flow and a 
34% decrease in bone stiffness (blood flow and stiffness, r := -0.9). After 48 wk ofjoint 
la,'{ity, mean flow in the ACL transected femurs was elevated 25% compared to sham 
controls. Stiffness in the 48 wk ACL group was degraded 54% in comparison with shams, 
but no significant correlation persisted between these measures. Thus, enhanced blood 
flow may more actively mediate tissue adaptation immediately post-trauma, and we are 
currently analyzing data at 2 and 6 wk post-injury to verify this hypothesis. 

Our research highlights the interactive cellular, physiological, and mechanical 
facets of skeletal adaptation. By better understanding these facets of skeletal adaptation, 
more specific information may emerge to treat bone loss pathologies. 
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Knee ligaments are tough bands of fibrous tissue -that connect the femur to the tibia.. Theil' 
nonlinear tensile properties are uniquely suited for maintaining smooth joint kinematics and limiting 
excessive joint motion. Nevertheless, the anterior cruciate ligament (ACL) and the medial collateral 
ligament (MCL) are frequently injured, accounting for 90% of all ligament injuries in young and 
active individuals. 

The biomechanical properties of knee ligaments are generally determined in tension. Because 
these structures are relatively short and broad, their tensile properties must be derived from the 
testing of a bone-ligament-bone complex; femur-ACL-tibia complex (FA TC), or femur-MCL-tibia 
complex (FMTC). With the introduction of video technology and improved methods of determining 
cross-sectional area, the structural properties of the complex, represented by the load-elongation 
curve, and the mechanical properties of the ligament substance, represented by the stress-strain 
curve, can be obtained from a single uniaxial tensile test [14] Ligaments also exhibit viscoelastic, or 
time- and history-dependent, behavior as a result of interactions between collagen, proteoglycan 
molecules, water, and other structural components in the tissue. Therefore, the loading and unloading 
curves do not follow the same path and form a hysteresis loop due to energy dissipation .. 
Additionally, ligaments display typical stress-relaxation behavior. 

In our laboratory, we have examined the effects of several physiologic factors on the basic 
biomechanical properties of ligaments using the rabbit MCL as a moder.These studies have-elucidated 
important biologic factors that affect the biomechanical properties; they include maturation and 
aging, immobilization/mobilization of the joint, and tension and exercise, all of which affect ligament 
remodeling [16]. We also have reported on experimental factors that significantly affect the 
ligament properties, including temperature, strain rate, ligament orientation and state of ligament 
hydration [16] .. 

Armed with basic science data, our laboratory during the last decade has focused on (1) MCL 
repair and healing and (2) ACL reconstruction Because the MCL is able to repair itself after an 
injury, it serves as a good model to study ligament healing .. Earlier models had successfully tested 
MeL healing after a simple surgical transection [2, 5, 8].. Our recent work has concentrated on a 
clinically relevant model whereby "mop-end" types of tears in the ligament substance were created 
with concomitant damage to the insertion sites [13] We have used such an injury model in rabbits to 
compare repair versus nonrepair of the rupture After histologic confirmation of insertion-site 
damage, biomechanical evaluation revealed that all MCLs were well healed 12 weeks after injury 
However, the ligament substance and the insertion sites healed at asynchronous rates .. At 6 weeks 
after injury, the ligament substance was stronger than the insertion sites .. With time, the latter gained 
strength-, and by 52 weeks, all tensile failures occurred in the midsubstance, confirming that the 
insertion sites were stronger.. Moreover, although strength and function of the injured FMTC were 
totally recovered by 52 weeks, histologic and biomechanical results indicated that the properties of 
the healed ligament material remained inferior. We also found that primary repair had no advantage 
over nonoperative treatment [12].. 

The model was extended to address whether the MCL needs to be repaired in a combined ACL 
and MCL injury after surgical reconstruction of the ACL. We found that although MCL repair 
reduced varus-valgus laxity and improved structural properties of the FMTC in the first 12 weeks, the 
long-term effects of MeL repair were diminished by 52 weeks .. Further, the stiffness of the FMTC 
and modulus of the MCL did not differ significantly between the:; repair and nonrepair groups .. We 
concluded that in a combined ACL and MCL injury, primary MCL repair provides little or no benefit 
[9, 17].. 

In contrast to the MCL, midsubstance ACL injuries have limited healing ability. Hence, when the 
~CL ()LaY()t}ng, l.I.<;tive patient is torn, it is generally reconstructed with an autograft or allograft 
However, the appropriate choices for both the replacement graft and the surgical technique are still-
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hotly debated. Two types of infonnation are needed to answer these questions: (1) What is the 
tensile response of the ACL?, and (2) How does it function within the joint? Our laboratory 
determined the tensile properties of the human FA TC while maintaining proper anatomic alignment, 
and documented a significant effect of specimen age and orientation of these properties [15]. 

Recently, we have focused on the determination of the in-situ force within the ACL using a 
universal force-moment sensor (UFS) [4].. This sensor is capable of measuring the three forces and 
three moments applied to the knee during testing, and with incremental dissection and appropriate 
mathematics, the magnitude and direction of in-situ forces in the human ACL can be calculated. The 
primary advantage of this approach is that it requires neither surgical intervention nor the use of 
mechanical devices attached to or near the ACL.. Moreover, no a priori assumption is needed for the 
directions of in-situ forces. Essentially, a known loading condition is applied to the intact joint, and 
the joint Ill:otion is recorded.. All supporting structures in the knee except the ACL are then dissected 
away, and the previous path of joint motion is reproduced.. The outputs of the Uf.S in the second 
test then represent the contribution of the ACL to the intact joint by the principle of superposition 
Under 1 degree-of-freedom (DOF) anterior tibial loading of the intact joint, in-situ forces in the ACL 
were higher than the applied drawer force. The direction of this force corresponded approximately to 
the insertion angle of the anteromedial (AM) portion of the ACL on the tibial plateau. We also 
found that the AM portion supports approximately 95% of the total in-situ force in the ACL for 
this loading condition [6]. 

To extend our methodology to include multiple-DOF joint motion, we are utilizing a robotic 
manipulator [3].. The primary advantage of this approach is that the robot can learn and reproduce 
more complex motions of the knee.. Using force-moment control, an unconstrained (5,DOF) 
anterior-posterior load is applied to the knee while the robot records joint motion.. After all 
structures (except the ACL) are removed, the robot reproduces the identical path of intact joint 
motion .. As discussed previously, the in-situ force in the ACL (magnitude and direction) then can be 
detennined using superposition [4, 6] Thus, our combined UFS and robotics approach is a powerful 
tool for characterizing the in-situ force in the ACL under a variety of external loading conditions. 

Better understanding of the properties of normal ligaments and the changes associated with 
injury, healing, repair, and reconstruction are important to guide the clinical management of 
ligament injuries .. Recent advances have been made using growth factors and gene therapy to improve 
the quality of healing tissue [1, 10, 11] and using robotics technology to evaluate the contributions of 
normal and reconstructed ligaments to joint stability. Future studies s~Oldd additi()n;:tlly (;oIlsjder: 
muscle sfabilization [7J aJld then can addY'ess the important need for the development of 
rehabilitation protocols .. These studies will provide important infonnation that the clinician can use 
to make better choices regarding surgical technique as well as subsequent rehabilitation protocols and 
eventually lead to improved clinical care for injuries of the MCL and ACL 
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Muscle architecture and muscle function In human 
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Introduction; 
A force produced by skeletal muscle is transmitted to bone by tendon, performing a 

joint movement Muscle fibers are tied up in a fascicle which connect tendon and 
aponeurosis Thus, to estimate noninvasively the functional characteristics of muscle fiber 
in vivo we have to consider such architectural factors as length and angle of the fascicle, 
moment arm of joint, total cross-sectional area of muscle fibers in parallel (physiological 
cross-sectional area,PCSA). Recently developed imaging technique such as MRI and 
ultrasonography make possible to estimate directly and noninvasively the architecture of 
muscle-tendon complex Purpose of the present study is to observe a dynamics of the 
muscle-tendon complex in human extremity by means of MR and ultrasonic imaging 
techniques, and to make it clear the relation between the architecture and the function of 
human muscles 
(l)Visualization of intramuscular excursion during joint action; 

The intramuscular excursion of the human tibialis anterior (T A) was observed by the 
real-time ultrasonic method. The tester visually confirmed the echoes reflected from the 
aponeurosis and interspaces among fascicles in the TA (Kuno and Fukunaga,1995) The 
cross point (f1) between two echoes; one-echo from the deep aponeurosis and the other 
from fascicles, was easily determined on the ultrasonogram. During dorsi and plantar 
flexion without additional load the fI moved completely in phase with the angular change of 
the ankle joint, giving the (displacement/angular change) of 47mm/radian, which was 
equivalent to the functional moment arm observed by MRI (Rugg,1989).. 
(2)Fascicle length changes due to joint angle; 

Fascicle length in vastus lateralis estimated by ultrasonography was about 100 mm at 
the knee joint extended full (0°) without muscle contraction, and it increased to 130 mm 
(+30%) at knee flexed position ( 1100 ) .. If the knee angle was changed from 0 to 110° with 
the contraction of 10% MVC the increment of fascicle length was more than the muscle 
relaxed, i .. e .. the length increased by 70%, hom 70 mm (0°) to 120 mm (1100) This 
differences of length between relaxed and tensed would be due to the flabbinesS' (large 
compliance ) of fascicles when the muscle is relaxed, especially when the knee is 
extended .. 
(3)Musde fiber pennation angles are greater in hypertrophied 
than in normal muscles; -

The pennation angles which was estimated as angles between ultrasonic echoes from 
the interspaces of fascicles and from the aponeurosis of long heads of triceps brachii were 
in the range of 15 and 53° ( about 40° for bodybuilder and about 20° for normal 
)(Kawakami et al, 1993).. Significant differences were observed between normal subjects 
and highly trained bodybuilders in muscle thickness and pennation angles, suggesting that 
muscle hypertrophy involves and increase in fiber pennation angles .. 
(4) Muscle-tendon length shortened during isometric action; 

An elastic component of muscle is stretched by the contraction force of muscle .. It was 

observed clearly that in the TA muscle the insertion point (f1) of fascicles onto the 

aponeurosis moved during static action at the ankle joint fixed, i .. e the fI shifted 
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proximally according to the increasing dorsiflexion force. Notably, the moved distance of l] 

(oL) and the dorsiflexion force (oF) relationship was quadratic in nature ( of=k oL2, 
k:::O 6-2 2, r=0.99, n=9 ), which curve was similar to that of the isolated tendon .. 
(5)Contribution of tendon elasticity in human movement; 

When a repetitive ankle bending exercises in a standing position was performed with 
different frequencies the relation between the length changes in the fiber (lj) and ,the 
muscle-tendon complex (/oi ) of triceps surae was affected by the frequencies, i e at low 
frequency the lj and loi changed in phase, while at high frequencies above 160 times/min 
the lj and loi changed almost 1800 out of phase with each other. This suggest that even if 
the muscle tendon complex was lengthened at high frequencies of bending, the fiber 
activated not eccentrically but concentrically, which was also confirmed by EMG 
recordings 
(6)Are specific tension same in different muscle groups? 

Reported specific tension measurements for human muscle vary widely (20-90 
N/cm2) .. This variability would be due, at least in part to the determination of the PCSA 
(Fukunaga et al 1992). Even if the specific tension was estimated by using the newest 
~maging techniques for various muscle groups, it was observed still so many scatters of 
the specific tension as 20(plantarflexor and knee extensor), 25(dorsiflexor), 65(elbow 
flexor and extensor) N/cm2 This discrepancy may be due to other factors as neural 
mechanism than muscle-tendon architecture. 
(7)Resistance training induces architectural changes in muscle; 

When a human elbow extensor muscle was trained 16 weeks with resistance exercise 
the muscle architecture changed remarkably, i e the PCSA increased by 33% , 
accompanying 29% increment of fascicle angle, while the length of fascicle didn't change .. 
The specific tension decreased after training Increase in fascicle angles implies the 
occurrence of changes in muscle architecture, which might have contributed to the increase 
in muscle volume while giving a negative effect on force-generating properties of muscle 
(8)Space flight cause more muscle atrophy than bed rest? 

By 14 days of space flight the PCSA of leg muscles reduced remarkably, i e the 
PCSAs of knee extensor, flexor muscles, and triceps surae decreased by about 15%, 
except for dorsiflexor muscle In the case of 20 days of bed rest, however, the decrement 
of muscle PCSA was lower than the space flight, i e the knee extensor and flexor muscles 
indicated significant decrease of 5-8%, and the plantar flexor muscles by 10% These 
results suggest that there is variability of muscle atrophy in the muscle groups after space 
flight or bed rest, and it may be considered that the space flight effect more on muscle 
atrophy than the bed rest 
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NONINVASIVE APPROACH TO MOTOR UNIT CHARACTERIZATION: 
MUSCLE STRUCTURE, MEMBRANE DYNAMICS AND NEURONAL CONTROL 

INTRODUCTION 

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

Helmholtz-Institute for Biomedical Engineering 
Aachen, University of Technology 

Pauwelsstr. 20, 52074 Aachen, Germany 

The standard surface-EMG reflects, due to its low spatial resolution, the compound 
activity of a high number of motor units (MUs). Therefore, detailed information about 
structural and functional characteristics of the muscle, like the functional anatomy, the 
excitation spread or the innervation pattern, can not be gained from the standard 
surface-EMG. However, this information formes the basis for detailed interpretations of 
the surface-EMG signal and, thus, of the physiological and pathological properties. 

A novel, noninvasive EMG-procedure v"ith a high spatial resolution (HSR-EMG) 
allows in contrast to the standard surface-EMG the detection of the single MU activity 
during voluntary contraction. By this approach the HSR-EMG provides information 
about the structural and functional characteristics as well as a deeper insight in the 
active state of the muscle. Examples will demonstrate the potential and the limitations 
of this method. 

METHODS 
The HSR-EMG procedure is based on a spatial sampling of the potential dis­

tribution generated on the skin surface by the excitation of the MUs. Therefore, a 
special two-dimensional multi-electrode array with an interelectrode distance adjusted 
to the spatial gradient of the potential distribution (2.5 - 5 mm depending on the 
investigated muscle) is used (Fig. I ). The spatial resolution of the recording setup has 
been improved by a weighted summation of five adjacent EMG-Ieads forming the filter 
which are arranged crosswise (NDD-fiher) (Fig.l)[1,2]. This spatial filtering of the 
potential distribution performed in this way enhances the electrical activity of MUs 
located directly beneath the center of the filter and reduces the activity of more 
distantly located sources. In this way, the activities of MUs located close to the skin 
surface and therefore close to the electrode array become detectable in a noninvasive 
way [1,2]. 

Fig 1." Comparison 
between a bipolar and 
a NDD-filtered channel 
A series connection of 
NDD-filters (in this 
case three) allows the 
determination oj the 
excitation spread in 
single MUs .. 
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From one spatially fIltered channel the activities of single MUs can be recorded as 

a function of time. To get additional information about the excitation spread along the 
muscle fibres of single MUs, electrode arrays are used which provide several NDD­
mtered channels in a lined row orientated in parallel to the muscle fibres (Fig.l) [1,2]. 
In this way the noninvasive recording of the excitation spread along single MUs 
becomes possible [1,2]. 

APPLICATIONS , 
The HSR-EMG procedure allows a noninvasive determination of different essential 

structural and functional characteristics of the muscle. From the direction of the 
excitation spread in single MUs information about the functional anatomy of the 
investigated muscle can be gained: The orientation of the muscle fibres can be 
determined and additionally the endplate legion can be localized with an accuracy lower 
than the interelectrode distance of the electrode array. When using various sizes of 
el~ctrode anays different muscle groups or functional units of the muscle' can be 
distinguished. 

The knowledge about the excitation spread allows the calculation of the conduction 
velocity in single MUs. Additionally, the membrane dynamics as well'as the muscle 
fibre geometry (e.g. fibre diameter) which affect the excitation spread can be examined 
in this noninvasive way. 

Since the HSR-EMG allows the detection of the single ~1Us activity even during 
maximal voluntary contraction of the muscle, the procedure is well suited for investiga­
tions of the innervation pattern of the muscle. The firing rate of single MUs as well as 
their recruitment can be determined by the HSR-EMG in a noninvasive way. 

Combining this procedure with other approaches like the MU triggered sampling 
principle [3], the understanding of the active state of MUs could be further extended. 

CONCLUSION 
Since the conventional surface-EMG is highly affected by the structural and 

functional characteristics of the muscle, the information about these characteristics is 
essential. for a correct interpretation of the surface-EMG sig:q.aL The noninvasive HSR­
EMG procedure allows in contrast to the standard surface-EMG the determination of 
the functional anatomy of the muscle, the examination of the excitation spread as well 
as the investigation of the neuronal control of the muscle. 

REFERENCES 

(1] Reucher H, Silny J., Rau G 1987 Spatial Filtering of Npninvasive Multielectrode EMG Part I: 
Introduction to Measuring Technique and Application; Part II: Filterperformance in Theory and 
MOdelling. 
IEEE Trans. on Biomed. Eng. BM&34, No.2, 98-1D5 

[2] Reucher He, RauG, SUny J 1987 Spatial Filtermg of Noninvasive Multielectrode EMG Part I: 
Innoduction to Measuring Technique and Application; Part I: Introduction to Measuring 
Technique and Applications. 
IEEE TJans on Biomed. Eng. BME-34, No 2, 106-113 

[3] Roeleveld K, Stegeman D F, Vingerhoets HeM, v OosteIom A. 1994 Representation of Moto! 
Units in the Surface Electromyogram. 
Proceedings of the 10111 Congress of ISEK, 140 - 141 



20 NEURAL ADAPTATIONS WITH CHROl"JIC PHYSICAL ACTIVITY 
Roger M. Enoka 
Department of Biomedical Engineering, Cleveland Clinic Foundation, 
Cleveland, Ohio 44195, USA 

Although the role of neural mechanisms in the adaptations that accompany chronic 
physical activity has been controversial, there is now substantial evidence that they aIe at 
least as important as the changes that occur in the musculoskeletal system. Evidence in 
favor of a significant role for neural mechanisms has been accumulated from a variety of 
chronic activities, including agiI1'g, cross education, immobilization, and strength training. 
However, the actual nature of the adaptations that occur within the nelVOUS system has 
been difficult to determine, largely due to technical limitations. The presentation will first 
review some of the evidence for neural mechanisms and then consider what is known 
about the form of these adaptations. 

THE CASE FOR NEURAL ADAPTATIONS 
Perhaps the most familiar evidence indicating a role for neural adaptations is the 

gain in strength that occurs in the first few weeks of a strength-training program (Moritani 
& deVries, 1979). When a naive person performs strengthening exercises, the initial 
increase in strength is often accompanied by a compaIable increase in EMG, but this 
precedes a significant change in muscle size (Narici et al., 1989). Such a time course 
suggests a prominent role for neural adaptations. This possibility was underscored by the 
obselVation that a 4-week training program of imagined contractions resulted in an increase 
in MVC force (Yue & Cole, 1992). The magnitude of the increase in MVC force produced 
with the imagined contractions was less than that achieved by the subjects who actually 
petformed the training program, but it was nonetheless significantly greater than that 
measured in those subjects who did not train. Because the increase in strength occurred 
without accompanying EMG or force during training, the effect must have been diYeto 
adaptations in the nervous system, probably involving reorganization of the descending 
drive from suprasegmental centers. 

TyPES OF NEURAL ADAPTATIONS 
Although such observations implicate the nervous system, much of the evidence is 

inferential (e.g., the strength training adaptations) and defInitive studies aIe lacking. The 
actual form of the neural adaptations that mediate these effects is largely unknown. 

1. Maximality of Neural Drive 
At least since Belanger & McComas (1981), results with the superimposition 

technique have indicated that maximum activation of a muscle by voluntary command 
is difficult and that this difficulty varies across muscles.. Recent data suggests that 
subjects can maximally activate the elbow flexor muscles, but that this only occurs in 
about 10% of the maxin':lUm voluntary contraction (MVC) trials (Allen et al., 1995). 
Furthermore, periods of reduced use, such as limb immobilization, cause marked 
reductions in the ability of individuals to maximally activate a muscle by voluntary 
co;mmand (Duchateau & Hainaut, 1987). However, new opportunities with magnetic 
reSDnance (MR) imaging suggest that MVC force with the knee extensors can be 
achieved by activating only 75% of the cross-sectional area of the quadriceps femoris 
muscle (Adams et al., 1993). This is consistent with the finding that sensory feedback 
can increase MVC force, even in highly tramed strength athletes (Howard & Enoka" 
1991). 

2. Specificity of Neural Drive 
The adaptations that can be attributed to changes in neural drive appear to be 

specific for a task but not focused exclusively on the motor neuron pool of the prime 
mover muscle. Examples of task-specific adaptations in neural drive include the 

. velocity-dependent effect of isokinetic training that occurs for both intended (bu t 
blocked) and actual isometic contractions (Behm & Sale, 1993), the increase in 
strength (MVC force) that can be achieved with imagined contractions (Yue & Cole, 
1992), and differences in the EMG amplitude for intended concentric and eccentric 



contractions (Grabiner et al., 1995). However, strength trainmg of one limb, either by 
voluntary activation or by electrical stimulation, results in significant increases in 
strength of the contralateral limb (Enoka, 1988). This cross-education effect suggests 
dlat the neural adaptations are not limited to the motor neurons that innervate the prime 
mover muscle. 

3. Pattern of Neural Dri~e d' b 1 . lIb . 
Because the neur a aptanons cannot e exp amed so e y y changes In the 

quantity of neural drive (EMG) to a muscle, there must also be qualitative changes in 
the input At a global level, this is evident by a reduction in coactivation (Carolan & 
Cafarelli, 1992) and an improved coordination among synergists (Rutherford & Jones, 
1986) with strength training. One mechanism thought to mediate some of these effects 
is motor unit synchronization (Milner-Brown et al., 1975), although this remains 

- speculative. Other potential mechanisms include changes in reflex excitability and in 
the discharge of motor units (Sale, 1988). 

The nervous system has remarkable adaptive capabilities. Some of the alterations 
inperformance that occur as a consequence of chronic activity patterns are undoubtedly 
mediated by changes that occur in the nervous system. 
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BIOMECHANICS OF LOW BACK INillRY 
Stuart M" McGill 
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How can a person hurt their back picking up a pencil from the floor after lifting safely \ 
all day? How does low back injury occur from sitting? Why do we pressurize the abdominal 
cavity upon exertion? Is it better to stoop or squat ouring lifting? Should the spine be in a 
flexed posture or in a neutral posture upon exertion? Is compression the most important 
loading variable when considering injury? These ar'e all important and fascinating questions 
related to mechanics of normal low back function and ofin}ury. While it is currently popular 
to state that psychosocial components ,factor heavily in several aspects of occupational low 
back pain, there is no dispute that injury must result from excessive loading of a particular' 
tissue., In fact, it is the characteristics of the load itself (load rate, mode of load-compression, 
bending, torsion, shear, etc) and properties of the tissue which determines the type and extent 
of the tissue damage., The purpose of this keynote lecture is to update ISH delegates, who 
are experts in a variety of areas in biomechanics, on some of the issues associated with 
the biomechanics oflow back injury. While several issues will be discussed in the lecture 
only a few will be introduced here. 

What really causes injury? Injury occurs when the magnitude ofload applied to a 
tissue exceeds the failure tolerance., Despite the tendency for many people to cite a single 
event that caused their injury, in reality their injury was more likely the result of cumulative 
microtramma associated with repeated and prolonged 19ading. Tissue tolerance is modulated 
by many factors including age, gender, and load factors (repetition, duration, and rate of 
application) to name a few Combining biomechanical modelling techniques to obtain the load­
time histories on each tissue with studies of tissue mechanics and structural architecture is a 
powerful approach for analyzing injury mechanisms, assessing the risk, and planning avoidance 
strategies., 

The anatomical design of the various tissues of the low back contain many 
subtleties that both work to support loads in a safe way but may lead to tissue overloa~ 
if the advantages in design go unrecognized. For example, some have implicated anterior-, 
posterior shear forces as a potential injury mechanism (e g, Troup, 1976). It is interesting that 
the major lumbar extensors create large posterior shear forces upon activation while the 
interspinous ligament causes anterior shear forc;es when stretched in fully flexed postures 
(Heylings, 1978) This is one example where spine posture determines the interplay between 
passive tissues and muscles which ultimately modulates the risk of several types of injury. 
Furthermore, it is the opinion of this author that far too much effort has been devoted to the 
issue of whether it is better to stoop or squat when lifting to reduce the risk of injury. Given 
the wide v"1iety in dimensions of objects to be lifted, one sometimes has to employ one method 
over another to get the object close and reduce the reaction moment arm~ A much larger issue 
is the curvature of the spine which must be separated from hip rotation when discussing "trunk. 
angle". Trunk. angle simply affects the magnitude of the moment while spine posture 
determines the distribution ofloads among the passive tissues and muscles and in fact the 
ultimate strength of some of the load bearing structures .. 

Reasonable interpretation and assessment of injury mechanisms requires the acquisition 
of tissue load-time histories in vivo" The approach that I took with my colleague Bob Norman 
several years ago was to develop a model that incorporated sufficient anatomical detail and 
t1:iafusedastrategy of obtaining tissue loads that was sensitive to the individual ways people 
support their spines (e g, McGill and Norman, 1986; McGill, 1992) For this reason, 
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nUl,,",""'- optimization approaches were forgone in favour of utilizing biological signals of 

EMG to assist in assigning muscle forces At the same time measurement of 3D 
:":',irnUlU''''"''''~''-' 
~';,~S:PlJll~ displacement is used to obtain passive tissue loads once the range of motion/passive 
,,:,resistance has been calibrated" In this way, full credit is given to muscle co-contraction during 
,:i:;omplex tasks together with enabling analysis of the subtle differences that lead to overload 
:':~'and injury of a particular tissue A major assumption with this approach has been to use 
'~urface electrodes to represent deep muscle activity Recently we have attempted to justify 
this assumption and have concluded that deep muscles appear to have synergists that are 
myoelectrically accessible on the surface 

Explaining injuries when forceful exertions are required have been attempted to varying 
, '-degrees of success - but at least it follows intuition that high loads can cause injury. Far more 

curious is the case where one "throws his back out" when picking up a pencil Recent 
work by my graduate student and colleague Jacek Cholewicki, demonstrated that when the 
reaction moments are small, and muscle forces are correspondingly low, the risk pf instability 
and short column buckling is much higher It would appear that it is much more likely that a 
motor control error, resulting in an inappropriate, but small and temporary, muscle force could 
'cause local joint motion sufficient to create overload in a single tissue 

The spine has a memory. Its viscoelastic structures react to loa4 in a way that 
depends on the previous loading history For example, prolonged sitting in a flexed posture 
'stretches the posterior passive tissues which require up to half an hour to restore normal joint 
stiffuess (McGill and Brown, 1992) This knowledge may be used by those responsible for 
,organizing manual work to minimize the risk of injury Several other biomechanically 
justifiable guidelines to minimize the risk of injury at work will be introduced in this lecture 

What are the major "hot" issues for the immediate future? Certainly the currently 
used, single values for occupational spine load exposure are woefully inadequate in the field of 

'. reducing the risk of injury. A load-time integral, that is sensitive to the direction and mode of 
loading, age, gender, load repetition, load duration, number and duration of rest breaks, etc, is 
heeded., As well, the field of rehabilitation requires better functional diagnoses of low back 
injury Only then will clinicians be better able to optimize programs to strengthen tissues 
without exacerbating the real injury or structural weakness. 

The spine is a wonderfUlly complex structure that 'Will continue to cause sufficient 
problems which in turn will motivate clever minds to determine how it works and how to 
minimize the risk of injury The young ISB members - the consummate biomechanists, who 
are conversant in functional anatomy, mechanics, motor control and principles of 
instrumentation will enjoy a lifetime of most pleasurable and satisfying work in assisting the 
great majority of us who suffer back injury, Much remains to be done, 
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CURRENT ISSUES IN MECHANICS OF ATHLETIC ACTIVITIES 

Roger Bartlett 

Division of Sport Science, The Manchester Metropolitan University, Alsager, UK. 

INTRODUC'TION 
There are many topics in the study of strenuous sporting activity which 

biomechanists would consider to be important issues - that is contentious matters th 
decision of which has significant consequences. This presentation will focus on son 
of these cunent issues, chosen to illustrate the range of sports biomechanists activiti 
from applied through to fundamental research. The intention of the presentation is n 
to resolve these issues, but to stimulate debate on them by standing aside from 
everyday research and looking at these issues from a broader perspective. 
APPLIED ISSUES 

There is some controversy about the contribution which biomechanists havi 
made to improvements in the perrormance of athletes or reductions in the occurrenc( 
in injury. It is possible to cite a great deal of anecdotal evidence of useful contributi( 
in both respects at the elite level, and far less at the non-elite level. Biomechanists h~ 
played an important role in the understanding of technique, for example the generati, 
of propulsive forces in swimming. There have also been important contributions to tl 
understanding of the causes of injury, as exemplified by the identification of the 
injurious mixed technique in cricket fast bowling (e.g. Elliott et aI, 1992). However, 
there is a paucity of research to establish whether any improvements in the 
performances of individual athletes have been the result of biomechanical analysis 01 

some other factor such as motivation. Nor is there a great deal of evidence of whethe 
identification by biomechanists of risk factors in injmy has led to any reduction in th, 
occurrence of injury. Many biomechanists are proud of their contribution to sport 
through applied research and yet such issues have not been adequately addressed. 

Far too much applied research, such as prqjects at the Olympic Games, is 
simply never used in the field or communicated appropriately to athletes and coaches 
This is partly because insufficient attention is given to optimisation of the process of 
feedback of biomechanical information to coaches and athletes. As Gregor et al. 
(1991) pointed out, the focus has been on what is provided not how. Whilst the latter 
does involve aspects of motorleaming (Hay, 1991), it also falls within the domain of 
the sports biomechanist. Such collaborative, interdisciplinary work, to improve the 
application of research into practice, should form a greater focus of our activity. 
FUNDAMENTAL ISSUES 

As Cappozzo (1983) identified for the non-use of gait evaluation by clinical 
practitioners, there are both practical and fundamental, theory based issues. Much 
applied sports biomechanics research and servicing also poses fundamental research 
questions. Arising from the issue of how best to utilise and feedback biomechanical 
information are many concerns of fundamental research relating to how movement is 
coordinated. The coordination of segment, joint and muscle actions are held to be 
crucial to the successful execution of sports skills. However, there has been far'too 
little systematic research in this area, and more is needed if sports movements are to b~ 
fully explained and not simply measured, described and modelled (e.g. Norman, 1989) 

The identification of the optimal movements for an athlete is crucial for 
performance and injury prevention. Do we really know, for example, what makes an 
athlete throw further, even in terms of descriptive variables, let alone the mechanisms 
which generate the movement? Questions remain as to which of the many possible 
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\Nariables are most important and, more fundamentally, how such movements are 
.... co~trolled. There remains a need for both experimental and theoretical approaches to 
:these problems. Whilst developments in technology may enable the acquisition of much 
i~l.Iger amounts of experimental data on individual athletes, great care will have to be 
w.ken in the design of such experiments and, particularly, in the statistical analysis of 
;fue data obtained from them (e.g. Zatsiorsky and Fortney, 1993). 

It is unlikely that statistical modelling will supersede the current use of 
computer simulation models. One of the major problems in such modelling of sports 

'. movements is that too many of the models used are divorced from the real world. There 
are still many unresolved issues in this area, relating to model complexity, simulation 
evaluation, what muscle models are needed for specific sports and the customisation of 
whole body models (Yeadon and Challis, 1994). 

The whole process 'from muscles to the movement pattern' (Nelson and 
Zatsiorsky, 1994) is also of major relevance, including the issue of muscle reduna:ancy 
and how best to tackle it. Much research has focussed on the stretch-shorten cycle (e.g. 
Komi, 1984), although its exact importance in comparison with the concentric 
mechanism remains open to debate. The role of two-joint muscles has received much 
~ttention in the literature but there is no complete consensus on this topic,' as evidenced 
by van Ingen Schenau (1989) and the variety of responses to his target article in an area 
of fundamental importance to the biomechanics and motor contlol of sports movements. 
CONCLUSIONS 

There remain many unresolved issues in the biomechanics of athletic activities, 
many of which overlap with other disciplines (e.g. Nigg, 1993). Research to address 
these important applied and fundamental issues will increasingly become more question 
than discipline orientated, will focus more on mechanisms than description, and will 
involve multidisciplinary teams of researchers. 
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INTRODUCTION 
Animal quadrupedal walking has been reported to be diagonal sequence (DS) gait 

(Left Hind-Right Fore-RH-LF) for nonhuman primates and lateral sequence (LS) gait 
(LH-LF-RH-RF) for nonprimate mammals (1,2). Hildebrand (2) thought phylogeny of 
quadrupedal locomotion by means of graphic method of animal's gait 

Abe et al. (3) reported creeping on hands and knees (Figure 1.) and walking on 
hands and feet (Figure 2.) of human differ in gait development by kinematics method. 
The fonner has a period where leaving and touching-ground do not coincide with each 
other, and human may possess motor program of DS gait because walking on hands and 
feet shows DS gait in both leaving and touching.-ground regardless of ages. 

As for gait graph of hllffian quadrupedal walking, Hildebrand (1) reported creeping 
on hands and knees of infants and walking on hands and feet of 6 to 11 ages and 
Sparrow (4) reported creeping on hands and knees of infants and walking on hands and 
feet of adults. Some questions still remained to be discussed, however, in the results of 
creeping on hands and knees of Sparrow (4). 

The purpose of the present study were applying the graphic method to the development 
of human quadrupedal walking gait and considering phylogeny of quadrupedal locomotion. 

Figure 1. creeping on hands and knees Figure 2. walking on hands and feet 

METIIODS 
The subjects were 15 infants under one year old, 100 children aged 1 to 5 years and 

25 adults. Both creeping on hands and knees and walking on hands and feet modes were 
fIrstly VIR recorded (30 frames / sec. ). The VIR. analysis were then perfonned to obtain 
time sequence data of leaving and touching-ground of the four limbs. On the basis of 
these results the following three variables were obtained: (i) stance / cycle mean of four 
limbs (ii) fore limbs leaving follows hind limbs leaving on the same side / cycle mean left 
and right (iii) fore limbs touching follows hind limbs touching on the same side / cycle 
mean left and right. We made two leaving and touching-ground gait graphs according to 
one quadrupedal walking by using these three variables.'] 

J, ~ 
,RESULTS ;:~ 

Figure 3. shows the modifIed Hildebrand's (1,2) gait graph of human quadrupedal; 
walking. The gait graphs of creeping on hands and knees and walking on hands and feet 
are shown in the left and right respectively, and leaving and touching-ground gait graphs 
are shown upper and under respectively. 

For creeping on hands and knees of infants showed LS gait both in leaving and 
touching-ground. Fore older ages, however, the gait of touching and leaving-ground 
became different. Until 3 year old leaving-ground changes to the area ofDS gait, then to 
the area of LS gait with age, which is not absolutely all LS gait. In touching-ground 

. creeping on hands and knees showed also a smaUportion in DS gait in the age of40r 5. 
There appeared no remarkable change as in leaving-ground.. which maybe considered to 
be distributed in LS gait area in each age. 

For walking on hands and feet both leaving and touching-ground lied in LS gait 
area regardless of ages. (Three cases of walking on hands and feet were observed for 0 
year old infants.) The distribution after 4 year old became vertical, which, however, was 

not the LS gait area. 
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Figure 3. The gait graphs of human quadrupedal walking 

DISCUSSION 
The new results presented here are the gait graph of creeping on hands and knees 

and walking on hands and feet of children of aged 1 to 5 years and of creeping on hands 
and knees of adults. The confinnations are the gait graph of creeping on hands of infants 
were in good agreement in the scale with that of Hildebrand's (1) rather than that of 
Sparrow's (4), and the gait graph of walking on hands and feet of adults were in 
agreement with that of Sparrow's (4). 

It is believed to be a appreciable result to apply the graphic method to the development 
of human quadrupedal walking gait as a first purpose of this study. 

As for the second purpose of this study the phylogeny of quadrupedal locomotion 
must be then considered. The area of LS gait in creeping on hands and knees and 
walking on hands and feet of infants lied in quite near region of the area which Hildebrand 
(2) thought to be a source of quadrupedalism. Walking on hands and feet also showed the 
same LS gait as mammals in leaving and touching-ground. From these results above 
mentioned human has possibility of being quadrupedalism, which is even remarkable in 
walking on hands and feet mode, and human walking on hands and feet mode is thought 
to have evolution continuation with quadrupedalism of mammals. The creeping on handS 
and knees of infants seemed to be a by:.:proouct from a motion restriction~ of physical 
weakness and of being difficult to perform walking on hands and feet. 
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CONTRIBUTIONS MADE BY THE GASTROCNEMIUS AND PLANTARIS 
MUSCLES TO THE KNEE JOINT MOMENT IN CATS DURING JUMPING 
AND WALKING 

Abelew, T .. A.. and RI. Gregor, Department of Health and Performance Sciences, 
The Georgia Institute of Technology, Atlanta, Georgia .. u..S.A. 

INTRODUCTION 
Considerable data exist quantifying the mechanical output of selected hindlimb 

extensors with respect to the ankle joint using implanted force transducers (Gregor & Abelew, 
1994). Recently, individual muscle moments were reported for the major ankle ex~eri.sors in 
the cat (Fowler et al., 1993) .. However, the bi-articular nature of gastrocnemius and plantaris 
muscles anatomically and physiologically links the knee and ankle joints to the degree that 
understanding their function necessitates examining their contribution at both joints .. The 
purpose of this investigation was to 'quantify the moment arms at the knee as well as the knee 
joint moments for the medial and lateral heads of the gastrocnemius and plantaris muscles in 
the freely moving cat 

METHODS 
Three adult female cats (wt=4.03±oAkg) were trained to jump from within and walk 

within a Plexiglas enclosed walkway containing two force platforms capable of recording 3-D 
ground reaction forces (GRF). Under sterile conditions, tendon force transducers were 
implanted on the individual tendons of the medial gastrocnemius (MG), lateral gastrocnemius 
(LG) and plantaris (PLT) muscles (Fowler et al., 1993) .. Reflective markers were utilized to 
approximate segment endpoints on each hindlimb and high speed film (lOOfps) used to record 
marker displacement during movement. Marker data. were subsequently digitized,smoothed 
and differentiated {or input, with appropriate body segment paramete~s, to NeWtonian 
equations of motion for calculation of generalized muscle moments (GMM) . .Film, muscle­
tendon unit forces and GRF were synchronized using a DC pulse and a light in the camera 
field of view. Moment arms for each muscle at the knee joint were calculated for each trial 
using a computer algorithm that produced coefficients reiating knee joint angle and muscle­
tendon unit excursions obtained trom film .. For each trial muscle-tendon unit lengths were 
plotted as a function of knee joint angle for each muscle-tendon unit, fit with a 3td order 
polynomial and differentiated to yield equations describing the instantaneous moment arms 
(An et aL, 1983). Individual muscle moments were calculated using individual tendon force 
and moment arm records for each trial. 

RESULTS 
Exemplar data for muscle moment arms during jumping (067 m) and over ground 

walking are shown in Figures 1a and 1b, respectively Moment arm length changes during a 
trial ranged from 02 mm (walking) to 12 mm Gumping). Peak LG and PLT moment arms 
were consistently greater than those of the MG and were reached at knee angles of 
approximately 1.5 radians (walking) and 165 radians (iumping) Moment arms were similar' 
in magnitude and timing between jumping trials with higher variability observed between 
walking trials. During jumping, moment arms reached their peak value just prior to take-off 
while during walking trials peak values occurred early in the stance phase A second peak was 
observed near' paw-off during late stance Peak moment arms for all three muscles compared 
favorably with estimates of maximum values made during post-mortum dissecLions (LGIPLT 
= 7 mm, MG= 5 mm). Individual muscle moments are shown in Figures 2a and 2b for a 
jumping (0.67 m) and walking trial, respectively .. Peak LG moments were the largest 
followed by the MG and PL T during jumping. The PLT peak moment exceeded peak LG 
moment during walking_ Timing of peak moments were similar across muscles within each 
activity. During jumping the peak moment occurred between 75 and 90% of the contact phase 
while during walking the moments reached their peak value between 20 and 30% of the SLance 
phase. 
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DISCUSSION 
Results indicate that 1cnee moment arms for the MG, LG and PLT muscles vary 

throughout jumping and walking in a cat and that maximum lengths are reached at 1cnee angles 
within a physiological range of motion.. This situation offers the potential for the moving cat 
to take advantage of the maximal moment capabilities of the muscles during natural 
movements. The significance of this capability lies in the potential for power transfer between 
knee and ankle via gastrocnemius and plantaris muscles. The high degree of variability in 
moment arm lengths between walking trials is attributed to the variation in knee position 
selected by the cat as part of overallqody posture during a particular walking trial. In 
conclusion, recent data on the contribution of individual cat ankle extensors to the ankle joint 
kinetics (Fowler et al .. , 1993) and information on their contribution made at the knee joint 
presents a more comprehensive assessment of the overall role played by these muscles during 
natural movements. 
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ELECTROMYOGRAPHY AND BIOMECHANICS OF THE BLEDSOE PRO­
SHIFTER BRACE FOR ANTERIOR CRUCIATE LIGAMENT DEFICIENCY 

S.P. Acierno, R V. Baratta, M. Solomonow, R D'Ambrosia 

Bioengineering Laboratory, Department of Orthopaedic Surgery, Louisiana State 
University Medical Center, New Orleans, Louisiana, USA 

INTRODUCTION 
Tears to the anterior cruciate ligament (ACL) often result in knee instability: tb 

proximal tibia translates anteriorly with respect to the distal femur and causes a painfi 
subluxation episode. While ACL tears may be treated operatively or conservativel) 
extensive rehabilitation is always a necessary component of the treatment process. T 
maintain stability during rehabilitation, orthotic knee braces are often prescribed (Cabor 
and Johnson 1993). However, the effectiveness of knee bracing has been questione 
(Vailas and Pink 1993) and tested by a number of authors through subjective, cadaveri( 
fimctional and arthrometer studies. In these studies, the braces demonstrate{!. vary in 
degrees of biomechanical effectiveness, but it is difficult to compare the result 
quantitatively, or to assess the effect of bracing on the recovering knee joint's neuromot() 
behavior (Ott and Clancy 1993, Cawley et al. 1985, Mishra et al. 1989). 

Recently, braces have been developed which are intended not only to maintain genera 
stability, but to actually supplement the ACL by providing posteriorly directed force durin: 
extension tasks. Therefore, it is the objective of this study to assess the effect of one sud 
advanced design--the Bledsoe Pro-Shifter (Medical Technology Inc.)--on the extensioJ 
force capabilities and knee muscle activity of ACL-deficient patients and thereby re 
evaluate the usefulness of fimctional knee bracing in the ACL rehabilitation process. 
METHODS 

First, the twelve subjects' ACL deficiencies were documented by an orthopaedic 
surgeon; none of the subjects had posterior cruciate ligament deficiency, and all of then 
had been released from their rehabilitation programs. Next, the subjects were groupe( 
according to activity level: high-activity (N=5) or low-activity (N=7). Not surprisingly, the 
subjects' respective activity levels correlated well with their remaining symptoms. Ead 
suqject was fitted by the same certified orthotist with a Bledsoe Pro-Shifter dynamic knee 
brace. Onc~ Ag-AgCl surface electrodes were placed in a bipolar arrangement over th< 
belly of the rectus femoris and biceps femoris muscles, EMG signals were recorded an( 
amplified with a gain of 2200, a CMRR of 110 dB, and a bandwidth from 10 to 500 Hz 
The subjects were then placed on a Kinetic Communicator (KinCom) evaluation device se 
up for isokinetic extension exercises (25 0 /sec). After a warm-up and several familiarizatioI 
trials, the patients were instructed and verbally encouraged to perform maximal-effor 
concentric extensions ranging from 90° of flexion to full extension. To prevent fatigue, ~ 
five-minute rest period was observed between each of the four trials. This protocol wru 
performed with and without bracing in random order. The knee angle and torque from th~ 
KinCom as well as the quadriceps and hamstrings EMG were collected by a PC-controllee 
AID system at a rate of 1024 Hz. After linear envelopes of the EMG data were obtainec 
digitally (1:= 200 mSec), they were pooled according to corresponding muscle, activit) 
group and bracing conditions. Finally, ANOV A with repeat measures was used to discerr 

·tlie kneeari.g1es at which extension force or EMGactivity differed when the results Ul,14e] 
braced and non-braced conditions were compared . 

. RESULTS 
Figure 1 shows typical extension force results under braced and non-braced conditiom 

for patients from both the high-activity group (a) and the low-activity group (b); points witb 
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asterisks indicate angles at which significant differences in mean extension force occUITed. 
In general, high-activity, asymptomatic patients wearing the brace exhibited decreased 
extension force in the range of 60° to 15° offlexion, but showed no significant change in 
agonist or antagonist muscle acti\1ity throughout the range of motion compared to the non­
braced condition. In contrast, low-activity, symptomatic subjects using the brace were able 
to increase extension force at 60 Q and 55° of flexion, with increased quadriceps activity 
occu¢ng at 80° and in the 45° to 15° range. Also, hamstrings activity decreased within 
the 45° to 30° range for this group. 
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DISCUSSION 
Based on the force results, our analysis concurs with Mishra et al. (1989): the ftmctional 

effectiveness of dynamic knee bracing depends on the rehabilitation results and activity 
level of the individual patient. Furthermore, in our study, we confirmed this conclusion 
with EMG analysis of the knee musculature. In patients with persistent symptoms, the Pro­
Shifter brace allowed increased extensor activity with decreased hamstrings action. This 
suggests that the brace can actively control knee sta1;>i1ity in synergy with the antagonist, 
possibly resulting in lesser reflexive inhibition of the agonist. In contrast, the stable knees 
of asymptomatic patients did not benefit to the same extent, and were able to deliver less 
extension force because the brace exerted a posteriorly directed force on the proximal tibia. 
In other words, there was no change in muscle activity for these asymptomatic patients 
because no additional stabilizing forces were needed. 
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:MOTOR UNIT FIRING BEHAVIOR IN THE FIRST DORSAL 
INTEROSSEOUS: EFFECTS OF PREFERENTIAL HAND USE 

Alexander Adam*, Carlo J. De Luca*t 

*NeuroMuscular Research Center and Departments of Biomedical Engineering and 
tNeurology, Boston University, Boston, MA USA 

INTRODUCTION 

Daily preferential use has been shown to alter physiological and mechanical properties 
of skeletal muscle. Using contralateral hand muscle pairs, a previous study showed 
lateral asymmetries in the surface electromyographic signal during constant force 
isometric contractions. In particular, the first dorsal interosseous (FDI) in the dominant 
hand exhibited a lesser decrease of the median frequency, suggesting higher fatigue 
resistance and possibly a higher percentage of Type I fibers (De Luca et aI. 1986). Other 
researchers investigated the response of contralateral FDI muscle pairs to electrical 
stimulation. The dominant muscle was shown to possess a slower twitch and a greater 
ability to maintain tetanic force output during repeated stimuli, both of which are 
indicative of a shift in fiber type composition towards Type I fibers (Tanaka et al. 1984; 
Zijdewind et al. 1990). The present study was aimed at revealing differences in the 
control strategy of contralateral muscle pairs in humans who show a clear preference for 
one hand. 

:METHODS 

We compared the motor unit (MU) recruitment and firing behavior in the PDI muscle 
of the dominant and non-dominant hand in eight male volunteers aged 21 to 39 (27.5 ± 
7.5, mean ± std) whose hand preference was evaluated using a standard questionnaire. 
The protocol employed a test of the maximum voluntary contraction (MVC) force for the 
left and right hand followed by sustained isometric contractions at target force levels of 
30% MVC. Subjects were instructed to increase the abduction force of their index finger 
to the target force level, hold the force constant for 20 sec, and decrease the force again 
while following a trapezoidal force trajectory displayed in front of them. Abduction force 
and myoelectric signals of the FDI were simultaneously recorded using a strain gauge and 
a quadrifilar needle electrode. The myoelectric signals were subsequently decomposed 
into individual MU firing time impulse trains using the Precision Decomposition 
technique: 

RESULTS 

Three of the subjects were right-handed (R), four left-handed (L), and one showed no 
hand domi~ance according to the questionnaire. No significant difference was found in 
mean MVC values with respect to hand dominance when measurements \vere pooled for 
all supjects. Individual lateral differences in MVC values ranged up to 40%, but were not 
correlated with handedness or MU firing behavior. 

A total of 239 action potential trains was extracted for MUs that fired in a stable 
fashion during the constant force part of the contraction. For each of the MUs, the 
recruitment threshold, defined as the total muscle force at the time of the first firing of a 
MU; the initial firing rate, defined as the inverse of the mean of the first three interfiring 
intervals; and the average firing rate, calculated over a 5 sec interval at constant force, 
were analyzed. pvery single R subject showed a lower recruitment threshold, lower 
initial firing rate, and lower average firing rate in the MUs of the dominant hand. In the L 
group, not all subjects exhibited similar trends for each ofthe parameters, making the. 
lateral difference in MU firing behavior in this group less distinct. The one subject who 
lacked a clear hand preference did not exhibit any lateral asymmetry in the above 
parameters. For the R subjects, the lateral differences in mean values of recruitment 

. _threshold (p<0.'u05), initialJiring rate (p<O.OJ), and average firingrate(p<Q,05Lw~re.a.l1 
significant, but not for the L subjects (p>0.05). When comparing only MUs recruited at 
low force levels (~15% MVC), the differences in the average firing rates were more 
significa.I)t (p<O.Ol) in both the R and L subjects. Low threshold MUs in the L subjects 
were then also found to have significantly lower initial firing rates in the dominant hand 
(p<0.05). 
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The joint behavior of MUs within single contractions was assessed by cross-

cOl1'elating mean firing rates signals (lowpass filtered firing time impulse trains) of MU 
pairs. Mean values and latencies of cross-correlation peaks were not significantly 
different across hands for both L and R su~jects. To assess the effect of common 
fluctuations in MU firing rates on the force output of the muscle, mean firing rate signals 
were also cross-correlated with corresponding force records, revealing a significantly 
greater lead time of the fIring rates over the force in the dominant hands (p<0.005). 

DISCUSSION 
The presence of lower MU firing rates in the FDI of the dominant hand is consistent' 

with the notion of an increased percentage of slow twitch fibers, which allow twitch 
fusion and force build-up to occut at lower discharge rates. Direct evidence for an 
increased percentage of slow twitch fibers were the lower mean recruitment threshold and 
the greater delay between mean fIring rate and force signals in the dominant hand of our 
subjects. No lateral difference was observed in the joint behavior of MUs as measured 
by the firing rate cross-correlation analysis, suggesting a similar central drive to the MU " 
pools in dominant and non-dominant hand when producing equivalent contractions:' We 
are led to believe that the different firing behavior of contralateral MUs is a result of 
peripheral adaptation to increased usage. Everyday activity can be viewed as a moderate 
training stimulus specific to the low thIeshold MUs in the preferred hand, since only low 
threshold units are recruited during low force contractions typical of everyday usage. In 
support of this hypothesis, we found a greater difference in firing rates. for the low 
threshold MUs. Furthermore, mean MVC values did not differ between dominant and 
non-dominant hands, which has been reported in earlier studies (Tanaka et aL 1984; 
Rutherford and Jones 1988). The maximal strength is dominated by the force output of 
high threshold MUs, but these ar'e rarely used in everyday activities and should not have 
adapted to preferred use of one hand. 
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SUSTAINED LOADING GENERATES STRESS CONCENTRATIONS 

IN LUMBAR INTERVERTEBRAL DISCS. 

M.A. Adams*, D.W. McMillan+, T.P. Green#, P.Dolan*. 
* Comparative Orthopaedic Research Unit, University of Bristol, U.K. + School of 
Engineering and Advanced Technology, University of Sunderland, U.K. 
# Department of Orthopaedic Surgery, University of Keele, U.K. 

INTRODUCTION Intervertebral discs from young people distribute compressive 
stress evenly between adjacent vertebrae because the central region of the disc acts 
like a pressurised fluid in which the compressive stress does not vary with location 0 
direction (1). The hydrostatic "cushion" effect depends upon the disc's high water 
content, and it is diminished ip old age (1) when degenerative changes reduce the 
hydration of the nucleus by 15-20%. Disc dehydration also occurs when the spine i~ 
subjected to prolonged "creep" loading. MRI measurements on living people indica! 
that the volume (and by implication, the water content) of lumbar discs falls by abou 
20% during the course of a day's activity (2). In our experiment, we test the 
hypothesis that creep loading reduces the size of the central hydrostatic region of the 
disc, and generates non··hydrostatic stress concentrations in the annulus. Stress 
concentrations may lead to pain, structural disruption, and alterations in chondrocyte 
metabolism. 
METHODS 22 human lumbar spines were collected from subjects who had 
experienced no spinal injury, or prolonged bed-rest, prior to death. Spines were 
stored at -17oe for up to three months, thawed overnight at 30C, and dissected into 
"motion segments" consisting of two vertebrae and the intervening disc and ligament 
27 motion segments were used in the present experiments: they were divided at . 
random into three similar-sized groups (A, B and C). 

A preliminary creep test (300N for 15min) was performed on each specimen 
order to guard against the possibility of 8ost-mortem " superhydration" of the discs. 
Each specimen' was then positioned in 2 of extension in order to simulate the lordor 
lumbar curvature typical of standing erect, and a constant compressive force was 
applied for a period of 20sec while a strain-gauged pressure transducer was pulled 
through the disc in the mid-sagittal plane, as described previously (1). The transduc( 
sensing element was 0.8mm wide by 2mm long, and it was mounted in the side of a 
1.3mm-diameter needle. Transducer output was sampled at 25Hz, A-D converted, 
and stored on a microcomputer. "Stress proftles" were obtained with the transducer 
pointing upwards, and then sideways, so th~t both the vertical and horizontal 
components of matrix compressive stress could be measured. The applied 
compressive force during stress profilometry was lkN for Group A discs, and 2kN f/ 
Groups B and e. 

Group A and B specimens were then creep-loaded with a compressive force a 
1-2kN, ~epending on ~imen size, for a period of 2-3 hours. Group C specimens 
were positioned in 4-8 of flexion and creep loaded at 1-2kN for 6 hours. A graph ( 
s~imen height loss against time was plotted in "real time". Stress profiles were 
repeated immediately after the main creep test, using the same needle track. Finally, 
the discs were sectioned, and the pieces dried to constant weight so that their water 
content might be measured and compared with adjacent non-loaded discs from the 
same spine. 
RESULTS Motion segment height loss was 1.2±O.3mm in Group A, 1.2±O.3mm 
Group B, and 1. 7mm-2.2mm in Group C. No specimen reached a creep limit, even 
after 6 hours. At this time, the inferred water loss from the whole disc was 19% on 
average. The "before creep" stress profiles showed variations with age and posture 
similar to those described previously (1). Following creep, the hydrostatic pressure i 
the nucleus pulposus fell, and stress peaks appeared, or grew in size, in the annulus 
(Figure·l). Profiles were analysed digitally in order to calculate the mean and 
maximum horizontal and vertical stress in each region of the disc. The boundaries 
between these regions were specified using the following criterion: the "functional 
nucleus" was the central region of the disc in which the horizontal and vertical stress! 
did not differ by more than 5 % from each other, and did not vary by more than 5 % 
with location. Regions of disc on either side of this were designated posterior and 
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~J anterior annulus. The size of a stress "peak" was defined as the maximum stress 

I
' minus the pressure in the nucleus. Results are shown in Table 1. 
t, Creep reduced the pressure in the nucleus by 13-36% Compressive stresses in 
!} the annulus were reduced slightly when the profiles were measured at lIeN (Group A) 
::~ but at 2kN (Groups B and C) localised peaks of compressive stress appeared (or grew 
:t in size) in the posterior annulus following creep. 
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:~ Figure 1. Stress profiles before (left) and after (right) creep for a Group B disc. 
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~ GROUP n AGE % CHANGE FOLLOWING CREEP 
IDP Max(AA) Max (PA) PEAK (PA) ., 

>~: 

(; A 10 50 -15** -17* -16* -14 
~ B 
if 

8 43 -13** -4 +2 +36* 
~ c 

J Table 1. Summary of average results. IDP=pressure in nucleus; Max(AA) = 

9 56 -36** -26 -8 +35 

K maximum stress in anterior annulus; PA=posterior annulus; *P<0.05; **P<O.OOI 

~ 
, DISCUSSION Any errors and artifacts in these experiments were minimised by 

treating each disc as its own control. The average water loss from each disc (19%) is 
consistent with the 20% diurnal variation in disc volume seen in-vivo (2)_ 

The most pronounced change in intra-discal stress following creep was the 13-
36 % reduction in the hydrostatic pressure in the nucleus. This effect is partly 
attributable to increased loading of the apophyseal joints (1). However, the increase 

; in stress peaks often observed in the posterior annulus requires another explanation. 
In effect, load is being transferred from the nucleus to the annulus, and this is 
probably because the nucleus can be likened to a sealed hydraulic system, in which a 
small loss of fluid leads to a large drop in pressure. Thus, water loss from the 
nucleus leads to more load being thrown on to the annulus, and the posterior annulus 
is affected most because it is the narrowest part of the disc. Evidently, disc mechanics 
depend on loading history as well as applied load. 

The results are interesting for several reasons. High concentrations of 
compressive stress in the annulus would threaten the structural integrity of the 
lamellae, and might lead to fissure formation. Also, changes in matrix compressive 
stress would be expected to affect the metabolism ~f the chondrocytes (3). Finally, 
stress concentrations may possibly give rise to pain from the outer annulus (4) or from 
the adjacent vertebral bodies. 
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OPTIMAL TENSION OF ISOTONIC TOWING FOR 
SPRINT TRAINING 

M .. Ae*, NJtoh**, Y Muraki*, and KMiyashita* 
* Institute of Health and Sport Sciences, University of Tsukuba, Tsukuba City, Japan 
** Department of Education, Yokohama National University, Yokohama, Japan 

Intr()duction 
Supramaximal running velocity has been used to improve sprint speed, which is 

attained by various methods. Although some investigations(Mero and Komi, 1985; 
Bosco et at, 1986) have been reported, in these investigations the towing tensions could 
not be controlled because or'some restrictions of towing systems used.. Therefore, 
optimum tension for sprint trainig is still unclear, and characteristics of supramaximal 
runs under various tensions are not examined throughtly. The purpose of this study 
was to find out optimal towing tension for sprint training, investigating the effects of 
different tensions on biomechanical parameters and su~jective intensity.. 

Methods 
Subjects were three excellent sprinters and five jumpers of varsity track team. 

They ran five different sprints as fast as possible, i.e. maximal run, three supramaximal 
runs under tension of 15N, 30N, and 45N(henceforth Tow1S, Tow3(), and Tow45), and 
post-maximal run. Subj€::cts were videotaped over 10m interval following 40m 
accelaration phase with a panning high speed VTR camera(HSV -400, NAC Co.) 
operating at 200 Hz.. Supramaximal runs were performed with an isotonic motor­
driven towing system. Towing tension was controlled by a powder cratch system so as 
to keep the tension constant. Feeling of the subjects during supramaximal runs were 
collected by a questionnaire which asked the degrees of exertion and comfort/fear' 
perceived. Coordinates data of the endpoints of the body segments were obtained by 
digitizing video images over at least one running cylcle and smoothed with a 
Butterworth digital filter cutting off at 10Hz Running velocity, stride length, stride 
frequency, running kinematics, joint moments and powers were computed by Newtonian 
mechanics on a multi-link modeL 

Results , 
Table 1 shows performance descriptors of maximal and supramaximal runs .. 

Table 1. Performance descriptors of maximal and supramaximal runs 
Maximal Tow15 Tow30 Tow45 

Running v'elocity(m/s) 9. 96±0. 21 10. 4o±0. 33** 10. 63±0. 38** 10. 82±0. 28** 
(%) 4. 44±1. 88 6. 69±1. 96 8. 7o±1. 72 

Stride length(m) 
Support 1st half 

2nd half 
Nonsupport 

Stride frequency(Hz) 
Dura tion(rns) 

Support 1st half 
2nd hair 

Nonsupport 
Test of significance 

2; 13± 0.05 
O. 46± 0.05 
O. 51±O. 05 
1. 16±O. 07 
4.67±0.13 

46±6 
49±5 

122±6 

2.20±O.07* 2.25±0.06** 2.31±O.06** 
O. 51±O. 06 O. 49±0. 04 o. 50±0. 03 
O. 48±0. 05 O. 50±0. 04 O. 46±0. 06 
L21±0.04 1. 26±0. 07* 1. 34±0. 06** 
4. 74± 0.17 4. 72± 0.19 4. 7o± o. 15 

49±5 47±4 48±3 
43±4 44±5* 41±5* 

12o±6 120±9 125±8 

** p < O. 01. * P < O. 05 
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Running velocity significantly increased with the increase in the towing tension. Stride 
'l~ngth also significantly incre~ed in supramaximal ~elocities, which. was c~se~ by the 
:. crease in the nonsupport dIstance Although strIde frequency dId not slgruficantly 
~ange, the duration of the second half of support phase significantl~ decreased in 

i'Tow30 and Tow4.5. Although the degree of exertIon for supramaxtmal runs was 
smaller than the maximal run, it increased with the towing tension(86 .. 9% at Towl5 to 
92,;5% at Tow45). Subjects felt comfort at the Towl5, but fear at Tow45. 

. Figure 1 shows 
chringes in joint moment 

· p6wers of the ?iP and 
knee joints dunng the 
· recovery phase of 
rii3ximal and 

.§upramaximal runs for the 
excellent group. 

o P~tterns of the joint 
powers of supramaximal 
· runs were similar to those 
of' the maximal run. 
Hpwever, positive power 

"of the hip extensors and 
.~~gative power of the 
krtee flexors were 
significantly larger in the 
'llite recovery phase of 
Tow30 and Tow45 

-;"'," 

Discussion 

/~~I ~t ~_ .l-~)< ~'_f~."~ 
g-~~I~~v~~ ;.> -20 ., ", 
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Time(%) 

Figure 1 Joint powers of the wee and hip in sprint 

On the average, increase in stride length seems to be major factor of the increase 
41 velocity observed at the surpamaximal runs. Remarkable difference between .the 
e:l(cellent and poor groups was observed in the response of stride fr·equency. Excellent 
spri~ters could increase stride frequency by 3 to 4 % at the supramaximal velocity while 
the· poor group could not. This results suggested that skill level of sprinters should be 
considered in applying towing to the sprinters' training 

Increase in maximal joint moment powers of the hip extensors and knee flexors in 
the late recovery phase was observed in supramaximal runs. Therefore, supramaximal 
runs can be used as one of effective training means specific to sprint for the improvement 
of concentric power of the hip extensors and eccentJic power of the knee flexors .. 
Maximal power and negative work at the knee joint of the late recovery phase were 
significantly larger in Tow30 and Tow45 than the maximal run and TowI5.. Although 
iri~rease in running velocity in Tow45 was the largest, kinematics of the leg was different 
from the maximal and other supramaximal runs, The subjects felt fear and difficulty to 
control their own sprint motion at Tow45 
~'......' It is concluded that towing tension of 3 ON will be optimal for ordinary and 
excellent sprinters and' thaitensiori6f45N should be used only for excellent sprinters 
!J~cause of excessive physical and mental loads 
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ASSIS1ED TRANSFERS IN QUADRIPLEGIA - TOWARDS A SOLUTION 

GT Allisonl , RN Marshal12 and KP Singerl . IJbe School of Physiotherapy, Curtin 
University, Shenton Park Western Australia. 2 Department of Human Movement, The 
University of Western Australia, Nedlands, Western Australia. 

INTRODUCTION 
The application of biomechanical analysis to human movement fOr both normal 

and abnormal conditions has led to the development of fundamental motion analysis 
paradigms that are the basis for many rehabilitation intervention regimens. Within the 
spinal cord injlU)' (SCI) population, this is demonstrated by the development of orthotic 
and/or FES interventions which have been based on the motion analysis of normal 
human gait. The ability to transfer in individuals with quadriplegia represents a 
significant factor in overall functional mobility and independence. Approximately 30% 
of all SCI result in lesions at the C4 and C5 levels (1). The majority of individuals with 
these lesions are unable to transfer and the variance in the performance is related to 
factors other than neurological lesion level (2). This represents a major clinical 
rehabilitation goal, yet has received little biomechanical inspection. 

This research group, has previously demonstrated that there are two movement 
strategies where individuals with weak triceps attempted to transfer with a rotatory 
pattern rather than a translatory pattern. Furthermore, the rotatory pattern had a more 
upright pre-transfer body position, with higher acromion processes and wrists placed 
closer to the body (3,4). Unpublished data from our laboratory also indicates that 
individuals with quadriplegia are less stable (higher mean frequency of movement) in the 
pre-transfer position when compared to paraplegics.The purpose of this research was to 
assess the reaching and transferring performance of aC5 quadriplegic with and withOut 
an orthosis which was designed from biomechanical models and associations established . 
in our previous research. 

METHODS 
The research design was a case study intenupted time-series analysis (ITSA) and 

statistical significance was accepted at the 0.05 level of confidence (5), The case study 
involved a complete C5 (Frankel B) quadriplegic (age 26yrs, 56.6kg) who had 
previously received posterior deltoid muscle transfer surgery on his left ann. There were 
two conditions: with and without an orthosis. Two tasks were tested in long sitting: a 
maximal lateral and forward reach with one hand and, a lateral transfer. The reaching 
task was assessed by the maximal displacement of the trajectory of the wrists as viewed 
from an overhead camera relative to the knees and body mid-line. Stability assessments 
(amplitude and frequency) of the displacement of the centre of pressure (COP) for the 
maximal lateral reach position were recorded. 

Th\! transfers were performed on a force platform and video recordings were 
made from the lateral and posterior views of the spatial models from reflective 
landmarks. The pre-,transfer postures and lateral displacement of the pelvis were 
determined for each trial. The force plate trigger was synchronised with the video by a 
frame marker. Movement analysis cross-correlations were used to identify movement 
sWategies as previously reported (3). 

A brace was developed to allow forward flexion of the trunk without upper 
extremity support and increased options of hand positioning for the transfer. It was rigid 
with adjustable hinges at the hip and a chest plate. The three point support system 
incorporated a lumbar and two thigh supports (distal anterior and proximal posterior). 

RESULTS 
The brace altered the longsitting posture of the subject (Figure 1). The subject 

demonstrated a rotatory movement strategy independent of the use of the orthosis since 
all trials had strong negative correlations (normal mean -0.976, SD 0.022 orthosis mean 
-O.841,SIYO.074).The mean distiihce the pelvis was transferred laterally withounhe­
brace was (16.0 ± 3.4 cm) and with the brace (19.6 ± 2.5 cm). This was not statistically 
significant using a ITSA. 

Figure 2 illustrates the ITSA for the lateral displacement of pelvis during the 
transfer and the overall displacement of the COP during the maximal lateral reach 



task. The area of reach past the line of the knees was significantly increased (F=9.55 41 
df:::2,12 p=0.003) from 285± 80 cm2 to 177o± 308 cm2. 

v~ ..-.. Orthosis 

~ Normal 
~\ \ + 

: 
Figure 1. Lateral view of the pre-transfer position with and without an orthosis . 
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Figure 2. ITSA of pelvic lateral displacement during each transfer (.) and 
excursion of COP during the reach task (0). All measurements are in cm. 

DISCUSSION 
The ability to transfer in individuals with quadriplegia represents a significant 

factor in their overall mobility. Most research to date associated with SCI mobility has 
been directed towards gait andis b?,sed on fundamental biomechanical analysis of the gait 

l' cycle: However, the ability to transfer independ~ntly represents a greater functional 
! improvement and is associated with the more dependent individuals than gait is in 
o paraplegics. This study has utilised previous biomechanical resear'ch which has identified 
~ factors related to the ability to transier, developed an orthosis on the basis of the 

biomechanical analysis and demonstrated that an individual has increased forward arm 
~ reach with greater safe excursion of the COP during the dynamic phase of the reach. The 

improved arm reach was a result of further forward flexion and a more extended lower 
A trunk. There was no significant difference in the excursion of the COP in the static reach 
~ however, with the orthosis the excursion of the COP was significantly greater. This 

reflects the role of the orthosis on trunk stability. Using the orthosis the subject was on 
~ average able to displace the pelvis an additional 3.6cm. This was found not to be 
Z; statistically significant and the clinical significance is yet to be elucidated. 
[' It is clear that further development of the system is required, yet it represents a 
~1 possible unique solution, based on motion analysis principles, of transferring in 
\.: dependent individuals with quadriplegia. The possi1:>le user population, the overall 
'i functional benefits, the compliance of the users and possible modifications to the device 
\~ using functional electrical stimulation are all possible directions for fil!tITe ~~earch .. 
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FACfORS ASSOCIATED WITH TRANSFERRING IN SPINAL CORD INJURY 

GT Allison1, KP Singer1 and RN Marshall2, l.1'he School of Physiotherapy, Curtin 
University, Shenton Park Western Australia. 2. Department of Human Movement. The 
University of Western Australia. Nedlands, Western Australia. 

IN1RODUCTION 
The ability to transfer in individuals with spinal cord injury (SCI) represents a 

significant factor in overall functional mobility and independence. Approximately 55% ( 
all indiviuals with SCI are quadriplegics. About half of all quadriplegics have weak: 
triceps and the majority of these can not transfer. This represents a major rehabilitation 
problem Many biomechanical factors have been associated with the ability to transfer, f 
example, functional arm length (arms relative to stem height), muscle strength and hand 
placement, however the majQrity of these reports are anecdotal. Bergstrom et al., (1) 
demonstrated a significant difference in body mass, % body fat and the placement of the 
leading harid when attempting to transfer between C6 quadriplegics who could and couJ 
not transfer. There was no difference between the groups for functional arm length. 
Allison et al., (2) provided a preliminary report of two movement strategies adopted by 
individuals with SCI. It was found that some individuals performed the lateral transfer 
using a rotatory movement pattern, where the head moved in the opposite direction to 11 
pelvis. Others performed a translational strategy where the head and pelvis moved in 
concert. The fact that there are at least two movement strategies may account for the 
variability in the literature of factors associated with the ability to transfer. The factors 
which determine outcome for each movement strategy are yet to be objectively elucidat< 

The purpose of this research was twofold: i) to identify difference between the 
movement strategy groups in anthropometric and biomechanical variables and, ii) to 
assess the factors which are associated with the ability to transfer. 

:ME1HODS 
17 male volunteers with SCI (quadriplegics n=12, paraplegics n=5) perfonned 

series of lateral transfers while positioned on a force platform. During the transfers, vic 
recordings were made from the lateral and posterior views of the spatial models from 
reflective landmarks. Force plate centre of pressure (COP) data for pre-movement 
stability and displacement of the COP (~COP) were determined for each trial. The ~C( 
was used as an outcome measure for the ability to transfer. Event markers for the trans 
were established (2) and all data were synchronised and time normalised. Movement 
analysis techniques (3) were used to identify movement strategies as previously reportc 
(2), Dependent variables also recorded were: anthropometric data (upper extremity 
lengths, body mass), elbow extension strength and pre-transfer hand placements. 

Individuals were classified into rotatory (n=4) or translatory (n=lO) groups. 
Three in,dividuals performed a mixed motor pattern. Three statistical analyses were 
performed: i) analysis of group differences (Mann-Whitney U), ii) stepwise logistic 
regression (translation = 1, rotation = 0) to determine the factor which predicted the 
selection of the movement strategy and, iii) correlations between ~COP ahd the deperu 
variables. 

RESULTS 
Individuals who performed the translatory movement strategy when compared 

the rotatory group were able to displace the COP a greater distance, their wrists were 
further apart, and their acromion process heights were lower. They also had greater 
elbow extension strength relative to their body weight (see Table 1). 

Elbow extension strength accounted for the greatest amount of variance when 
predicting the selection of the movement strategy (R2 = 0.76). The next variables 
included in the equation were the length of the arm span (-ve) and biacromial width (f 
Using a Jackknife technique (4) all subjects were correctly allocated to the appropriate 
groups. The associations between the ability to displl!ce the COP and the dependent 



variables for all subjects and the translatory subgroup are shown' in Table 2. The rotatory 43 
group (n=4) sample was too small to calculate the associations. 

Table 1. Means and SD and u differences of selected variables. 
arlable 

-Displacement of COP 
AnnSpan 
Biacromial Width 
BodyMass 
Elbow extension strength (R) 
Functional Arm length (transfer) 
Acromion height (transfer side) 
Distance between wrists 

Elbow extension strength (R) 
Fnl Arm length (transfer) 
Acromion ht (transfer side) 
Distance between wrists 

DISCUSSION 

arlable 

Arm Span 
Biacromial 
Body Mass 

SCI 
N=17 
0.116 
0.424 

-0.434 

roup 
p 

p < 0.01 
ns 

p <0.05 
ns 

p < 0.05 
ns 

p < 0.05 
P < 0.05 

TranSlatory 
(n=lO) 
0.605 
0.345 

-0.346 

From the results of this study it is evident that there are fundamental differences 
between the two transfer movement strategies and that the strength of elbow extension 
determines the strategy adopted. The individuals who perform the rotatory movement 
strategy are weaker and are unable to displace the COP as far as the translatory group. It 
would seem that this movement strategy incorporates those individuals who are able to 
transfer without functional triceps (C6 and above). The differences between the groups 
also indicate that anthropometric and biomechanical factors such as hand placement may 
play an important role in the overall performance. It would seem that functional arm 
length does not differ between the groups. This may reflect the inability of individuals 
with a high lesion and short arms to flex forward and thereby increase their functional 
arm length (i.e. arm length relative to their stem height). . 

To date the factors associated with the ability to transfer in individuals with SCI 
have been based on subjective or anecdotal information. This is the fITSt study to 
demonstrate associations between the ability to displace the COP and anthropometric and 
biomechanical variables. It would seem that the outcome of the lateral transfer is 
dependent on the interaction between the movement strategy and many biomechanical and 
anthropometric factors. These findings support the hypothesis that the inconsistencies in 
the literature may be related to the fact that there are at least two movement strategies 
being performed when individuals with SCI attempt to transfer. The group differences 
also infer that the biomechanical factors which determine successful performance may 
differ between the particular strategies. Further research may indicate the factors 
associated with the ability to transfer. This is particularly important in the rotatory pattern 
which has greater clinical importance since it identifies the most dependent group of 
individuals. 
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THERMAL ANALYSIS OF THE TAPED ANKLE AFTER EXERCISE 

Alt, W" H. Lohrer, C: Scheuffelen, A. Gollhofer 

INTRODUCTION 

Many authors found that adhesive strapping looses up to 50% of its original sup 

after as little as 10 Minutes of exercise" Beside numerous publications concern 

efficacy in terms of restricting motion of the ankle - this study addresses these is 

from a new perspective:: The, thermal aspect of various taping techniques 

different types of tape" Our purpose was to compare temperature swing beneath 

and thermal radiation of the surface with two taping techniques and two different ta 

materials, 

MA TERIAL AND METHODS 

12 subjects underwent 5 trials in a randomized order: 

A - without tape 

"B - right ankle taped conventional ("Fast Gips" Montag) with Tape 1 

(Beiersdorf - Leukotape®) 

C - right ankle taped conventional ("Fast Gipsll Montag) with Tape 2 

(Lohmann - Porotape®) 

D - right ankle taped new (unpublished technique) Tape 1 

E - right ankle taped new (unpublished technique) Tape 2, 

A series of exercises were used to stress the ankle 

5 Drop jumps, 

10 minutes running (treadmill), 

3 minutes of jumping using a special device with sloping surfaces 

The course was performed two times Temperature beneath adhesive tape was recor 

Thermocoupleiwere placed at skin and fixed by tape" Thermal radiation of the ankle 

measured by a special thermographic device, 4 positions were recorded during a nOI 

staIJ.~e phase, lateral, frontal, medial and dorsal view, In addition to this we used v 
records to get a more detailed understanding of thermo graphical consideration 

respect to anatomical structures, 4 small metallandm"arks gave orientation 

We defined the following quantitative parameters, 

a) Va cia! areas lue of highest temperature "hot spots"; b) Mean of temperature in spe 

vIew lateral frontal medial dorsal 

a label VoHSL VoHSF VoHSM VoBSD 

"b label MoTL MoTF MoTM MoTD 

Qualitative parameters 

a) Location of "hot spot" LoBS and 

b) appearance of dark (very cold) areas AoDA. 
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RESULTS 

· 1. Skin temperature of taped ankle increases more compared to untaped ankle during 

. exercise (Fig. 1 ). 

2.. Temperature after all 

· exercises increased up to 

~20%. i There were only small 

[~differences of the values 

ii.of "hot spot" (VoBS) 

I comparing the types of 
"! 
ltape and the two 

AT 
7'C 

6'C 

S'C 

4'C 

Figure 1: 
...---- increase of skin temperature after exercise 

(mt;an and standard deviation n=lO) 

~techniques The location 
~ 3'C L~~~---====_~~~----==~~~~~ 

1
of "hot spotfl (LoBS) ABC 0 E 

• without tape technique 1 teclmiquc·l technique 2 technique 2 
showed dIfferences 

between conventional and new taping technique. 

fl~Ankles taped conventionally showed LoBS near the m. extensor dig brev; the new 

: method showed this area more distal - 40% outside the tape - compared to untaped 

i,ankles MoTD generally showed the lowest level (tendo calcanearis). 

~AoDA was seen more often from dorsal position. Ankles in Tape 2 showed a tendency 

Ito a higher level of AoDA. 

DISCUSSION 

· Thermographic images give a new perspective of evaluating ankle taping. Our findings 

lsupport the assumption that moist~re accumulates beneath tape, leading to lessened skin 
~ 

liladherence. The finding of "~ot spots" was separated ,into tw~ categories::, a) anatomical 

1- located over vascular regIons and b) non anatomical. ThIS could be mterpreted as a 
! 

lhigher amount of tension within the various strips especially the "figure of eight" strip in 

~the area of the retinaculum musculorum extensorum inferius. 

IAppearance of fuUy moistened areas could bee seen in two different ways~ as "hot spots" 

~or as fldark areas". 

IThe second form consists possibly not only of sweat but also of an "air bag" resulting by 

ilost skin adherence. 

IThe remarkably higher value of AoDA and the lower level for MoTD (tendo calcanearis) 

jis not only a result of folds of tape in this region due to dorsa1iplantar flexion during 

!running but must also bee seen as global cooling in this section and· has to be considered 

lin relation to achillodynia .. Further studies have to be done to find out if more tension in 

Idifferent tape strips has an influence on thermal regulation in artery/veins circle and if 

~here is a transfer between thermal and mechanical receptors which would leading to 

rore effective proprioceptive control of the anklejoint 
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INTRODUCTION 
Perforlnance in swimming relies mainly on maximal energy output and the efficiency 

of the power transfer process to overcome drag. This last factor depends on technical 
ability. The impact of the reduction in skill level with progressive fatigue needs to be 
analysed and quantified for each sport activity. Clearly, the efficiency of power transfer 
changes as an athlete fatigues and technique deteriorates needs to be carefully considered. 

The purpose of this study was to investigate the relationships between changes in 
swimming velocity, stroking characteristics and kinematics characteristics of the arm pull. 

METHODS 
Twelve well trained male swiinmers participated in this study (age: 17.75±1.82 

years, height: 178.46±6.07 cm, body mass: 67.63±6.59 kg, and %FAT: 7.63±2.02). 
Each subject perfonned a 400 m maximal swim Swimmers were free of equipment and 
were instructed to keep a constant pace in each swim, following a light tracer. Oxygen 
uptake measured after the maximal swim was considered to be the V02 peak for each 
swimmer in that stroke. Arterialised blood samples were collected after the last bout, for 
the determination of the blood lactate concentration. The swimmers were filmed 
underwater (sagital plane) during the 400 swim with a video camera (25 Hz), fixed from 
the wall, 6 m from the swimmer, perpendicular to the direction of swimming and 20 cm 
underwater. . ... 

Pull kinematic characteristics and hip velocity were obtained by numerical treatment· 
of data from hand displacement and hip horizontal displacement and evaluated by a video 
analysing system. The duration of the four phases in front crawl (entry/glide, 
downsweep, insweep, upsweep) and the five phases of backstroke (entry/glide, 
downsweep, upsweep, final downsweep, finish/exit) was calculated in milliseconds and 
expressed as a percentage of the duration of the total underwater armstroke. 

Mean pulling length and mean pulling depth (cm), as defined by Schleihauf et al.[l], 
distance between point of entry in the water and point of exit of the hand from the water 
(cm), and absolute and relative duration of each phase of the underwater stroke were 
detennined for each subject in the first and in the last 25 m laps and used for 
descrimination of possible differences in the pull pattern with increasing fatigue_ In spite 
of the known differences between intracyc1e velocity measured at the center of gravity or 
at the hip, Maglischo et al. [2] have proposed that the horizontal velocity of the hip can 
be used as a tool for technical evaluation because the velocities of the hip and center oj 
gravity follow similar patterns in the four competitive strokes. Every swimming effor1 
was filmed from out of the water for the assessment. of stroke rate and velocity. The 
effective velocity sustained at each stage was measured over 15 m within two points 5 IT 
from each end of the pool, to eliminate the influence of the turn. Distance per stroke wa~ 
then ~stimated by simple arithmetic calculations. The statistics consisted of means anc 
standard deviations for description of measured variables and ANOV A for repeatec 
measures to test the significance of statistical differences 

RESULTS 
Peak V02 (l.min-l) and lactate concentration (mmol.l-1) attained were 4.13±o.4L 

and 11.94±1.51 in front-crawl and 3.91±O.39 and 9.68±2.23 in backstroke. 
Swimming velocity was significantly lower at the last lap of 50 meters than at the firs 

one in both strokes. This difference was concomitant with a decrease in distance pe 
stroke and a maintenance of stroke rate, in agreement with previous studies [3]. 

In front crawl, the spacial characteristics ofthe arm pull showed significant change: 
~inthelastlap, with a decrease in both the pulling length and the~pulling depth.h 
backstroke, on the contrary, swimmers were able to maintain pulling length and deptJ 
stable through the entire s,wim. Distance between point of entry and point of exit of th( 
hand did not change significantly in both strokes. 
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, In front crawl, relative dmation decrease of the entry~glide phase and of the upsweep 
occurred at the last lap of the swim. In backstroke a decrease of the relative duration of 
:the final downsweep was the only significant change observed. 
~.:. . 
)DISCUSSION ., . 
c, In front crawl, relanve duranon decrease of the enrry~ghde phase and of the upsweep 
(denoteS less body roll and incapacity ~f ~eating large amount of p~opulsive force in the 
'finish of the pull as happens at the mioal laps, due to local faogue. In backstroke, 
~decrease of the relative duration of the final downsweep is possibly the origin of the 
laecrease in distance per stroke. ' 
. The absolute and relative durations of each phase showed strong interindividual 
;differences, varying up to three times in some cases. 
~ This results give evidence that individual strategies for obtaining even paced maximal 
iswims s~ould be sti.I~~d in order to make possible an adequate technical advise and 
~optimisatlon of compenuve perfonnance. . 
~ . 
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ENERGETIC ASPECTS OF THE TRIPLE JUMP 

ACAmadio l , W.Baumann2 
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2- Deutsche Sporthochschule Koln - Institut fur Biomechanik - Germany 

INTRODUCTION 
The study focuses on sports activity, considering the different types of energy : 

the interpretation of the process of energy transfonnation which occurs during 
movement analysed - the triple jump .. The total mechanical energy of the body, or c 
body segment (Eti), can be obtained by adding up the following types of mechani 
ener~, potencial, ~12ot (mi~hi) and kinetical, Ekin (translational, Etrans (mjVi212) i 

rotattonal, Erot (liwi 12)): 

2 2 m"v· J.w· Et . = 111jg~ +_'",,_1 +_1_1 
1 2 2 

Therefore, the quantification of the mechanical energy (defined as the sume of 
external and internal energy) was carried out in order to describe the triple jump .. 1 
external energy is related to velocity and vertical position of center of gravity (Ekb 
Epot) and the internal energy is related to relative movements of the limbs with respect 
center of gravity (Erot + Etrans). Inevitably all physical activities of the human be 
involve changes in the type of energy. 

This concept encompasses the transformation fiom one type' of energy to anot 
following its basic forms. chemical, mechanical (potential, translational, rotatioI 
elastic), thermal, etc., according to Winter (1979). Another important concept 
mechanics is that, in an isolated system, the total mechanical energy remains consH 
The energetic transformations can also be interpreted based on the work product 
needs of each body segment, required by the task to be performed. 

METHODS 
This research was undertaken using a kinemetric procedure, where a pan 

camera with external calibration and markers was used, according to Amadio (1985), ~ 

calculate the X, Y body coordinates. To conduct this analysis, we focused 
measurements that characterize an analysis of movement, synchronizing the follow 
procedures. Cinematographic (Locam high speed 16 rom Camera, 100 f/s) ~ 

Anthropometric (utilizing Hanavan, mathematical model to determine center of grav 
inertia and center of gravity of body segments). The anthropometric procedure v 
practised as a reference system to calculate the kinematic variables based on 
cinematographic data 
" , The coordinates of marked body points were achieved through analysis of e: 

picture, receiving mathematical numerical treatment by using a 5 point parabe 
aproximation method. Considering the predomination of the movement in the sagil . 
plane and mechanical shock during the support phase, which causes a enorm( 
displacement of muscular mass, a great error in the determination of the rotational enel 
as well as a reduced contribution of this type energy to the movement analysed v 
observed .. Hence the rotational energy was not utilized for the present investigation 

RESULTS AND DISCUSSION 
.. The models of calculation enable quantification of the ~efl'lal mech~cal enel .. 

for the center of gravity of the jumper in a real competition situation; therefore, it 
represented as shown in Fig. I, in view of the structure of movement in the axis of r " 
execution time. In this figure it is evident the typical behavior of mechanical enel 
development in its diversified forms towards the jumper center of gravity. 
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Fig.l: Interpretation of the modifications occured in the external mechanical energy 
during the 17.33 m tripJejump performed by athlete PB, according to Amadio (1985). 

This survey involved the analysis of 57 triple jumps, resulting in average performance of 
15 . .57 m (1438 - 1733).. The analyzed jumps refer to competition performance in 
German Athletic Championships. The value of the average error rate when quantifying 
mechanical energy is determined in relation to the control of value variance observed 
during the aerial phase of the movement, which is the large~t variance phase, where 
maximum deviation reached 360 J, which means an average error rate of less than 8%. 
The potencial energy observed during the supporting phases show an alteration of the 
minor values for Step ± 50 J while for Hop and Jump these values are ± 150 J 
Concerning kinetic energy horizontally, it is noted that loss in the supporting phase 
increases from support to support and that for the greater jump performance, the larger 
energy loss. Furthermore, regardin~ total mechanical energy alterations, it Was revealed 
the lowest loss value for Hop, whilst the highest loss values were noted for Step during 
the supporting phase. A meaningful correlation (p<O .. OOI) was found for the alteration of 
potencial energy between Hop and Step with triple jump performance, during both the 
supporting and the aerial phases .. Another important correlation was detected (p<0.001) 
for the total mechanical energy loss in the triple jump support and performance, 
considering alterations occured between Hop and Step, as well as between Hop and 
Jump. This means that the loss ratio of total mechanical energy is increased from first to 
third jump in the supporting phases, Le., the following loss proportional values were 
obtained:: Hop ±5%, Step :l; 15%, Jump ± 18% The maintenance of these values 
becomesmoie difficult forStep-thirifor Hop and Jump. 
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INTRODUCTION 
Previously we measured foot pressures during golf swings at various lies by 

Japanese professional golfer (Amano & Hibi, 1994). We found that foot pressures wen 

observed to be influenced more by differences in right-left inclination than front ·reat 

inclination. We concluded this is because the human body maintains high front-rear foot 

stability through action of the foot digits. Right-left balance, however, requires the use of 

both feet. This is due to the structure of the foot. On the other hand, the soles of the feet 

are the first parts of the body to absorb large reaction forces, before they are transmitted to 

other parts of the body. We consequently considered that foot pressure indicated the total 

capacity of the physical fitness (muscle power and flexibility etc.) and structure of the 

body. In other words, the total capacity is the net usefulness of physical resources, not 

maximum values. The purpose of this study is to find the reiationshipbetween the foot 

pressures measured during golf swings and total capacity, and perfonnance. 

METHOD 

'The subjects were 18 professional golf players involving three major title holder 

(shown in Table 1) and 18 amateur players handicapped 6 to 36. Foot pressures were 

measured by an F-scan system(Tekscan Co., USA) using a high resolution(maxim 

sensing points: 124Op), pressure-sensitive insole sensor. The sensor is flexible and can 

be easily trimmed so that it fits most any shoe size or shape. TIlls system allows fOT the 

visualization of foot pressures as a function of time(I00HZ). The subjects swung about 

10 times at balls with driver. Foot pressures of the best shot of each were used for 

analysis. 

/" 

RESULTS AND DISCUSSION 

Foot pressures of the professionals were clearly different from those of the amateurs. 

In the right foot at the top of swing, the professionals' foot pressures were observed to 

maintain the address condition or to register higher foot pressure on the inside of the foot 

than on the outside. In the amateurs, the toe, the heel or the outside of the right foot 

registered higher foot pressures at the top of swing. Foot pressures of the left foot at the 

. impact were similar to these atth~ top of .swing for both the professionals and tl1~. 

amateurs. From the comparison of the professionals and the amateurs, we assessed that a 

wider pressure area of the right foot at the top of swing and the left foot at the impact was 

superior, because a wide pressure area can be stable. But the the total capacity of the body 



f" required. We considered the total capacity may be the dynamic fl~xibility of hip joi;~ in 

the golf swing. The total capacity assessed from foot pressures is shown in Table 1. It 

CQuid not necessarily be correlated with either money ranking or career wins. 

~ Table 1. Money Ranking of the Japanese Professional Golf Tour in 1994 (NO.1 to 14) 

.. or main career(No. 15 to 18), and assessments from foot pressure during swing (at the 

!9P of swing and the impact) of 16 subjects are indicated in this table. 

NO Subj. Nationality Ranking* or Assessment from FP** 

1 

2 

3 

4 

5 

6 

7 
, 8 

~ l~ 
I~.~ ~~ 
~ 13 

H.K. 

T.N. 

H.H. 

S.K. 

D.S. 

M.K. 

T,E. 

H.V. 
H.S. 

N.V. 
Y.M. 

B.W. 

LB.F 

JPN 

JPN 

JPN 

JPN 

JPN 

JPN 

JPN 

JPN 

JPN 

JPN 

JPN 

USA 

AUS 
In 
li 14 J.P. SWED 
~ 
~ 15 J.S. USA 

Career 

13 

+ 
81 

+ 
48 

80 

94 

20 

8 

53 

14 

2 

BO***(1991) 

USPGA( 1988) 

T01) 

A 

D 

B 

D 

C 

D 

B 

C 

B 

C 

C 

B 

A 

o 
C 

~ 16 W.G. AUS LTSPGA(l990) C 
,! 

~ *: Money Ranking of Japanese Professional GolfTourin 1994. 

~ **: Foot Pressure, BO***: British Open, +: over 100, 

'I Assessments are indIcated with 5 classes (from A to E) 

REFERENCE 

Impact 

A 

B 

B 

D 

D 

C 

C 

D 

D 

C 

B 

C 

B 

D 

C 

C 

1. Amano, K. and Hibi, N.(1994) Foot Pressures during golf swings at various ball lies 

by a Japanese professional golfer as measured by a high resolution sensor. Abstract of 

Asian Sports Congress, Hiroshima, p.116. 
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ACTIV ATION PATfERNS DURING MAXIMAL VOLUNTARY KNEE EXTENSIOl' 
IN HIGH-SKILLED AND SEDENTARY INDIVIDUALS, 
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Groupe Analyse du Mouvement, UFR-STAPS BP 138, Universite de Bourgogne, 21004 
Dijon Cedex, France. 

INTRODUCTION 
The Torque/Angular Velocity (T/AV) relationship could be influenced by the 

individual level of strength. In fact, high-,strength subjects present a more rising-pattern 
of T/ A V curve than sedentary subjects (Hortobagyi and Katch 1990). Several factors, 
such as neural inhibition by Golgi-tendon organs andJor co-activation of antagonist 
muscles, could explain this phenomenon (Westing et al.1990, Osterning et al. 1986). 

The aim of this study was to examine the shape of the T/ A V curve in high-skilled 
and sedentary individuals with special attention to the myoelectrical activity of agonist 
and antagonist muscles during knee extension. 

METHODS 
Subjects: Eight high skilled-athletes (HS) of international level in athletics ex 

±SE : 22.8±0.1 years; 183.4±1 cm; 7S.S±3 kg) and eigth sedentary (S) males ex ±SE : 
23.1±0.5 years; 178.8±2.S cm ; 74.4±3.2 kg) participated in this study. Subjects of group 
HS trained on average 6 times per week for the last five years, 

Experimental conditions: Isokinetic tests were carlied out using a Biodex (Biodex 
Corporation, Shirley, NY, USA) dynamometer. After a period of standardized warm-up 
and familiarization with the measurement apparatus, the subjects were asked to perform 
three maxImal voluntary leg extensions (range 'of motion 90°, 0°: full extension) at 
different angular velocities (-120°, -90°, -60°, -30°, -15°, 15°,30°,60°,90°, 120°, 180°, 
240°, 3OO°.s-1,) and to hold three maximal isometric actions at 65° of the knee angle. A 
rest of 3-5 minutes was allowed between each trial. Constant Angular Torques (CAT) at 
65° obtained directly by the Biodex software were used. All tests were performed at the 
same time of day. 

Myoelectrical activities of vastus lateral is (VL), vastus medialis (VM) and semi­
tendineous (ST) were detected by using three pairs of silver chloride surface electrodes 
placed over the belly of each muscle. The myoelectrical signal (EMG) was amplified 
with a bandwidth frequency ranging from 1.5Hz to 2~z. Angular position, EMG signals 
and torque were digitazed on line at a sampling frequency of 1000 Hz. The myoelectrical 
amplitude activity as Root Mean Square (RMS) was calculated. 

Statistical Analysis: Analysis of variance (ANOV A) was used to test the 
statistically significant differences in strength measurements and electrical activity. A 
probability level of significance was established at p<0.05 for all procedures. 

RESULTS AND DISCUSSION 
The shape of the T/AV relationship is different between the HS and S groups" The 

torques developed, at all angular velocities, by the group HS were significantly (p<0.05) 
,higher than those developed by the group S (fig.l). Eccentric torques of group HS 
increased with increasing angular velocity, whereas no difference was observed for the 
group S. Similar results have been previously obtained (Hortobagyi and Katch 1990). 

For both experimental groups, the RMS values obtained for the agonist muscles 
(VL and VM) increased with increasing angular velocity during concentric and eccentric 
action (fig 2), In addition, the co-activation of the antagonist muscle (ST) was not 
~ignificant1y affected by the angular velocity. However, the RMS values of the ST in HS 
group were significantly lower than in group S at all angular' velocities. Thus, the 
participation of the antagonists to the resultant torque was more important in group S 
than in HS. This could partly explain the torque output differences between HS and S 

'groups," 
Moreover, at the same velocity, the RMS values obtained for the agonist muscles 

(VL and VM) during concentric action, were significantly higher than those obtained 
during eccentric action. 
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Figure 1. Torque/Angular Velocity (T/ A V) relationship established using Constant Angular 

• Torque at 65° (CAT) in High-Skilled athletes (black symbols) and sedentary individuals (open symbols) 
; Values are mean C± SE). 
l 

This result could reflect a non-maximal activation under high-tension eccentric 
loading conditions as suggested previously (Westing et aL 1990). The difference between 
concentric and eccentric RMS values was more pronounced in S than in HS. 
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Figure 2., Electromyographic (EMG) activity of vastus lateralis (circle), vastus medialis (rectangle) 
and semi-tendineous (triangle) muscles on HS (black symbols) and S groups (open symbols). RMS values 
(± SE) were normalized by dividing all scores by the concentric 15°/s values 

The results of this study suggest that T/AV relationship could be dependent on the 
• individual level of training. Myoelectrical activity of antagonist muscles during knee­

extension is significantly greater in untrained than in trained subjects. More important 
differences between concentric and eccentric RMS values in S than in HS group, confirm 
that the action of a tension-regulating mechanism may be a trainable phenomenon. 
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TIlE FLEXION-RELAXATION PHENOMENON REVISITED AND 
INTERACTIONS BE1WEEN QUADRATUS LUMBORUM AND ERECTOR 

SPINAE FOR BACK STABILTIY 
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INTRODUCTION 
It has become an accepted fact for healthy persons in standing, that the lumbar 

spine stability is only due to discs and ligaments, when the flexion-relaxation I 
phenomenon ocems for the medial lumbar erector spinae, that is when its activity cease~ 
in the latter half of the range of fOIWard flexion of the tnmk, held relaxed kyphotic (1). ! 
However, a contribution to the stability could be made by the quadratus lumborum, a J 

muscle whose actual functions are relatively unkno\W (2). We have earlier reported on 
the roles played by the psoas and iliacus muscles for the stability and movements at the 
spine, pelvis and hip (3). The aim of this study was to investigate the activity patterns of 
quadratus lumborum and the lateral and medialIumbar erect~r spinae in vatious tasks, ; 
including a test of the flexion-relaxation phenomenon. 

MEIHODOLOGY 
Seven healthy subjects, fom men and three women, aged 20-35 years, peIfOImed 

various standardized tasks. Electromyography, EMG, was recorded at the level of the 
third lumbar vertebrae, with fine-wire electrodes (0.22 mm in diaIneter). They were 
inserted with a needle, directed via guidance of ultra sound (3), into the midpOItion of 
quadratus lumborum (QL), and into the lateral deep erector spinae (l-ES), 0.5-1 em 
behind the middle of the dorsal fascia of QL The electrode site in the medial superfici 
erector spinae (m-ES), was 3 cm lateral to the midline and 1 em into the muscle .. 
Average EMG-amplitude was measured for two seconds at different static body 
positions from the amplified (1000-5000 times), filtered (10-1000Hz) and Iectified 
EMG-signals, sampled at a fi'equency ofO.5kHz. The EMGvalues for each task and 
muscle were expressed as percentage values, normalized to the highest activity obseIved 
The mean (±SE) of the normalized EMG values for all subjects was calculated. 
Goniometers were used bilaterally to record angular displacements at the hip joint. 

.,1 ? • 
! 1! £ .!! ~ 

QL - _ QL 1 2 7 8 15 
SE I 1 2 3 2 

~ ~ijMi '~' /1~llf'j~I' l-ES 1 7 13 26 19 
I-ES SE 0 2 5 11 7 

~ ~~1~~ ~~l m-ES2 23 23 10 4 
m-ES .... -- SE I 4 4 6 4 

r~ ---
at b( c[ d~ e'~ 

Figure L Raw EMG recordings fro~ quadratus lumborum (QL), lateral (l-ES) ~d medial 
erector spinae (m-ES) for one representative subject in a) n~Jmal standing, and standing with b) 
30, c) 60 and d) 90 degrees of hip flexion with the whole tnmkheld straight, and e) with the trunk 

relaxed, kyphotic, at the 90 degrees hip angle .. The means (±SE), of the nOlmaIized EMG levels 
for all subjects in the tasks a-e are given to the right, 
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RESULTS AND DISCUSSION , 
A new finding was that quadratus lumborum (QL) and lateral deep lumbar erector 

spinae (l-ES) were activated when the well known flexion-relaxation phenomenon, i.e. 
cessation of activity, occurred for its medial portion (m-ES) during full fOlWard flexion 
of the whole relaxed and kyphotic trunk (Fig.l). Activity was absent in m-ES in this 
position for all, except one subject. Consequently, the lumbar spine stability is not only 
due to ligaments and discs as has been proposed earlier (1). 

The highest activity for QL and l-ES was seen in maximal ipsilateral flexion of the 
trunk in a side-lying position (100±O and 78±16%, respectively), while m-ES was 
activated to a lower extent (43±13%) in this position, showing its highest value instead 
in maximal bilateral leg lift in a prone position (94±4%). 

Marked involvement of both QL and l-ES was observed during contralateral leg 
flexion both in standing (36±8 and 31±10%, respectively, at 90 degrees) and in a supine" 
position (15±3 and 16±8o/o, respectively, at 60 degrees). This is probably to maintAin 
stability of the lumbar spine in the frontal plane, since psoas on the opposite side is highly 
engaged (3). In these tasks m-ES showed no or low activation. There were several other 
situations where QL and l-ES appeared to have an important stability function of the 
trunk sideways. When holding a weight of34 kg in an upright standing poSition, QL was 
only involved in contralateral one hand lifts (39±12%), and not at all with two hands in 

. front of the body. The values for contralaterall-ES and m-ES were 68±14% and 31±9%, 
respectively, in the former task, and 27±12% and 41±8%, respectively in the latter" All 
three muscle pOItions were generally quiet when holding the weight in the ipsilateral 
hand. 

During the normal postures, the majority of the subjects showed no or only minor 
activity in the three muscle portions in standing at ease and in sitting with a relaxed 
kyphotic or with a straight back. In the latter task psoas has been shown to be involved 
(3). QL was generally not substantially activated during fOIward pelvic tilt and in 
hyperlordosis of the lumbar spine in upright standing, and during a combination of these 
tasks.in sitting (4±2, 2±1 and 2±1 %, respectively), while m-ES and 1-ES were more 
involved, the former to higher relative levels (39±11, 2419 and 19±5% vs 13±5, 13±4 
and 8±6%, respectively), Earlier it has been demonstrated that psoas and iliacus 
markedly contnlmte in thesetasks only in sitting, which is true also in lateral flexion of 
the trunk to the contralateral side (3). In this situation, moderate activity was seen for 
QL and l-ES both in sitting (21±4 and 28±12%, respectively) and in standing (17±3 and 
34±14%, respectively) whereas the activation ofm-ES was low or absent. In ipsilateral 
flexion of the trunk all three muscles showed negligtole activity in both standing and 
sitting. QL as well as l-ES and m-ES were engaged when elevating the pelvis maximally 
at the ipsilateral side, both in standing (33±7, 44±11 and 28±8%, respectively) and in 
sitting (30±9, 33±10 and 16*4%, respectively), and a1s~ in maximal abduction of the 
ipsilateral leg in standing (32±5, 59±13 and 40±16%, respectively). All these exercises 
performed on the contralateral side resulted in no or low activity in all three muscles., 
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INTRODUCTION, 
The mechanical behaviour of cancellous bone depends upon numerous fact03 

including the material properties of the bony tissue and the architecture of the trabecul 
plates; the complex interrelations of these factors are not completely understood [1 J .. 
part of a cellular solid the trabecular plates must to a greater or lesser degree bend and 
compress as they take up load. cFor a cellular solid the modulus E and apparent density J 
are related by the equation E = Cp n (1) [see ref 2J where C is a constant. GibS0l1 
and Ashby [2] have suggested several mechanical models for cancellous bonel Experimental determination of modulus, of the index n in equation (1), and observations 0 
bone structure can help to elucidate which model is most appropriate This can then b 
used as a starting point for a more elaborate three dimensional representation of the bone .. 
We have obtained estimates of modulus and n in principal directions on cubes cut from th~ 
heads of five human femurs and sectioned some of this bone to study local cancellous 
architecture .. These observations have been drawn together using three dimensional finit 
element models representing the principal features ofa subset of the cubes. 
MATERIAL AND NlETHODS 

The femoral heads (four embalmed, one dry) were each cut and lapped into 90-100 
test cubes, 5mm on a side. The principal plane of sectioning was normal to the 16° infero-
laterally directed load line in walking, designated supero-inferior (SI). Second 
directions orthogonal to SI were medio-Iateral (ML) and antero-posterior (AP). The cubes 
were loaded in compression at a rate of 3.5 to 6 N/s to a maximum strain of 0 6% A 
linear regression analysis performed on the upper third of each load/displacement curve 
gave a stifihess from which a modulus could be calculated.. Cubes were weighed after l 

cleaning of soft tissue by blowing through with high pressure air, soaking under vacuum in 
a collagenase solution, and further blowing. Up to 45 cross-sections were prepared from 
each of 23 cubes by a serial ablation process; blocks were mounted in a jig and one face 
sanded off 100!lffi at a time, the exposed surfuce highlighted, photographed and digitized. 
Structural features were studied on computer reconstructed models of the sampled bone .. 
Statistics or' bone plate length and angle of orientation were compiled from the digitised 
data using a computer aided design drawing package on two dimensional 'skeletonised' 
images of the bpne Mean trabecular wall thickness t was calculated as t = Ap'tr', where 
A i§.the image area, p' is the apparent density taken as the area fraction of bone and T' is 
the total length of plates in the picture. Finite element models representing the principal 
features of the cancellous bone architecture were developed. These models, consisting 0 
over 1900 first order shell elements, were based on the extended side by side array of 
prismatic tubeS described by Gibson and Ashby [2]. Representative values for material 
modulus of 10 GPa and Poisson's ratio 0.3 were chosen. Two model types wer·e used. . 

. Type 1 was a 5mmx5mm regular hexagonal honeycomb 5 cells across in plane with walls 
5mm high; type 2 was based on type 1 but with the middle 2mm portion of the tubes 
staggered sideways in the in-plane direction by half a cell diameter. The middle portion 
was;joined to undisplaced Imm thick top and bottom portions using intermediate layers 
O . .5mm thick of nearly longitudinally oriented bridging plates so that the structure was 
continuous. This mod~l represents an extended foam with partially 4Iterdigitating layers of 
side by side "ellipsoidal" cavities 3mm long. Three versions of each model type with plate 



b· d . 1 ed' . 5,,5 . of 0.04, 0,,08 and 016mm were su Jecte to sunu at compreSSIOn tests /"\. 
....•... displa~ment of 0.05rrun in compression was applied to nodes at one end. Nodes at 
. tile opposing end were constr~ed fro~ ~ovement in the lo~ direction but ~ nodes were 

otherwise unconstrained to sunulate frict.1On~fi:'ee end condittons. The effectIve modulus 
, . was calculated using the nodal reaction force, the area and the applied strain ( 1 %) 

RESULTS 
1. In all femurs there was a column of bone with intermediate to high SI modulus 

stretching from the center of the contact area to the cortical bone at the medial edge of the 
neck diametrically opposite. 
2. The cancellous bone consisted of perforated plates and cavities oriented in the SI 
direction, principal orientation being within 10° of SI. The SI modulus was generally 3-4 
tinies the modulus in the other two directions .. Typical average plate thicknesses fell within 
the r1frige 0, 16mm to 0.22 rnm wide p 

3. The values for 62 cubes from these columns were average relative density p 28, 

i~ge 012 to 048; modulus-SI 05 to 3..2 GPa, ML 01 to L6 GPa, AP 0 . .1 to 2 3 
": GPa, n- SI I 14 (r2:0 46), ML 

, 18 (?=0.56) and AP 2 . .18 
96 (r=O,,82)(see fig. I} 

a 4 The relative densities for the three 

o 

" " 

-1 2 
Log(m) 

51: n=l 14 

AP: n=2.18 

-0 . .8 

Figure l' Log oj modulus E (N/m2) for Sl and AP 
directions vs log of cube mass m (gms)for 62 
cubes and regression lines., 

versions of each model type were 
008, 015 and OJO. The effective 
moduli for type 1 with OJ6mm wall 
(relative density 03) in the out-of­
plane and in-plane directions were 
3 4GPa and 0 4 GPa respectively 
giving an anisotropy ratio of 
(approx ) 9-1. The corresponding 
results for type 2 were lJGPa and 
o 8GPa for out-of-plane and in-plane 
directions respectively giving an 
anisotropy ratio of 4:1 The values for 
n for type 1 were 10 and 2.8 for out-
of-plane and in-plane directions 
respectively and for type 2 were 1 .. 1 

and 1.4 for out-of-plane and in-plane directions respectively.. 
DISCUSSION 

The experimental results show that the bone of the central core of the femoral head is 
moderately anisotropic. The experimentally determined values for n indicate a different 
functional relationship between modulus and density in different directions A value for n 
close to 1 as obtained for SI sugg~sts that cell walls compress longitudinally (instead of 
bend) under load in this direction.' The finite element' models provide modulus results 
approximating those of the experimental findings. In contrast, the anisotropy ratio for type 
I was quite high The effect of staggering cells in type 2 results in a structure which is 
much stiffer in the io-plane direction with a very small addition of mass,. and produces an 
anisotropy ratio witHin the range determined experimentally. 
REFERENCES 1 Keaveny T..M. and Hayes W C.lBiomech. Eng, 115) 534-542,1993 

2 Gibson, L 1 and Ashby MF. Cellular Solids Pergamon Press, 1988 
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ANALYSIS OF HEMORHEOLOGICAL DATA, DETERMINED BY COUETTE 
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lNTRODUCTION 
The complex rheological properties of blood and their great variability between different 
state and conditions of the person, its health. physico-chemical composition of blood 
components and mechanical properties of the flow make difficult the interpretation and 
comparison of hemorheological data. These problems can be overcomed by 
approximation the experimental data in a given ar·ea of shear rates by a some constitutive 
equation. The obtained parameters.of the equations can be an useful tool, if can be shown 
that at some diseases the parameters of the equation are changed in comparison with those 
in norm. The aim of the study is to analyze rheological properties of blood by different 
constitutive equations on the basis of the obtained parameters of these equations, applied 
for nonnal blood and blood from patients, suffering from erythraemia. 

METHODS 
Eight different constitutive equations, describing the rheological properties of 

'blood were considered - functions of the kind: 

't = 't (y,H. + ui ~i=l k) 
't are shear stress, y - shear rates. H - hematocrit, ui - row of parameters, defining 
specific fonn of the equations and allowing their approximation to the experimental data. 

Table 1. Considered constitutive equations 
l.Ostwald-de-Waele 
2. Herschel-Bulkley 
3.Walbum-Schneck 
4.Phillips-Deutsch (A) 
5.Phillips-Deutsch (B) 
6.Quemada (A) 
7.Quemada (B) 
8.Riha-Charova 

't = K.yn 
m 

't = 'to trf·'WH2 (1- eH) 
't=a .. e [e )y 
't = ai (1+ by )/(1+ Cy2) ~y <ff\ 
't = ai (1 + b/)/q + c/) ~e 
't = 'I1n i lI(l-kH )rr 

~ la la l 
't=l1pil-(Ko+KooYr )H/(l+Yr )(Y 
't = [(1100 - 1 ) + lOAexp(.BJogy)]y 

The problem for parameter estimation was solved. The approximation of every 
one of the considered equations to the experimental data wa~ done by determinatiqn of 
the p'arameters. minimising the squar·e functional D: D = L ('t _. 't E ) 2 • where 't -

Jtheoretica1ly defined shear· stresses by the equations, 't E - experimentally determined shear 
stresses. The non-linear problem for parameter estimation was solved by the gradient 
method . The differences of the nonnal blood and of the patients, suffering from 
erythraemia was sought on the basis of the determined parameters of each constitutive 
equation by two-group t-test. 

25 blood samples of patients. suffering from erytraemia and 32 blood samples 
from healthy persons were investigated. The shear stress-shear rates relationship was 
A~t~~e.d at25° C and 37°_C. The flow curves V\l'ere d~tennined ~y t:;oue~e_ri~cometer 
under steady flow in the newtonian range of shear rates from 144 s to 1312 s . 

RESULTS 
The groups 'of patients suffering from erythraemia were compared with those of 

the healthy subjects on the basis of the parameters of each of the considered. constitutive . 



t!~~T; 

~J~fi:;CJ.uation by means of two-group t-test. The results at 370 C show'(Table2) that signi~Zant 
':tufferences can be found by the parameters k with p:::; 0,05 for equation 1; for 
. ,equation 2 - this is the parameter m with p s 0,0 I; for equation 3 - by the parameters a, b 
'and d with p :::;; 0,008; for equation 4 - by the parameters a and c correspondingly; for 

~ 

~ 
~ 

I 

equation 5 - these are the parameters band d with p :::;; 0,09 and p :::;0,06; for equation 6 -
by k with P :::;; 0,1; for equation 7 - by koo with P :::;0,2. The parameters A and B of 
equation 8 allow the groups to be divided correspondingly with p :::;;0,07 and p sO,l. 

Table 2. The values of the function t and the probability p, obtained by t-test (* - separate 
variances, ** pooled variances) 

Eq.No Parameters t p - value t p-value 

T=370 C 

la k -7,84* 0,0000 
3 a 3,54* 0,0125 3,17* 0,0186 

4,75** 0,0001 4,11 ** 0,0006 
d 3,23* 0,0078 

2,97** 0,0079 
4 b -4,62* 0,0003 

c - 2,67* 0,0370 
3,54** 0,0022 

6 k 2,32* 0,0408 
2,23** 0,0399 

8 A - 5,32* 0,0013 -1,82* 0,0898 

Similar are the results at 250 C: for power law 1 the parameter k allows the groups 
to be divided correspondingly by p s 0,2 and p s 0,1; for equation 2 - this is the 
parameter m with p :::; 0,05; for equation 3 - parameters a,b, cand d with p between 0,00 -
and 0,2; for equations 4 and 5 - parameter b with p :::; 0,1; for equation 6 - parameter k by 
p s 0,09. The differences of the investigated groups can be found on the parameters kO 
and koo withp:::;; 0,2 and p :::; 0,09 correspondingly for equation 7 and for equation 8 on 
the parameter A with p :::;;0,01. 

CONCLUSION 
Ii 
~ Analysis of hemorheological data can be done on the basis of the parameters, 
t describing rheological properties of blood. 1. For each of the considered equations there 
~ l exist at least one parameter, by means of which the experimental hemorheological data 
~ can be divided in the two groups. 2. The power law describes the shear stress-shear rate 
~ relationship for blood in the investigated newtonian1:'ange with the' highest accmacy 
~ 'i (standard deviation s = 0,6884 ± 0,5349 )" 
~ 

~ 
~ 
~ 
~ 
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to the Long Jump during Take-off 

1 K.Aoyama 2 A.Hamamatsu 3 K.Ogiso I H.Sawamura 
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Introduction 
Much reserch has already been completed concerning the take- off for the long 

jump. However,most of this research focussed on investigating the relationship 
between performance and kinetpatics or kinetics during take- off. There are very 1 

few studies of the role or contribution of each body segment to the long jump 
during take- off. 
The porpose of this study was to investigate the segmental role or contribution to 

the take- off in the long jump. 

Methods 
Five male long jumpers performed the long jump. Their take- off were filmed at I 

200 frames/second with a Nac high speed- camera. From the resulting video tape, 
two dimensional coordinates of twenty- three points on the various body parts I 
were obtained by digitizing with a sampling frequecy of 100Hz. This data was . 
filtered With ~ Butt~rWorth digital filter at 10Hz (Winter 1979). Body parameters ~ 
were used following Chandler et al.(1975). This data was used to calculate the 
generated monentaof the arms,head and trunk,free leg, using the method of Ae and I 
Shibukawa(1980)., 

.,. 

I Segnmental generated impulses(holizontal and vertical) in each frame were also 
computed by subtracting generated momenta at tuchdown of the take- off foot from 
those each frame, and then the mean percent contribution of the segments were I·. 
obtained by dividing total impluse of each segment over the take-off pbase by the 
whole body impulse. To determine the average patterns of the monenta generated, I 
theywere divied by body mass(BM) and they were normalized to take- off contact 
time set at 1000/0. 

I 
ResUlts and Discution 
1. The mean percent contribution(Fig.1) I 
With regard to the horizontal direction, the highest contribution was made by the 
~,' and the smallest(negative) by the take-off leg. The percentage of I 
contribution were small for both the arms and the free leg. 
As for the vertical direction, all of the bogy segments showed positive 

contribution. The take- off leg showed the highest percentage contribution. 

2. Patterns of the momenta generated by the body segments 
The upper part of Fig.2 shows the momentaum generated in the horizontal 

direction during take- off. The trunk shows negative generated momenta from the 
take-offpoint to about 300/0, and then shows positive generated momentum.Tbe 
take- off leg shows highly positive generated momentaum in all phases of the 
take- off. From this data it was concluded that the trunk and the take- off leg 
have a mutually supportive relationship. 



~, 

r The lower part of Fig.2 shows changes in generated momenta in the vghicaI 
.' direction.The trunk shows positive generated momentum until about 55%, and then 

shows negative generated momentaum. Also,the arms and the free leg show 
positive generatedmomenta throughout the take- off. 
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MATHEMATICAL MODEL OF THE HIGH BAR IN GYMNASTICS 
OPTIMIZA nON OF THE GIANT SW1NG PRIOR TO RELEASE 

D. Arampatzis, G.-P .. Briiggemann 
Institute for Athletics and Gymnastics, German Sport University Cologne, Germany 

INTRODUCTION 
In the first part of the descending phase of the giant swing the total energy of the body 
decreases. Energy is at the same time transferred to the system through the muscles, 
absorbed by friction and transferred to the high bar. The difference between the energy 
transferred to the bar and the total energy decrease of the body can be used as a criterium 
for the utilization of the elasticity of the high bar. 
In the remaining giant swing the total energy of the body increases.. Furthermore the 
energy transferred to the bar is returned to the body. The difference between the increase 
in the total energy of the body and the energy returned from the bar can be used as an 
index indicating the utilization of the muscular capacity. This index can also be regarded 
as a criterium for a successful execution of the movement 

METHODS 
A model was designed representing the human body connected to the high bar (RNIK 
model). The human body was comprised ofa 15 segment system. The 15 segmen~$ were 
connected by 14 hinge joints and four sliding joints. The joint-beam met,hqd 
(superelement) was applied to the bar. A superelement is comprised of four rigid bodies 
which are connected by joints (two Cardan joints and one hinge-sliding joint) and 
springs (seven rotatory springs and one extension-compression spring). The high bar was 
modelled by three such superelements. 
The input data necessary for the RMK model were obtained by video kinematographics 
(50 Hz) and dynamometry (500 Hz). The mass and moment of inertia data of the 15 
segments were calculated with a) the information provided in the model of HANA V AN 
(1964) and b) the information provided by ZA TSIORSKY et aL (1984). The giant 
swings preceding dismounts and aerial manoeuvres of three first division gymnasts were 
analyzed. The parameters investigated were the total energy of the human body and the 
individual segments, the propulsive forces and moments, the mechanical power and 
propulsive work and the energy flow (high bar - human body and within the body 
segments) arising from the gravitational and inertial forces. The validities of the high bar 
model and of the RMK model were controlled by comparing the measured and 
calculated bending of the bar. The maximum discrepancies were less than 10%. 

RESULTS AND DISCUSSION 
In the first phase of the downswing (up to a position angle of 2300 ) the gymnasts 
attempted to supply energy to the high bar / human body system through the musculature 
and then to store this energy in the bar. This phase was primarily responsible for the 
utilization of the elasticity of the high bar. The difference between the energy transferred 
to the bar and the decrease in the total energy of the body can be used as a criterium for 
this utilization of the elasticity of the bar (fig. 1). The larger the difference, the better the 
utilization of the elasticity. 
in the remruning giant sWing (from an angle of approx. 2300 until the completion of the 
giant swing) the energy supplied to the bar was returned to the body. An advantageous 
increase in the total energy of the body towards the end of the movement could only be 
achieved through energy supplied by the muscles .. If the muscles were used efficiently . 

. ~~. 

t 
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and the movement was well executed, then the increase in the total energy of the body 
should be greater than the energy returned from the bar. An index can be formed by the 
difference between the increase in the total energy of the body and the energy returned 
from the bar, which describes the utilization of the muscular capacity and can be 
regarded as a criterium for a successfully executed movement (fig.. 2). A greater 
difference is an indicator for a more successful execution .. The choice of anthropometric 
model did not influence the results of either criterium 
A temporally delayed and initially slower, but even reduction of the hip and shoulder 
angles provided advantageous release conditions. Increases of the body's total energy of 
up to 15%, of the vertical release velocity of the centre of mass of up to 10% and of the 
atlgular momentum of up to 35% were possible .. 

ESR DSAl DSR2 TSU DSV GIN KOV 

ESR :single backward somersault 
DSRI :double backward somersault 1 
DSR2 :double backward somersault 2 
DSV :double forward somersault 
GIN :Gienger somersault 
KOV :Kovacs somersault 
Fig. I: Energy transferred to the high bar 
and decrease in the total energy of the body 

B,----------------------, 

o 
ESR DSRl DSR2 TSU DSV GIN KOV 

ESR :single backward somersault 
DSRI :double backward somersault I 
DSR2 :double backward somersault 2 
DSV :double forward somersault 
GIN :Gienger somersault 
KOV :Kovacs somersault 
Fig .. 2: Energy returned from the high bar 
and increase in the total energy of the body. 
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EVALUATION OF INCREASE IN FORCE AND EMG ACTMTY'S CURVES. 

R. C, ARAUJO, M. DUARTE, A C AMADIO 
Biomechanics Laboratory - School of Physical Education 
University of Sao Paulo - Sao Paulo - Brazil 

INTRODUCTION 
In a previous study [IJ, we have studied a correlation between maximal 

isometric voluntary force and surface electromyography (SEMG), in order to evaluate 
the correlation among them in dependence of a training with Neuromuscular Electrical 
Stimulation (NNlES).. That study did -not show a reliable correlation to explain an 
interpretation of muscle torque from SEMG signal Besides, such training has produced 
a significant c\1ange in this correlation, it was different for each muscle': m.Interosseus 
dorsalis I (FDI), m. Biceps braquii (BB) and m. Quadricepsfemoris (QF) and it was 
different for men and women. 

I 
t 

As it is well known, the interference pattern in SEMG signal represents a 
sum of superimposed motor unit potentials (MOPs) [2J For that, it is a hard work to 
preview how force will behavior from SEMG signal The determinant force factors are 
the recruitment of the motor units and the firing rate of motor-neurons. While force 
signal is still increasing, SEMG signal stays in a steady state because there is a limit of 
measurable MUPs For this reason we performed this study with the purpose of 
determine the MVC percentile related to SEMG steady state. 
l\1ATERIALS AND METHODS - ·1 

There were realized 10 synchronized acquisitions of force and SEMG of 4 I. 

individuals in BB under MVC training for a 8 sessions Signals sampling rate was 100 Hz . 
to both signals that were analyzed by computer using an AID convertor For the SEMG 
analysis we used a ETK90 X/4K-d60 amplifier with a gain of 1000 times The figure 1 
shows the curves offorce (upper) and rectified SEMG (lower). We fit sigmoidal curves 
to each one to eliminate the spikes and fluctuations or artifacts and to permit the 
evaluation of the exponential growth in the curves Thus, it was possible to determine the 
point in the SEMG curve at 90 % of the maximum and the correspondent level of force 
in this moment (represented in straigth line in figure 1).. 
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Figure 1 - The curves of force and rectified SEMG and their sigmoidals made to 
determine the exponential growth and the level offorce where the SEMG in m. Biceps 
braquii reaches 90 % of the maximum value 



RESVL TS AND DISCUSSION 
65 

The figure 2 shows the values of force where the SEMG signals are 90% of 
MVC As contraction speed was not controlled, in some acquisitions was not able to 
calculate the sigmoidal curve representing the signal increasing stables the beginning of 
steady state of both force and SEMG.. Our results suggest that such steady state is 46 % 
(SD 13%) ofMVC for this muscle 

These results can reflect questions discussed by DELUCA [3] that shows the 
difference between the area of a muscle and the area of the SEMG electrodes for each , 
person, On the other hand, these acquisitions were made in isometric condition without 
their control of increasing time, Then, the pattern of recruitment in slow or fast 
contractions can be reflected in different saturations levels,. 

The results obtained in this work show that there is not a direct correlation 
between the growth of SEMG and force curves 

Weare looking for the possibility about to acquire the SEMG signal with hig~est 
frequency to confirm if this values where the SEMG saturates can reflect the changes in 
firing rate, since this study was performed with a fixed frequency .. Besides, other studies 
with the control of velocity in isotonic conditions possibly can explain better this 
variations 

Acquisition 

Figure 2 - The level of force where the SEMG signal saturates represented for each 
acquisition for m.biceps braquii. 
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BIOMECHANlCAL APPLICA nONS IN CYBERSPACE 

Gideon B. Ariel and M. Ann Penny 
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INTRODUCTION: The Internet provides access to a worldwide collection of information 
resources and services as a window on the ever-expanding wor Id of on-line information. The 
new communication links afforded by rapid satellite/computer exchanges will enable the field 
of Biomechanics to advance into a new age of technology, resources, research, data base 
development, as well as interaction among scientists. Utilizing the tools available in 
Cyberspace, the Biomechanist can retrieve and display data as well as documents from 
virtually anywhere on the planet. Studies can be conducted at multiple locations and data 
rapidly exchanged among these sites. Application of multiple media sources within 
Cyberspace is referred to as "hypennedia". Thus, with the Internet's hypermedia-based 
interface, documents can include color images, text, sounds, and animation. As a hypermedia 
technology designed for searching and retrieving, Internet provides a unified interface to the 
diverse protocols, data formats, and information archives appropriate for biomechanical 
endeavors. Most of the documents are "hypertext" which are papers containing links to other 
texts, media, and/or locations. Using electronic links, known as Hyperlinks, specified 
information can be incorporate within a document by embedding full-color images, sounds, 
graphs, bibliographies, supplementary resources, data bases, etc. located within that text or at 
some distant site. This interface allows information located around the world to be 
interconnected in an environment that permits users to access the information super-highway 
by clicking on "hyperlinks". Similarly, complex biomechanical research segments at different 
research sites can be "tethered" through these "hyperlink" phases. Biomechanicalresearch and 
subsequent reports become virtually three-dimensional with this multiple level access. 
METHODS: The present study was designed to test the efficacy of acquiring data at a "host" 
site with simultaneous on-line interaction with a second location. The following Internet tools 
were selected as appropriate for the study: (1) FTP (File Transfer Protocol) - to transfer large 
video and document files from site to site; (2) Gopher - To retrieve and post resear'ch finding 
and progress documents; (3) WWW (World Wide Web) - To hyperlink documents with video 
images and sound; (4) HTML (Hyper Text Mark-up Language) - To create the Hyper·link 
documents. 

The study's purpose was to test the capabilities of the Internet in conducting a 
Biomechanical study. The subjects performed an arm flexion-extension exercise in two minute 
bouts on a specialized device which controlled and recorded the force for each repetition .. At 
the completion of each bout, the Subjects performed a five second isometric contraction during 
which both the force exerted and the EMG signals from the biceps and triceps brachii were 
recorded. A simple movement task, pointing to a target, was performed and captured by two 
video cameras. There was a one minute rest following the isometric test and then the next ~ 
flexion-extension exercise bout was begun. Modem connections for the computers which t 
controlled and recorded data for the exercise, EMG, and the isometric contraction were B. 

established prior to the initiation of each subject's first bout of exercise. Baseline and test ~ 
measurements were secured for the maximum voluntary isometric contraction and EMG r 
signals and immediately transmitted via Internet to the remote site for quantification. e 
Transmission of the video from each camera view followed for subsequent quantification. The ~ 
goal was for the scientist at the remote site to receive and quantify the force and EMG data ~ 
using the fatigue fOtnlUla presented by Basmajian and De Luca (1) for determining the point of ~ 
fatigue. Following this fatigue-induced failure point determination, decisions regarding the ~ 
continuation or cessation of exercise could be made. ~ 

The study was conducted between two locations within the United States. A l.~ 
computerized exerCise device was employed for the arm flexion-extension task with the ~ t, 
subject's arm stabilized in an effort to restrict extraneous bodily movements. The exercise i' 

conformed to a predetermined iso-acceleration pattern throughout the entire exercise .. Software & 

~ 
.~ 
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il'O 

i 



I 
I. 
i" 

67 

regulated the iso-acceleration pattern regardless of the level of fatigue in a manner which was 
transparent to the exercising subject. The investigator was situated in an appropriate position 
to monitor the subject's performance and to regulate the timing sequences. EMG data was 
collected simultaneously with force data immediately before and at the end of each exercise 

bout. 
Exercise data, isometric force values, and the EMG signals were transferred from the 

Host site to the recipient site immediately following the data recordings. EMG and force 
quantifications were transferred from the recipient site back to the Host as soon as the results 
had been calculated. Figures 1 and 2 illustrate one of the video picture transmitted and the 
associated digitized data, respectively. Figure 3 illustrates part of a raw and processed EMG 
signal. 

Figure 1 -Transmitted Video Picture 
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Figure 3 - Example of raw and processed EMG signaL 

Figure 2 - Digitized data 
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RESULTS: Following repeated bouts offatiguing exercise, the results demonstrated 
remarkable similarity for the time required to reach the failure point. This was an unexpected I fmding despite the effort to find subjects who represented a homogeneous population, in this 

M, case, weight lifters. Following the data collection and Internet calculations between sites, 
~ subsequent kinematics, force, EMG, and fatigue level determinations were calculated and I reported in documents at each site. Hyperlinks were embedded in the graphic documents to 
g link the video images with the associated kinematics parameters such as position, velocity and 
~,_acceleration. In addition, the EMG data,was hyperlinked.with the kinematic parameters from i the video analysis and kinetic data from the computerized exercise device. 
~ DISCUSSION: Although the Internet electronic linking capabilities allow more elaborate I and exotic research protocol, the efficacy of a simple two site participation with nearly real 
I time data transference and quantification was deemed sufficient for this study. This study 
• successfully demonstrated that biomechanical research can utilize the power of the Internet 

I.~ When conducting and sharing research globally. 
BIBLIOGRAPHY: L Basmajian, 101m V. and De Luca, Carlo 1, Muscles Alive. 5th 
Edition., Baltimore: Williams & Wilkins, 1985. 
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THE BIOMECHANICS OF THE lRANSITION FROM TAKE-OFF TO EARLY FLIGHT 
IN SKI-JUMPING 

Arndt. A.*, Brtiggemann, G.-P.*, Vinnavirta, M.o and Komi, P.o 

* -Institute for Athletics and Gymnastics, German Sport University, Cologne 
° -Department of Biology of Physical Activity, University of JyvliskyUi., Fmland 

INTRODUCTION 
There is abundant biomechanical research concerning the take-off phase of ski-jumping and 

some tvvo-dimensional analyses of the flight phase. There is however, a lack of information 
describing optimal technique in the transition stage betvveen these two pp.ases and also of 
three-dimensional data of the early flight phase. This is of especial relevance to performance 
since the development of the V-technique (Schwameder, 1993). In order to identify important 
contributing factors to the total distance jumped by elite level ski-jumpers, the K90 event at the 
1994 Winter Olympic Games in Lillehammer was analysed. 
METHODS 

Two video cameras (50Hz) were used for data collection of the early flight phase. An 
algorithm employing the DL T technique with panned and tilted cameras was applied (Drenk, 
1988). The take-off was regarded as a two-dimensional motion and was filmed by one high 
speed video camera (100Hz) with its optical axis perpendicular to the take-off edge. Both 
jumps of the ten.best placegetters and ten randomly selected poorer performers were anaiysed. 
The data were manually digitised on a Peak Performance Anaiysis System. A 3:ti model . _. 
defined the following angles for the early flight phase: lower body angle to X axis (horizontal; 
in the direction of the jump), torso position to X axis, ski "V" angle, ski position to X axis and 
leg abduction. The 2D model for the take-off defined the lower body angle to X axis, torso 
position to X axis, knee angle and somersault angle (angle fonned between the X axis and a 
line joining the knee and shoulder joint centres).The somersault angle was introduced as a 
means of quantifying forward angular momentum at take-off. All results were normalised over 
distance: xi = fed), as an analytical method of standardising the data and comparing jumps. A 
second set of parameters analysed were centre of mass (CM) characteristics, as these have 
often been stated in the literature as correlating highly to the final distance jumped. The 
statistical analysis was comprised of an ANOV A to identifY differences between groups and a 
linear correlation analysis between the measured variables and the total distance jumped. 
RESULTS 

. In order to identify the most important characteristics of the analysed phases on the total 
performance, the CM characteristics and the body configuration at the furthest distance 
analysed (17m from the edge of the take-off table) were determined. The body configuration at 
17m, defined by the five angles mentioned above provided an R2 value of 0.84 to the 
dependent variable: distance. Surprisingly, a similar combination of eM parameters (vertical 
and horizontal velocities, height) proved insignificant (R2 = 0.20, P ::; 0.05). As this result 
indicated the importance of obtaining an optimal body position for the flight phase, the jumps 
were traced back through the early flight and take-off to determine how these positions had 
been achieved (figure 1). These angles showed that the most successful ski-jumpers had 
achieved a relatively steady flight position by 10m - 12m after the take-off edge. Prior to this 
the most important contributors to the flight configuration were a rapid extension motion of 
the torso combined with a decreasing lower body angle approximately three metres prior to 
take-off. After a slight decrease from approx. 30° toapprox.20° in the three meters.after take~. 
off, the continued reduction in the lower body angle to the X axis was the major contributor to 
the eventual flight position in which the body and the skis fonned an angle of approx. 20° to 
the horizontal. An ANOVA comparing the better and poorer performers showed significant 
differences (p s; 0.05) in the patterns of the leg abduction angles. The better performers had 

J 
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S11laller abduction angles in the fIrst five metres after take-off however, between five and seven 
metres the pattern was reversed and from approximately 10m the better jumpers had greater 
values in this parameter. A similar comparison of the ski "V" angle showed no significant 
differences. Significant differences were also found in the somersault and knee angular 
velocities at take-off. 
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Figure 1. Means and standard deviations of fIve angles through take-off and early flight of the 
10 best placegetters 

DISCUSSION 
Contrary to results cited in previous studies (eg. Schwameder, 1993), CM parameters at 

take-off provided no significant correlation to the distance jumped in this study; it was found 
that angular parameters related to the confIguration of the ski-jumper system were better 
determinants of performance either in correlations to fInal distance or in differences between 
better and poorer placegetters. The high angular velocities of both knee extension and 
somersault angle of the better ski-jumpers indicated the importance of rapidly assuming an 
extended position at an optimal angle to the flight path (torso and lower body at approx. 20°)_ 
The combination of ski "V" angle, leg abduction angle and body position to the X axis 
illustrated various movement sequences which resulted in a compact configuration in the early 
metres of flight after whieh the better performers began to increase their lifting surface area to 
obtain the greatest advantage from the remaining flight phase. An example of such a sequence 
was a small leg abduction angle in the first few metres of flight while the feet were being 
externally rotated to increase the "V" angle, followed by an increaSing abduction once the 
lower leg angle (and thus the potential frontal area) had been reduced to below 40°. At the 
furthest distance analysed (17m) the greatest individually contributing angle to the final 
distance jumped was the torso position (R2 = 0.77). When compared to the insignificant CM 
parameters, this result reinforced the necessity of coordinating the body in such a manner as to 
obtain a position which provided the optimum aerodynamic prerequisites for the remaining 
flight. This study therefore, showed the importance in ski-jumping of combining complex 
sequences of movements in a very short time (l7m was reached in less than one second). This 
could be detennined by providing a thourough profIle of the transition phases involved. It was 
the execution of these movements which proved vital to the fInal placings rather than the CM 
parameters involved during the movements. 
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EFFECT OF SPRlNT TRAINING ON A CYCLE ERGOMETER ON THE MUSCLE 
POWER-VELOCITY MEASURED DURING CYCLING 
L.M. Arsac, C.A. Hautier, J.-R. Lacour, A. Belli. 
laboratoire de Physiologie-GJP Exercice, Faculte Lyon-sud, Univ. Lyon 1, France. 

INTRODUCTION 
In vivo mechanical properties of muscles could be described by the power-velocity , 
relationship established from cycling measurements (Sargeant et al. 1981).. The 
parabolic relation previously obtained made it possible to confirm that active muscles 
operate at an optimal velocity (V opt) to produce their maximal power output (MPO). 
Both Vopt and MPO have been supposed to be in relation with muscle fibre 
composition (Gregor et al. 1979, Sargeant et aL 1984) and training specificity (Komi 
et al. 1977). Furthermore training effects have been repOlted to have significant effect 
on muscular properties that can be measured through force, velocity and power cit.nputs 
(Duchateau et al. 1984). 
This study was undertaken to examine the effects of short-term and long term training 
on the power-velocity relationShip observed during cycling. The results obtained would 1 
then be discussed in relation with muscle properties. ;. 
METHODS . 
A Monark 818E friction loaded cycle ergometer was transformed so that (i) the force, 
necessary to balance the resistance imposed by the friction belt (Fuic) was measured by . 
a calibrated strain gauge with an accuracy of 0.05 N, (li) the velocity was obtained by a, 
first order digital derivation of the flywheel displacement measured by an optical -
encoder with an accuracy of 11815 points per pedal revolution, (iii) the force necessary 
to accelerate the flywheel was obtained from the second order digital derivation of the 
flywheel displacement providing the flywheel acceleration and the calculation of the 
inettialforce (Fineit) (Lakomy 1986). The analog signal from the gauge waS digitally 
converted by a 12 bits converter and sampled concomitantly with the digital 
displacement signal at 200 Hz on PC computer. The instantaneous power values were i 
calculated according to: power == (Finert + Ffric) . velocity. The instantaneous force, ' 
velocity and power were averaged per each pedal downstroke period identified between . 
two minimum values of instantaneous power since they corresponded to top and -­
bottom dead centres in the pedal rotation. This procedure respects the complete 
contraction cycle of the involved muscle groups (Williams et al. 1988). 
Two groups of subjects volunteered for this study. They were 10 recreational students 
(age mean ± SD 20.2 ± 0.8 years, height 175.6 ± 7.2 em, body mass 65.7 ± 8.5 kg) 
tested before (BT) and after (AT) short-term training and 16 elite sprint (SP) runners 
(age 22.2 ± 2.1, height 174.8 ± 6.9, body mass 72.5 ± 8.3) competing at the 
international level after a long term training. The short-term training consisted in 4 
series of ten 5-s sprint repetitions performed on the cycle ergometer, 4 days a week 
during 9 weeks. The testing procedure consisted in three (SP) to six (BT and AT) 8-s 
sprint bouts completed against different friction loads ranging from 0 to 75 g.kg·1. 
Sprint bouts were separated by at least 10 min of rest. Twelve to thirty pedal 
downstrokes were necessary to perform each sprint and the power-velocity relationship 
of ea9h subject was built from all the downstrokes of all the sprints he performed. 
Inde'ed, it was already demonstrated that the chosen load has no influence on the 
power-velocity relationship (Arsac, submitted). 
RESULTS 
Typical power-velocity data obtained for two subjects are presented in Figure 1. 
Individual strong cOlrelations were obtained (0.94 < r < 0.99) when the data were fitted f 
with third order polynomial curves. Significant positive correlations between Vopt and ! 
MPO were obtained in BT (r == 0.64, P < 0.05) and AT (r == 0.87, P < 0.001) conditions r 
and in the SP group (r == 0.65, P < 0.01, Fig. 2). MPO values of the students group were I 
increased by short-term training (11.7 ± 1.7 W.kg·1 BT vs. AT 15.0 ± 2.5 W.kg·1, t 
P < 0.01). Nevertheless, MPO in the shOlt-term trained students remained significantly t 

lower that MPO iiilong-terin trained sprinters (17S± 1.6 W.kg·1). On the other hand, ~-­
Vopt values were not increased by short-term training (BT 123.2±7.1 rpm, and AT ~ 
122.2 ± 11.8, ns.) although Vopt values in long-term trained sprinters were ! 
significantly higher than students values in both BT (P < 0.001) and AT (P < 0.001) I: 

conditions. I 
~ 
l\.l. 
Jl 
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Figure 1. Typical power-velocity relations 
in two subjects. 

Figure 2. Effect of tlaining on MPO and Vopt 

DISCUSSION 
The present study observed a significant correlation between individual Vopt and MPO 
in each subjects group whatever the training status (Fig. 2). Such results could suggest 
that both MPO and Vopt could be in relation with the same functional property of 
muscles. 
However the main result of the present study is that short-term training increased 
significantly MPO but not Vopt. In fact, an enhancement of MPO could be due to an 
increase of cross sectional area of muscles and/or to an increase of the percentage of 
fast twitch fibres (%FT). Since Vopt remained the same after short-term training, it 
could be hypothesised that this type of training had no effect on %FT. Accordingly, 
several studies have failed to demonstrate any changes in muscle fibre composition, 
thus suggesting the genetic determination of muscle composition (Komi et al. 1977). 
Thus it seems that the enhancement of MPO is rather due to an increase in force 
production associated to hypertrophy in the literature (Hakkinen et al. 1981). 

<Alternately the significantly higher Vopt observed in the spriIit group lead to suggest 
that in this group, the MPO improvement is also due to an high %FT. Rather than a 
long-term training effect, it could be proposed that high level sprinters are genetically 
characterised by high %FT. This hypothesis is supported by the overlap observed in 
Vopt values between student and sprinter groups. In order to validate this hypothesis, 
precise measurements of %Ff should be associated with both MPO and Vopt changes 
through training. In conclusion, the power-velocity features obtained during cycling 
could provide insights on the mechanical properties of muscle contraction and their 
adaptation through training. 
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COMPUTER MODELLING OF COMPLEXLY COORDINATED HUMAN 
MOTIONS WITH PRE-SET CHARACTERISTICS 

D. GArsenjev , AAlvanov, VV Konovalenko, VASholuha, AV Zinkovsky 
State Technical University of St Petersburg, St Petersburg, Russia 

INTRODUCTION. 
Computer modelling of human skeletal-muscular apparatus (SMA) allows to assess 

energy-force characteristics of motions, synthesize motions with pre-set characteristics, 
develop integrated man-machine systems As a basis for complex computer modelling of 
SMA motions serve systems of differential-algebraic equations, describing the dynamics 
of a system of bodies with constraints .. A most full review of programmes for modelling 
of such systems can be found in the book editored by Schiehlen (1990) The up-to-date 
state of the problems to be solved and their complexity are quite fully reflected in abstract 
books of biomechanics congresses. As an example of the most resourse requiring 
problem (from the calculation point of view) we should cite here the work by Pandy et 
al(1994) which presents results of solution of an anthropomorphic model motion 
optimization problem There is also a large number of models, aimed at investigation of 
concrete simple human motions In this report we consider the principles of creation of a 
computer system for analysis an.d modelling of complexly coordinated SMA motions, 
realized on IBM compatible personal computers Programme blocks of the system allow 
to carry out analysis and choice of an adequate model, synthesis of new motions with 
pre-set charactetistics, adequacy criteria analysis on the basis of interaction of analysis 
and synthesis problems results Partial results of usage of the modelling system can be 
found in previous author's works (Sholuha, Zinkovsky, 1994a; 1994b). 
METHODS. 

Computer model of SMA is actually a complex of interacting programmes of 
traditional structure, including user interface; modules realizing mathematical model 
equations solution; employing numerical methods for solution of main modelling 
problems, experimental data processing The choice of model stucture, mass-inertia 
characteristics of elements and properties of joints is carried out on the basis of adequacy 
criterion, previously formulated for the given class 
of motions The adequacy criterion form is chosen 
from results of preliminary investigation of 
coincedence of anthropomorphic model motion 
synthesis and analysis problems solution and their 
sensitivity to parameters change The synthesized 
motion (with pre-set characteristics) is used as a 
basis for analysis problem Solution of the 
synthesis problem for motion with pre-set 
kinematics and dynamic properties is realized by 
means of a system of parametrically defined 
equations of nonstationary constraints and 
restrictions on forces. In the computer model there 
were used vector-scalar kinematic constraints Fig 1 Upward jump during horizontal 
equation systems with parameters allowing to motion (I5-elements model) 
realize a wide diapason of model motions Along 
with the equations setting the goal of the motion one should solve additional constraint 
equations, defining the possibilities of its perfomance by the anthropomorphic model (i e, 
that this motion can be fulfiled as a result of action of only "internal" control functions 
and reactions of external constraints) 



If 
r:~ an example of s~ch additi?nal equations 
~Xthere are used motIOn equatIOns of system 
~? · ' fbodies comprising SMA (two main laws 
·~f dynamics) External with respec~ to 

SMA forces and moments can be obtamed 
as functions of time fi"om experiment (e g 
for supportless phase of motion external 
forces and moments are equal to zero, in 
support-phase ground reaction can be 
observed as function oftime) Analogously 
there can be restricted kinematics of any 
group of SMA eleI?ents which are e~posed 
to a given generalized force In partIcular, 
one can satisfy in this way natural 
restrictions on power of generalized forces 
which cause given motion. Let us note that 
suggested approach to motion synthesis 
either realizes motion goal or brings the 
system to a kinematic or force constraint 
which means that given motion goal can 
not be realized under given initial 
conditions 
RESULTS AND DISCUSSION. 

Synthesis of motion with required 
properties was considered for modelling of 
walking, jumping, object throwing and 

Fig. 2 Ground reaction (Rx=O) 
in push-off phase. 

Fig 3 Joint and bending moments 
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gymnast excercises.. Let us demonstrate described in previous section constraints 
formation method on example of upward jump performed by a model with pon-ramified 
kinematic chain (Fig 1 - 3-element foot, shank, thigh and 6-element trunk) Ground 
reaction amplitude and form is considered to be preset (Fig2) Natural kinematic 
consh·aint follows from the fact that reaction impulse should be completely formed 
before model elements straighten out into a straight line Motion control in support phase 
was performed through imposition of five constraint equations .. Position of foot fingers 
was fixed - 2 equations; theorems of center of mass motion and moment of momenfum 
increment give 3 more equations This allows to determine ground reaction behaviour 
(Fig2) and external moment (equal to zero). Resulting motion was considered then as 
initial for analysis problem. Calculations yielded inter-element moments which cause the 
synthesized motion (Fig 3). In the considered example along with constraints equations 
for correction of inter-element moments there were used located spring and visco-elastic 
elements which also allow to model distributed elasticity of SMA elements. 
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Introduction 

Techniques of hitting a ball with a body or with a tool in ball games are known 
abundantly. However, only a few studies of the impact process itself have been done 
before. The purpose of this article is to clarify the impact process of instep-kick in 
football by using a high- speed video camera (4,.500fps). 
Methods 

Six university football players were chosen as the subjects. The players kicked a ball 
with the instep toward a mini football goal4m ahead. The high-speed camera was set up 
l..5m apart in the side direction. The ball used in this experiment was an official ball of 
FIFA (434.6g,700rn/cm"2). This experiment was photographed by using the high-speed 
camera (FASTCAM-ultima), which can take 4,.500 frames per second with 2.56 X 256 
pixel, and then it was recorded on VTR. 

Nine markers for digitizing were attached on the kicking leg of the subjects (tibia, 
lateral malleolus,calcaneus,tubersity of base of fifth metatarsal, head of fifth metatarsal, 
toe, etc.). The coordinate values were input in a computer by a video-position-analyzeL 
In order to analyze the degree of plantar flexion of the foot joint in the impact process, 
three angles A, B and C were measured flom the graphic data.The angle A is made up by 
the markers No.2-3-6, the angle B by the markers No.3-6-8, and the angle C by the 
markers No. 3-7-9. The contact time of the instep with ball was obtained from the 
number of the frames in which the contact between them was observed. 
Results 

An example of stick-picture of the foot joint in the impact process is shown in figur'e 
1. The degree of plantar flexion on the side of the phalanges of the toe is shown to be a 
little greater than that on the side of talsal bones, and also that in the latter half is a little 
greater than that in the first half. In the case of this trial, the contact time of the foot with 
the ball is 9.3msec., the horizontal contact distance is 144mm, and the horizontal velocity 
of the ball after the impact process is 25.2m/sec .. 

Jmpact 

Fig.1 An e~ample of stick-picture of a foot joint in impact process 
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The horizontal velocities of the markers No.3, 5, 7 and 8 of the foot in the impact 
process is shown in figure 2. The velocity of the tubersity of base of the fifth metatarsal 
(No.8) is a little greater than that of the lateral malle9lus (No.3) just before the impact, 
and the velocity of the tubersity of base of the fifth metatarsal (No.8) is a little smaller 
than that of the lateral malleolus (No.3) after the impact. 

There is a tendency that the angles A, B and C of the foot joints increased during the 
impact process. 
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Fig. 2 The horizontal velocities of the markers No.3,5,7 and 8 of the foot 
in the impact process 

Discussion 
The average value of the contact time of the instep with the ball is 9.l2msec. This 

result is a little shorter than the value 12.0msec. given by Asami and Nolt(1982), who 
used a 500fps high-speed camera. The discrepancy of the two results may be explained 
by the differences of the dynamical chaiacteristic of the baifs used in the experiments, the 
contact points and the collision velocities. The detailed analysis will be a subject for a 
future study. 

The average value of the horizontal contact distance is 147mm. It becomes clear that 
the contact of the foot with the ball ends before the instep of the foot moves by the 
diameter(223mm) of the ball. 

As mentioned above, the angles A, B and C of the foot joints are increased during the 
impact process. Especially the degree of the angle A is a little greater than the others. The 
correlation is found between the impulse at the impact and the range of the angle A 
(R=O.886,p<O.05),and between the impulse at the impact and the range of the angle C 
(R::::O.76,p<O.1). Asami and Nolt (1982) found a negative high correlation between the 
degree of plantar flexion of the forefoot and the ball velocity, which is an opposite 
conclusion to our experiment. This may be due to the f.act that the contact points of the 
instep with the ball are dispersed from the ankle joint to the toe in the experiment of 
Asami and Nolt (1982), while the contact points in our experiment are centered around 
the instep from the tarsal bones to the metatarsal bones. 

From the above results, it will be concluded that the angles of the ankle, the tarsal and 
the metatalsal joint, i.e., the degree of plantar flexion increases as the impulse at the 
impact increases with a narrow range of contact points. 
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TIIE VISCOELASTIC FUNCTION OF TIlE POSTERlOR LUMBAR SPINE DURING 
LIFTING 

Aubert M-P., Yahia L.H., Mitnitski, A., Ecole Polytechnique de Montreal, Newman N., 
Universit:e de Montreall Hotel Dieu, Gracovetsky S., Concordia University, Asselin S., 
Diagnospine Research Inc., Montreal, Quebec, Canada. 

INIRODUcnON 
The function of the lumbar spine during lifting is the subject of controversy with 

regard to the generation of extensor moment Paralumbar muscle contraction is considered 
by some (McGill and Norman 1986) to be the major contributor whereas anatomic studies 
(Bogduk: et al. 1992) and theoretical studies (Gracovetsky 1988) suggest that the 
dorsolumbar fascia and other passive mechanisms may be predominant 

METHOD 
Ten healthy men (mean age -. 26.9 yrs., height- 1.77 m, weight - 82.15 kg) 

underwent a preemployment weightlifting examination consisting of bar lifting from 
ground level according to tolerance (0 to maximum permitted - 68 kg) without external 
constraint or instruction. Light-emitting diodes were placed over the cervico-dorsal, 
lumbar and sacral spine, and skin surface motion was measured by 2 cameras allowing 
three-dimensional reconstruction. Lifting speed v, global trunk flexion ex. and lumbar 
lordosis \f' were estimated. Skin surface EMG over multifidus was recorded 
simultaneously. Torque Tm at L5 was calculated from anatomical data, contour 
measurements and moment eqUilibrium equations (Fig. 1). . 

SUBJECT 

RESULTS 

~ cr-am_era_s _ 

16 million 
~ pixels Geometry 

-::,) EMG 
Coding 

--Data ] 

Figure 1: Schematic of data 
acquisition. A set of cameras 
collects information on the 
kinematics of skin markers placed 
according to a standardized 
procedrne. From the data collected, 
the three dimensional coordinates of 
the specific marker being fued are 
calculated. In addition, EMG of 
multifidus is monitored bilaterally 
at the L5 level. 

All subjects began the weightlifting with the lumbar spine flexed to within 50 of the 
subject's maximum lumbar flexion, considered to be the degree of lumbar flexion 
associated with the muscle relaxation phenomenon. Maximum torque at L5 occurred with 
the lumbar spine at, or close to, maximum flexion (within 50). Vertical speed of 
weightlifting was variable for 0 kg external loads. With loads of 11 to 68 kg, subjects 
showed a clear trend to maintain or increase speed of lifting with increasing load, in spite of 
the increase in torque due to acceleration that this implied (Fig. 2). Maximum surface EMG 
occurred during the second half of the weightlifting rather than during the resistance to 
maximum torque. 
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Figure 2: Extensor torque (moving torque Tm) 

at L5, sagittal angular velocity Y, sagittal flexion 

angle a from vertical, estimated lumbosacral 

angle (lordosis 'i') and multifidus EMG activity in 

arbitrary units plotted against time for two 

different loads, (A) 11 kg and (B) 68 kg. 
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lordosis during both mOVements" Note that the 
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the heavier load and that the EMG activity peaks 
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, The rapidity of weightlifting, in spite of the increased torque caused by acceleration, 
I is consistent with a viscoelastic function rather than a purely muscular contraction I phenomenon. The degree of lum bar flexion during resistance to maximum torque suggests 
f that posterior ligamentous stretching, including passive muscle stretching, are very I, important. A recent study (Yahia et al. 1993) has shown that higher ultimate tensile 

' strengths and lower strains are recorded at increasing strain rates in the dorsolumbar fascia, 
confinning its viscoelastic properties and the need for speed of loading. Considering that 

j the lumbodorsal fascia is larger than all the other posterior ligaments put together (McGill I and Kippers 1994), and has the largest lever ann (9 cm) (Dolan et al. 1994), we propose 
I that this structure is of predominant importance in resisting lumbar torque during lifting. 
j The lumbodorsal fascia is put into tension by lumbar flexion (equivalent to posterior pelvic 
! rotation) and to some extent by intra-abdominal pressure and paralumbar muscle ! contraction and latissimus dorsi contraction. The energy of lifting comes from the glutei 
! and hamstring muscles and is transmitted via the pelvis to the lumbodorsal fascia by 
, passive stretching of the lumbar spine in flexion. 

! REFERENCES I Bogduk N, MacIntosh JE, and Pearcy MJ (1992) A universal model of the lumbar back 
~ muscles in the upright position. Spine 17 :897 -913. 
q Dolan P, Mannion AF and Adams MA (1994) Passive tissues help the back muscles to 
!I generate extensor moments during lifting. J Biomech 27 (8): 1077 -1085. 
i Gracovetsky S (1988) The Spinal Engine. New YorklWein, Springer,·Verlag. 
: McGill SM and Kippers V (1994) Transfer of loads between lumbar tissues during the 
! flexion-relaxation phenomenon. Spine 19(19):2190-2196. 
~ McGill SMand Norman RW (1986) Partitioning of the L4-L5 dynamic moment into disc, 
!ligamentous, and muscular components during lifting. Spine 11(7):666-678. 
1 Yahia LH, Pigeon P and DesRosiers EA (1993) Viscoelastic properties of the human 
I lumbodorsal fascia. J Biomed Eng 15: 425-429. . 
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INTRODUCTION 
Vertical landing is a common skill which characterizes a variety of sport activities 

The magnitude of the Vertical Ground Reaction Force (VGRF)and the vertical 
acceleration of the center of mass of the body as well as the acceleration of each of the 
segments are highly related. The timing of the sequential acceleration of the segments 
and it's relationship with the total force curve is of great importance to the understanding 
of the common and unique aspects of landing performance (Lees, 1981). 

The purpose of this study was to characterize the coordination chain of the angular 
movements of the joints oflower limb during landing and to examine its relationships 
with major phases of the VGRF curve. 
METHODS 

Ten physical education students (age 23-27 ) were the subjects in this study .. Each 
subject performed ten vertical landings fi'Om a specially designed platform set at a height 
of 0 .. 60 m. This platform ensured verticality of the landings by folding underneath the 
subject immediately after he voluntarily activated a push-button .. The ground reaction 
forces were measured with a Kistler force plate (model 9281 b). The joints angles were 
measured by Mie electrogoniometers set at the ankle, the knee and the hip All data were 
transferred through a Metro-Byte A-D converter, into an IBM computer at a sampling 
rate of2 . .5 KHz for analysis The following parameters were derived from the recorded 
data., a., The time from touchdown to local peaks in the VGRF curve b The magnitude 
of the local peaks c The time oflocal trough of the VGRF curve d The timing of the 
onset of the rotation phases at the ankle, knee and hip joints f The timing of the end of 
the rotation phases at the ankle, knee and hip joints 
RESULTS 

Force-time curves differed in amplitude and timing between and within individuals 
Nevertheless, in all 100 trials certain common characteristics were evident Accordingly, 
a typical landing VGRF curve (fig., I-a) can be divided into four phases. a Ground 
contact to the first peak of the VGRF(Pl)., b From PI to the local minimum (Ml) c, 
From Ml to the second peak (P2) d From P2 until the force stabilizes at approximately 
body weight TPI, TMI and TP2 are the times from touch down to PI, Ml and P2 
respectively 

In typical curves of angular movements at the hip, knee and ankle (fig, I-b) the onset 
of rotation can be determined fr'Om the change in the slope of the curve SH, SK arid SA 
are the respective onsets of flexion. The time of the end of the movement of ankle was 
labeled EA. The end of the rotation phase of the knee and the hip was later than TP2., 
The reliability coefficients for all the variables were 0,9 or higher 

Two way ANOVAs indicate that the differences in timing between SA and TPl, SK 
and TMI and between SH and TP2 were not significant The trials main effect was found 
to be statistically significant in all three analyses, Interaction effect were minor In an 
inter-individual multiple corTelation model for the ten trials the dependent variable was 
P2 and the independent variables were SA, SK, EA, SH The range ofRs for the 10 
trials was 0 70-0 92., In a similar' intra-individual model for each of the 10 subjects 9 of 
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. Rswere in the range of 0 81 to 0 99 while one was 0 66 In all models, EA was the 

dependent variable 

The intersegmental timing occurs in a very short time period .. Lees (1981) suggested 
that the duration of the absorption phase is 150-200 ms The present work focuses on 
the time between the initial contact with the ground and the development of the second 
peak This time .lasts 40-70 ms In this ver~ short period the joints. e~bited a precise 
timed coordinatIOn to decelerate the velocity of the center of gravIty In order to 
minimizie the forces which act on the body The time to TPl, was 6 5-153 ms During 
this time the angular movement at the joints was negligible supporting other observations 
(Nigg, 1981) of an initial passive phase 

In the second part various phases of the VGRF curve were found to be related to 
the movements at the lower limb joints In this part, which is the active absorption phase, 
the attenuation of forces is achieved by specific intersegmental timing. The descent 
from PI coincides with the beginning of movement at the ankle, the rise from Ml is 
timed with the beginning of movement at the knee and the descent from P2 coincides 
with the movement at the hip joint From PI to P2 there is angular movement at the 
ankle followed by angular movement at the knee Therefore, it is evident that the 
attenuation ofP2 is associated with the coordination of angular motion at these two 
joints Furthermore, the ankle was the only joint which terminated it's active phase before 
P2 The dominance of the ankle joint is supported by the multiple regression models, 
indicating that the longer the ankle dorsiflexes the lower is P2 

The higher correlation coefficients in the intra-individual modes supports the 
conclusion that each individual has a unique landing strategy Thus, it is necessary to 
analyze performance on the individual level then trying to define an universal timing 
pattern 

:z o 
~ 
iii 
o 
c.. 
I­
Z o ..., 

REFERENCES 

6 - .. ------

3 . 

48 +e ................ -+~ ............... -:+~:-" ...... -'-' ~ 100 125 
llME ( milliseconds) 

Figure 1: A typical landing VGRF curve (a) and typical curves of 
angular movements at the hip, knee and ankle joints (b) 
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INTRODUCTION 
The motor control of limbs by the brain is organised such that each cerebral 

hemisphere acts predominantly on the contralateral limbs One hemisphere usually is 
considered dominant as indicated by any individual showing marked preference and 
skill for the use of one hand over the other. The definition of leg dominance, however, 
is complicated due to the varied functions of the leg, thus it may refer to either the leg 
that an individual prefers to stand on, or the leg used for such activities as kicking .. The 
task of walking may be considered superficially as an activity without side preference, 
if there is Biomechanical symmetry within the individual Ifthere is cerebral 
lateralisation with dominance on one side then it might be expected that gait would not 
be symmetricaL If asymmetry can be measured then injury and disease that affect one 
hemisphere of the brain should be identifiable by changes in gait and this should lead to 
greater understanding of cerebral control on motor activity 

The aim of this study was to measure three-dimensional rotations of both legs 
during walking and to determine if the measurements could differentiate groups 
identified as having different cerebrallateralisation 
:METHOD 

The 3SPACE Tracker (Polhemus, Vermont USA) was used to measure 
simultaneously, the three dimensional rotations of both thighs of subjects walking at 
their preferred pace and at a slower pace of 40 steps per minute, both controlled using a 
metronome. The source module was secured over the sacrum of each individual and 
the sensors were attached to the leg 7cm above the lateral femoral condyle and aligned 
with the greater trochanter Hence the measurements were of the rotations of each leg 
relative to the pelvis defined as FlexionlExtension, Ad) Abduction and ExlInternal 
Rotation The vertical foot force was measured using pressure sensitive insoles, Krusen 
limb load monitors, to enable stance and swing phase to be identified. Measurements 
were made while subjects walked along a 5 5m walkway starting from a standardised 
position (Ayres et al 1993) 
An initial study looked at the repeatability of the equipment application by repeating 
measurements after removal and reapplication of the equipment four times on one 
subject. Reproducibility of the subjects' movements was assessed by measuring twelve 
subjects on two different days, The main study measured 80 normal subjects (40 male, 
40 female), aged between 18 and 65 years with an equal representation of left and right 
handed dominance Leg dominance was determined as the preferred standing leg using 
a modified Annett's questionnaire (Annett 1970) 
DATA ANALYSIS 

The data were analysed in two ways, During gait, the phase of Ad) Abduction and 
ExlIntemal rotations compared with FlexionlExtension were assessed by determining 
the lag at peak cross-correlation within a leg and comparing like rotations between legs 
In addition, angular' excursions during stance phase were analysed for each rotation .. 
Intrac1ass con'elations were conducted on the data from the equipment and procedural 
repeatability studies and repeated measures analyses were applied to the main data 
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! ·"·SULTS 
~ The 3 SPACE Tracker gave high repeatability within a session, less high 
. tability between sessions, and there was consistency between equipment 
rep~cation~, (r=O .89 and pO 96 for peak lags and excursion angles respectively) 
i:e~e was a highly specific subject effect between sessions. The general su~ject data 
revealed that preferred standing leg was contralateral to the preferTed hand in the 

ajority of subjects (72.6% males and 87 5% females) 
m Res~lts for the within-leg phase relationships identified peak coupling of External 
rotation to Flexion, on the left leg, as significant for cerebral dominance (p<0.05) This 
measure was not affected by pace or gender There were significant differences 
between left and right leg measurements within the right handel'S, but no similar 
differences were evident in the right-handers 

For the excursion angles, Adduction on the loaded l~g revealed a significant 
handedness by measured leg interaction .. For males, excursions on the left leg were 
larger in right-handers, conversely, excursions on the right leg were larger in left­
handers This indicated that for the majority of subjects in each handedness group, 
angular excursions were larger for the preferred standing leg 
DISCUSSION 

The general subject data revealed leg dominance opposite to hand dominance 
These results were in agreement with other studies when leg definition was clarified 

The External Rotation lag compared with FlexionlExtension within left sided 
femoro-pelvic movement was significant for cerebral lateralisation qne cerebral 
hemisphere controls motor output to the contralateral side of the body, therefore left leg 
differences may be due to alteration in the right cerebral hemisphere, known to 
specialise in temporo-spatial processing (Kertesz et al 1985) The significant lack of 
leg differentiation, within the left-handed group, suggests less cerebrallateralisation in 
this group, in agreement with other studies( e g .. Corballis 1989) 

Difference in temporal couplings during gait within left-sided femoral rotation 
measured by cross-correlations between transverse plane and sagittal plane movement 
was observed in dextral and non-dextral subjects The difference may be related, either 
directly or indirectly, to an alteration in the temporo-spatial ability of the right cerebral 
hemisphere Of the few gait experiments that have studied laterality, differentiation 
between dextrals and nondextrals has been obs.erved in gait analysis by footprints 
(Chodera 1974) Standing leg preference was not related to handedness on observations 
throughout gait, but during the specific single·-stance phase, larger leg angular 
adduction excursions, whilst the leg was weightbearing, were associated with standing 
leg preference 
CONCLUSION 

This study has developed a technique that is able to discriminate the effects of 
cerebral lateralisation in a basic motor function of the lower limb and may be of 
assistance in the future in further examination of this phenomenon . 
REFERENCES 
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IMPROVING THE PERFORMANCE OF A TOP ATP TENNIS PLAYER WITH A 
KINEMATICAL APPROACH, AND A 3-D INTERACTIVE VISUALIZATION OF 
THE SERVE. 

Xavier Balius, Carles Turr6, Jordi Carles, Javier Jauregui, Josep Escoda, Joan A. Prat 
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INTRODUCTION 
As a result of the interest expressed by the coach of a top ATP tennis player, the 

Biomechanics Department of the Olympic Training Center (CAR) at Sant Cugat, have 
developed a program with the aim of improving the performance of the professional 
tennis player with the help of kinematical data. 

We have found relevant literature concerning different aspects of biomechanics, and 
its description and explanation of the technique studied: the serve. However, although 
studies by Eliott, et al., give biomechanical information from a 3D approach (1) of the 
tennis serve, we have not found literature containing kinematical data in relation to the 
improvement of a high level tennis player's performance throughout the tennis season. 

METHODS 
The serve of a top A TP professional tennis player was recorded twice: once during a 

training session (fast court), and secondly during a championship (fast court), the weight 
of the subject was 89 kilos and his height 1.88 meters. 

Two fixed cameras (Panasonic WV-F70E) for the training session, and four fixed 
cameras (2 JVC TK-1280E and 2 Panasonic WV -F70E) for the championship were used 
for data collection. The optical axes were oblique to the right hand side of the player 
during the training session, and oblique to the right and the left hand side of the player 
during the championship, obtaining in both cases an angle of approximately 900 • The 
cameras were genlocked and time code synchronized, and inserted. The space was 
calibrated using an object of known coordinates and a volume of 3x3x3m. and, a known 
position of 5 points in the field helped us to rotate and translate the general coordinates of 
both studies. 

We used the Direct Linear Transformation technique with 11 paramenters (DLT -11) to 
calculate three-dimensional position coordinates of 25 system body-racket landmarks. A 
quintic spline function was used for smoothing. The average mean errors for the 
estimation of 3D points were RMS x = 0.006 m, RMS y = 0.004 m, RMS z = 0.002 m, 
and RMS total = 0.008 m, for the training project, and RMS x = 0.003 m, RMS y = 
0.006 m, RMS z = 0.004 m, and RMS total = 0.007 m, for the championship project. 

Data collection was done at 50 Hz, and 25 landmarks (23 body, 2 raquet) were 
manually digitized in each frame for both cameras. The digitized and analyzed serves 
were choosen by the coach. A Panasonic AG-450 and a Loewe High 8 were used to 
calculate the ball velocities for each recording, and additionally a Panasonic NV -S7E was 
also used to record the result of the play, training and competing. 

RESULTS 
Kinematical data for the serve includes: kinematic chain of the system, which is the 

Resultant Velocity of the raquet arm Shoulder (RVS), Resultant Velocity of the raquet 
arm Elbow (RVE), Resultant Velocity of the raquet arm Wrist (RVW), Resultant Velocity 
of the Raquet (RVR). Also components of the kinematical chain, and Height of Impact 
(HI), Depth of Impact into court (DI), Ball Flight Time (BFT), the Height of the Ball 
Touch (BBT), Horizontal Distance into court Touch (HDT) of the ball, and first Step 
DeptH (SDH). 

From the results record during the training session the coach was able to decide the 
gestures to be analysed. The decision was initially made upon two well performed serves 
with the only apparent difference being the spot where the ball bounced in the opponents 
reception rectangle. From the kinematical data, one can obtain the differences between 
the better serve in respect to the not so good serve: (the first value is always of the serve 
that bounced closer to the net, and considered not as good as the one that bounced farther 
from it) HBT = 2.86 m vs 2.89 m, HDT = 0.74 m vs 0.55 m, SDH = OA1m vs 0.50 m, 
the kinematic chain was better for the second serve as the sequence of achievent of the 
maximum Resultant Velocities had a better rythm: RVS = 0.1 s before contact (bf), RYE 
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== 0.08 s (bf), RV:W = 0.04 s (bf), and RVR = 0.02 s (bf). The first serve did not show 
a good coordinatIon between shoulder and elbow: RVS = 0.08 s (bi), and RYE = 0.1 s 
(bi). 

DISCUSSION . h l' .. . b" al" d Thi' d It is important to mentIOn t e lImtatIOns m 0 tammg qu ItatIve ata. s IS ue to 
the fact that the data collection does not allow us to obtain all the necessary information 
for the study of a high velocity motion. However, the differences between the two well 
performed serves has allowed us to obtain biomechanical data which provides the coach 
with concrete information about the serve that he wants the player to obtain, thus backing 
up his own intuition of how the serve should be played. 

This is an ongoing program that is already giving a good advice to the coach, and that 
also offers a control of the good technique that the player has to adapt in order to improve 
his performance. 

In the near future we expect to obtain biomechanical information from other top A TP 
professional pl~yers, above all players that have anthropometrical charac~ristics si~ar to 
that of our subject, and players wIth _a good good 1 st serve. The compansson of hIs own 
technique through out the season, suported with 3D interactive visualizatiuon of all the 
actions analysed (Figure 1), and that of other good servers can provide us with valuable 
data to improve the performance of our player. 

Figure 1 - 3D interactive visualization of one of the serves analysed. 
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KNEE JOINT FORCES DURING ISOKINETIC ECCENTRIC EXERCISE 
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INTRODUCTION 
The main feature of isolated joint isoldnetic movements is a resistive 

dynamometer moment that is variable and equivalent to the resultant joint moment. This 
provides constant joint angular velocity and optimal muscular loading. The maximal 
joint and resistive moments throughout the range of movement (ROM) result in 
considerable joint loading. However, only a limited number of studies examined the 
joint forces developed during isokinetic concentric movements (Baltzopoulos, 1995a; 
Kaufman et al., 1991; Nisell et al., 1989). The moments developed during eccentric 
isokinetic movements are significantly increased but there are no studies examining 
muscular and tibiofemoral contact forces during eccentric isokinetic movements. The 
widespread applications of isokinetics in the assessment of dynamic muscle function both 
in normal and pathological conditions require the examination of the dynamic joint 
forces in order to prevent possible rehabilitation or training induced injuries, caused by 
excessive joint forces. The purpose of this study therefore was the examination of 
muscular and tibiofemoral forces during eccentric isokinetic knee exercise at angular 
velocities ranging from 0.52-2.62 rad's-1, using a biomechanical model of the knee joint. 
METHODS 

A Biodex II isoldnetic system (Biodex Medical Systems Inc, Shirley, N. York) 
was used in the present study for the assessment of eccentric isokinetic knee flexion. 
Moment and angular position data were collected at. a sampling rate of 100 Hz. Six 
males without knee joint injury history signed informed consent and volunteered to 
participate in this study. The mean (s.d.) age was 22.8 (.3.4) years, height 1.80 (0.05) 
m and mass 79.85 (2.91) kg. The mean femoral condyle width measured using a Holtain 
anthropometer was 0.099 (0.022) m. The mean length between the medial tibia border 
and the superior aspect of the medial malleolus was 0.452 (0.035) m. The subjects were: 
seated on the Biodex Chair with the back rest at an angle of 1.8 rad. Stabilising straps ; 
were placed across the anterior aspect of the distal end of the right thigh, the pelvis andi 
the trunk of the subject. The axis of rotation of the dynamometer was aligned with the I 
most prominent point of the lateral femoral condyle. The dynamometer arm was secured j 
on the leg proximal to malleoli.:! 

'ii 
Eccentric knee flexion was examined at angular velocities of 0.52, 1.52 and 2.62 I 

rad·s-j. The testing protocol consisted of five maximal reciprocal eccentric repetitions j 

of the knee extensors. The ROM was adjusted on the dynamometer from approximately J 
0.17 to 1.57 rad of knee flexion. The tests were completely randomised and rest periods , 
of 5 min were given between the tests. A fa.miliarisation and warm-up period was given,t 
before the test. The dynamometer moment was displayed on the computer monitor in~1 
real-time for feedback-motivation purposes. All subjects were given written, 
standardised instructions to work as hard and as fast as possible against the resistance ;'1 
of the dynamometer. Dynamic muscular' and tibiofemoral compressive and shear forces iJ 

were determined using a previously developed two-dimensional biomechanical model of '; 
the knee joint. This model is based on X-ray video of knee extension-flexion 1~ 
(Baltzopoulos, 1995b). The resultant joint moment <Mm) was calculated from the ,~ 
moment recorded by the isokinetic dynamometer (Md) using: 

~- ~ 

Mut=Md+~d+~ 
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with Mwd and Mws the gravitational moments of the dynamometer arm and segment 
respectively. Inertial moments are not included because only constant angular velocity 
data were considered. The muscular (Fm) and tibiofemoral compressive (Fc) and shear 
(Fs) forces were calculated using the model described in Figure 1. 

Figure 1. Biomechanical model of the knee joint for the calculation of joint forces (Fm: 
Muscular Force, Fc: Compressive force, Fs: Shear force, Fd: Resistive dynamometer 
force). 

RESULTS AND DISCUSSION 
The mean maximum resultant moment ranged from 334 (48) Nm at 0.52 rad·s· l 

to 311 (34) at 2.62 rad·s· l and was recorded at approximately 1.05 rad of knee flexion. 
The maximum muscular force ranged from 11.48 (1.41) times body weight (BW) at 
0.52 tad·s· l to 10.68 (1.07) BW at 2.62 rad·s· l . The compressive tibiofemoral force 
ranged from 11.41 (1.41) at 0.52 rad·s· l to 10.64 (1.11) BW at 2.62 rad·s· l . The 
maximum shear tib"iofemoral force was in the anterior direction and ranged from 1.16 
(0.21) BW at 0.52 rad·s· l to 1.17 (0.16) BWat 2.62 rad·s· l . Repeated measures one· 
way ANOV A tests indicated that there was no significant difference between the mean 
maximum moments, forces and knee flexion angles of maximum forces at the different 
angular velocities. These results indicate that the forces developed during maximal 
isokinetic eccentric knee flexion are lower compared to other powerful dynamic 
activities involving eccentric activations but are higher than joint forces during simple 
walking and cycling activities and isokinetic concentric movements. Appropriate 
precautions and adjustment of the isokinetic protocol are required, so that eccentric 
movements are performed only in the final phases of joint .injury rehabilitation. 
Reduction of joint loading during exercise, especially wheg a large number of eccentric 
repetitions is performed, can be achieved by adjusting the joint range of movement and 
performing sub maximal repetitions. 
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NON-INVASIVE MEASUREMENT OF THREE DIMENSIONAL 

SCAPULOHUMERAL KINEMATICS 

N D Barnett, R D D Duncan, G R Johnson, Centre for Rehabilitation and 
Engineering Studies, University of Newcastle upon Tyne, UK 

INTRODUCTION 
Codman (1934) used the term scapulohumeral rhythm to the rotation of the scapula 

during motion of the arm Measurement of this phenomena however has proven rather 
difficult as the motion of the scapula occurs beneath the skin, inhibiting the fixation of 
any externally applied measurement system Many measurement techniques have been 
presented, including radiography (Inman et aI, 1944) and goniometry (Doody et al) It is 
only recently that three dimensional techniques have been employed in this measurement 
(pronk, 1991) This technique, involving palpation of anatomical landmarks, was further 
developed by Johnson et al (1993) Developing further his work, this study reveals all six 
degrees of freedom of scapula motion over a range of arm abduction in the coronal 
plane The data collected from five subjects, by two observers has been compared to 
prove inter-observer repeatability 

METHODS 
Measurement of the position of a rigid body in three dimensional space requires 

knowledge of the coordinates of three non-collinear points on or within that bogy For 
measurement of scapular position, three palpable landmarks may be identified, the_ 
posterior angle of the acromion, the root of the scapula spine and the inferior angle 
Johnson's palpation fixture had three adjustable legs, the ends of which located over 
these points Its position was recorded relative 
to a sternal sensor using an IsotraPM 
electromagnetic measurement system In order 
to improve both rotational and, primarily 
translational accuracy, a new palpation fixture 
(Locator) has been designed to enable more 
repeatable positioning over the landmarks This 
has been achieved by designing the ends of 
each leg on the Locator to be specific to the 
landmark over which they locate, enabling the 
fixture to locate snugly over the scapula Figure 1: Illustration of the Locator 

For collection of the data, a standard test was defmed for the subjects This involved 
abduction of the arm in the coronal plane from 0° to 90° in 10° increments, measured 
with a fluid filled goniometer During this motion, all subjects were instructed to keep 
their elbow flexed at 90° with their forearm pointing directly forwards at all times This 
position was adopted to discourage rotation of the humerus about its long axis which 
will alter the rotations of the scapula At each increment, the Locator was applied and a 
record of scapular' position taken 

The left shoulder of each subject was tested five times by each of the two observers ;, 
over a period of approximately four weeks Five subjects were tested in all 

The Euler angle rotations of the scapula, together with the translations of the 
posterior acromial angle were determined in the trunk coordinate frame, where the axes 
ar'e defined as follows +x (motion vertically upwar'ds), +y (lateral motion) and +z 
(motion backwards) The Euler angle rotations were defined in the following sequence 
alpha about y (forwardlbackward tip), gamma about z' (lateral rotation) and beta about 
x" (protraction/retraction) The Euler angle rotations were also determined in the initial 
scapula frame, with the rotation sequence as used by Pronk for direct comparison 
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:RESULTS 
Inter-observer repeatability is illustrated below, showing the data recorded by each 

observer from the same subiect. 

Rotation angles, alpha, beta and gamma, 
Inter·,observer variation, Subject 1 

x, yand z displacements .. 
Inter-observer variation, Subject 1 
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L-_--~o-~--~-g-~-g-g-f2-g-g-§----..L..--o--~-~-g-~--g-g-f2-g_g_§. .' Arm~bduction (degrees) Arm Abduction (degrees) 

Figure 2: Rotations of the scapula. Figure 3: Translations of the qcromion. 

Comparison of the rotation angle gamma 
(lateral rotation) between both observers 
and Pronk may be seen in Figure 4 

Statistical analysis of inter-observer 
variation (ANOV A across each incremental 
position for each of the six variables, over 
all subjects), shows that in 78% of all 
measures over the five su~jects, there were 
no significant differences between observers 
(p<O 05) 

DISCUSSION 

Figure 4: Comparison with Pronks' data 

Rotation angle gamma 
Comparison with data worn Pronk 
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Arm Abduction (degrees) 

A non-invasive method of measuring all six degrees of freedom associated with the 
kinematics of scapulohumeral rhythm over a' range of arm motion has been 
demonstrated It has been shown that the two observers have each measured the same 
scapulae motion on each of the five subjects (78% of all measures) Repeatability was 
affected by errors in the measurement 'of arm abduction, and the gaining of experience in 
using the Locator (learning effects) 

The in plane rotations (gamma) agree well with other data (pronk), but the out of 
plane rotations (alpha and beta) exhibit differences This is probably because Pronk's 
data was collected relative to a point independent ofthe subject 

It has been shown that it is possible to reliably measure both rotations and 
translations, and it is planned to continue this work with an investigation into the use of 
finite helical axes to describe the three dimensional kine!patics of the scapula 
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SOFTW ARE METHODS FOR THE IMPROVEMENT OF MARKER 
DISPOSITION MODELS ON LOWER LIMBS 

Baroni, G , Glitsch, U , Baumann, W 
Institute of Biomechanics, German Sport University Cologne, Germany 

INTRODUCTION 
The quantitative assessment of kinematics and kinetics of body segments and joints 

requires the reconstruction of position and attitude of relevant bones during the 
execution of physical exercises For this aim, automatic motion analyzers are used in 
order to compute with a high fr'equency the three dimensional co-ordinates of a set of 
external landmarks, identified by light reflecting or light emitting markers Relative 
marker movements with respect' to the underlying bone, caused by interposed passive 
and active tissues, are considered the main source of inaccuracies in the three 
dimensional photogrammetric marker identification Due to the fact that the so called 
skin movement artifacts are caused by the movement performance, no filtering procedure 
can be useful in order to quantify and reduce their entity, which can be generally 
considered one order of amplitude major than the commonly estimated 
photogrammeteric errors (Angeloni et al 1992) 

METHODS 
The necessary trade off between the reliability of the analysis and the swiftness and 

repeatability of the procedures has induced to implement a rigid body algorithm, in order 
to obtain a proper reference for the evaluation of relative marker displacements during . 
the execution of the movement The set of rigid body co-ordinates has been obtained , 
through an unweighted least-square method, which estimates fr'ame per fr'ame an 
approximation r of the position vector of the center of the marker distribution and an 
approximation H of the exact rotation matrix R The least-square function F(r,H) , 
represents the difference between the measured markers position in a frame and the fitted 
markers position at that time (Veldpaus et al 1988) A previously acquired standing 
reference frame provides the rigid body algorithm with an initial marker configuration 
and allows to carry out the anatomical calibration, necessary for the reconstruction of 
anatomical points of interest, such as joint centers (Baumann et al 1993) 

An experimental marker disposition model has been identit'ied on shank: (figure) 

1. Knee axis 
2. Anlde axis 
3. Retinaculum 
4. Tibia surface 
5. Fibula head 

6P.~ ~~: Marker cluster ( proximal position) 

9p. 

6d.~ 
~~: Marker cluster ( distal position) 

9d. 

Fig Experimental marker disposition model. 
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It consisted on nine diodes, five apposed on traditional anatomical landmarks and four on 
a marker cluster The cluster was a cross-shaped form, made of light darkened PVC The 
experimental acquisitions have been canied out exploiting a SELSPOT movement 
analysis system, with a £I'equency of 3125Hz Two sets of five movements of gait and 
run have been acquired, placing the cluster respectively on a medial and a distal position 
on shank The successive kinematics data analysis has been articled on two fundamental 

topics , d 'fi' f I ' k d' I ' h h • estimation an quanti cation 0 re atIve mar er ISP acements Wit respect to t e 
rigid reference configuration 

• evaluation of different marker disposition models as technical reference system, in 
terms of affordable accuracy in the three dimensional reconstruction of joint centers 
in knee and ankle 

RESULTS 
Considering, as initial reference configuration for the rigid body algorithm, the five 

skin-mounted diodes and no more than one plate-mounted diode, systematical marker 
displacements have been pointed out, particularly concerning the diodes on ankle and 
knee axis On the contrary, retinaculum and fibula head have turned out to be more 
reliable anatomical landmarks No significant differences have been noticed in the 
behavior of the marker cluster in the two considered positions In both cases, the plate­
mounted diodes have not shown significant relative displacements with respect to the 
extracted rigid configuration 

On the basis of these preliminary results, different technical reference systems for 
knee and ankle joint center reconstruction have been identified and evaluated In order to 
improve the reconstruction accuracy, two fundamental aspects have been pointed out 
Beside the obvious identification of the markers which undergo as less as possible to 
relative displacements, the configuration of the reference system and its geometrical 
relationships, with respect to the joint centers, should be considered The propagation of 
inevitable acquisition inaccuracies, through the mathematical reconstruction procedures, 
has been limited, individuating an orthogonal technical reference system with the origin 
proximaL to the anatomical point to be reconstructed 

DISCUSSION 
The development of software methods for the evaluation of the accuracy in 

kinematics acquisitions, has meant to introduce more flexibility with respect to other 
investigations, restricted to particular cases A previous improvement process of the 
quality of the marker disposition model could be systematically canied out, considering 
the specific anatomical peculiarities of the subject and the characteristics of the 
movement to be analyzed 
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OPTO-ELECTRONIC TECHNIQUES FOR PATIENTS REPOSITIONING IN 
RADIOTHERAPY 

'G1 ' G1Pd 'A1MiI 'F2 Barorn, ., Ferngno, " e Ottl, , am, 
I, Centro di Bioingegneria, Fnd Pro Juventute Don Gnocchi, Politecnico di Milano, 
Milan, Italy. 
2 "c" Radiotherapy Division, Istituto dei Tumori di Milano, Milan, Italy 

INTRODUCTION 
A crucial aspect in the modern radiotherapy practice is to fill the accuracy gap 

between treatment planning and treatment realization. Dedicated computerized systems 
allow to elaborate a precise and personalized treatment strategy, on the contrary, no 
quantitative objective methods are available, in order to transfer in the reality of the 
irradiation, the accurate therapy modalities evaluated in treatment planning Patient 
mispositionings at therapy units are considered one of the major source of an incorTect 
definition of the geometrical relationships between radiation beam and target volume, 
necessary premise to the most efficacious disease treatment and to the best 
preservation of surmunding healthy tissues and organs (Glasgow et al ,1992) 

METHOD 
A computerized dedicated system for the control and the automatic correction of 

patient position, has been developed It has been based on the movement analysis 
system ELITE (Ferrigno et ai, 1990) exploiting its high precision and flexibility 
ELITE calculates with a high frequency the tridimensional co-ordinates of a set of 
body surface points identified by light reflecting markers, when individuated by at least 
two CCD cameras The core of the method consists on the analytical comparison 
between the 3D co-ordinates of a reference marker configuration and the current 3D 
co-ordinates acquired at each patient repositioning The reference ELITE acquisition is 
carried out during the preliminary traditional centering procedure, in which all the 
centering and immobilization means are usually decided and prepared In this phase, 
depending on the required accuracy of the specific marker spatial re-localization, a 
geometrical tolerance value is established as the diameter of the sphere with center in 
the reference position and containing the correspondent current marker In order to 
limit the inaccuracies introduced by breathing movements, reference and curTent co­
ordinates sets are obtained as a co-ordinates average of three frames cluster, in 
correspondence of the instants of patient FRC (Functional Residual Capacity) 
identified in the acquisition. The FRC frames identification has been carried out 
evaluating a quantity F defined as. 

F = ~(Y2~(XI - X2)2 + (YI - Y2)2 + (ZI _Z2)2)2 + (hJ(XI - X3)2 + (YI - Y3)2 + (ZI -- Z3)2)2 

with marker 1 on jugular lacuna and marker 2 and 3 on transversal umbilical line Even 
if F does not represent any physiological breathing parameter, its reliability as 
breathing phases indicator has been proved The analytical calculation of marker 
displacements with respect to the reference localization, has allowed to implement an 
automatic correction procedure based on an unweighted least-square method The 
function to be minimized is expressed in vectorial terms as 

L i=nOmarker (P M P )2 
i - -- Oi 

;=1 

where Pi represents the pOSitIOn vector of the ith curTent marker, POi the 
corresponding reference position vector and M the conecting translation The 



. cidence between the three numerically controlled treatment couch translations with 
com Co • h . . d I' h . the axis of the ELITE relerence system, IS t e necessary prenuse In or er to exp OIt t e 
.thr~e couch translations for the correction procedure . 

.• ;:~¥;: .. ULTS 

~~t of experimental repositionings has been carried out, exploiting as traditional 
centering system a laser projector For the supine position, a 10 marker disposition 
model has been evaluated as follows .. 
1. jugular lacuna. 2. right. transversa~ umbilical ~ine 3. I~ft transver~al umbilical ~ine ~. 
clavicle right enuclavear Ime 5. clavIcle left enuclavear Ime 6. LoUIs angle 7. XIphOId 
process 8. i~erior. umbilical ring 9. anterior superior right iliac spine 10. anterior 
superior left IlIac spme 
For every marker a localization tolerance value of 10 mm has been established The 
acquisition time has been set to 15 seconds with a frequency of 25 Hz Table I shows 
the current marker displacements in millimeter, with respect to the correspondent 
reference marker, before the correction procedure Table II reports the situation after 
the correction procedure 

3D I Frontal ~Iane ~Sagittal plane I Transversal plano 

offset offset offset offset 

3D I Frontal plane I Sagittal plane I Transversal plane 

offset offset offset offset 
,---' 
Merker 1 11.426 8,696 7,600 11.378 Marker 1 6,494 3,407 6,311 6,736 

Merker 2 12,634 12•467 7,697 10,066 Marker 2 7,087 6,223 6,436 4,609 

Merker 3 6,700 6,061 3,669 6,168 Marker 3 6,293 2,679 4,640 6,278 

Marker 4 6,068 4,087 4,786 6,834 Merker 4 6,608 4,916 4,433 4,107 

Marker 6 9,761 7,146 6,722 9,711 Marker 6 4,760 1,020 4,769 4,660 

Merker 6 7,916 6,698 4.298 7,874 Marker 6 3,603 2,839 3,686 2,247 

Merker 7 6,329 4662 3,4 79 4,896 Marker 7 6,966 6,062 6,293 6,616 

Merker 8 8,233 8,233 6,173 6,404 Merker 8 3,806 3,229 3,768 2,100 

Marker 9 14,417 14.407 10 .281 1E...12O Marker 9 9,186 8,832 8,646 4,002 

Marker 10 6,936 6,924 3,302 4,947 Marker 10 3,401 2,431 2,701 3,151 

Tab 1 Marker offsets before correction procedure Tab 11 Marker offsets after correction procedure 
The underlined bold values report unacceptable 
displacements with respect to the prefixed 
tolerance value (10 nun).. 

DISCUSSION 
The development of a dedicated reposItIOning system implemented on opt­

electronic techniques, allows an automatic quantitative control on patient position, 
completely independent from the irradiation physical and geometrical set-up In this 
way, a more reliable control can be carried out, with respect to the traditional quality 
control methods based on therapy images detection, because the low quality of high 
energy films rarely permits an effective evaluation of patient mispositioning. 
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THE FEASIBILITY OF A NEURAL NETWORK APPROACH FOR ASSESSING 
INSOLE MATERIALS A PRELIMINARY STUDY 

J G Barton and A Lees 
Centre for Sport and Exercise Sciences, School of Human Sciences, Liverpool John 
Moores University, Liverpool, UK 

INTRODUCTION 
Several studies have tried to differentiate insole materials based on objective 

measures combined with statistical evaluation, however some of them have failed 
(Sanfilippo et al., 1992). As an alternative approach, objective pressure measurement can 
be combined with Neural Networks (NN), which are a relatively new method of non­
linear multivariate analysis NNs can be taught to recognise patterns by examples instead 
of defining the underlying rules (Zurada, 1992). 

The MICRO-E:MED system is a particularly useful tool for insole material i 

evaluation because it enables in-shoe pressure measurement However, the pressure 
~ transducer matrix built into a thin insole is vulnerable The pressure insole may get 1 

damaged, and the output changes substantially .! , 
The aim of this preliminary study was to find answers to three questions Firstly, '1 

are NNs able to differentiate pressure distributions in the shoe with different insoles, 1 
secondly, are NNs robust enough in case of a mechanical failure to the data acquisition! 
equipment, and thirdly, are NNs robust against random noise? 

): 
,i 

METHOD ! 
t 

Extensively pre-processed pressure data from the MICRO-EMED system were l: 
used to train a backpropagation NN (972-20-4 structure) to distinguish four different I 
insole materials of the same thickness Seven male subjects of the same shoe size J 
(42, UK 8) and without a history oflocomotor disorder walked at a controlled speed of!; 
1 11 mls at 1 73/s cadence on a treadmill wearing the same pair of shoes The t 
MICRO-E:rvrED system recorded the maximum pressure print below the dominant foot .~ 
of ten consecutive steps of each subject while wearing four different insoles and without t: 
an insole (5 conditions in total) The mean of the ten steps was taken resulting in five 

j. 

average pressure patterns (one each for the 5 conditions) for all seven subjects The .~ 
differences between the no-insole condition and wearing one of the four insoles were \, 
calculated to get purely the effect of the insoles on the pressure distribution The values I) 

of the difference patterns were scaled into the range 0-1 which is the input range of the " 

NN With regard to aim 1 The four difference patterns were linked with the code of'~ 
the corTesponding insole material and the NN was trained to map the maximum pressure; 
prints to the corresponding four digit codes Testing of the NN was performed by] 
presenting the same patterns ... ~ 

With regard to aim 2 Subsequent to training the effects of damaging the pressure "m 
patterns (simulation of mechanical failure to the pressure measuring insole) wereil 
examin~d The pressure v~lues of ~he difference pattern. under the midfoot wer~ set eq~al,~ 
to 0 which would happen If the middle of the pressure msole got damaged. ThiS location .. ~ 
of the mechanical ermr is quite likely, because this part of the pressure insole is exposed ,~ 
to bending forces when pulling out the insole from the shoe The incomplete difference'~ 
patterns were presented to the NN !~ 

With regard to aim 3 The effect of noise were considered A more general way of:1 
testing ~he robustness of the NN.wasyerformed by adding random noise in three levels ·· .. ,1 
to the difference patterns The nOIsy difference patterns were presented to the NN >u 

j .......• : .. : 5 . 
.. ~ 

~,~ 
c1 

" 
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:RESULTS 
, 1 The NN learned to map the 28 difference patterns to their corI'esponding 
i~sole-codes in 173 runs During testing the NN classified all 28 patterns to the right 
class (100% correct recognition) 

2 In case of presenting the incomplete difference patterns to the same trained NN, 
4 patterns were classified wrongly out of28 (85% correct recognition) 

3 Presenting the noisy difference pattern to the same trained NN yielded the 
following results dependent on noise level 

noise level test results 

0.1 28/28 (100%) 

OJ 27/28 (96%) 

0.5 22/28 (78%) 

DISCUSSION 
1 A backpropagation NN could successfully learn to map pre-processed below 

foot pressure prints of four different insole conditions, into the code of die insoles This 
proves that a NN can find a set of coefficients in a multivariate, non-linear equation, 
which describes the complicated relationship among the difference-patterns and the 
codes of the insoles 

2 Even in case of a mechanical failure to the pressure insole the remaining 
pressure patterns can be used in the evaluation of insole materials Because of their 
unique structure and function NNs are tolerant to incomplete patterns The responses of 
the NN remained reasonable even if a part of the pattern was harmed. 

Apart from proving the robustness of a NN, this experiment suggested that the 
pressure distribution below the midfoot had a small contribution in the decision making 
process 

3 The insensitivity to random noise confirmed that NNs are robust against noise, 
therefore NN s can cope with the small errors associated with pressure measurements 
below the foot 

In this study the same or modified patterns were used in testing the NNs, which 
proved to be successful Utilising the generalisation capabilities ofNNs (Zurada, 1992), 
previously unknown pressure patterns (obtained by wearing unknown insoles) could be 
classified, which would reinforce the feasibility of NNs for the assessment of insole 
materials 
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A PHYSICAL MODEL OF CAT TWIST 

W.L. Bauer, and M.R. Yeadonl'l 
Sensomotorik-Laboratory, University of Bremen, Bremen, Germany 
*Department of Sports Science, Loughborough University, United Kingdom 

INTRODUCTION 
The design of a physical model of a twisting cat is presented The model comprises 

a pair of cylinders which together make a hula hoop motion by means of two control 
strings. In orc;ier that the total angular momentum remains zero, the whole system rotates 
in the opposite direction Typically one cycle of hula movement produces a half twist 
(Yeadon, 1993) 

METHODS 
The design of the physical model was done according to the methods described by 

Bauer (1987) 

RESULTS 
Description of the design 
The cat twist model consists of a rectangular frame mounted on a table or a base 

plate (Fig 1). Two cylinders (5, 18) of identical construction, whose axes fonn an angle 
of 120 degrees, are suspended within the fi·ame with two forks (4, 19) Each fork is fixed 
to the frame with ball-bearings (34), which permit an almost rnctionless rotation about 
the vertical main axis of the modeL Each cylinder is mounted within a slide bearing (6, 
17) which allows the cylinders to be rotated about their main axis The outer ring of each 
slide bearing is pivoted (22, 31) in one fork of the suspension system The two cylinders 
touch each other at their bases (11,12) in the centre of the drawing 

The two cylinders are connected with a ball-and-socket joint (28). Four strings (10, 
25,26,27) representing four muscles have been mounted in such a way that they can be 
shortened and lengthened successively by applying forces to control strings (I, 21) 
coming out on top and bottom of the fi·ame, causing the two cylinders to make a hula 
movement 

Two of the four strings (25, 26) are connected to prestretched springs fixed within 
the cylinders Each of the remaining two strings (10, 27) can be shortened and 
lengthened with control string (lor 21) via a special sliding mechanism Each control 
string is led through the pipe of each fork (2) from above or below Upon coming out of 
the pipe each control string is divided into two strings (23, 24 and 32, 33) which are 
fixed symmetrically to the outer rings of the sliding mechanisms after passing around the 
shafts (22, 31) of the slide bearings (6, 17) The forces of the control strings are 
transf~Ired fi·om the outer rings (7, 16) across a ball-bearing (15) to the inner rings (8, 
LA) of the sliding mechanism From there on a string (10, 13) transfers the respective 
control force to the opposite cylinder base after passing through a hole in its own base 

The innner rings (8,14) of the sliding mechanisms tum with the rotating cylinders 
due to a bolt (9) which slides up and down in a slot (30) of each cylinder during a hula 
movement. The outer rings (7, 16), however, tum only when the forks of the suspension 
mechanism rotate 

Control mechanism 
In the constellation which is shown in the drawing (Figure 1) control force (1) has 

its maximal value Thus string (10) pulls the cylinder bases against each other The force 
of the opposite string (26 ) which is attached to spring (3) is approximately of the same 
magnitude as string (10).. The forces of the remaining strings (2.5) and (27) are equal 
although each of them has only one half of the magnitude of string force (26) Once 



· ' ontrol string force (1) and control string force (21) are lowered simultaneously - (sfr1ing 
iorces 10 and 27 also become lower) - the point of contact moves towards string (25) 
Once both control string forces are zero the point of contact of the cylinder bases lies 

.;, between strings (25) and (26) which are extended by springs (3) and (20) Increasing 
t control string force (21) again -
'I tF1 (which causes string force (27) to 
J II--_..c----- 1 increases as well) - moves the 
,j __ --------y77:;mn;mr----------, point of contact in the same 
j~ 

.1' direction ahead towards string 

, ~ '" 

- . ~ " 

F'i~lre I Cat twist model 
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(26) and (27), creating a hula 
movement of the two cylinders 
The opposite direction of motion 
will be obtained, when control 
string force (21) is increased 
instead of lowered whilst control 
string force (1) is lowered as of 
the drawn starting position 

Doing the hula movement in 
the above described. manner 
causes the two cylinders to rotate 
about the vertical axis of the 
model according to the law of 
conservation of angular 
momentum Thereby the friction 
of the ball-bearing (34) and its 
counterpart have to be made very 
small in order to get optimal 
observable results 

When the sliding mechanism 
is positioned halfway of its sliding 
path, the centre of gravity of each 
cylinder coincides with the 
positions of the shafts (22) and 
(31) Moving the sliding 
mechanics to and fro, shifts the 
centres of gravity accordingly 
Since the cylinders have been 
arranged vertically this shift has 
no negative effect on the overall 
performance of the model Due to 
the selected design, the two 

----'----'- cylinders cannot be moved away 
from ihe vertical and out of the 
piked position 

In order to apply no torque 
~o the cylinders from outside the model during operation, the control forces must be 
Inserted across swivels to the control strings 

"--REFERENCES 
- Bauer, W L (1987) Physical models in sports biomechanics In. Current Research in 

Sports Biomechanics, 107-141, Karger, Basel 
Yeadon, M R ( 1993) The biomechanics of twisting somersaults Part IlL Aerial twist 

Journal of Sports Sciences 11, 209-218 



96 
COMPARISON OF 3D JOINT MARKER SETS FOR THE STtJDY OF HUMAN 
MOTION 

M.D. Bauman l , A. Plamondon l , D. Gagnon2 
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2Laboratoire de biomecanique occupationnelle, Universite de Sherbrooke, Canada 

INTRODUCTION 
Cinematography has limitations to its accuracy due in large part to the lack of 

consistent locating of joint centres-of-rotation. There exists a need for an adequate method 
of locating these joint centres with external markers. Rab (1991) suggested that a flexible 
approach to marker placement is necessary to account for age, neuromuscular disease, the 
use of walking aids, and the particular aims of the study. Some common marker sets use , 
stickers or spherical balls to mark superficial landmarks, but these markers are susceptible to ; 
being hidden from the view of the camera during filming of a movement. Another marker 
set uses wide fluorescent elastic bands to mark the ankles, knees, elbows, and wrists, which 
are less likely to be blocked from the view of the camera. It is, therefore, important to 
quantify the differences encountereo between existing marker sets. The purpose of this 
study was to compare the kinematic data of three different marker sets, two using balls to 
mark joints and one using elastic bands. It was also the ptupose of this study to present the 
elastic band marker set as an alternative to some commonly used marker sets. 

METHODS 
Three healthy male su~jects participated in the study. The subjects were each filmed 

statically in anatomical position and performing a simulated lift at normal and fast speeds. 
A PEAK motion measurement system with four video cameras (Panasonic WV -CL 700) was 
used to collect the 2D positions of the anatomical markers. The 3D loci of the anatomical 
landmarks were obtained with a DL T (Direct Linear Transformation) algorithm. Eight body' 
joints were marked (the right and left ankles, knees, elbows, and wrists) with three marker 
sets. The first set consisted of of wide fluorescent elastic bands which encircle the joint 
(band method). A second set consisted of two fluorescent spheres placed on the either side 
of the joint (ball method) and a third set which defined the position of a local coordinate 

,-, 

system using three spheres placed on the segment near the joint (coordinate system). Joint,; 
centres-of-rotation were estimated for the band method by assuming that the centre of the ,:1 

visible arc of the band approximated the position of the joint centre in each of the 2D views. ;1 
~or the ball method the centres .. of-rotati~n.were estimated b~ calculating the ~~dpoint on a :.~~ 
hne between the two balls that mark the Jomt. For the coordmate system the JOint centres- ] 
of-rotation were located in the static condition and then assumed to remain the s~e'l 
throughout the dynamic movements. The three marker sets were compared by calculating ~ 1 
the difference between their joint centre positions. Comparisons were done between the '''1 
band method and ball method, between the band method and the coordinate system, and ;~ 
between the ball method and the coordinate system. Average differences (AD) were 
calculated and the results were combined for the three subjects and left and right joints.M 

,~~~ 
~~ 
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j~~§ULTS 
.':' , ' Table 1 summarizes the results for the raw data of the simulated lift. 

T~bie 1 Raw Data (non filtered): Normal Speed 

··.·'.r AD (mm) I SD (mm) I Max (mm) 

Band & Ball 17 9 75 

Wrist Band & Coordinate 8 5 30 

Ball & Coordinate 18 10 86 

Band & Ball 23 11 62 

Elbow 
Band & Coordinate 12 8 ,37 

Ball & Coordinate 31 11 65 

Band & Ball 26 7 45 
Knee 

Band & Coordinate 14 8 41 

Ball & Coordinate 25 8 52 

Band & Ball 17 6 32 
Ankle 

Band & Coordinate 11 6 34 

Ball & Coordinate 19 7 45 

DISCUSSION 
The results support the assumption that the band method can be used as an 

alternative method to other commonly used marker,sets" The range of reported average 
difference (AD) values are acceptable when it is considered that Cappozzo et al. (1993) 
reported errors in the order of 10-20 mm due to $kin movement artefacts alone" In general, 
when comparing the three methods, the band method and the coordinate system had the 
smallest AD values or were the most similar (7-l5mm). The ball method and the coordinate 
system were the least similar and had the largest AD values (18-32mm), except for the knee 
Where the band and ball methods were the least similar. However, the ball and band 
methods generally showed intermediate AD values (16-26mm). In conclusion, the band 
method is a valuable alternative marker set because of its low incidence of missing points, 
especially when complex movements are being studied. 
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A CYCLE-ERGOMETER MOUNTED ON A STANDARD FORCE PLATE FOR 
MEASUREMENT OF PEDAL FORCES 

ALAIN BELLI and JEAN-RENE LACOUR 
Laboratoire de Physiologie - GIP Exercice, Universit6 Lyon 1, France. 

INTRODUCTION 
Cycle ergometers are usually found in laboratories for training and testing purposes. External 

resisting force could be measured accuratly allowing research on metabolic, fatigue and efficiency 
problems. However, they are limited in precise three-dimensional biomechanical analysis offorces 
exerted on the pedals. These forces are used in research when ones want to study the cycling 
effectiveness as well as joints, muscles and bones forces of the lower limb. In order to measW'e 
precisely these forces a number of researchers have developed specific pedal force plates (e.g. 
Newmiller et al 1988, Ericson and Nisell 1988, Brocker and Gregor 1990). However their 
specificity and their dimensions make them expensive and/or difficult to handle and limited in 
apPlying their principle in standard situation. 
The objective of this presentation is to report a new method to measure the pedal forces during 

cycling by means of general purpose force plateform and cycle ergometer. The principle of this 
new method and the preliminary results obtained are presented. 

METHODS 
Mechanical device and measurements. In order to obtain an isolated mechanical system, the 

pedal and the gear mechanism were separated from the bicycle frameand tightly fixed on a force 
platform (Kistler type 9281B). The bicycle frame, including flywheel and friction system was 
fixed aside from the force platform (see figure 1) in such way that the original dimensions of the 
whole bicycle were maintained. The follow:ingparameterscould then be measured and calculated:· 

- Forces and torques exerted on the force platform. They were calculated, according to the 
manufacturer, from the data obtained from height elementary force channels. 

- Force exerted by the chain. It could be calculated from the measurement of the friction 
force exerted by the friction belt on the flywheel and from the calculation of the inertial force due to 
the flywheel accelerations (Lakomy 1986). The friction force was measured by means of a strain 
gauge (200 N, Interface MFG, USA) mounted on the friction belt while the displacement of the 
flywheel was monitired by an incremental encoder (600 po:ints/turn, Hengsler, Germany)., 

- Coordinates of the application points of chain force and of pedal forces (assumed to be 
located at the middle of the upper surface of each pedals (Newmiller et a1. 1988)). They were 
determined by precise measW'ement of the dimensions of the pedals and gear system. It was also 
necessary to calculate the instantaneous position of the pedals from the displacement signal given 
by the :incremental encoder and by a magnetic transducer detecting the rear horizontal position of 
the left pedal. 

Signal from strain gauge, displacement encoder, position transducer and 8 channels force 
platform were sampled (200 Hz) and stored on a PC computer (386 type) via a 12 bit AID 
converter. The instan~eous force and displacement data were low pass filtered (Butterworth 4th 
order with no phase lag) wi th a cut··off frequency of 25 Hz. 

Computatio'!s of pedal forces. Assuming that dynamic effects due to pedal rotation are 

neglectible, static mechanics (I F = 0, I M = 0) applied to the isolated pedal and gear system 
give a system of six equations. At a given instant of time, this system of equations can be written 
in matrix form and posed as the standard linear algebra problem: [A].[x] = [b], where the [A] 
matrix contains the moment arms for the pedal forces, the [x] vector is constituted of unknown 
pedal forces and the [b] vector is constituted of the measur'ed forces and moments exerted by the 
chain and by the force platfonn (moments acting on the pedals are assumed to be neglectible). The 
numerical solution can then be found using standard algebra techniques such as lower triangular­
upper triangular decomposition of the A matrix followed by back substitution of the b vector. 

The dynamic effects were mesW'ed and modelised during free deceleration of the pedal and 
gear system. They were then taken into account in the [b] vector. 
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Figure 1: Schematic view of the device 
(A: strain gauge, B: encoder, C: position 
tninsducer, 0: Force plate). 

RESULTS 

o 

0.5 1 
Time (5) 
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Figure 2: Typical results (Left foot: solid line; 
Right foot: grey line). 

Typical measurements obtained during two complete rotations (starting from top position of the 
right foot) at a velocity of 60 rotation per minute (rpm), with a friction load of 2 kg and without toe 
clips are presented in figure 2. During downstroke peak values of Fz, Fy and Fx were respectively 
about 300 N, -100 Nand ±40 N, they were oriented respectively downward, backward and 
laterally. During upward movement of the legs Fz and Fy were respectively about 40 Nand 20 N 
and it was assumed that Fx forces were negligible. An asymmetry between left and right foot 
could also be noticed. The forces due to dynamic effects, measured during free pedal deceleration, 
were found to be negligible (less than 2%) when compared to the forces exerted by the feet at 60 
rpm and with a frictioQ load of 2 kg. 

DISCUSSION 
The magnitudes and directions of the measured forces were in agreement with measurements 

o,ptained in current literature (e.g. Newmiller et al 1988, Ericson and Nisell 1988, Brocker and 
Gregor 1990). However, the influence of moments acting on the pedals (Brocker and Gregor 
1990) is not yet taken into consideration and further experiments and analysis are in progress in 
'order to determine precisely the accuracy of the measurements. Nevertheless, the preliminary 
results obtained showed that it is possible to perform a complete biomechanical 3D analysis of 
pe~alling with force platforms ~d ergometers usually found in laboratories. Furthermore this 
d~slgn does not modify the mechanical properties (weight, dimensions, inertia) of the pedals and 
dimensions of the bicycle, allowing same mechanical conditions during training and testing. 
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A TREADMILL FOR MEASUREMENT OF GROUND REACTION FORCES 
DURING WALKING 

ALAIN BELLI, PHONG BUI, ANTOINE BERGER and JEAN-RENE LACOUR 
Laboratoire de Physiologie - GIPExercice, Universite Lyon 1, France. 

INTRODUCTION 
Ground reaction force measurements during locomotion are necessary to study mechanical 

properties of the lower limbs during contact phase. In field conditions ground mounted force 
platforms are generally used for that specific purpose, but they are limited in the number of 
successive ground contacts they can measure. In laboratory conditions, treadmills are usually 
found for training and testing purposes. Although they allow easy metabolic measurements, they 
are limited in precise three-dimensional biomechanical analysis of ground reaction forces. Kram 
and Powell (1989) proposed to incorporate a force platform under the moving belt of the treadmill. 
However, this technical solution allowed accurate measurements of the vertical force only. 

The objective of this presentation is to report a new method to measure both the vertical and the 
horizontal ground reaction forces during treadmill walking by means of specially designed 
treadmill frame mounted on crystal transducers. The principle of this new method and the 
preliminary results obtained are presented. 

ME1HODS 
For measurement of forces produced only by the subject's feet it was chosen to mechanically 

isolate the entire treadmill. In that case forces due to treadmill movements or to belt friction could 
be considered as internal forces. With this aim in view, all the treadmill components including the 
motor (Leroy Somer, 1.5 kW, asynchronous type) were tightly mounted on a single metal frame. 
This frame was calculated to be as rigid as possible and was tightly fixed to the ground through 
two crystal transducers -(Kistler-type KI 9067). The associated amplifiers (Kistler type Kl 
5038A3) allowed the measurement of the 3 dimensional (3D) forces. Only cables providing power 
supply to the motors were linked to the isolated frame. Electrical circuits were designed in order to 
minimise electromagnetic noise. Furthermore, the treadmill was constituted of two symmetrical 
parts (figure 1) separated by a 7 mm gap, allowing measurement of left and right leg during the 
double support phase of walking. 
Static calibration of vertical and horizontal forces were first performed with a set of known mass 

ranging from 0 to 80 kg. Dynamic response and natural frequency were then measured after 
sudden impacts produced by a hammer. Finally, typical force measurements were performed on a 
subject walking at velocities ranging from 2.0 to 10 km.h-1. 

® ® M 

® ® M 

:-< 0.8 m >' , 

Figure 1: Schematic top view (upper part) and side view (bottom part) of the treadmill (K: location 
of force transducers; M: motors). 
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from crystal force transducers were sampled (1000 Hz) and stored on a PC computer 
':;"c',:,""',F.'·--- via a 12 bit NO converter. Force data obtained during walking were also low pass 

,.,'.,,_4 .... \~_!!,~!"\vr'rth 4th order with no phase lag) with a cut-off frequency of 20 Hz. 

.-~!v~ 
1 2 3 

Time (5) 
Figure 2: Typical measurements of vertical (upper part) 
and horizontal (bottom part) force. 

4 

RESULTS 
The calibration showed 

that linearity of vertical and 
horizontal force was better 
than 0.1 % and 0.5%, 
respectively and that natural 
frequencies were over 45Hz 
and 33Hz respectively. 

Typical data (left foot) 
obtained on a 65 kg healthy 
subject walkirig at a velocity 
of 5.5 km.h-l (1.52 m.s-1) 
are presented in figure 2. 
The stride frequency and the 
strid,e length were 
respectively 0.9Hz and 
1.38m. During the support 
phase the vertical force 
presented two peaks (ZI, 
Z2), separated with an 
interjacent trough. The 
anteroposterior force had a 
small initial impact peak, 
followed fIrst by a breaking 
peak (X I) and second by a 
propulsive peak (X2). The 
values of ZI, Z2, XI, and 
X2 peak were approximately 
equal to respectively 1.05 
body weight (bw), 0.95 

bw, 0.2 bw and 0.15 bw. The mediolateral forces (not shown) presented two opposite peaks of 
about ±D.05 bw. 

"DISCUSSION 
'Static measurement showed the very good linearity which was expected from crystal transducers. 
Natural frequencies were acceptable in walking conditions and could be easily fIltered without 
significant modifications of original force signal. (Winter et al. 1974). Therefore, the magnitudes 
and directions of the forces measured during walking were in agreement with previous 
measurements obtained in current literature (e.g. Nilsson and Thorstensson 1989) when using 
ground mounted force platforms. 
'However, natural frequency could be improved and further analysis and trials are in progress in 
()rder to obtain stiffer and lighter treadmill frames. Nev.erthe1ess, the preliminary results already 
showed that it is now possible to get, in nonnallaboratory conditions, 3D "ground" (treadmill) 
reaction forces with a high number of steps. 
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CONTRIBUTION OF LIFT FORCE TO PROPULSION IN FRONT CRAWL 
SWIMMING 

Monigue A.M. Berger, A. Peter Hollander and Gert de Groot 
Faculty of Human Movement Sciences, Vrije Universiteit, Amsterdam, the Netherlands. 

INTRODUCTION 
Propulsive force in human swimming consists of two components: the drag force, 
opposite to the line of motion of the hand, and a component perpendicular to the line of 
motion: the lift force. From a theoretical point of view it has been shown that propulsive 
forces in human swimming can be more efficiently derived from lift forces than from 
drag forces (de Groot and van Ingen Schenau, 1988). Propulsive forces can be calculated 
from a three dimensional kinem(!.tic analysis procedure, combined with hydrodynamical 
characteristics of hand and forearm derived from fluid laboratory studies (Berger et al., 
1995). In the present study the contribution of the lift force to the propulsive force is 
calculated. 

ME11IODS 
Six subjects, three male and three female swimmers of national and international level 
participated in the experiments. The swimmers were asked to swim front crawl at steady 
velocity during 25 meter. 

Three··dimensional (3D) underwater videography was used to record the path 
followed by the hand and arm during a full stroke of one arm. The underwater pulling 
patterns of the right arm were filmed from the front, the right (2x) and the bottom side 
using four gen-Iocked Panasonic video cameras. Two periscope systems (Hay and­
Gerot, 1991-) and an underwater housing were positioned to collect these views of the· 
arm strokes. Calibration took place with a reference frame of 2.0 * 1.0 * 1.0 meter. 
Registration of motions and orientation of the hand were analysed with help of black 
markers drawn with kohl pencil on anatomical landmarks on the hand and forearm of the 
swimmer. Image co-ordinates were obtained manually at a sampling frequency of 50 Hz, 
and transformed to three-dimensional co-ordinates using the direct linear transformation 
(DLT) method. 

The magnitude of drag and lift forces were calculated according to the following 
equations: 

Fd = 0.5p v2 Awed 

FI = 0.5p v2 AwCI 

(1) 

(2) 
where Fd = drag force (N), FI = lift force (N), p = density of water, v = velocity of the 
hand (m.s-I), Aw = wet surface area (m2), Cd = drag coefficient and CI lift coefficient, 
obtained in a previous study (Berger et aI., 1995). 

The propulsive force (Fp), defined as the component of the resultant force in 
swimming 9irection, was calculated at each video frame according to: 

Fp = Fdx + FIx (3) 

. In order to define the relative contribution of the lift force to the propulsive force, a 
lift to propulsive force ratio (FI .. p) was computed: 

(4) 

where FIx is the mean lift force in swimming direction and Fp is the mean propulsive 
force. The mean Fp and mean FIx values were calculated over the frames of one full 
stroke, where Fp was positive. 

RESULTS AND DISCUSSION 
Figure 1 shows the calculated forces, in forward direction, at each video frame for two 
subjects during one stroke. This figures demonstrates that at different phases in the stroke 
the contribution of lift and drag to the propulsive force are different. During the first 



the stroke a positive value of Fp can be observed although the drag foi2g is 
The contribution of the lift force in this phase of the stroke causes a positive 
force. At the last phase of the stroke the propulsive force is the highest due to 

velocities of the hand. It can also be observed that the shape of the force curves 
for the two subjects. For subject F3 in figure 1 (left part) the lift force is much 

than the drag force. For subject M2 in figure 1 (right part) the differences between 
·,,;'~1JL" .. ~'-.7 drag force is less. 
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• Figure 1. Propulsive forces of two su~jects: left: subject F3, right: subject M2 
(- = propulsive force, .. = drag force, _. = lift force) 

The differences in contribution of lift and drag to the propulsive force are also 
obvious when calculating the FI-p' ratio. The FI_p ratio for the stroke plotted in the left part 
of figure 1 was 0.64, so 64 % of the propulsive force is due to the lift component. The 

, calculated FI_p ratio for the stroke plotted in the right part was 0.45. 
The FI_p ratio calculated for all subjects is given in table 1. 

subject mean Fo-I std 

Fl (n=7) - -- . 0.53 0.03 
F2 (n=8) - 0.54 0.05 
F3 (n=8) 0.65 0.06 
Ml (n=6) 0.61 0.06 
M2 (n=8) 0.48 0.05 
M3 (n=8) 0.50 0.05 

Table 1. FI_p ratio for all subjects, three females (FI-F3) and three males (Ml-M3). 

Th~ -contribution of the lift force to the propulsive force is about 50% and for some 
subjects even higher. As stated earlier propulsive force is much more efficiently derived 
from lift forces than from drag forces. Therefor, swimmers with a technique which leads 
to a high FI_p ratio will have a higher propelling efficiency. For the future, it is interesting 
to ~ee i~ there is a correlation between the contribution of the lift force to propulsion and 
swunrmng performance. 
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ON A BODY STABILITY CONTROL 

Alexander Bilenko, Galina Ivanova 
Academy of Physical Culture, St.Petersburg, RUSSIA 

INTRODUCTION. Human ability to the retention of orthograde posture belongs 
to one of the adaptive features of the human activities responsive to the changes of 
mechanical stability conditions, human functional conditions, traitllng susceptibility, 
fatigue, pharmacology effect, etc. [1-2]. Among all methods of balance improvement the 
training at a movable support is considered as the most efficient one. In this case the 
degree of support mobility still remains unresolved issue since parameters of the support 
tilt with respect to the base influeD;ce considerably on the training effect of the exercise 
on the human body. 

METHOD. New training unit for balance improvement was developed and 
tested. The construction of the movable support was extremely simple (see Fig. 1 ).. The 
upper plate is swinging on a hinged support at a certain angle with respect to the lower 
base while contacts at the edge of the platform are closed at the moment of balance 
disruption as evidenced by light indicators Constructional feature of the device consists 
in the availability to match platform paI'ameters with the degree of physical development 
and proprioceptive sensitivity of a trainee aimed at the improved adaptation of a human 
being to the "body-platform" system The device provides for the rigidity tuning of 
springs connecting the movable platfOIm with the immovable one as well as for changes 
of the distance between them. The latter limits the critical deflection angle and thus sets 
the magnitude of oscillation amplitude. The degree of a human body stability was 
measured from the conventional factor of the balance confinement time at the movable 
support. It was determined that "stability time" of a human body depends on a certain 
number of parameters among which the governing ones are the stabilizing moment (Mst) 
and conditions of sensor correction of a body posture The stabilizing moment is defined 
by the spring rigidity (C) and the gap (M) depending on the diameter of the hinged 

support: Mst = 2C M" 
RESULTS .. Stability tests were carried out with the platform of the following 

parameters (see Table 1.).. In order to determine the role of visual feedback in the 
balance confinement the experiments were performed both with and without visual 
control (see Fig.2). 

N .Diameter of Deflection M, 
I 

M st , Nm 
hinged support, angle, deg .. mm 

mm --
C=lN/mm C=2N/mm C=4N/mm 

'i 9,5 0,27 1,0 0,43 0,86 1,72 
2 11,0 0,67 2,5 1,08 2,17 4,32 
3 12,6 1,10 4,1 1,76 3,52 7,04 
4 15,0 1,73 6,5 2,80 5,60 11,20 

Table L Mechanical parameters of the training unit. 

DISCUSSION. The experimental results (Fig.2) dm be approximated within 
certain accuracy by analytical expression of the stability time versus the stabilizing 
moment: t"'" 10[ MS{2 J .- 6. At the range of small moments (up to 3Nm) the 
approximation curve displays noticeably greater slope. One can suppose that the given 
relation provides real "stimulus-reaction" function. The sensitivity of joint receptors of 
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is higher at the beginning of elongation at small deflections in the joint. The 

is non-linear; the sensitivity drops with the increase ofMt emphasizing the 
.'J,I.LLL."'~·--

of the vertical posture analysis. In case of very small muscle stretchings (up 
:"it~O) % ofl), which occur at the platform oscillations within 0,3", the analysis of muscle 
~\,;~6~tiaction presents a problem and the posture control is presumably governed by the 
';:,,;.~l~stic force of crossings between mesofibre filaments creating "short-range sti:ffuess" [3-
i;~:5rih the joint . 
•.. '..: The training unit found many applications among professional sportsmen 
\'}gy~asts, spring-~oard divers, sync?r~nized ~ers) .for the imp~o~ement. of 
, p~~pheral mech~sms of mu~cle actIVIty and J~mt receptIo~, The tr~g deVIce .was 
,'successfully used ill ergonomIcs for the evaluatIon of functIOnal conditIons of patIents, 
"-";~';f:}:1~'l > '., 
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Fig 1 Mechanical scheme of movable stabilograph .. 1- Jower plate. 2 - upper plate, 3-
hinged SUppOIt, 4- adjustment spring, 5 - limit switch, 6 - gap. 
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Fig.2 .. Stability time t versus M.t: 1 - with visual control, 2 - without visual control. 
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MAINTENANCE IN THE PROCESS OF ARM UNLOADING 
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INTRODUCTION 
The acquisition of bimanual coordination when one forearm is triggering the 

unloading of the postural forearm has been investigated by several authors (Paulignan 
et al., 1989; Ioffe et al., 1994). The kinematic parameters of the movement such as 
amplitude and maximal velocity were analyzed to assess the role of central and spinal 
control in postural adjustment. In the present study we use the equilibrium point 
hypothesis of muscle torque generation (Feldman, 1979) in order to evaluate changes 
in central control parameters in the process of learning of posture maintenance using 
recordings of movement dynamics. 

METHODS 
In the frames of the eq'uilibrium point hypothesis the muscle torque is described 

by linear spring equation with modifiable stiffness, viscosity and equilibrium angle: . 
T = -k(S - Seq) - vS, (1) 
, . 

where S is the joint angle, S is the angl,llar velocity, Seq is the equilibrium angle, k is 
the stiffness and v is the viscosity. The stiffness can be considered as the central 
command for' a coactivation of antagonist muscles, and the equilibrium angle as the 
reciprocal command for a shift of invariant characteristics of the joint (Feldman, 
1980). i 

During experiment when a load initially applied to the forearm was released 
subjects were instructed to maintain the forearm horizontally. 3 sessions of 20 trials 
each were carried out for eight subjects. The elbow joint angle, angular acceleration 
and external load of postural forearm were recorded. The muscle torque T has been 
calculated using the recorded data and forearm inertial and geometrical parameters. 
The multiple linear regression analysis was applied to the equation (1) in order to 
determine the stiffness, viscosity and equilibrium angle. The array of muscle torque 
values at every instant of each particular movement was considered to be dependent 
variable, while the joint angle and angular velocity arrays were considered to be 
independent ones. 

RESULTS 
Torque time course was simulated according to linear spring model (1) with 

obtained values of stiffness, equilibrium angle and viscosity. For the whole time of 
movement except of the first 50 ms a good agreement between simulated and 
expe~imental torque time courses was obtained for all analyzed trajectories (Fig. I) . 

E 
z 
= = ...... 

...,..------------_._._------------_. 

~~----------------------~ 0.1 5 

Fig. I Simulated (thick line) and experimental (thin line) joint torques for a particular 
trajectory. 
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In the process of learning the joint stiffness increases during movement execution 

It allows to assume that a subject increases the coactivation of muscles 
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antagonists in order to 
minimize posture 
disturbance. It is in 
agreement with the 
decreasing of the amplitude 
during learning (Ioffe et aI., 
1994). The obtained values of 
stiffness and viscosity 
correspond to the data cited 
in the literature (Mussa-Ivaldi 
et al., 1985). 0 ifferences 
between calculated 
equilibrium angle and initial 
joint angles decrease during 
learning what corresponds to 

, ,.L.-"---'----'-.t.....I..--'--'-'--..J-J minimization of deviation ot 
15 

Tri al number-

20 
25 final forearm position from 

the initial one. 
Fig.2 Joint stiffness vs U'ial's number. .Curves .1, 2 and 
c3correspond to three consequent learnIng sessions. 

DISCUSSION 
We suppose that proposed model can be applied only to the time period when 

delayed stretch-reflex feedback reflects the unloading. Good agreement between 
simulated and experimental joint torques after 50 ms from the unloading allows to use 
the equilibrium angle anq joint stiffness as the estimation of central commands during 
posture maintenance after unloading. 

In spite of many arguments in favor of nonlinear·ity of the process of joint torque 
generation (e.g., Flanagan et aI., 1993) the movement caused by the unloading can be 
adequately described by simple linear model (1). The good agreement between 
experimental and simulated joint torque time courses (illustrated in Fig.l) argues for 
the fact that the movement is performed under the constant values of central 
commands controlling joint stiffness and equilibrium angle. Hence for the unloading 
motor task the multiple linear regression procedure applied to the whole trajectory 
seems to be rather reliable and simple method of estimation of elbow joint stiffness 
and viscosity. 
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INFLUENCE OF SPEED, STIFFNESS, AND ANGLE OF ATTACK ON" 
JlJMPlNG DISTANCE 

RBlickhan', AFriedrichs', FRebhan', T Schmalz2, V Wank' 

I Institut fijr Sportwissenschaft, Friedrich-Schiller-UniversiHH lena, Germany 
2 Otto Bock - Orthopadischc Industrie Dudcrstadt, Germany 

INTRODUCTION 
The athletes objective in a long jump is to obtain a maximum distance for given 

anatomical and physiological parameters, At present the influence of various parameters 
on jumping distance is estimated ~y statistical methods requiring a large number of trials: 
(Hay 1993, Lees 1993). We use a dynamical model to predict jumping distance and the 
influence of initial conditions and global system properties . 

METHODS AND MODEL 
In a training's competition in Jena (1994) 10 sport students were filmed for later. 

analysis (50 halfframes/s). The vertical and horizontal reaction forces were registrated 
with a 3D- forceplate (lAT, Leipzig) Kinematic input parameters for the dynamic model 
were obtained by digitising the video sequences (APAS, ARIEL) A spring-mass system' 
(Blickhan, 1989) was selected as a model of the jumping athlete during ground contact 
The simulation was improved by allowing the unloaded length of the spring to increase' 
with the angle of.r.o!ation The model was described by a system of two nonlinear 
differential equations. 

x, y= horizontal and vertical components of centre of 
mass, {JJ = (k / /11) II: = natural frequent of centre of mass, k= 
mean spring stiffness, m= mass, I(a)= initial spring­
length, 0.= angle of rotation. 

The input parameters of the system are the horizontal and vertical velocity, the angle of 
attack, the mean spring stiffness and the observed initial length of the spring. Because of .. 
the properties of the system and the lack of distal masses only the sinusoidal impact is 
modelled (Fig 3) The explicit consideration of the impact for the examined long jumps 
led to a reduction of the jumping distance of about lOcm. The differential equations were 
integrated using a Runge-Kutta algorithm (6th order) with a numerical simulation tool 
(ALASKA, M~chatronik) 

Z (IIJ 

.2.00 

Fig 1: a) Pictogram of take-off 
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b) Dynamic model and path of the measured centre of 
mass, 10: initial length of the spring, 0.0: angle of 
attack. a': angle oftalce-off 
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:' RESULTS . I . . d' f hI' h d:6 455 .• The expenmenta Jumpmg Istances 0 t e ongjumpers reac e rom '" m up to 
::6,90rn. Our simple m?del lacking m~scle properties yields quite realistic jumping 
;~ ,:distanCes and contact times (Tab.. 1 ). DIfferences between the calculated and measured 
'\~~ping distance were about 7 % ± 5 % SD 
f 1 

--
CX.E9rilUcnt -- " simulation 

jumping contact Jumping contact 
distance time distance time 
WE [Oll tE [51 ws[m] 1. rs1 
5,20 0,i3 5,26 0,144 

6,55 0,14 6,99 0,122 

4,55 0,17 4,73 0,154 

6,55 0,14 6,62 0,143 

5,87 0,13 5,83 0,125 

6,20 0,15 6,25 0,144 

69O 0,12 6,69 0,136 
~-- 0,14 __ 6,54 0,146 6,70 

6,64- 0,148 635 0,14 

~--~. 6,67 0,144 

~ .. ..QJf 6,60 0,126 

~non() 

I 

Ii. ••• ••• . -.­-. -.--".: .. ::-:: .. : .. ::::: -:.-: .. :.::-: :.- . 
• 

hori'l.onhll vc\()city 

Tab 1: Comparison of experiment and 
simulation 

Fig2: Jumping distance (thickness and darkness of markers) 
in depencc of mean spring stifflless (k), velocity (v), 
and angle of attack (a.) (spring length 10= 1m, vy= 0) 

Clearly, jumping distance can be 
improved by increasing running 
.speed (v., Fig 2) For a given speed 
and given stiffness a maximum 
jumping distance can be achieved at a 
certain angle of attack (Fig.2) By 
using a smaller angle of attack a 
jumper with a more compliant leg 
can achieve the same distance as a 
jumper with a stiffer leg The 

-.influence of the vertical velocity (Vy) 
on jumping distance is small (not 
shown) 

DISCUSSION 
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FigJ: Measured (-) and simulated (-._-) vertical force 

The proposed model should s!-lpport athletes during training by providing information 
about promising parameter changes The predictions for the influence of the horizontal 
velocity (v.) are consistent with literature (Alexander 1990, Hay 1993) 
. The maximal jumping distances can not be reached as a generation of leg stiffness is 

lImited by the properties of the muscle skeletal system We will investigate the influence 
of anatomical and physiological parameters by stepwise enhancing model complexity 
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COUNTERMOVEMENT AND SQUAT JUMPS 

M.P. Bobbett, K.G.M. Gerritsen, M.e.A. Litjens and A.J. van Soest 

Department of Functional Anatomy, Faculty of Human Movement Sciences, 
Vrije Universiteit, Amsterdam, The Netherlands 

INfRODUcrrON 
There is ample evidence that perfonnance in explosive movements is increased 

by a countennovement, a preparatory movement in a direction opposite to the goal 
direction. For instance, it has been shown that subjects achieve a greater jump height 
in a countennovement jump (crvlJ), where they start from an erect position and make 
a downward movement before starting to push~off, than in a so-called squat jump 
(SJ), where they to start from a semi-squatted position and are not allowed to make a 
countennovement. In the literature, several mechanisms have been proposed to 
explain the positive effect of a countennovement on perfonnance in the subsequent 
concentric action: (1) it allows for storage of elastic energy that can subsequently be 
re-utilized, (2) it enhances the properties of the contractile machinery, (3) it triggers 
neural responses, and (4) it provides the opportunity to build up muscle active state 
and muscle force. If we are to explain the greater jump height in eMJ compared to 
SJ, we should additionally take into account: (5) the position of the body at the start 
of the concentric phase, and (6) muscle co:-ordination during the push-off. The ' 
purpose of the present study was to identify the factors responsible for differences iri 
mechanical output between eMJ and SJ. 

METHODS 
Six male volleyball players participated in this study. Each subject perfonned, 

with arms akimbo, maximum height countennovement jumps (eMJ), as well as squat 
jumps (SJ) staning from a posture adjusted to the posture in eMJ at the start of 
upward movement. During each jump, positional data of anatomical landmarks were 
monitored, ground reaction forces were measured, and electromyograms were 
recorded from six muscles of the lower extremity. The highest jump of each type 
was selected for further analysis. Net joint moments and work were obtained by 
combining kinematic and ground reaction force infonnation. Electromyograms were 
rectified, srmothed, and nonnalized to the maximum level attained by a given 
muscle, to yield NSREMG~time curves. 

To assess the contribution of the factors mentioned above to differences in 
perfonnance between eMJ and SJ, a model of the musculoskeletal system was used. 
The model comprises interconnected segments representing feet, lower legs, upper 
legs and upper body, as well as six major muscle groups of the lower extremity, each, 
represented by a Hi11~type unit. Independent input of the model were individual 1 
time-histories of joint angles obtained from the experimental study and muscle 
stimulation STIM, a one~dimensional representation of the effects of recruitment and 
firing frequency of a-motoneurons. In this study, STIM-time,histories were assumed '. 
to correspond to measured NSREMG-time histories, scaled by a fraction!; , , 
representing the relative activation of each individual muscle. As proposed by Hatze I 
(1981), STIM was coupled via ftrst-order dynamics to free calcium concentration, ' 
which in turn was related to active state by an algebraic saturation curve. Since the ...•. 
purpose was not to predict the mechanical output about jo-ints during eMJ or SJ but 'It 
to explain differences in this output among jumps, the !;-values were optimized for 
each subject, using as criterion the time-integral of squared differences between 
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t , calculated and measured net joint moments, summed over CMJ anc,t SJ. III 

RESULTS AND DISCUSSION 
In spite of the fact that the body position was the same at the start of the 

. push-off, jump height was found to be 3.4 ± 0.09 cm greater in CMJ than in S1. The 
ossibility that non-optimal coordination in SJ explained the difference in jump 

~eight could be ruled out: there were no signs of movement disintegration in SJ, and 
take-off position was the same in SJ as in CMJ. There was also no indication that 
muscle stimulation in CMJ was enhanced by neural responses triggered by 
pre-stretch: the average NSREMG-level during the upward movement was not higher 
in eMJ than in Sf in any of the muscles. The greater jump height in CMJ seemed to 
be due primarily to the fact that the countermovement allowed the subjects to attain 
greater joint moments at the start of upward movement, especially at the hip joints. 
As a consequence, muscle moments were greater over the fIrst part of the range of 
joint extension in eMJ so that more work could be produced than in S1. This is 
illustrated in fIgure la, which shows average moment-angle curves for the hip joints. 
Figure I b shows the corresponding relationships calculated using the model. 
Although the amount of work produced (the area under the moment-angle curves) is 
lower in the model, the key difference between CMJ en SJ in measured joint moment 
histories is replicated: over the fIrst part 
of the range of joint extension, joint 
moments are higher in CMJ than in S1. 
In the search for an explanation of this 
fmding, two manipulations of model 
input were carried out. First, 
the NSREMG-time history of the 
preparatory phase in eMJ was replaced 
by that in SJ (CMJml). As illustrated in 
figure lc for the hip joints, this 
effectively changed the calculated 
moment-angle curves of CMJ into those 
of S1. The second manipulation was to 
eliminate the pre-stretch in eMJ 
(CMJm2). As illustrated in fIgure lc, 
this had little effect Apparently, the 
crucial contribution of the 
Countermovement is that it allows the 
muscles to build up a high level of 
active state and force before shortening 
begins, so that they are able to produce 
more work over the fIrst part of their 
shortening distance. Other mechanisms, 
such as potentiation of the contractile 
machinery by pre-stretch or storage and 
re-utilization of energy, seem to play at 
best a secondary role in the 
enhancement of performance in CMJ 
over that in SJ. 
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Figure 1. Average moment-angle curves 
for the hip joint in CMJ and S1. 
a) experimental data, b) model 
calculations, c) model calculations for 
CMJ with manipulated input. For further 
explanation, see text. 

Hatze, H. Myocybernetic Control Models of Skeletal Muscle. University of South 
Africa, Pretoria, 1981. 
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TRUNK STIFFNESS IN AXIAL ROTATION OF TRACfOR DRIVERS AND 
OFFICE WORKERS. 

Anna Boden & Kurt Oberg 

Swedish University of Agricultural Sciences, Department of Agricultural Engineering 

U ppsala, Sweden 

INTRODUCTION 
Static and awkward working postures in combination are likely to cause 

musculoskeletal disorders. One such posture is the twisted trunk posture required during 
tractor driving in the field Jlith a pulled implement. This posture exceeds the nonnal 
range of rotating motion (Oberg, 1993) and may cause, for example, lumbar back 
problems and hip joint arthrosis (Thelin, 1990). In order to define the load on the back 
when sitting twisted backwards, and to find out more about the magnitudes and 
mechanisms of torques exerted on the spinal column as a result of these sitting 
conditions, a biomechanical model of trunk rotation at the lumbar level has been 
defmed (Oberg, 1993). One part in the work with the model concerns measuring the 
torque from passive tissues when the trunk is twisted. 

When sitting twisted backwards, the only counteracting torque is the torque from 
the passive tissues, i.e, trunk stiffness. Trunk stiffness in axial rotation has been 
measured during standing (McGill et al, 1994). The purpose of this paper is to describe 
the measurement method and to present some preliminary results of the experiments 
when measuring torque from passive tissues at different twisting angles in a sitting 
position. 

METHODS 
The measurements were made on ten male tractor drivers and ten male office 

workers. Selection criterias were length 170 - 190 cm, age 20 - 40 years old and weight 
70 - 90 kg. The tractor drivers should have had tractor driving as their major work task 
and the office workers should never have driven a tractor and should have a work task 
mainly requiring a sitting work posture. The subjects were matched according to length 
and age, one tractor driver and one office worker in each block. During the experiment 
the two persons in each block alternated between being twisted and pausing. 

During the measurements the subjects were sitting in a conventional tractor chair 
without backrest. The torque needed to twist the subject was measured by using a 
shoulder frame mounted on a vertical bar with a strain gauge transducer for torque 
measurements. On the shoulder frame a device with a manually operated crank was 
mounted which allowed slow twisting at relatively constant speed (approximately 
1.5 degree/second). 

The subjects were instructed to sit with a straight back and relaxed. They were 
instructed to stop the operator turning the crank as soon as they started to feel 
uncomfortable. 

The twisting angle was measured by using a three-dimensional optoelectronic 
position measurement system which measures the three-dimensional position of 
reflecting markers. Two reflecting markers were mounted on the shoulder frame and on 
a frame attatched to the pelvis, respectively. The twisting angle was calculated from the 
x-, y- and z-positions of the markers. This means that the twisting angle is qefmed as 
the angle between the shoulder frame and the pelvis frame, i.e, the spine at the T7-level 
and the pelvis. . 

Surface-EMG was used as a control of the relaxation of the subject. The 
EMG-electrodes were mounted on left and right rectus abdominis, left and right 
obliquus externus and left and right erector spinae. All electrodes were mounted around 
the circumference of the L1-level. 
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"' .. The statistical analysis of the whole material is still being processed and only 
'[i!"'reIiminary results can be presented. 
\~ ~. Figure 1 shows raw data of trunk stiffness in relation to twisting angle. The 
.. represent three trials made on one subject The twisting is done to the left 
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12 Figure 1. Raw data from one 
subject of trunk stiffness due to 
twisting angle. Twisting to the 
left. 
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The characteristics of the trunk twisting curve seem to be unifonnly progressive. 
!Jp to 20 0 rotation the trunk twisting stiffness is approximately 0.1 Nm/degree. After 
40 0 rotation the corresponding value is 0.4 Nm/degree. 

DISCUSSION 
. The initial step on the curves in Figure 1 is probably a result of initial resistance 

as the subj~t is to be twisted at constant speed. The subjects might have difficulty in 
relaxing during the initial part of the twisting phase. The possibility to measure trunk 
stiffness at different preset angles was also tested. As the purpose of the measurements 
was to find the relation between torque and twisting angle, an experiment with preset 
angles was found to be too big, and too difficult to achieve within the accuracy limits. 

According to the literature, the possible maximum angle from Tl to pelvis (with 
maximum rotation in the sacroiliac joint) varies between 29 0 and 52 0 with a 
representative angle of 38 °(White and Panjabi, 1978). The experiments shown in 
Figure 1 exceed the maximum possible angle, even though the experiment was done 
within the individual tolerance of the subjects, as they set the limits of the twisting 
range themselves. There are several explanations of this. First, because of the design of 
the shoulder frame, the possible deformation of the ribs at the Tl-Ievel is included in the 
twisting angle. Second, there is also deformation in the tissues of the chest because of 
the attatchment to the shoulders. Evaluation of these errors will be carried out. 

This far, the measurement method seems to be a good tool in conducting 
eXperiments of this kind. The results given by the method are considered to be 
promising and the method will be used in further experiments. 
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THE LENGTH FORCE CHARACTERISTICS OF RAT 

GASTROCNEMIUS MUSCLE 
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The Netherlands. 

INTRODUcnON 
There is evidence that the mechanical properties of partially activated 

muscles may differ substantially from those of fully activated muscles (e.g. 
Huijing, 1992). During 'in situ' experiments the easiest way to achieve partial 
activation of a muscle is the reduction of stimulation current. 
If stimulation current is reduced to a submaximal level, it is expected that the 
smaller units will not be excited anymore because of higher excitation 
thresholds (Kernell, 1966). The object of this study was to examine the effects 
of decreasing stimulation current on the mechanical properties of rat 
gastrocnemius muscle. 

METHODS 
Under sodium pentobarbitone anaesthesia the medial gastrocnemius of 6 

young adult male wistar rats was exposed. The distal end of the severed sciatic 
nerve was placed in a tripolar cuff electrode (electrode separation 3mm). A 
tripolar electrode was used in order to avoid leakage of current and virtual 
cathode excitation. Tetanic contractions were induced by stimulating the 
sciatic nerve using rectangular pulses (100Hz, l00"s). During the plateau 
phase of the tetanus photographs were taken in order to determine muscle 
geometry. Length force characteristics were obtained at one supramaximal and 
two sub maximal currents. 

RESULTS 
At the original optimum length (I mao) mean force decreases were 74% 

and 34 % respectively for the two submaximal conditions. The length force 
data show a shift of muscle optimum to lower muscle lengths for 3 muscles, 
and a shift to higher muscle lengths for the remaining 3 muscles. Figure 1 
shows typical raw and fitted length force data for shifts of muscle optimum to 
lower and higher muscle lengths. Shifts to lower muscle lengths had a 
magnitude of maximally 1.79 mm and for shifts to higher muscle lengths the 
magnitude was maximally 1.93mm. Twitch tetanus ratios were determined 
(twitch forcel tetanic force) at lmao. Relating twitch tetanus ratio to decrease 
of force revealed a significant correlation (r=-0.80, p <0.01) for the muscles 
in which a shift to lower muscle length was observed. Such a result would be 
expected if the faster motor units remain active after current reduction because 
these units have higher twitch-tetanus ratios compared to slower units (Fitts et 
al, 1991). For the muscles in which a shift to higher muscle lengths was 
observed, relating relative twitch force to normalized tetanic force did not 
yield a significant correlation. 

DISCUSSION 
Shifts of optimum muscle length cause the amplitude of force decreases at 

sub maximal recruitment levels to be quite length dependent. Based on results 
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Fig 1. Typical examples of raw and fitted length force data for shifts to lower 
(A) ans higher (B) muscle lengths. 

of previous studies it can be hypothesized that the smaller, fatigue resistant 
units have their optimum length at higher muscle lengths. It was therefore 
expected that stimulation current reduction would shift muscle optimum to 
lower lengths. The results of this study, however, show contradicting results. 
In three muscles lowering stimulation current was accompanied by a shift of 
optimum length towards lower muscle lengths, in three muscles the opposite 
was found. Two alternative explanations can be given for the results. 
First it is possible that motor unit optimum length is not systematically 
distributed with respect to motor unit size. However, twitch tetanus ratios 

'. ··increase with increasing magnitude of shift towards lower muscle lengths. This 
is an indication that in these cases the remaining motor units after current 
reduction were the faster units. Another 'explanation for the results may be that 
differences in neuron-electrode di~tances have biased the results. The 
excitability of an neuron for a stimulus is not only determined by its excitation 
threshold, but also by its position within the nerve with respect to the 
electrodes (Durfee and MacLean, 1989). Because the location of the axons 
with respect to the electrodes could not be controlled over experiments it is 
conceivable that in experiments in which a shift to higher muscle lengths was 
observed also larger units were derecruited because their axons were situated 
further from the electrodes. 
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EFFECTS OF TRAINING ON VERTICAL JUMP PERFORMANCE 
AND FORCE-VELOCITY CHARACTERISTICS 

Kostas BOUDOLOS 
Department of Physical Education and Sport Science, University of Athens, Greece 

In this study we try to analyse the results of the force-training of the Volleyball athletes: 
(a) with relation to the improvement of the vertical jump and (b) with relation to the 
force-velocity characteristics. 

Method: 
Twelve (12) athletes of the Greek National Volleyball Team, who also took part in the 
World Championship in October 1994, participated in this study. The characteristics (in 
mean values) of the ahletes were as follows: Chronological age -- 25.23 ± 3.57 years, 
Training Age -- 10.21 ± 3.38 years, Body Height - 196.45 ± 6.82 em and Body Weight -
91.50 ± 6.27 Kg. The su~jects undergoing the test, performed vertical jumps on a Kistler 
Force Platform. Some of the tests were carried out under different load conditions, (with 
the 0%, 25%, 75% and 100% of their body weights on the shoulders). These tests were 
the follo\Ving: 
1. Test ABALAKOV 
2., Squat jump (SJ) 
3. Counter Movement Jump (CMJ) 
4. Counter Movement Jump with a load of 25% (CMJ 25% ) 
5" Counter Movement Jump with a load of 50% (CMJ 50%) 
6. Counter Movement Jump with a load of 75% (CMJ 75%) 
7. Counter Movement Jump with a load of 100% (CMJ 100%) 
8. Repeated Vertical Squat Jumps for 60"., 
The Greek Volleyball players, in order to prepare themselves for the World Champion­
ship, are trained under the supervision of the coach G. Herrera, The training, in the 
course of the three months (May, June, July) included strength exercises for the leg 
muscles .. The force-training comprised also exercises with loads as well as jumps with 
concentric and eccentric characteristics. The data collection for this tests took two sessions" 
The first one took place on 29-4-1994 and the second on 1-8-1994. 

Results: 
At each of the above sessions, the changes in the characteristics of the vertical jump and 
the force-velocity curve, were examined by statistical analysis. The coefficient of variation 
was used for each condition of load and the various kinds of jumps, while the t-test 
analysis was used for dependent samples. 
The Coefficients of Variation calculated throughout the first session, fluctuate between 
13.1 and 26.7% for the CMJ tests with and without loads (table 1). 

Table 1. Mean, StandaId Deviation and Coefficient of Variation of ABAL, SJ, CMJ 0%, CMJ 25%, CMJ 50%, 
CMJ 75% KOI CMJ 100% tests, before the first session 

X 
SD 
CV% 

ABAL [em] SJ (em] 

53.5 36.3 
4,62 5.48 
8.63 15.1 

CMJ (em] 

41.8 
5,,48 
13.1 

CMJ 25% CMJ 50% 
25.7 19.8 
4.97 3.55 
19.3 17.9 

CMJ 75% 
14.3 
3.,73 
26.1 

CMJ 100% 
10.1 
2.68 
26.7 

The Coefficients of Variation calculated throughout the second session, fluctuate between 
10.3 and 28.9% for the CMJ tests with and without loads (table 2). 



fable 2. Mean, Standard Deviation and Coeffident of Variation of ABAl..., SJ, CMJ 0%, CMJ 25%, CMJ 50%, 
, CMJ 75% KCl CMJ 100% tests, before the second session, 

SD 
CV% 

ABAL tern] SJ [ern] 
53.2 39.1 
4 .. 67 4.27 
8.78 10.9 

CMJ [ernJ 
43.3 
446 
10.3 

CMJ 25% 
31.3 
4.77 
15.3 

CMJ 50% 
22.9 
3.44 
15.0 

CMJ 75% 
160 
3.10 
19.4 

CMJ 100% 
10,9 
3.15 
28.9 
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from the statistical analysis it can be seen that there is an important difference between 
the data collected throughout the first and the second session. These differences are as 
follows: CMJ (t=2.38, p< .05), CMJ 25% (t=4.65, p< .01), CMJ 50% (t=5.83, p< .01) and 
CMJ 75% (t=2.17, p< .05). Considerable difference is also noticed in the force··velocity 
index. F-V(50%) (t=3.76, p<.05). 
The 6O"repeated jumps between the first and second sel?sions remained invariable. The 
effects of the force-velocity characteristics were negligible. The results indicate that the 
training as far as the strength of the legs is concerned is not effective. 

Conclusio1'l: 
The athletes were positively influenced from the force-,training in the course of the three 
month period and the performance of their vertical jump was considerably improved. The 
vertical jumps with loads of 25% and 50% of their body wheight on their shoulders 
showed the most improvement. The results reflected in the athletes performance 
throughout the World Volleyball Championship. 
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1. INTRODUCTION 
Two lifting modes are cunently used in Functional Restoration for chronic low 

back pain : isoinertial lifting and isokinetic lifting /MA YER 89/. In isokinetic mode, 
constant speed imposed to the virtual load can be seen as a constraint on learned natural 
way of lift, generating a new mpvement with new articular efforts. Our purpose is to 
compare natural and isokinetic lifting from a biomechanical point of view. 
Complementarity or potential opposition between the both lifting modes applied to low 
back pain rehabilitation will be examined. For different constraint levels (i .. e. different 
speeds), the effects on articular efforts and on movement will be evaluated. Movement 
is recorded with a motion analysis system and a 3D multilink model is used to evaluate 
articular efforts .. First results are presented for natural lifting and compared with existing 
studies in order to validate the whole method .. 

2. METHODOLOGY 
In both isokinetic an natural lifting, each subject has to perform a lift from floor to 

hips in sagittal plane. Three isokinetic lifts are performed on .the CYBEX LIFTASK at 
slow, middle and rapid speed (15.24, 45 .. 72, 9L44 ern/s). Isokinetic lifting normally 
requires maximal effort. In order to compare both lifting modes, isoinertial lift has also 
to be performed with maximal effort. Then, by few increasing adjustments, subject 
determines the maximum weight he thinks he ean lift without injury himself and the 
isoinertiallift is performed with this weight. 

I 
I 

! 

( 

! 

(--'\ Each lift is repeated four times to prevent from 
i / learning effects and to eliminate intra-individual 

.,~ C variations. A warming up of five mn on ergometer is 
imposed to the subject before the test starts .. Thirty~ 
five reflective markers are used to record subject's 
movements at 50Hz with the motion analysis system 
SAGA3 /CLOUP 89/. Ground reaction forces are 
recorded under each foot with two force-plates (fig 
1). Two constraint gauge transducers record force on 
each hand. The number of subjects is fixed to 10 for 

/'l:=J_!!L~ load material reasons, Subjects will be chosen male, 
2 constraint" , 

gauge I healthy, without history of low back pain, 20-30 
transducers ! 

/ ( years old in order to constitute a normative data-base 

] 

1\ for non LBP people .. A 3D model of human body 

2 force-plates ) i 
, ly_ constituted of 16 rigid segments is used to evaluate 

~[-~a~' A~'R3~ , :iC~~%~~~~~S :a~c~il~sI~~~i~yCh~~~t~ist~~ 
Fig 1 : Experimental procedur-e software has been developed to build the set of " 

for free style lifting; in solid dynamic equations in a matricial form and to solve . 
lines geometric model this system by full pivoting Gaussian elimination. 

3. RESULTS 
First results are presented for a natural lifting (one upward movement) with a 

15kg load performed by one subject. 
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2: Recorded (dotted line) and predicted 
lid line) vertical ground reaction under 

right foot. 

FigW'e 2 presents ·the recorded verhb~l 
ground reaction force and the predicted one. 
The two curves have similar evolution and 
static error is probably due to a difference of 
2.1kg between the model's mass and the real 
subject's mass. 

IDE LOOZE 92/ reports peak torques 
about 250 Nm at L5/S 1 and 40-50 Nm at 
shoulders for a 18.8kg lift calculated on a 2D 
model. Results presented in figW'es 3-4 are of 
same order. Torques on each shoulder must 
be added to get the 2D model's results. 

A~ .. '>t"\"I"'T" /LESKINEN 85/ reports average peak hip torques from 263 to 346 Nm for a 
lift which is of the same order as the 266 Nm hip peak predicted in this study .. 

"~I' 0.2 o. o. 0. , 'J • 4 1 I 11 J J J J .• 

fig 3 : Predicted Mx torque at L5/S 1 
'3L 

A. DISCUSSION AND CONCLUSIONS 

fig 4 : Predicted Mx torques on right 
(dotted line) and left (solid line) shoulder 

Above results seem to validate the global method used to collect data and evaluate 
articular efforts although segment's masses have to be corrected. They also point out the 
necessity to work with 3D model due to the non symmetric efforts applied by the 
subject to his environment (fig 5-6), even for healthy persons. This should be reinforced 
for subject suffering from deficient articulations and justify the choice of 3D modelling 
although the experimental and computational processes are heavier than for 2D analysis. 

fig 5 : force recorded on right (dotted line) 
hand and on left (solid line) hand 
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fig 6 : vertical ground reaction under right 
(dotted line) foot and left (solid line) foot. 
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1. INTRODUCTION 11 
Inverse dynamics is used by biomechanicians to evaluate articular efforts needed ~I 

to realise a movement. A 2D or 3D linked rigid segment model of the whole body (or ;;~ 
part of) is used and instantaneous application of Newtonian mechanics is made on each d! 
segment. Errors occur in model's definition and in data recording. These errors lead to :.J 
incoh~rence between recorded f,?rces and segments' positions applied to the modeltl 
during articular efforts calculation. Due to errors, the whole model with its applied ~ 
movement, its applied forces and its mass distribution is not in dynamic equilibrium. ?J,~ 
Our purpose is to remember what are main sources of eITor when calculating articular ;'ij 
efforts and to present how dynamic equilibrium is restored in a mechanical point of ii~ 

,,~ . ~ 

VIew. {~ 

2. METHODOLOGY AND RESULTS ~ij 
First source of error concerns the model definition. Each rigid segment is defined ~I 

by parameters such as mass, moment of inertia and center of gravity relative position.Jt 
/ZATSIORSKY 90/ reports 3-10% errors in individual segment mass estimates and 3-1J 
30% error in the moment inertia estimates. Precision on total body mass is usually about i\1 
2%. Second source of error concerns constraints applied to the model. Applied forces ;\i 
ar'e recorded with the constraint gauge transducers or force-plate precision. So does the '~l 
application point of ground reaction force. Recorded markers'positions are noisy and It 

ee" generate fictitious acceleration peaks. This can be partially corrected using tools as 41 
filters or quintic splines /WOL TRlNG 86/ for smoothing noisy data. Due to the skin' 
sliding, relationship between external markers' positions and squeletton is not well ~ 
known. Nevertheless methods ar'e now proposed to take this into account /CHEZE 93/ '::j' 

FS=O,CS=O To calculate articular efforts, human body is seen as a 3D !~ 

(' open chain system (fig 1) with n segments and (n-1) 1-
\ articulations. Each effort applied at each extremity of this ~11 
-' system can be measured or is supposed to be null.~lll 

Set of dynamic equations for the system can be writteng1 
with the following form: ;1 

.. {IIl .. ~,(FJ = ·m' 
with: 

D: (6.n)*6.(n-l) Matrix containing the directions of 
unknown efforts 

F: 6.(n-I) Vector of unknown articular efforts 
I: (6.n) Vector of (inertial efforts - applied efforts). 

II 

i\ 
\ 

Fl, F2,Cl In this set of 6*n equations and 6*(n-l) unknowns, 6 
fig 1 : human body equations are linear combination of the others. To solve it, these 

model 6 redundant equations must be eliminated. For a perfect model 
those equations should be also verified with the vector F, 

solution of the 6.(n-1)*6.(n-1) set of equations. This is false in our case, as our model 
contains errors. In fact, at the end of the calculation, the segment whose equation have 



removed won't be in dynamic equilibrium. This is equi~alent to work onlrJ,o 
in<:~J"If:IIl::;. The error will cumulate from the beginning to the end of each subsystem. 

Another way to proceed is to add 6 unknown to get a (6.n)*(6.n) set of equations. 
means remove a measured applied effort on one extremity and replace it by a 

force Fu and a unknown torque Cu' As the model contains errors and as the 
COilstramtS applied to the model also contain errors, (FwCu) will be used to restore the 

equilibrium. This impose the calculation end point and the direction where 
will cumulate. In order to illustrate the cumulation of errors, a 3D model of human 
constituted of 16 rigid segments was used to evaluate articular efforts during a 
lift. Ground reaction forces were recorded under each foot with two force-plates . 

. constraint gauge transducers recorded force on each hand. Fig 2-3 present vertical 
fcirce and torque in sagittal plane on right ankle for Fl,Cl replaced by unknown (FwCu) 
!ilia for F3,C3 replaced by unknown (Fu,Cu)' 

.:: 2: Compression force on right ankle with 
'(PwCu) applied on right foot ( dotted line) and 

, c;' ,(FwCu) applied on right hand (solid line). 
~,~: ' .. 

fig 3 : Torque on right ankle with (FwCu) 
applied on right foot (dotted line) and 

(FwCu) applied on right hand (solid line)., 

, When adding unknowns, best results for each articulation, are obtained when 
· measured efforts are applied near the articulation and worst results are obtained when 

th'e''"nearest measured effort is replaced by (FwCu).' Comparison of torques provides the 
, w6rst result which is explained by the fact they include enor on forces multiplied by 

. ~iI'or on lever arm and by the fact that rotations ar'e less precise than translations; forces 
a better agreement. 

... ,', In dynamic equations, segment's mass is multiplied by linear accelerations and 
'#i9'ments of inertia are multiplied by angular speeds and accelerations. Those quantities 
· ~r~'the ones which include the biggest error. Error is then multiplied and the greater the 
.. Wass or the acceleration the greater the error. When eliminating redundant equations, 
t~s pennits to choose which ones to eliminate. As error is cumulated from one segment 
t§ the one following, calculation have to be done from the lightest segment to the 

· geaviest and subsystems must have nearly the same numbers of segments. However, 
. 1 articulation is always near the end of each subsy,stem. This is a problem due to 

particular role of this articulation in low back pain studies for example. 
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SQUAT JUMP OPTlMIZATION FOR VARIOUS OBJECTIVE FONCTIONS 

Paul Bourassa, University of Sherbrooke, Sherbrooke, Quebec, Canada 
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The squat jump investigated in this paper is the result of the simulation of a dynamic :;1 
system of differential equations, with a control vector, representing the motion of an S~ 
;~~;~~ted set of four rigid segments in the saggital plane actuated by three joint muscles 'JI 

These muscles have been modelized, using a Hill type contractile element, taking into] 
account the force-Iength-velocity relationship and an activation factor. More specifically, a/~ 
model described by Van Soest [1] has been programmed directly into the symbolic :@! 
Autolev code which generates the complete set of second order differential equations with ;*:~ 
controls for this system. The activation factors are set as the ratio of actual joint angle to ;:1 
their final desired values and serve in this way as a control feedback loop over the system ~~ 
in the search of an optimumjump. Ligaments in the form of non-linear' spring elements are ~,~~ 
incorporated into the model. Their role may be important and will be discussed.'~ 
. The jumper is assumed to .adopt i~ti~ly a static posture o~e~ an elastic. mat at startingJ1 

tIme. Thus the system starts WIth zero InItial generalIZed velocIties and a gIven set of mat (,~ 
defIexion and body joint angles. The trunk initial joint angle is corrected in order to bring" 
the in,itial center of mass directly above the contacting tip point of the foot body. The .~;t 
symbolic set of differential equations is then integrated using a Runge-Kutta-Myerson:i~ 
integrator of 4th order with a controlled convergence criterion and when the conditions for ;11 
take-off are satisfied, the state variables are be used to predict exactly the jump height fOI;~ 
the mass center. ~:~ 

Simulations may be performed back and forth over a range of par'ameters. In this ~I 
study,the jump heigth was evaluated for various values of the isometric forces *~ 
pol,p02,p03 for each muscle set. These values determine somehow the extent of thel~ 
muscle work that will ensue afterwards.It takes a fairly long time to execute all the;,'~ 
simulations that will cover the full range of this three-dimensional domain over the field of ;1;~ 
the isome~ic forces. It is .usefull to do it at least ~nce, in order to ~xplore and valida~e .~y iii 
further optimum automatic search. For some partIcular' set of phYSICal constants and InItial :tJi& 

conditions it has been foun? that ~ fairly constant jump. height occurs along a line of':J 
constant sum of two muscle Isometnc values pol and p02 In the plane of these parameters &i 
for any fixed value ofpo3.This is shown on figure 1. This therefore suggests the following;,' 
approach. Simulations can be carried for successive par'ameter increments in the direction :.'.1.;, 

of the jump height gradient which will lie somewhat close to the direction of constanVi:t 
differe~c~ in the isometric f~rce ~omponents. The. gradie~t may ~ater be found through'l 
excurSIOn In two OIthogonal duections. Once a maxImum Jump heIght has been detected, :;:1 
the search direction may be carried in the orthogonal direction, that is, in a direction closer~ 
to the constant sum of isometric forces. ~~, 

The general pattern also shows that the jump height increases monotonically from low'fl 
isometric values until it reaches a maximum, afterwhich a sudden drop occurs. itl 
Simulations performed in that region shows through animations that instability occurs ,'I 
immediately beyong the optimal region. It manifests itself in the form of joint angle~ ~ 
increasing beyong maximum desired values. The ligament may then be seen as a safeguardtl 
element that will keep segment configurations whitin a stable domain. t t 

Different optimum jumps can also be found such as those for which, for example, the"! :1 

highest coordinate of the tip of the trunk segment is the desired objective. This is a more;; '; 
difficult problem since the simulation must be carried over two different time domain, firstt;,j 
when the body is still in contact with the mat and secondly, when the body is in its aerial~j 
phase with mat elastic forces set to zero. ,~ ~ 

~Ji 1 
~:. ;1 
~~ ~~ 

~ I 
;~ 
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. jump height may be found through simulations using a gradient an a 
~.parl:allel path approach over the field of iso~etric force~ f~r three r.nuscle grouP.s. An 
'animation programme becomes most usefull If not essential m assessmg types of Jumps 

.,~beloQging to various parameter domains, such as unstable jump pattern produced for 
'tp~~eters exceeding optimal values. 
:',"" '_""W' 
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INTRODUCTION 
It has been often observed that the energy cost of running (Cr : J.kg-l.m- l ) 

independent of the running velocity (Margaria et al., 1963; Di Prampero et al., 1986 
1993). Cavagna et al (1964) have also showed that the total work (Wtot, defmed as 
sum of external and internal works) related to distance covered is independent of the 
running velocity. Both these results would indicate that the net running efficiency 
constant for velocities ranging between 10 and 20 km.h-l. However, Daniels et al. 
(1977) and Kearney and Van Handel (1989) observed that the slope of the ~",uu.~V_U"ULIJ 
between oxygen consumption and running velocity can vary for a group of subjects 
depending upon the velocities chosen for the analysis. The purpose of this study was to 
re-examine the possible concomitant variations in Cr and in mechanical parameters 
associated with an increase in running velocity. 

METHODS 
Ten trained male subjects performed two 4 min running bouts on a motor-driven 

treadmill at 3.61 m.s- l and 5 m.s-l. Expired gas and kinematic data were collected during 
the last 30 seconds of each bout 

Collection and analysis of expired gas~ The Douglas bag method was used for the 
mea~urement of oxygen uptake. The ventilatory volume was determined with a Tissot 
spirometer and ~ and C02 concentration in the expired gas were determined using 
respectively Beckman model OM11 and LB2 analysers. Cr was calculated as follow: net 
oxygen uptake (m! ~.kg-l.s-l) divided by velocity (m.s- l). In accordance with the value 
of respiratory quotient, Cr is expressed in Joules using the oxygen equivalent. 

Kinematic parameters: a kinematic arm measured the displacements of body center of 
mass (CM) (Belli et aL, 1993). Pressure transducers, put in both shoes of the runners, 
made it possible to determine the step frequency. Data were 200 Hz sampled on a PC 
computer via an NO converter (12 bits). 

The total mechanical work ry.; toU done per kg and per m is the sum of the mechanical 
work done to move the center of mass (Wext) and the work done to move the limbs 
relative to the center of mass (Winu.Wext was defined within each step as the sum of the 
eM potential energy changes (Ep) and eM kinetic energy changes (Ek) and was 
expressed in J per kg per m. Wint was obtained with the empirical equation used by 
Cavagna et al. (1991): Wint,norm (J.kg--1.m-2. s2) = 0.1451xIO-O.209IL where L is the 
step length expressed as metre. 

RESULTS 
Cr measured at 3.61 m.s- 1 was significantly lower than the Cr measured at 5 m.s-- 1 

(3.4l±0.21 vs 3.8l±0.17 J.kg-l.m- f respectively, P < 0.01; figure 1). On the other 
hand Wtot remained unaltered (3.74±0.35 vs 3.85±O.31 J.kg-l.m- l respectively, NS; 
figure 1). As a consequence, the ratio Wtot!Cr was significantly higher at 3.61 m.s- l 
(1.09±O.05 vs 1.0l±0.06; P < 0.05). The stability of Wtot when comparing the two 
velocities was a consequence of opposite changes of Wext and Wi'nt: Wext tended to 
decrease (2.92±0.36 vs 2.87±0,29 J.kg-l.m- l for 3.61 and 5 m.s- respectively, NS) 
and Wint increased significantly (0.82±0.09 vs 0.98±0.12 J.kg-l.m- l for 3.61 and 5 
m.s- l respectively, P < 0.01). 

Furthermore, Cr and Wtot were interrelated at 3.61 and 5 m.s- l (r=0.92, P < 0.001 
and r=O.67, P < 0.05 respectively) (figure 2). 

DISCUSSION 
The significantly lower (9%) Wtot!Cr ratio observed at 5 m.s- l suggests that, in the 

studied group, net running efficiency was better at .3.61 m.s- l . This lower ratio was not 
due to a decrease in W tot, but to an increase of Cr. The stability of W tot with increasing 
velocity is in agreement with the previous literature (e.g. Cavagna et aL, 1964). On the 
other hand the significantly lower Cr observed at 3.61 m.s- l was not in line with 
previous studies of Margaria et aL (1963) and Di Prampero et al. (1986, 1993). In fact 
the apparent stability of Cr seems to be valid only within a specific velocity range or 
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subject groups. For instance, Di Prampero et al. (1986) were interested by low 
velocity (3.45±O.42 and 3.76±039 m.s-! for the two compared groups) and by 

in their study of 1993 (4.68±O.58 m.s-!) and Margaria et al. (1963) have 
t~h1dIC~O only two subjects. It seems then that the variation of Cr due to velocity and 
".TT1<=;>"~-- for subjects running at the same absolute velocity had never been extensively 

Therefore, in specific velocity conditions and for a homogeneous group of 
I:SLLJL .... ~'-ru·nners like in the present study or in the previous study of Daniels et al. (1977) 

Kearney and Van Handel (1989), the Cr stability paradigm could not be confinned . 
.. ,'AjL ... v~e" the significant relationship observed between Wtot and Cr at both 3.61 m.s-! 

5 m.s-! (figure 2) underline the importance of Wtot in intra-individual Cr 
. the changes of Cr and WtoVCr ratio observed between 3.61 m.s-! and 5 
could not be attributed to modifications in Wtot. A possible explanation of Cr and 

, tovCr changes could be found in recent work of Cavagna et al. (1991). These authors 
; observed that at 13 km.h-! (3.61 m.s-!) the free chosen step frequency correspond to the 
: step frequency at which the step-average power is minimised. It could be thus 
: hypothesized that at about 3.61 m.s-! the net running efficiency was the highest because 
. the energy cost of running is optimized by the step frequency. Elastic energy recoil due 
'to stretch-shortening cycle is an other factor which could influence efficiency (Cavagna et 
'al. 1964). Further analysis of EMG signals during the eccentric and the concentric 
. ph~ses are in ~rogress in order to also determine possible changes in the contribution of 
::~Jretch shortenmg cycle. 
i 
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figure 1- evolution of Cr (e) and 
Wtot (0) with velocity. *: P < 0.01. 
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GROUND REACTION FORCE AND LOAD RATE HISTORIES 

DURING DAILY ACTIVITY IN HUMANS 

Gregory A. Breit and Robert T. Whalen 
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INTRODUCTION -
Theoretical models and experimental studies of bone remodeling have identified "1' 

peak cyc~ic force levels (~r cyclic strain ~ergy dens.ity), number of dail'y loading cycles,", 
and loadmg (stress or stram) rate as pOSSIble detennmants of bone densIty and structure . 
[3]. Estimation oflong-tenn loading histories in humans is usually achieved by "'1' 
assessment of physical activity level by questionnaires, logbooks, and step counters,' i 
since the majority of lower limb .cyclic loading occurs during walking and running. '~ 
Thes~ methods provid~ some indication o~ the mechanical loading history, bu~ fail to. ".1 
conSIder the true magmtude of the lower lunb skeletal forces generated by vanous daily ',~ 
activities. These techniques cannot account for individual gait characteristics, gait speed, .~ 
and unpredictable high loading events that may influence bone mass significantly. :.i 

The present study describes portable instrumentation to measure and record the~;l 
vertical component of the ground reaction force (GRFz) during nonnal daily activity. j 
This equipment allows long-term quantitative monitoring of musculoskeletal loads, whic~t~ 
in conjunction with bone mineral density assessments, promises to elucidate the~1 
relationship between skeletal stresses and bone remodeling. .~~ 

.~ 

METHODS i·~ 
The GRFz monitoring system consists of a single capacitance insole force sensor.~~ 

and signal conditioner (EQ; Plymouth Meeting, P A) coupled with a battery-powered data;',~ 
logging system (Tattletale; Onset Computer; North Falmouth, MA) interlaced to a 2- II 
megabyte RAM card and LCD display. GRFz data are sampled continuously at a rate of i~ 
100 ~z. For s~ort-te~ high-resolu~on studies, force data are store~ directly to RAM fO~;~ 
off-l.me analysI~, a1low~g for a maximum. of;3 hours of data collectIOn. For.long-t~rm l~ 
studIes, a real-tIme algonthm stores only sIgmficant force extrema to RAM, mcreasmg . ~ 
the .data capa?ity. to approximately ~o weeks du~ation. A record of peak .load~g rate I 
dunng each sIgmficant cycle and a hIstogram of nme at force are also retamed m real ~ 
time. The conditioner and data logging system are packaged together in a single unit, ~ 
4.5cm x 6.5cm x 13cm, which is worn on a belt around the waist.'J~ 

A raintlow sorting algorithm [2] is used to categorize each significant GRFz cycJe.:il 
in terms of its magnitude (range) and offset from zero. These data are presented as ~ 
histograms which summarize the number of cycles counted at a particular range and "'1 
offset. The peak loading and unloading rate occurring during each significant (range ~.lL 
body ~e!ghts; bwt~ for~ cycle. is als~ sum!llari.zed in a ~stogr~. ~ese pl~ts. Clf'e :~ 
effecnve tools to VISUalIze cychc loadmg histones assocIated WIth vanous acnV1ties. ~ 

Ground reaction force data were collected from a single subject during three .~~ 
distinct types of activity: 1) 40 minutes of outdoor walking and running; 2) 40 hours of,! 
sedentary laboratory work; and 3) 40 minutes of recreational (6 mJs) bicycling. ;:.1 

RESULTS J 
Figures 1, 2, and 3 show range/offset and load rate histograms summarizing! 

cyclic loading histories for the three types of activity. The vertical axis indicates the total ....• ~ 
number of cycles which occurred at a particular force range and offset. Cycles which I 
occur at an offset of zero and possess a range ~1.0 bwt are associated with impact loads :1 
during gait, with those cycles in excess of 1.8 bwt attributed to running. An electronic ':;'! 
step counter worn during data collection for Figure 1 indicated that 2390 steps were .',1' 

taken, which differs by 1 % from the total of 2366 found by counting cycles. Cycles, 
offset from zero with ranges <1 bwt usually occur mid stance during walking and ' 
~ning. Disparate sub-distributions for walking and running are evident in the load rate J 
~~~as~ !II .. 
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, ';Ffture 1: Range~offset and ~eak.lo!"d r?te histogram~ for 40 min.ut~s of outdoor walking and r~nning. 
0,{:fh1se two activities are readily distinguishable by their characteristic force and load rate magnitudes. 
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Figure 2: Range/offset and peak load rate histograms for 40 hours of sedentary laboratory work. 
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Figure 3: Range/offset and peak load rate histograms summarizing 40 minutes of moderate bicycling. 

DISCUSSION 
These results show that quantitative short- and long-term histories of physical 

activity can be collected using a portable, lightweight GRFz logger. These histories 
provide important distinctions between activity types in terms of their lower limb 
musculoskeletal loading characteristics. For example, the data in Figure 3 suggest that 
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; recreational cycling does not generate higher ground (pedal) reaction forces and load rates 
: than sedentary office work. However, differences in limb geometry, kinematics, and 
: energetics of cycling compared to upright gait must be considered before drawing any 
i conclusions about the overall musculoskeletal value of cycling. 
! Current models of bone remodeling identify cyclic loading as a crucial 
, determinant in skeletal adaptation. Because musculoskeletal forces and load 
i (stress/strain) rates in the lower limbs are determined primarily by the ground reaction 
: force [1,3], the techniques described here give a far more quantitative description of these 
; ske1etalloading histories than the traditional descriptive survey-based approach. Accurate 
! determination of long-term GRFz histories may be essential to our understanding of the 
; relationship between mechanical loads and bone remodeling and may be a useful 
t approach to examine activity decline with age and its influence on bone density [3]. 
~ 
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STATIC BALANCE AND MOTOR COORDINATION IN ELDERLY 

Bretz, K. & C,P. Lee 
Hungarian University of Physical Education, Budapest 

INTRODUCTION 

This research is done to collect data on aged adults to lay the foundations of mass 
investigation and if so to recommend exercises to increase the balance and the motor 
coordination., 
In this study, the displacement of centre of mass, the vertical projection of centre of ' 
mass, time function on anteroposterior and mediolateral directions and Fourier Spectra 
have been recorded with opened and closed eyes. !Bretz K. & R J Kaske 1994 / 

SUBJECTS AND METHODS 

For preliminary investigations, 12 volunteer subjects with a mean age of 77 years were 
tested in the Social Home for the Aged under calm environment without psychological 
stress, Traditional Romberg test were performed on 2 subjects and the other 10 were 
tested in a standing position with both arms by the side of the body and feet 
approximately 10 cm apart. Subjects_have no medical history of major muscuIQsk~l~tl:!-l 
diseases that would impair their ability to stand without assistance, 
The equipment we used includes self-constructed "Adam-Type" force platform, 
Psycho 8 differential measurement device, ADDON microcomputer and a personal 
computer. 

Programme 1 
1 ,1 Static balance test measured by a force plate on-line to a computer system, 
1 2 Movement coordination test in connection with the voluntary displacement of 
centre of mass including an audiovisual biofeedback which consist of 4 motor 
coordination test. 

Programme 2 
2.1 Dispersion display of sampled data during the movement of centre of pressure 

projected on the covering plate of platform completed with time displacement 
diagrams and Fourier spectra. 

The test batteries includes the following protocols. 
a) Standing on the platform, looking ahead with both arms by the side of the body with 

opened eyes and feet width of approximately 10 cm, 
b) As in 'a' but with closed eyes, 
c) Traditional Romberg Test 
d) As described in 1.2, subjects using the visual feedback from the computer monitor 

endeavours to fill up a pre-determined area in a definite time span of 20 seconds by 
voluntarily manoeuvring their centre of mass "Adam" type platform and special 
electronic system have been used for the investigation., 
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UL TS AND DISCUSSION 

:T~ble 1 de~onstrates the summary of results and Fig. 1 shows the stabilometry 
'dispersion diagram, the displacement-time functions and their Fourier analysis 

PARAMETERS 

'Table 1 

J ._.-- 1 II t_ 
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Fig 1 (a, b, c) 

Difficulties were prevalent in the biofeedback test batteries with the subjects Test 
numbers a-c in this protocol were somewhat considered as a motor learning prior to 
the last test where results were recorded as mentioned in 1.2. 
We can conclude that the mean value abstracted in this test of 39% substantiates that 
motor coordination were significantly impaired. As also shown by other investigators, 
G,N. Gantchev states that the decreased in muscular force due to fatigue influences the 
patterns of adaptive postural processes and Bretz, K. et.al.(1994), demonstrated that 
an increased in muscle tonus after a brief warm up by simple mild running around 
increases coordination performances in his experimental subjects. 
Our findings here suggest that in view of the aspect of possible musculoskeletal 
deficiencies in relation to the decline of postural balance and motor coordination in the 
aged, we recommend a specially constructed exercise regiment for the elderly to 
develop and improve these capabilities, 
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AERIAL AND AQUATIC TRAJECTORIES DURING A STROKE IN THE 
WILD WATER KAYAK. 

IBrossat L., lRouard AH., IMasset 1.B., 1 Monteil K.M., 2Masson Y. 
lCentre de Recherche et d'Innovation sur Ie Sport, University of Lyon I (France). 
2Pederation Franvaise de Canoe-Kayak, Paris (France). 

INTRODUCTION 
In 1979, Plagenhoef studied world's best paddlers using slow motion pictures, to 

describe the optimal stroke pattern. In 1980, Mann & Kearney analysed the speed of the 
upper limb joints and of the center of gravity during a kayak stroke. Kendal & Sanders 
(1992) filmed kayak paddlers with hight speed cinematographic camera. TIley described 
the upper limb patterns with the new wing paddle. Although these authors agreed with 
the importance of aquatic events, all kinematics in kayak, concerned mainly the aerial part 
of the stroke. Only Issurin (1989), investigated the aquatic part of the stroke, with 
stereostrobophotography to show the displacement of the blade under the water. 

In regard to these previous researches, the aim of this study was to observe the 
trajectories of the hands, and blades during a stroke, in order to examin if the trajectory 
of the aerial points reflected what occured in the water. 

METHODS 
Subjects: 11 males wildwater paddlers, international and national level, participated in 

this study (table n01). 
Table nOl : Char'acteristic of subjects 
Characteristics Size (m) Weight (kg) Age (year) 

Paddlers (n =11) l.79 (0.086) 67.5. (7.612) 22.41 (4.399) 
Test: The test took place in a swimming pool (50m). All subjects realized two 

passages at race's speed. Every body used the same boat but keep his own paddle. White 
marks were placed on the tip of each blade and on the two hands. 

Data collection: Two blockes of two camcorders (Sony Evo Hi 8, 30 fps) were used. 
Por each block, on the same vertical axis, one camcorder was 35 cm under water and the 
other, 15 cm upon. The two bloc were fixed with a right angle. To synchronize the views 
Emetting Diodes lighted simultaneousely in the corner of each lense of each camecorder. 
A kinematic analysis 3D software (R.E. Schleihauf 1983), was used to digitize frame by 
frame each trial. The tips of aerial and aquatic blades, the left and right hands were 
digitized. 

Data analyses: Displacements of the tips blades (aerial and aquatic), the right hand 
(aquatic) and the left hand (aerial) were studied for the stroke (i.e. Pull Time (P.T.): from 
blade entry to blade exit on the right side). The mean displacement of the 11 paddlers 
were ca1culed on each axis, x, z, y, for normalised time (P.T. = 100% for each subject). 

RESULTS 
Along theantero posterior axis, x, (fig 1): The aerial hand and tip of blade, and the 

aquatic hand were moving continuousely forward during pull time. The amplitudes of 
reach was more important for the more external points: the aerial blade and the hand, and 
less for the aquatic hand. The aquatic tip of blade presented a flat trajectory on this axis 
and as a result appeared to be fix. The low standard deviations indicated a great 
homogeneity of the population for all the studied points. 

Along the lateral axis, y, (fig 1): The aerial hand and tip of blade, moved on the side 
during all the pull time. The displacement of the aquatic hand and tip of blade was also on 
the side in the first time (70%). At the end of the stroke the aquatic blade stayed fix, 
when the aquatic hand glided ligthly inside. The standard deviations of the aquatic hand 
and blade were smaller than the aerial one's. 
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,Figure 1. Mean ~ajectories and Sp of external and aquatic tip of blade, left and aquatic 
hand during pull orne on x,y,Z, axIS. (n=ll). 

Along the vertical axis, Z, (fig 1): The aquatic hand and tip of blade, presented a 
similar path. They moved down during the first half part of the stroke, and pushed up 
until the end of the stroke. At the opposite the external tip of blade moved up at the 
begining of the pull time (25 % of PT), and then down until the end of the stroke. In the 
same time the aerial hand moved down progressively during all the pulling time. The 
standard deviations were more important for the aerial hand and blade. They increased 
continuousely during the stroke. The population was more homogeneous for the aquatic 
hand and blade. 

~DlSCUSSION : 
! The aerial trajectories observed, confirmed all previous studies as well for the 
I horizontal and vertical axis, (Plagenhoef, 1979), as for the lateral axis, (Kendal & 
! Sanders, 1992). Concerning the aquatic blade a slighty displacement forward was 

observed. Contrary of Issurin (1989), and Kendal & Sanders (1992), we never found a 
backward slip behind the entry point during the stroke. As mention ned by these last 
authors, this non slip movement of the blade reflected the hight level of the population 
studied. This aquatic blade would be a fixed point to alow the forward prqjection of the 
other points and the boat. 

On the vertical axis the two blades presented an inversely trajectory around a rotation 
axis constitued by the aerial hand. TIlis rotation point was previously observed by 
Plagenhoef (1979), and Mann & Kearney (1980). 

As mention ned by Kendal and Sanders (1992), we observed a lateral movement of 
the aquatic blade wich was stabilised at the end of the stroke. Contrary to the other axis 
we observed a similar later'al tr'anslation for all the studied points. 
Only on lateral and vertical axis a similar' path for the aquatic hand and the aquatic tip of 
blade was observed. 

The great variation between the subject appeared only for the aerial hand and blade on 
the lateral and vertical axis. This result could traduce the heterogenity of the subject's 
expertise level, and the importance of the aerial trajectories in the performance. 
. In conclusion, the lateral and vertical aerial trajectories seem to be more determinant 
III the level of performance than the other one. The propulsion in kayak appeared to be 
organized around differ'ent rotation axis : the aquatic blade for the horizontal axis, the 

! aerial hand for the vertical axis. 
! 
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INFLUENCE OF FATIGUE ON IMPACT FORCE AND REARFOOT MOTION 
DURING RUNNING 

Briiggemann, G.-P , Arndt, A, Kersting,U G and Knicker, AI 
Institute for Athletics and Gymnastics, German Sport University, Cologne 

INTRODUCTION 
Impact force cushioning at touchdown, rearfoot motion control and guidance of 

the foot during pushoffhave been treated as major requirements of technically functional 
shoes. All studies executed to approach the absolute and relative motion of the rearfoot 
during diverse sport activities, the loading ground reaction forces or the insole pressure 
distribution originate with the assumption of constant metabolic circumstances and stable 
neuromuscular control Studies dealing with the leg-shoe-surface interface did not take 
into account the muscular' and neuromuscular' control system of the human being in 
different metabolic and neural stages .. 
Therefore the purpose of our approach was to investigate the influence of different 
stages of peripheral or muscular and central fatigue on micro-control mechanisms and 
lower extremity function during running .. 

METHODS 
A series of experiments was designed to determine the influence of muscular and 

central fatigue on lower extremity function during running The first study analysed the 
influence of local muscular fatigue of the shank muscles on lower extremity function 
during running In a second experiment fatigue was induced by running and lower 
extremity function was examined.Thus in both studies running speed and mechanical 
properties of the shoes remained constant, whereas the different stages of fatigue were 
used as experimental variables. 
Study no. I: After 5 minutes of adaptation to treadmill running at 3 5 mls kinematic and 
kinetic variables and EMG signals of ten subjects were measured Then the shank 
muscles were locally loaded using a specially designed training device Immediately after 
the treatment the subjects entered the treadmill again and were examined for a second 
time. Before and after the treatment kinematic, kinetic and EMG measurements were 
taken during running on the instrumented treadmill 
Study no..2: Ten subjects ran 45 minutes on the instrumented treadmill with a speed of 
3 0 mls. As not every completed the 45 minutes run complete data sets for 35 minutes 
running were available for further analysis The first data collection was executed after 
initial adaptation to tread mil running. Further data were collected every five minutes of 
running. 
Data acquisition' Vertical ground reaction forces were measured using an instrumented 
treadmill (GaitKinetics) which allowed to register the ground reaction forces for both 
feet seperately An inshoe goniometer registered the rearfoot angle in relation to the 
shank. The measured rearfoot angle (~) incorporates movements of both the talo-crural 
and the talo-calcaneal joints. It defines the absolute position angle of the calcaneus 
relative to the shank .. EMG signals from the m triceps surae, the m. tib. ant., the m. 
peroneus longus, the m. vastus lat. and the m biceps femoris were preamplified and 
registered simulaneously with the force and angle data Data collection included 20 
footfalls, which were averaged for further analysis .. Ground reaction force data reduction 
included the impact peak force and matching instants in time .. 

RESULTS AND DISCUSSION 
Study no 1: The matching time intervalls indicated a longer contact phase and a 

trend to a later occurI'ence of impact peak force induced by fatigue.. The B angles at 
touchdown increased for all subject with only one exception. The same result came true 
for the change of the angle B from touchdown to its maximum. Fatiguing m. tib. ant and 
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peroneus longus seems to be related to a reduction of stiffness of the muscles 
In porting the ankle joint and thus to a decrease of impact peak force. In addition the I3 
s~ues at touchdown indicated a lack in muscular control prior to heelstrike after the 
v. atwent resulting in an increase of range of motion 
~~e EMG recordings reported a time shift of muscle activation for all analysed muscles 
to the right. The local fatigue treatment seemed to influence the dorsiflexor muscles as 
well as the knee extensor muscles. Mean power frequency of the m. vastus lateralis 
howed the expected decrease, although this specific muscle group was not specially 

:atigued by the treatment. The five minutes treadmil running combined with 3 minutes of 
local fatiguing seemed to produce this MPF decrease The mean power frequency of the 
locally fatigued m. tibialis anterior increased significantly compared to the data before 
the treatment It seems that during the treatment with the used training device the slow 
twitched fibers of the tibialis anterior muscle have been fatigued and fast twitch fibers of 
the tib ant. muscle were recruited in the running after the treatment 
Study no. 2~ For the comparison of suqjects and different stages of running maximum 
impact peak of the ground reaction force was normalized to the mean of the second data 
collection executed 7 minutes after the start. The data indicated an increase of peak force 
in the first phase of running. This was combined with a small decrease of the time to 
peak. After this first adaptation the peak forces increased in relation to running or 
loading time. All mean values were significantly different from the second measurement 
The decrease in the maximum impact peak was combined with an increase of time to 
peak but only the means of the sixth measurement were significantly different from the 
second measurement. i 

The rearfoot angle 13 at touchdown and the time to maximum of 13 showed thorough 
changes after aproximately 15 minutes of running The rapid increase in the touchdown B 
angle indicate a significant disturbance in the planting action of the foot The increased 
time to maximum angle may be interpreted as a fatigue induced effect of the ankle 
stabilising medio-Iateral structures .. Both changes could be observed simultaneously. 
The mean power frequency of the m triceps surae decreased significantly after the 
second data collection This indicates the fatigue of this muscle which might be 
correlated to the above discussed drecrease of the pushoffforce .. 
In the 150 ms intervall prior to touchdown the mean power frequency of the m vastus 
lateralis decreased after approximately 7 minutes of running. Minimum values occured 
when data collection was performed for the third time, i e. after approximately 12 
minutes of running This coinsided with the above discussed changes of the patterns of 
the rearfoot angle l3. 
The changes of the mean power frequency of the m. vastus lateralis during the stance 
phase showed a very similar pattern as during preactivation This indicated a substantial 
fatigue of the knee extensor muscle after approximately 12 to 15 minutes of running in 
OUf subjects, which represent normal joggers. 

CONCLUSION 
Muscular fatigue was induced in both experiments and detected by a decrease of 

MPF. Muscular fatigue is related to a decrease of impact peak forces and to changes in 
~earfoot kinematics Therefore stiffness regulation is effected by fatigue. From the results 
It can be concluded that impact peak force and rearfoot motion is stongly correlated to 
stiffuess control of the neuromuscular system 
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A NOVEL TECHNIQUE TO DETERMINE INTERFRAGMENTARY 
MOTIONS IN INTERNALLY FIXED FEMORAL FRACTURES 

Brunner P, Bekic], Lustenberger A, Nolte LP 

M.E. Muller Institute for Biomechanics, University of Bern, Switzerland 

INTRODUCTION 
Postoperative stability of fracture fixation devices has previously been 

evaluated by performing in vitro stiffness measurements of the bone-implant construct.. 
Despite increased recognition of the role of interfragmentary motions in the 
understanding of fracture healing, detailed description of the complex multidirectional 
movement in fracture fragments is not available [1]. The purpose of this study was to 
develop an in vitro technique for direct measurement of the six independent components 
of motion of fracture fragments and fixation devices in femoral fractures under quasi­
physiologic loading conditions. The system was applied to measure and record clinically 
relevant motions in proximal femoral fractures stabilized with two different fracture 
treatment methods. 

METHODS 
Specimens: Five single and twenty paired fresh human cadaveric femora (Mean 

age: 70.2±13) were examined radiographically and by DEXA densitometry for 
grouping. Donor body weight was used to calculate experimental testing loads. Fracture 
Models: The fractures were modeled according to the AOI ASIF-Classification of 
Fractures: a) Three-part intertrochanteric fracture (5 pairs), b) Four-part intertrochanteric 
fracture (5 pairs), and c) Subtrochanteric fracture (5 bones). Fixation Devices: For the 
treatment of intertrochanteric fractures one side of a femur pair was fixed with a sliding 
hip screw DHS (Synthes, Paoli, USA), which is currently in clinical use.. The 
contralateral side was fixed with a prototype intramedullary implant (lM) of the Gamma 
nail type. Unstable subtrochanteric fractures were treated with the medullary implant 
design (lM). Femoral Loading: A custom loading jig was mounted in a biaxial 
servohydraulic material testing machine. Quasi-physiologic axial and torsional loads 
were applied simultaneously [2]. Specimens were cyclically loaded using a sinusoidal 
waveform at 0.5Hz for the cranio-caudal force and at 0.25Hz for the antero-posterior 
force. Cranio-caudal peakloads were chosen at levels of 50%, 100%, 150% and 300% 
body weight (BW) with 3000 cycles in each increment. Antero-posterior force was 10% 
of the cranio-caudal force. Motion Measurement: Previous studies validated the 
reliability of an optoelectronic system for the measurement of joint kinematics [3]. In 
the present study the LED (light-emitting diode) based 3-D motion analysis system 
Optotrak (Northern Digital, Waterloo, Canada) was used. Its high spatial resolution 
allows the measurement of motions with an accuracy of 0.1 mm in translation and 0.10 in 
rotation. Assuming rigid body motion, proximal and distal fracture fragments and 
fixation devices were instrumented with marker carriers, each with three noncollinear 
LEDs. Rotations and translations of clinical interest were: Varus defonnity, rotational 
deformity in femoral shaft and neck axis, rotational instability of the implant in the 
femoral head or proximal fragment impaction. Local coordinate systems given by the 
anatomy were identified. A space digitizer was used to detect coordinates from 
anatomical landmarks in the frontal and sagittal plane of the femur, from which body 
fixed local coordinate systems, lying in the femoral shaft and neck axis, could be 
computed. During testing all marker positions were collected at a frame rate of 20Hz. 



135 

Data anglYiY.: To uniquely describe the relative motion of the rigid bodies, the use of 
Euler angles was ~ost conveni~nt. A custom computer prog.ram, including ~ptotrak 
data analysis routInes, was wntten to perform local coordmate transformatIOns to 
natomicallocal coordinate systems and to calculate motions of interest from collected 

,~arker position data. Two-tailed paired t-test was used to evaluate differences in the 
stability of the fracture treatment concepts. 

RESULTS 
The test series showed successful determination of the movements occurring at 

the fracture gap. In general, deformations remained approximately constant at each 
loading level and increased with higher loads (Fig. I). The data were reduced to show the 
envelope curves of mean data and high/low levels during cyclic loading. 
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Fig .. 1 : Typical varus deformity data fOI a 3-part fracture test 

Fracture implant inherent mechanical characteristics could be detected: Rotational 
instability and/or lateral gliding nail were measured. Nevertheless, overall results of the 
two implant systems for the trochanteric fractures were not significantly different 
(p>O.05). 

DISCUSSION 
Previous investigators have used highly sensItIve measurement systems to 

monitor motions of fracture fragments [4]. However, the instrumentation used has 
typically been limited to one or two selected degrees of freedom. In any type of motion 
analysis systems the accurate definition of the embedded local coordinate systems is 
essential for reliable and comparable estimation of relative motion between fr<\gments. 
The use of an optoelectronic motion tracking system in combination with space 
digitization of anatomical axes and local rigid body concepts provides a convenient and 
accurate means for the measurement of interfragmentary motion in femoral fractures in 
three dimensions. 
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A NEW FREEZING TECHNIQUE FOR THE FIXATION OF SOFT 
CONNECTIVE TISSUES IN IN VITRO BIOMECHANICAL TESTING 

Brunner pI, Schatzmann Ll, Rincon Ll, Stliubli HU2, Nolte LpI 

1 M.E. Muller Institute for Biomechanics, University of Bern, Switzerland 
20rthopaedics and Traumatology, Surgical Clinic Tiefenauspital, Bern, Switzerland 

INTRODUCTION 
Fixation of soft connective tissue for biomechanical testing is difficult without 

tissue damaging. The quality of the fixation is essential for in vitro testing of structural 
and mechanical properties of the tendon. Different concepts of soft tissue fixation by a 
variety of suturing techniques, clamping devices are in use but fail in high load testing 
when slippage of specimen or premature failure at the fixation site occur [1, 2]. The 
fixation of frozen specimen ends has shown the potential for use in such testing [3,4]. It 
was the aim of this study to develop a new freezing technique for soft connective tissue 
testing and to validate its applicability in failure testing of two autogenous ACL 
substitutes. 

MATERIALS AND METHODS 
The new device, called 'Cryofix', consists of an aluminum block 

(80x80x50mm) with a cylindrical (0 25mm) central hole. Before testing this block was 
cooled down by submerging it in liquid nitrogen (-196°C). The end of the specimen to 
be tested was looped around a 3mm transverse bar of a cylindrical central piece which 
tightly fits into the hole in the aluminum block. After insertion of the central piece in the 
block the resulting cavity around the specimen was filled with water. Immediately the 
formation of an ice block around the specimen end started, resulting in a secure fixation 
after approximately one minute. 
16 pairs of quadriceps tendons (QT) and patellar ligaments (PL) from human cadavers 
were prepared as for the use in ACL repair. The patella was cut in half resulting in a 
remaining bony end for each of the specimens. The proximal end of the QT and the 
distal end of the PL were fixed with the new Cryofix. Mechanical failure testing was 
performed in a uniaxial tensile test in a servohydraulic materials testing machine. The 
deformation rate was chosen 1 mm per second. Displacement and load data were 
recorded from which ultimate load could be derived. 
To study the potential of the Cryofix for long term testing the development of the 
temperature over time was measured with a PT100 temperature sensor placed in the 
aluminum block cavity where the ice was formed. An additional specimen was used for 
this test. 

RESULTS 
The mean ultimate loads and the failure modes of the quadriceps tendons and 

the patellar ligaments are shown in Table 1. Most of the failures occulTed at the mid­
substance, 10 mm above the Cryofix site, with no slippage or rupture observed in the 
fixation zone. Three specimens had an avulsion failure at the patella and data from three 
specimen were missing due to data recording problems. Mean ultimate load for all 
tested transplants was 2220 ± 445 N (Mean ± SD). One measurement showed the 
ultimate load of 2.5.51 N for the quadriceps tendon and one resulted in 3401 N for a 
patellar ligament specimen. 
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SpecImen Failure Modes Ultimate Load 
[N] - Mid-Substance Avulsion Missing 

QT 13 2 1 2269 ± 543 
PL 13 1 2 2168 ± 322 

Table 1: OvervIew of faIlure modes and ultimate loads (Mean ± SD) in tensile testing 

The temperature measurement shows the data for the ice block which has been formed 
after filling the water into the cavity of the supercooled aluminum block (Figure 1). The 
ice reaches its lowest temperature of -115°C after 3 minutes and gradually increases 
towards 0 °C within the next 60 minutes. 
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Fig. 1: Measurement of the core temperature in the ice block of the Cryofix 

DISCUSSION 
The new technique was found to be suitable to perform failure testing of 

ligaments and tendons in loading ranges of more than 3000 N Due to the high heat 
capacity and the size of the aluminum block it was possible to 'keep the temperature at 
the fixation site low. No thawing occurred during more than one hour. This might also 
make the Cryofix applicable in long-term studies, where preconditioning effects or 
cyclic loading should be studied. However due to the very low temperatures at the 
fixation site and the growth of the frozen zone towards the center of the specimen, 
detrimental effects on the biomechanical pIOperties may result flOm longer testing 
duration. 
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MOMENT ARMS OF MUSCLES AT THE KNEE 
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INTRODUCTION 
To date the emphasis in prosthetic joint replacement has been in the 

development of compatible materials and geometries for the bone prosthesis 
interface. Very little attention has been paid to implant design based upon kinematic 
reconstruction or the expected forces and moments generated on the structures of the 
joints during daily activities. This report represents efforts to develop a uniform 
description of effective knee joint kinematics with a determination of muscle tendon 
moment arms for the normal knee, the ACL-minus knee, and two knee-prosthesis 
combinations. The results will improve our understanding of normal knee 
mechanics, help to describe specifications for improved prosthesis design, and define 
the effects of knee prostheses on muscle mechanics. 

MATERIALS AND METHODS 
A monitoring jig was designed for movement of the lower leg about the 

femur, monitoring of angular position, and measurement of muscle tendon 
displacement throughout the range-of-motion. Angular position was measured using 
single turn precision potentiometers about a flexion-extension (FE) axis and 
longitudinal rotation (LR) axis as described in [1]. Muscle/tendon excursions for all 
Knee muscles were measured using similar potentiometers connected to pulleys with 
weights providing tension. Effective muscle moment arms about both axes were 
calculated from this data using the tendon and joint displacement method described 
in [2]. 

Normal, adult, fresh, intact, lower extremities were utilized. Wire leaders 
through plastic tubing were sutured to the tendon insertions of the following 
muscles: sartorius, rectus femoris, vastus lateralis, vastus intermedius, vastus 
medialis oblique, patellar ligament, short and long head of biceps femoris, 
semitendinosus, semimembranosus, gracilis, popliteus, and medial and lateral 
gastrocnemius. 

An 0 Ethibond running suture was then used to secure the cable sheath along 
the muscle belly. In certain muscles it was necessary to pass the leaders through drill 
holes in the pelvis to ensure a direct path with each muscle. The hemipelvis and 
thigh were secured in the support jig with 5mm threaded half pins. The hip and 
ankle were both fixed at neutral. 

The excursion and angle measurements were determined for the normal knee 
by passively flexing the knee to maximal flexion, then gradually extending the knee 
to full extension and repeating this cycle several times per sample period. A real 
time data acquisition system (National Instruments, AT-MIO-16X A/D board, using 
LABView software) was used to measure potentiometer voltages of 16 channels 
during movement - one channel each for flexion/extension, longitudinal rotation, and 
excursion of 14 muscle/tendon units. 

The anterior cruciate ligament (ACL) was then sectioned. The same testing 
sequence performed on the normal knee was repeated so that the moment arms could 
be calculated. Posterior cruciate sparing total knee arthroplasties were then 
performed according to standard protocol. The leaders were reattached and the knee 
tested using the same procedures as in the normal and ACL deficient knee. 

Finally, the prostheses were revised to posterior stabilized total knee 



..•.. arthroplasties ~d the moment arms were again determined according to the 
. previously outlined sequence. 
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RESULTS 
Data treatment included conversion of voltages to angles and excursions and 

moothing with a five point running average. The moment arms were calculated 
~sing a polynomial least squares smoothed derivative app!ied to excursion and ~gle 
versus time (dr/de = dr/dt -:- de/dt). The muscle excurSIOn and moment arm for the 
normal knee, ACL deficient knee, uncemented PCL sparing knee, and cemented 
peL sacrificing knee was then plotted for each muscle. Average moment arms for 
six sweeps through flexion-extension of the Vastus Medialis in each of these 
conditions are plotted in the Figure. 

SUMMARY AND DISCUSSION 
• There was no significant 

difference in range-of­
motion for the Normal, 
ACL minus, or prosthetic 
knees. 

• Total muscle excursion 
increased in the 
arthroplasties (5.7 % PCL 
sparing, and 5.0%, PCL 
sacrificing) . 

• Concommitant with 
increased excursion is an 
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increase in most muscles moment arms. 
• There was a shift in moment arm balance; for example, most notably 

favoring extension over flexion for the arthroplasties. 
• With continuous acquisition of data during multiple sweeping knee motions 

this study confirms the stochastic nature of muscle-te~don-ske1etal motion .. 

The general shape of each muscles excursion and moment arm curve (for the 
nonnal knee) agrees somewhat with earlier reported data in the literature [3]. 
However, no reports to date have studied these parameters using fi:'esh, hemipelvis 
{ankle and hip intact) specimens, with measurement during leg motion, following 
arthroplasty. Hopefully, these results more closely simulate physiologic motion and 
the information gleaned from determining the moment arms can be used to predict 
the forces acting upon a normal or prosthetic joint and thus influence future 
prosthesis designs. Also, these results provide a clearer understanding of the effects 
prostheses have on muscle balance. 
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THREE·DIMENSIONAL MOTIONS OF FEMORAL PROSTHETIC STEMS: 
AN IN VITRO EVALUATION OF A NOVEL MEASURING CONCEPT 

Buhler DW, Brunner P, Berlemann U, Nolte LP 

M.E. Muller Institute for Biomechanics, University of Bern, Switzerland 

INTRODUCTION 
Primary stability of uncemented total hip replacements is regarded a major 

factor for the quality of bony ongrowth to the femoral stem and therefore for the long'­
term outcome [1, 2]. Micromovements as well as eventual subsidence of the prosthesis 
have to be considered under cyclic loading conditions. Most of the existing 
measurement strategies, e.g. based on micrometers, extensiometers, L VDTs, and/or 
strain gauges provide only information about one component of the three-dimensional 
(3D) motion at the bone-implant interface [3, 4]. Furthermore, fixation of sensors away 
from the point of interface motion measurement, as seen in various studies, may result 
in registration of superimposed motion due to elastic deformation of the femoral or 
prosthetic shaft. The objective of this study was to develop, validate, and apply a new 
technique which allows the precision measurement of the pure 3D interface motion at 
three different points along the femoral shaft. 

, . 
MATERIALS AND METHODS 

The measuring technique is based on a sensor combining optoelectronic with 
precision mechanical components. Spherical measuring tips of three sensors are placed 
on the prosthesis at predefined locations: tip of the prosthesis, middle third, and upper 
third of shaft. The measuring positions are relocated using components of a computer­
assisted surgery system recently developed by our group. The sensors are mounted on a 
custom micro-positioning table which is anchored using a transverse 9 mm hole drilled 
in the cortex exactly centered over the measuring location. Precision ball bearing 
mechanics allow transition of the detected motion to a laser diode on the opposite end of 
the sensor. Photons emitted by this LED are registered by a silicon position sensitive 
detector (PSD). 3D motion analysis is made possible by considering output data of the 
PSD (x/y-axis) as well as the registered light intensity (z-axis). Thermistors are also 
integrated to exclude thermo drifts during long-term testing of the prostheses. Custom 
software based on LabView (National Instruments, Austin, USA) allowed for real-time 
graphical display of the applied forces and the detected movements. Static and dynamic 
validation indicated a maximal system error of ±:4~m within a measuring range of 
±750JlIIl in each spatial orientation. Seven paired fresh cadaveric femora were used for 
testing of two different types of uncemented femoral stems: CLS stem (Spotorno) and 
Cone Prosthesis (Wagner; both Protek AG, Switzerland). Following implantation of the 
prosthesis the femora were subjected to sinusoidal cyclic loading in a two-axial 
materials testing machine. A cranio-caudally directed force Fcc with the frequency of 1 
Hz was combined with an anterior-posteriorly directed force of 0.5 Hz measuring 10% 
of Fcc. Loading steps of 1-, 2-, 3- and 4-fold bodyweight were applied . 

RESULTS 
The micromovements of the Cone prosthesis showed a significantly smaller 

amplitude in all three spatial orientations indicating larger "micro-stability" compared to 
the CLS prosthesis (Fig. 1a, b). 
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the subsidence dunng 
testing (Fig. 2). Both 

_ prostheses showed relative 
stability under the 1- to 3-
fold body weight loadings. 
However, the 4-fo1d body 
weight caused a 
considerably increased 
subsidence mainly for the 
Cone prosthesis indicating 
less "macro-stability". In 
some cases with low bone 
mineral density the femur 
finally fractured under the 
maximum load at the tip of 
the prosthesis. 

DISCUSSION 
Our novel 

technique provided reliable 
and accurate data 
illustrating the pure 3D 
interlace motion of 
uncemented femoral stems. 
Considerable differences in 
the "micro- and macro­
stability" of two prosthesis 
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Fig. 1 b: Micromotion at prostheses tip / Cone Prosthesis 
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types could be detected. For Fig. 2: Subsidence ofCLS (top) and Cone prosthesis (bottom) 
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statistical evaluation the quasi-physiological 1- to 3-fold body weight loadings should be 
considered primarily, whereas the 4-fold body weight seems to represent an 
unphysiological and destructive loading. Analysis of different concepts of femoral stems 
with the presented standardized approach may further elucidate the role of primary 
stal)ility for the long-term clinical outcome. 
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3-D KINEMATIC STUDY OF THE CRUCIATE-DEFICIENT KNEE 
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INTRODUCTION 
In clinical practice the pivot shift sign is a reliable indication of anterior cruciate 

ligament (ACL) deficiency and correlates with symptomatic instability. The pivot shift 
involves a forward subluxation of the lateral tibial plateau on the lateral femoral condyle 
near full extension and under a valgus load, followed by an abrupt reduction of the 
subluxation at 30° knee flexion. In vitro studies of the motion of ACL deficient knees 
under various loads have shown this tibial subluxation with a shift of the axis of rotation 
from the centre of the tibia towards an intact medial collateral ligament (Matsumoto, 
JBJS 1990; n·B: 816-821). 

The purpose of this study was to reproduce the clinical pivot shift in cadaver knees 
and to vary the applied loads in order to measure the relative contribution of valgus 
torque and iliotibial tract tension on the resulting motion. We measured 3-D motion as a 
dynamic analysis of actual pivot shift motion, because the pivot shift instability arises as 
a result of patient motion. Our review of the literature shows that this analysis has only 
been done statically before. 

METHOD 
Nine freshly frozen knees were prepared. The femur and tibia were cut to 180mm 

and potted using PMMA with a 600nun rod fixed in the tibia. The femur was clamped 
with the flexion plane of the knee horizontal and the lateral aspect facing down. The 
iliotibial tract was loaded via a pulley and weights were hung on the tibial rod to vary 
the valgus torque up to 13Nm. Varus torque up to 10Nm was applied via a pulley held 
above the tibial rod. Potentiometers measured tibial rotation and knee flexion. For each 
varus/valgus load the iliotibial tract was loaded at 10, 20, 30 and 40N and the knee was 
flexed from extension to full flexion. Data was collected on a personal computer. Every 
test was repeated five times and mean curves of tibial rotation against flexion angle 
were produced. The ACL was excised and the tests repeated. Knees with gross 
rotational instability had the ACL reconstructed using an APEX ligament routed over 
the top of the lateral femoral condyle. Implant tension of 5N was fixed at 45° flexion. 
After reconstruction the tests were repeated. For each condition the stability of the knee 
was assessed by an anterior-posterior (a-p) drawer test of ±150N at 20 and 90° flexion 
in a 4 d.o.f. fixture in an Instron tensile testing machine. 

RESULTS 
Following ACL section four of the nine knees displayed the pivot shift, two showed 

an increase in internal rotation and three had no significant change in rotation. 
Reconstruction abolished the pivot in all those knees in which it occurred, but did not 
reduce the increased internal rotation at flexion angles greater than 45° in three knees .. 
The reconstruction restored normality in the a-p drawer test at 20° (Fig. 2): at 90° the 
knees still displayed some increased a-p laxity (Fig. 3). Three knees were not 
reconstructed due to their inconsistent rotational behaviour . 

From our results we describe the pivot shift as a sudden external rotation of 34 (21-
40)° ov,er a flexion range of 8 (2-10)°. The pivot shift was seen between 30··65° flexion. 
The balance between applied valgus and iliotibial tract loads was critical and variable 
for each knee in producing the pivot shift and the angle at which the pivot shift 
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urred; it could be abolished by changing either the valgus or the iliotibial tract or 
~c~ loads by one increment. In those knees where a pivot was not obtained following 
A~L section the anterior draw di~pl~cements wer~ l~ss than those which did pivot, 
aithough with the small numbers this dId not reach sIgruficance. 

Examples of results in three knees: 
(i): External rotation throughout knee flexion; 
(ii): The lateral pivot shift; 
(iii): Lateral tibial subluxation throughout flexion. 
These results are shown in Fig. 1. 

DISCUSSION 
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We have successfully produced and described the pivot shift in terms of tibial 
rotation against flexion angle in this cadaveric study. The magnitude of iliotibial tract 
and valgus loading has been shown to be critical in producing a pivot and these values 
vary between individual knees. Of those knees which did not exhibit a pivot shift 
following ACL section one feature of note was the relatively greater resistance to 
anterior draw displacement. Other factors which may contribute to this rotational 
instability include the convexity of the lateral tibial plateau, the contribution of the 
la:[eral meniscus and the effect of the secondary restraints to internal tibial rotation. 

The ACL reconstruction successfully restored normality to the knee, except at the 
expected higher flexion angles as the routing was over the top of the lateral femoral 
condyle. 

Whilst this study has produced an in vitro pivot shift, this instability in the 
laboratory cannot be easily compared with the clinical pivot shift sign, because it is the 
authors' belief that the clinical loading conditions are variable and not as consistent as is 
possible in the laboratory. 
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FOOT PROFILE OF CO:MPETITIVE ADOLESCENT FEMALE BASKETBALL 
PLAYERS AND RELATED FOOTWEAR CONSIDERATIONS 

M J Burgess-Milliron and J A Healy 

Biomechanics Laboratory, Converse Inc, N Reading, MA USA 

INTRODUCTION 
The foot structures of athlete populations have been studied by a limited number of 

investigators (Robinson, et al, 1984, Bednarski, et al, 1987, and Milliron & Betty, 
1993) These studies have focused primarily on college and adult age groups, with 
Bednar'ski proViding the only investigation specific to the foot structure offemale 
athletes Information on foot dimensions of particular athlete groups assists in the 
determination of proper fit and functional design of athletic footwear The fit of the shoe 
is dependent on the shape of the last, the three-dimensional form representing the foot in 
the shoe making process 

The purposes of this study were (1) to provide normative foot dimensions of 
competitive adolescent female basketball players, (2) evaluate the change in foot 
parameters across a range of foot lengths, and (3) determine the level of predictability of 
foot dimensions based on foot length The first purpose provides information to 
compare to other groups in distinguishing foot dimension patterns Evaluation of the 
changes in foot dimenSIOns and predictability of measures based on a given length can be 
applied to the development of improved last dimensions and grading schemes specific to 
the needs of this athlete group to improve fit and performance 
lVlETHODS 

One hundred and three female competitive basketball players at an invitational 
basketball camp agreed to participate in this investigation Each subject provided self­
reported age, height, mass, and lower extremity injury history Direct anthropometric 
measures were taken of the right and left feet Direct measures included (1) ball girth 
(BG) girth across the maximal prominences of the first and fifth metatarsophalangeal 
(MTP) joints, (2) short heel girth (SH) girth around the posterior - inferior aspect of the 
heel and the dorsal junction of the foot and leg; (3) foot length (FL) distance from the 
distal tip of the longest toe to the most posterior aspect of the heel, and (4) ball width 
(BW) linear distance from the most prominent aspect of the first MTP joint to the most 
prominent aspect of the fifth MTP joint Average and standar'd deviation (SD) values for 
each direct anthropometric measure ar'e reported normalized to FL of the same foot To 
evaluate potential grading schemes, the extreme portions of the right foot length 
measures for this subject group were evaluated Extremes were defined on the smaller 
end of the range as all measures less than -1 SD of the FL mean (SHR T) and on the 
higher end as all values greater than + 1 SD of the FL mean (LONG) FL data for the 
subjects centering around the mean within 1 SD in each direction are referred to as 
CNTR, Evaluation via regression analysis was made of the predictability ofFL for the 
BG, BW, and SH measures in the SHRT, CNTR, and LONG groups 
RESULTS 

The average age ofthe subjects was 15 56 ± 065 years The subjects had an 
average height of 17123 ± 18,,73 cm and mean mass of61 28 ± 1031 kg Sixty-two 
percent of the subjects reported a history of injury Reports of ankle, foot, and knee 
injuries were 78 1 %, 17%, and 15 6% respectively Multiple injury sites were reported 
by 15 6% ofthe subjects The most common type of injury was sprains reported in 
64,1 % of the cases, followed by ligamental injuries (18 8%), fractures (14 1 %), and 
stress fr'actures (9 4%) 
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,', 'Direct anthropometric measures of FL and normalized values ofBG, SH, and BW 

. "fof the right and.left extremities ar~ repo~ted in Table I No significant differences were 
\;'{'f()~nd between r~ght and le~ foot dlffiensIOns . 

Foot dimensIOns normalized to FL were exammed (Table II) for the SHRT, CNTR, 
d LONG groups The trend indicated that as the FL increased from the lower extreme 

.: the upper extreme group, the ratios decreased 
,Regression analysis ofBG, BW, and SH to FL for the CNTR group indicated 

. moderate correlations of 041, 044, and 0 63 for the respective dimensions The 
r'elationships for the extreme SHRT group fell to 0 15, 038, and -0 16 for BG, BW, and 
S;H, respectively and 0 19, 021, and 0 56 for the LONG group 

Table I Direct anthropometric measures Table II Normalized values for SHRT, 
normalized to foot length (FL) (Avg+S D) CNTR, and LONG groups (Avg + SD) 

Measure Right Left Measure SHRT CNTR LONG 

FL(mm) 25.3 + 1.32 25.4 + 1.40 FL (mm) 23.54+0.35 25.35+0.79 27.60+0.62 

BG/FL 0.92 + 0.04 0.92 + 0.04 BG/FL 0.95+0.03 0.93+0.04 0.87+0.04 

SH/FL 1.27 + 0.04 1.26 + 0.05 SH/FL 1.29+0.05 1.27+0.04 1.24+0.04 

BW/FL 0.36 + 0.02 0.36 + 0.02 BW/FL 0.37+0.01 0.36+0.01 0.34+0.02 

DISCUSSION 
Sixty-one percent of the female adolescent athletes studied had an injury history, 

primarily ankle sprains The direct foot measurements were symmetrical and can be 
related to data of other populations to determine if last differentiation is required 

Evaluation of the data in regards to last development indicates several points The 
comparison of ratio data in the extreme groups (SHRT vs LONG) shows that as foot 
'i~ngth increases, girth and width measures decrease proportionately This finding 
suggests that developing a last with proportionately smaller width and girth dimensions 
for larger shoe sizes would provide an improved fit for this group Further investigation 
of the correlations between the various foot dimensions and FL however, indicate that 
th~ predictability of BW, BG, and SH measures by FL alone -are moder ate for the 
subjects centering around the average value ofFL (CNTR) and Qecome less predictable 
in the extreme groups 

These data indicate that though a trend is seen for a proportionately smaller girth and 
width measures with increased foot length, foot length alone does not accurately predict 
the foot girth and width for a given size Moreover, at extremes the predictive qualities 
deteriorate Footwear development therefore must continue to provide adjustable fit 
systems throughout the size range of shoes, particularly at the extremes for this 
population Further evaluation offootprint and other anthropometric measures may 
prove useful in providing predictive sizing equations for the determination of optimal 
grading schemes in footwear development 
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THE EFFECTS OF NURSING TASKS ON SPINAL SHRINKAGE 

Caboor D., Zinzen E., Van Roy P., Clarys J.P. 
Department Experimental Anatomy, Vrije Universiteit Brussel, Laarbeeklaan 103, 1090 
Brussels, Belgium 

INTRODUCTION 
The viscoelastic data of the spine are characterised by time dependent 

phenomena e.g .. creep, relaxation, hysteresis and strain-stress rate sensivity (Panj.abi, 
1977), mostly influenced by the water-imbibing capacity of the discus intervertebralls. 

Throughout the day the vertebral column is subjected to compressive as well as 
other types of loading by gravity, changes in position, muscle activity, external forces, 
and external work (De Puky, 1935). The cumulation of different activities during daily 
work can produce a decrease of the vertebral column height. Reilly et al .. (1984) found 
that the difference between the body height in the morning and the evening is 1 % of the 
total body height, and Krag et al. (1990) found a 0.9% difference, with a mean value of 
16,39 mm. Tyrell et al. (1985) reported a mean of 19 mm. The shrinkage mainly is 
achieved during the first hours of activity, and the study of Tyrell et al. (1985) indicates 
54% of the loss of height within 1 hour, where the results of Leatt et al. (1986) leaded to 
the conclusion of 38.4% of the total shrinkage after 1 hour and a half. 

. The total body and the spine can be subdivided in different body regions and 
dIfferent height aspects. There is an abundance of literature describing the effects of 
compressive loading on the lumbar· discus intervertebralis during different static 
postures, lifting technics and dynamic activities (Nachemson, 1981; Adams et al .. , 1983; 
Tyrell et al., 1985; White and Malone, 1990). However, the effects on the cervical 
spine have not been as extensively investigated. It seems interesting to verify to what 
ex~end and at what level the different height aspects and the different regions of the 
spme ar~ separately influenced by a very variable daily activity such as nursing tasks in .. 
the hospItal or patient care work. 

The shrinkage and the possible degeneration of the discus intervertebralis 
dep~nds on the frequency and intensity of the load during frequent dynamic and 
perSIstent static actions (Videman et al., 1990). Nursing personnel shows a high 
prevalence and a high incidence of Low Back Problems (LBP), due to lifting and 
transferring patients. 

. The first purpose of this study is an anthropometric approach of the effects of 
nursI.ng .tasks on the body height and the spine. A second aim deals with the 
10~a1isatlOn of significant changes of body height and significant spinal shrinkage. The 
third goal is to investigate if LBP in nursing personnel is related to spinal shrinkage and 
gender. 

METHODS 
. Seventeen nurses, 4 male (2-LBP, 2+LBP) and 13 female (9-LBP, 4+LBP) 

sl!bJects, were selected on a voluntary basis from 4 different Belgian hospitals. The 
hISt?~y of LBP was based on a life-time prevalence. With the head in Frankfurter 
posIt~on, the stature, the C7 height, sitting height, and the height of the spina iliaca 
anter~or superior (SIAS) and the spina iliaca posterior superior (SIPS) both at the left 
and nght side, were measured twice at 6 AM before starting their job, and twice at the 
end of the normal daily work. Measurements were performed with an anthropometer 
(OPM) and a sitting height table (Holtain Limited, UK), both accurate within 1 mm. 
The. measurements in the morning took place at about 1 hour 15 min (SD 30 min) after 
gettmg up and in the afternoon after an average of 9 hours (SD 30 min) work. 

RESULTS 
During the daily work, the mean change in stature measured 10.3 mm (SE 0.64 

~), the mean difference in sitting height was 8.09 mm (SE 0.66 mm) and the mean 
difference of C7 height measured 5.82 mm (SE 1.43 mm) .. Calculations indicated an 
average shrinkage of 4.56 mm (SE 1.54 mm) of the cervical spine and 3.71 mm (SE 
1:84. mI?1) of the thoraco-Iumbar spine. The results were checked on normal 
distnbutIon, and differences in relation to LBP and gender were calculated using a 2-
w.ay ANOVA and a I-way ANOVA with the Scheffe-F post-hoc test. No significant 
dIfferences (p<0.05) were found. Using an ANOVA for Repeated Measures, 
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""'_,.,,,,"('t-','" between the data of the morning and the afternoon were checked, Stature, 

height, C7 height and the cervical spine showed a significant shrinkage during 
,,,,,j":~~'," 'd··'aiDly work. ~he.0-oraco~lumbar spine as well as the SIPS and SIAS measurements 

not indicate sIgmfIcant dIfferences. 

~"DISCUSSION 
" In our experiment the relative shrinkage, measured in total height is 0.6%, in 
sitting height 0.9%, in C7-height 0.4%, and in the cervical spine 1.8%. Taking into 
consideration the shrinkage of the first hour after getting up, our results confirm those 
of Reilly et al., 1984, Tyrell et al., 1985, Leatt et al., 1986 and Krag et al., 1990. In 
addition we notice that the changes of stature before and after the daily work are mostly 
influenced by the shrinkage of the cervical spine. Tondury (1974) and Penning (1978) 
Suggest that morphology and function of the cervical discus intervertebralis change 
during life-time, characterised by a pseudo-degeneration of the fibers of the anulus 
fibrosus beginning at the age of nine. We wonder if, complementary to the hydration­
and dehydration-process of the disci, this morphological aspect could be a reason why 
we found the highest shrinkage at the cervical level. The influence of the cervical part 
of the vertebral column on the spinal shrinkage might be an explication why we did not 
found any relation to LBP. 

CONCLUSION 
These results suggest that the change in stature during the daily work primarily 

is located in the vertebral column, and mostly is influenced by the shrinkage of the 
cervical spine. This can be one of the reasons why no relation between spinal shrinkage 
and LBP could be found, neither in male nor in female nurses. 
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SENSITIVITY OF JOINT MOMENTS TO 
PEDAL ANGLE MEASUREMENT IN CYCLING 

G E. Caldwellt, L Lit, S D McCole§, J M .. Hagberg§ 

tDept. of Exercise Science, University of Massachusetts, Amherst, MA, USA 
§nept of Medicine, University of Pittsburgh, Pittsburgh, PA, USA 

INTRODUCTION 
Kinetic analysis of cycling has given insights regarding patterns of pedal force 

application throughout the crank cycle Recording of the pedal orientation permits these 
force vectors to be transformed into a global coordinate system for analysis of vertical 
and horizontal force components These forces may be combined with kinematic data of 
lower limb motion to estimate the resultant moments using inverse dynamics analysis 
(Gregor et aL, 1985, Redfield and Hull, 1986) A survey of the literature reveals there is 
general agreement that change in pedal orientation during the crank cycle approximates a 
sinusoid with a range of::::: 55° However, there are a wide range of values of maximal 
pedal angle with respect to horizontal, ranging from _3° (toe down) to +10° (toe up) 
Discrepancies in the pattern~ of joint moments throughout the crank cycle are also found, 
particularly at the knee and hip Due to the importance of pedal loading to the 
calculation of joint mom~nts, the variation in pedal angles may be responsible for these 
joint moment patterns, The purpose of this paper is to investigate the sensitivity of joint 
moment calculation to changes in the measured value of pedal orientation. 

METHODS 
Nine elite subjects rode their own bicycles mounted on a Velodyne ergometer 

Kinematic data were computed based on the motion of reflective markers on the crank, 
pedal and joint centers, collected at 50 Hz using standard planer cine techniques.. A 
clip-in Look pedal instrumented with two piezoelectric load washers (Broker and 
Gregor, 1990) was used to measure pedal force data at 100 Hz with a 12-bit analog-to­
digital convertor After appropriate bias adjustment and scaling to calibrated values, 
both the kinematic and force data were expressed as quintic splines and output at 1 ° 
increments for one complete crank revolution starting at top-dead-centre (TDC) This 
combined data set was used to calculate crank and pedal kinetics in global, pedal and 
crank reference systems (Coyle et al, 1991) Joint moments for the ankle, knee and hip 
were calculated from standar'd Newtonian equations. For this paper, four crank cycles of 
each subject cycling at a workload representing 80% of their maximum were used to 
calculate mean joint moment patterns The effect of pedal orientation was examined by 
altering the pedal angle data by a constant offset (± 5°) to represent the range of 
variation seen in the literature 

RESULTS 
The pedal orientation data for a typical trial, with all three constant offsets, ar'e 

shown in Figure 1 The mean ankle moment pattern for 4 trials from the same subject 
are displayed in Figure 2, also for the three pedal offsets Note that the same basic 
pattern of dominant plantartlexor activity is evident for all three pedal orientations, with 
a change in peak moment of approximately 15%. However, this change in peak extensor 
moment is much greater at the knee joint (Figure 3), with an alteration of::::; 40%. Note 
that the knee moment curve near BDC changes strongly from extensor to flexor in one 
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but stays near zero in another Interpretation would therefore change radically 

'. on pedal angle offset Figure 4 shows this interpretation problem to be 
,.' nified for the hip moment, because the pattern in mid-cycle in one case suggests 

,.mag . . d . h fl . . 
,;~ir:ong extensor actIvIty, an In anot er strong exor actIVIty 

<i~·3~~f·~::~~:': , 
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Figure 1: Pedal orientations, offsets 0 ± 5°. 
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It is clear that a small change in pedal orientation data can effect dramatic 
'changes in the calculations of joint moments, especially at the knee and hip. Changes in 
the resolution of the pedal force vector into horizontal and vertical components dictate 
the distal force moment terms in the calculation of ankle moment as well as ankle joint 
reaction forces, These in turn cause further changes as the q1cul~tion proceeds up the 
leg using the linked·-segment method Due to the relatively vertical orientation of the leg 
near BDC, these changes have profound effects on knee and hip moments These results 
stress the importance of careful calibration of pedal measurements and the accurate 
'synchronization of film or video data with digital force records. 

REFERENCES 
Broker, JP, & Gregor, RJ (1990) A dual piezoelectric force pedal for kinetic analysis of 

cycling, Int. J. Sports Biomech. 6 394-403 
Coyle, EF, Feltner, ME, Kautz, SA, et al (1991) Physiological and biomechanical 

factors associated with elite endurance cycling performance Med Sci.. Sp. Exc. 
23,93-107 

Gregor, RJ, Cavanagh, PR, & Lafortune, M (1985) Knee flexor moments during 
propulsion in cycling a creative solution to Lombard's paradox. 1. Biomech. 18 
307-316 

Redfield, R, & Hull, ML (1986) On the relation between joint moments and pedalling 
rates at constant power in bicycling 1. Biomech. 19 317-329 



150 

PHYSICAL WORK CAPACITY AND TOLERABLE WORKLOADS IN 
PARAPLEGIC PATIENTS 

lCapodaglio, Paolo, 2Pistarini, Caterina, 2Fugazza, Gloria, 2 Achilli, Maria P , 2Brignoli, 
Elvira, and IBazzini, Giacomo C 
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INTRODUCTION 
In the recent literature there is growing interest in the assessment of physical work 

capacity in paraplegics (DiCarlo & ai, 1983, Knutsson & ai, 1973, Nilsson & ai, 1975) 
Little information of a systematic nature is available in the literature about the responses 
of paraplegic subjects to prolonged exertion within tolerable non-fatiguing limits (Hooker 
& Wells, 1988) The aims of this study were twofold to measure the cardiorespiratory 
fitness level of newly injured paraplegic patients performing arm exercise during primary 
rehabilitation and at discharge, comparing it with the fitness level of employed paraplegic 
patients, to determine the tolerable workload for prolonged physical activity in newly 
injured and employed paraplegics 

METHODS 
Four male subjects with paraplegia (mean height 176 cm, mean body weight 82 6 kg) 

with nearly complete traumatic D7-D9 lesions partecipated Two had sustained injury a 
mean of 52 months before-the start of the study They had no decubitus ulcers· or other 
major medical problems The other two were actively employed The first test was to be 
performed as soon as the subject was able to sit in a wheelchair All subjects were first 
familiarized with the technique for grading perceived exertion on a 10-point scale (Borg, 
1982) and with the equipment, which consisted of an arm cranking ergometer (ACE) 
(Monark Rehab Trainer 881E) The arm cranking unit was secured to an adjustable table 
in order to keep the shoulder in line with the axis of the ACE The wheelchair was placed 
in such a position that the arm of the subject was in complete extension when the pedal 
was at its greatest distance Each subject performed a progressive resisted arm cranking 
exercise test at the velocity of 50 rpm The time course of a test was as follows after a 
three-minute warm-up at 0 Watt, increments of 12 5 Watt every 2 min were performed 
until subjects rated the perception of effort as "maximal" Respiratory and oxygen uptake 
variables were measured by a metabolic analyzer (EOS Spring, Jaeger) The following 
parameters were monitored every 30 seconds heart rate (HR.), oxygen consumption 
(V02), ventilation (VE) and respiratory exchange ratio (RQ) The electrocardiogram was 
continuosly monitored during the testing sessions Each subject performed in different 
sessions a total of twelve IS-min endurance tests with the ACE at three constant loads 
corT'esponding to CR-3 ("moderate"), CR-4 and CR-5 ("heavy") subjective perceptions of 
effort obtained in the incremental test The order of load presentation was randomized 
The incremental test and the 12 endurance tests were repeated after a 4-week 
individualized aerobic arm training program The program consisted of a 20 to 30-minute 
session per day, during which the intensity of the exercise was chosen accordingly to the 
motivation and expectations of each patient 

RESULTS 
Individual cardiorespiratory fitness levels obtained from the incremental tests before 

training were V02=0 003 HR.+O 15 and V02=0 015 HR.-146 for the 2 newly injured patients, 
V02=0 013 HR.-O 34 V02=0 01 HR.-O 38 for the 2 employed subjects After patients 
completing the training program the fitness levels were V02=0 011 HR.-O 52 and V02=0 017 
HR.-O 87 for the 2 newly injured patients The perception of exertion was found to be highly 
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i,': with heart rate (r = 098, P < 0001) and workload (r = 0 95, P < 0 001) during 
:': ' progressive. r~siste? and end~rance tests Regression analysis was performe? to 

.\~ .. deteImine the indIV1dualIso-per~ep~I~n curves, that were repre~ented by powe~ functIOns, 
;'y.== c . X n, (-1.< n < 0) !he mdIvIdual power output over .tIme correspondm~ to each 
,,';{t'ating of subjectIve perceptI.o~ was calculated Improvement m endu~'ance .capacIty, after 

the 4-week endurance trammg at "moderate-somewhat strong" mtensIty level, was 
",,,monitored by the shifting of the "iso-~urves" corresponding to a perception of "moderate" 
':?Howard higher power output levels (FIgure 1) 
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Figure 1. Individual iso-curves corresponding to a "moderate" effort before (2 CUIves on the left) and after 
(*) the 4-week training program in the 2 newly injured paraplegics The 2 curves on the right refer to the 
2 employed paraplegics 

DISCUSSION 
In our study a 4-week endurance trammg program performed by newly injured 

paraplegics at "moderate" or "somewhat strong" levels of intensity led to a noticeable 
improvement in endurance cap-~city On the basis of our results, the inqividllal "tolerance 
threshold" for prolonged arm cranking exercise may be defined by the "iso-curve" 
corresponding to a "moderate" effort on Borg's scale' (CR-3) 'Physiological parameters 
remained constant at this level of perceptual intensity, with the respiratory exchange ratio 
(RQ) less than one If the subjects prolonged their performances at different workloads so 
as to exceed the corresponding time value identified by the CR-3 power function (Figure 
1), an increase in the respiratory exchange ratio (RQ) value of more than one, as well as in 
the scoring of SUbjective perception of effort, was observed 
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A COMPARISON OF THE ACCURACY OF SEVERAL HIP CENTRE 
LOCATION METHODS BY USING RSA TECHNIQUE 
Cappozzo A.1, Leardini A.2, Larsen s.3, Catani F.2, Benedetti M.G.2 
1-Istituto di Fisiologia Umana, Universita degli Studi di Sassari, Sassari, Italy 
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INTRODUCTION 
The accurate 3-D location of the hip joint centre (HC) in a pelvic frame is a 

critical procedure in any movement analysis loboratory. A number of studies have 
proposed and tested different techniques to solve this problem. These techiques belong 
to two classes: 1) functional approach (1, 2) based on the assumption that the joint 
centre coincides with the pivot point of a 3-D movement between the adjacent 
segments; 2) prediction approach, i.e. regression equations based on statistical 
information acquired, mostly using imaging techniques, on a given population of 
subjects (3, 4). All of these techniques still deserve deeper investigations as concerns 
their accuracy. The present study aims at estimating the accuracy associated with the 
functional method as in Cappozzo (1) (where the HC is assumed to be the centre of 
the sphere described by markers located on the thigh during a flexion-extension 
followed by an ab-adduction of the hip), the prediction method proposed by Bell et al. 
(3), and the prediction method suggested by Davis et al. (4). Relevant regression 

. d ~uatlOns an parameter Qefinition were: 
methods: x y z --._- --

Bell et al. -0.19 . Dasis -0.30 . Dasis i . 0.36 . Dasis 
Davis [-Dhca-Dmrkl . cos0 [ .. Dhca-Dmrkl . sin0 i . [C . sinS -Dasis/2] 
et al. +C . cosS . sin~ +C . cosS . cos~ 

where i= 1 for the right and = -1 for the left HC; Dasis is the distance between the 
anterior superior iliac spines's (ASIS); Dhca is the anterior/posterior component of 
the HC/ ASIS distance; Dmrk distance between skin marker centroid and skin surface; 
S=28.4 deg; 0=18 deg; C=0.115L-0.0153; L is the leg length in meter. The 
accuracy of the above listed methods was determined by comparing their results with 
the HC location obtained using the Roentgen Stereophotogrammetric Analysis (RSA), 
fruitfully utilized since 1974 for accurate 3D measurements from radiographs (5). 
METHODS 

Two adult healthy male volunteers partecipated in the experiments (Tab. 1). Four 
spherical tantalum balls, diameter 0.8 mm, were stucked on the skin surface above the 
two anterior (AS IS) and posterior (PSIS) superior iliac spines. Two roentgen tubes 
exposed simultaneously the subject while standing in such a way that the calibration 
cage markers, the four skin markers and the femma! head contours were visible in 
both films. Mathematical computations were performed for the reconstruction of the 
3D position of each marker and HC using the relevant image coordinates. The image 
coordinates of the He on each film were estimated as the centroids of the digitized 
femoral head image contours. The subject was then investigated in the movement 
analysis lab, equipped with the ELITE (by BTS, Milan) stereophotogrammetric 
system. Two rigid plates, mounting 3 retroreflective markers, were strapped to the 
pelvis and to the distal part of the thigh using elastic straps with velcro fasteners. The 
location of the 4 superior iliac spines with respect to the pelvic markers was obtained 
by calibration using the tecnique of the pointer (CAST protocol) as illustrated in (6). 
This permitted the determination of the pelvic anatomical frame shown in Fig. 1 and 
the reconstruction of the thigh marker trajectories during movement in this frame. 



~i:~SULTS 
, The coordinates of the HC in the anatomical 
. pelvic frame as obtained using RSA are given in 
. table 1. The distance between the HC location as 
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Figure 1. Pelvic anatomical frame 

estimated using RSA and its estimates as obtained 
using the methods under analysis was calculated 
and considered to be a good measure of the 
relevant accuracy. Results are given in table 2 for 
each experiment using the functional approach (a, 
b, c) and each prediction technique. '----------------' 

Table 1. S b' h d He d' u )J ects c aractenstlcs an coor mates. 

suQj. mass stature age sex right HC [mm] left HC [mm] 
[kg] [m] [years] x y z x - y z 

#1 80 1.94 42 M -61 -100 97 -61 -93 -104 

#2 70 1.84 33 M -43 -90 86 -45 -90 -84 
" --

Table 2 HC dIstances from the RSA estimatIOn. Measurement umt IS millImeter. 
Subject #1 Subject #2 

Ax Ay Az A Ax Ay Az A -
Cappozzo-a 13 5 -3 13 -2 8 -7 10 
CapP9zzo-b 5 15 7 18 -4 14 -3 15 
Cappozzo-c 6 13 11 18 4 6 5 9 
Bell et al. -17 -23 -20 35 3 -16 -2 17 -
Davis et al. -19 15 -·18 30 -21 5 1 22 - -

DISCUSSION 
Results obtained in the two subjects with the centre of the sphere method seem 

to be better than those obtained with the prediction methods, and more realistic than 
those presented up till now in the literature. Critical aspects of the centre of the sphere 
approach are the amplitude of rotations of the thigh with respect to the 'pel~i~ .. ~d the 

.. skin movement artefacts. If care is taken in maximizing the former and minimizing 
the latter quantity, then this approach may provid local HC coordinates with a 
maximum enor within 2 cm. However, this technique may not be appropriate or even 
impossible to use with patients with limited hip mobility. For the sake of the 
accuracy, prediction methods require that the subject under analysis belong to the 
population consistent with that from which the regression parameters were obtained. 
This is the case for the subjects presented in this study. On the contrary errors may be 
larger than shown in table 2. As concerns the method proposed by Davis et al., the 
determination of the parameter Dhca was found unreliable (inter-experimentor 20% 
variation), and the HC coordinate estimates are very sensitive to this parameter. 
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AN INVESTIGATION INTO CONJUGATE IMAGING TECHNIQUES FOR THE 
AUTOMATED REPRODUCTION OF THREE DIMENSIONAL COORDINATES 

AB.Carman and P.D. Milburn*. 
Department of Biomedical Science, University of Wollongong, Australia. 
*Department of Postgraduate Physiotherapy, University of Otago, New Zealand. 

INTRODUCTION 
Limitations are present in the accuracy and complexity of three dimensional 

(3D) human movement analysis due to the ability to identify and track individual points 
appearing in mUltiple camera images. Reduced external marker sets are often used, 
despite six to ten markers per 3D segment being recommended for accuracy in 
determining segmental based coordinate systems (1).. The aim of the present study was to 
investigate the use of conjugate imaging techniques in the automated reproduction of 3D 
coordinates from multiple camera images, and to identify procedures which will enable 
the application of conjugate imaging techniques to the analysis of human motion. 

METHODOLOGY 
An important concept of conjugate imagery and epipolar geometry (Figure 1.) is 

that conjugate image points will always lie on conjugate epipolar lines regardless of 
camera orientation (2). With error in digitised camera image coordinates, several 
assumptions need to be inade: i) a conjugate image point will lie at some finite distance 
from a conjugate epipolar line, ii) a conjugate image point will not necessarily be the 
closest image point to the conjugate epipolar line, and iii) an image point and its collinear 
line may be coincident with more than one set of multiple conjugate image points and 
their respective collinear lines With these assumptions, four criteria were established for 
testing the validity of conjugate image points The four criteria were 1) Conjugate Point 
Error (CPE), the perpendicular distance between the conjugate image point and the 
conjugate epipolar lin, 2) Lab Point Standard Error (LPSE), the standard error between 
the least squares lab point and paired conjugate image points, 3) Lab Point Error (LPE), 
the maximum radius over which a lab point may vary, and 4) Lab Point Paired Error 
(LPPE), the maximum distance between paired conjugate image points" The criterion 
values were established as part of the standard camera calibration procedure. An 
algorithm was then developed to systematically build up conjugate image points and then 
either combine or eliminated lab points based on criterion values, 

RESULTS 
The error in calculating lab points from paired conjugate image points was 

found to be dependent on the included angle between the first camera image point, the 
resulting lab point and the second camera image point. This error approached infinity as 
the angle approached 180 degrees. To enable comparisons of derived measures which 
use the error in the lab point produced by paired conjugate image points, such as LPSE, 
each paired error had to be normalised to 90 degrees" The normalised LPSE was 
reflective of the error, or 'tightness': of the photographic and digitisation process. The 
CPE was dependent on the camera involved and represented the accuracy of the digitised 
points and camera calibration, hence a CPE was required for each camera. The present 
system accurately predicts 3D coordinates and conjugate image points for a 55 point 
marker system viewed in four cameras (digitisation error < 0.2%, minimum lab point 
separation of 6 crn, and approximately even numbers of lab points visible in two and 
three camera images). With increased error in digitised coordinates, improved results 
could be obtained by increasing the number of cameras, This increased the number oflab 
points viewed in greater than three cameras and improved determination of the validity 



of conjugate image points. The present system was capable of predicting 3D coorJ.6~te 
for a 55 point marker system viewed in eight cameras (digitisation error < 0.35%, 
minimum lab point separation 6 cm, and lab points visible in three and four camera 

.. ',.images) . 

. DISCUSSION 
This study has shown the applicability of conjugate imaging techniques in the 

automated reproduction of3D coordinates in human motion analysis. The capacity of the 
present system to accurately reproduce 3D coordinate data is dependent on the error of 
the digitisation process, the minimum distance between lab points and the number of lab 
points appearing in just one or two camera images. The present system did not appear to 
be limited by the maximum number of lab points or cameras (tested with 55 marker 
points and 8 cameras), When the magnitude of LPE approached the minimum lab point 
separation, as with increased digitisation error and closeness of markers, improved 
results could be obtained by increasing the number of cameras., Further investigation is 
being conducted into the relationship between the digitisation error, the lab point 
separati~n, the number of cameras and the ability of the present system to automatically 
reproduce 3D coordinates. The application of automated 3D coordinate reproduction in 
3D tracking will lie as a starting point in an iterative algorithm similar to that described 
by Miller et al.(3), 
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Figure 1. Conjugate imagery and epipolar geometry 
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CONTRIBUTION OF MONO- AND BIARTICULAR MUSCLES TO BALLISTIC 
MOVEMENTS 

CARPENTIER A., DUCHATEAU 1. and HAINAUT K 

Laboratory of Biology, Universite Libre de Bruxelles, Belgium 

INTRODUCTION 
During fast voluntaJY movements muscles with different histochemical and 

physiological profiles very often cooperate in synergy with the development offorce and 
speed, but their respective contributions remain an exciting question. The Triceps surae 
is an interesting muscle because it consists of the Soleus (Sol), which contains mainly 
slow fibres and the gastrocnemii (Gasts), with about an equal aInount of slow and fast 
fibres (Johnson et al, 1973), all diStally linked by the SaIne tendon. We have shown in a 
previous paper that during fast plantar flexions, the ratio Sol/Gasts Electromyographic 
(EMG) activities decreases with the increasing speed of movement (Carpentier et al, 
1993). In the present work we compare the contributions of mono articular Sol and 
biarticular Gasts during fast plantar flexions performed in two different positions .. 

METIIODS 

After expressing their informed consent, eight male subjects aged 18-28 yeaJs 
took part in this experiment.. During the experimental session, the subjects lay on their 
backs with the left foot attaChed to a movable support, and performed plantar flexions at 
speeds increasingfi:om lIQ~(sec to .their maxima. Two-articular knee positions{90° and-· 
18-0°) were tested -with the foot at 90° The angular ankle motion was registered by way 
of a linear potentiometer and the angular speed was estimated from the first deIivative of 
its output. Sol and Gasts EMG activities, recorded by way of surface electrodes over the 
motor point, were amplified (2,000 - 5,000), filtered (50 Hz - 5 KHz) and rectified 
before computer analysis. The integrated EMG activity was normalized with respect to 
its duration. 

RESULTS 

Our experimental results indicate that the maximal speed of plantar flexion is 
largeI when the knee is flexed at 90° as compared to the extended position, respectively 
425 ± 71 and 306 ± 60 o/s (mean ± SD).. At maximal speeds of movement the relative 
EMG activities of Sol and Gasts are identical in the two knee angulations. At 
submaximallevels however, as the speed of movement increases, the linear increase in 
EMG appeaJs to be laJger in Gasts as compared to Sol at 90° flexion, while it is the 
opposite in the extended knee position .. For example, the comparison of the SollGasts 
EMG ratio at 1200/s and at maximal speed of movement shows a 45 % decrease at 90° 
knee flexion and a 102 % increase in the extended position (Figure I). 

DISCUSSION 

The observation of a decrease in the maximal speed of the plantaJ flexion in the 
extended knee position as compared to 90° flexion is sup rising since in the former 
position, the Gasts are slightly stretched and should thus be in their optimal length­
velocity relationship. Decreased muscle activation cannot explain this observation since 
at the maximal speed of movement: (1) the Gasts EMG activity is laJger in the extended 
knee position as compared to the 90° flexion; (2) the relative contribution ofGasts and 
Sol is not significantly different in the two articular angulations. 

It is interesting to note that for submaximal speeds of movement the Sol/Gasts 
EMG ratio is larger at the 90° flexion of the knee while it is the opposite in the extended 
position. This finding, which is mainly related to ~ modulation of the Sol EMG activity, 
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.. that the neW'al Sol command adapts to the mechanical length-velocity efficiency 
Gasts in order to produce optimal torque ?uring the m~vement. 

In conclusion, these results extend prevIous observatIOns (Duchateau et al, 
; Le Bozec et al, 1980) to ballistic m~vemen~s and further support ~e view . 

a specific control of muscles which act m synergy and thus optimally combme 
contractile properties with respect to the programmed speed of movement in 

articular positions. 
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Figure 1 : Histograms showing the So1JMG EMG ratio (mean ± SE) during plantar flexion at slow 
(1200 /s) and fast (maximal) velocities for two knee angulations * Statistically different at P < 0 05 
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APPLICATION OF CONCEPTS VALIDATED FOR DENTAL 
IMPLANTOLOGY TO JOINT PROSTHETIC SYSTEMS DESIGN 

F.Casolo, V Lorenzi, A Vallatta 
D S T ,M" - Politecnico di Milano, Milano, ITALY 

INTRODUCTION 
Today's strumentarium and procedure for the preparation of artoprostheses seat in 

the bone are, in most cases, very damaging for the tissue surrounding the implant The 
main sources of damages are the following -The bone during the workmanship or the 
polymerisation of the cement interface ( if present) reaches a too high temperature over 
50°C the tissue is permanently damaged" -Most of working tools make relevant damages 
to the network of blood vessels, pulling them out fr'om their location in the 
intertrabecular spaces filled with marrow. -The over-stress of the bone surrounding the 
implant seat during workmanship also causes local necrosis of the tissue, -In some cases, 
the tools are not provided of a vent for the liquids collected in the cavity, thus they also 
induce over-pressure on the tissue over-pressure causes structural damages and ischemia 
in the bone tissue -Moreover, over-stress is also often originated after the implantation 
of the prosthesis, by the interference of the prosthesis with its seat, by the presence of 
bony debris at the implant interface or again by the liquids that can't find a vent during 
the stem positioning., 

Out of these factors that inainly cause bone necrosis and its consequent 
reabsorption,--big gaps.are-also generally evident in certain· zones of the interfaces (even 
in presence of interference at other locations)., These gaps are due to involuntary 
movements of the tools during the machining and to trabecular fractures caused, for 
instance, by inadequate sharpening of the tools; they also can compromise the primary 
stability of the implant and increase the tissue recovering times 

A fibrous tissue membrane can originate from micro-movements of the prosthesis 
with respect to the bone, 

Most of these damages are particularly evident in the trabecular tissue; this is 
probably one of the main reasons why some prosthetic stems have some links with the 
cortical bone 
MA TERIALS AND METHOD 

In a recent research we studied how to solve very similar problems for dental 
endoprosthetic implants" We designed a new system which allows interface recovery 
without any woven bone production and reduces drastically the healing phase, achieving 

egration" of the lant bone recovery" 
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Fit a) histological section of the dental endoprosthesis, b) unscrewed implant, 
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. key factor is a very precise congruence of the implant with its seat, obtained without 
" . or overheating the tissue In fact, primary bone formation consequent to 

·nV'Ol-~"· 

'bone cutting can only ~ll few ~lm gaps !he implant is a particularly shaped screw w~th a 
"'I' drical neck, a comc core and an helIx adequate to the spongeous bone The comc 
,.~y 1; assures an exact coupling with the seat; the cylindrical neck prevents the stress 

C~:elding of the spongy bone by the cortex. The most important and innovative part of 
· :h~ system is the precise strumentarium, whose main components are a stepped milling 
bon~ cutter, a conic reamer and a flow tapping tool, Histological sections of the implant, 
. st after the surgery, show the precise congruence implant-seat, and the absence of 
~arnages to the trabecular structure (Fig 1a), SEM analysis of unscrewed implants 
demonstrated the presence of vital tissue at the interface just few days after the surgery 
The measure of the couple required to unscrew the implant shows a drastic shortening of 
the recovery phase (on animal tests) 

The above described approach can be applied to joint replacement only if similar 
precision tools can be utilised, for example, ifrasps are needed, it is impossible to obtain 
the high quality workmanship required for the "primary bone recovery" Therefore we 
start from joint prostheses characterised by axial symmetric stem An important goal that 
we ar'e trying to achieve is to preserve as much bone as possible by minimising the stem 
size Also in this case, beside verifying the effect of surgical procedure, interference and 
gaps, it is important to analyse the stress pattern of the bone when the implant is loaded., 

· For this aim F E method has been applied The parametric and axi-symmetric model of 
· the stem with the bone allows a quite dense mesh, with relatively short run times, suitable 

for parameters optimization, it also allows to input physiological (not symmetric) loads 
The model parameters are. stem length diameter and tapering, pitch, thickness and depth 
of the thread, bone geometry and apparent density 
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fig.3 equivalent stress along the cortex a)for threaded and b )for not threaded stem 
Preliminary results show, for instance, that the presence of a thread with low pitch­

depth ratio implies stress shielding, therefore, bone reabsoption near the core (fig 2 a) 
Moreover big transversal dimensions shift bone stress proximally (fig 2b) and the 
presence of a large thread seems to produce the same result with less material and 
relatively lower stiffness 
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KNEE JOINT TEST IN UNLOADED CONDITION 

F. Casolo, M. Galli, A Vallatta and B. Zappa 
D. S T.M Dept, Politecnico di Milano, Milano, Italy 

INTRODUCTION 
The evaluation of the knee movement without external load, can be useful for the 

diagnosis of knee pathologies or to evaluate the performance of artificial joints, in 
particular' when other deambulation disorders can affect knee motion during gait analysis 
or when the subject is not jet allowed to walk. 
Standard gait analyses are also affected by a number of artefacts which are incompatible 
with the precision required for those kind of diagnoses For both opto-electronic and 
goniometric methods, the main source of ermrs is the impact phase of the walking cycle 
In this phase the dynamic action~ on the skin where the markers ar'e placed, and on the 
goniometers lead to relevant movements with respect to leg bones., 
To overcome those problems we choose to analyse a knee movement simple, repeatable, 
not including the impact on the ground and not requiring to the knee to support the body 
weigh. Even for the leg extension of a seated patient, the movement of the markers on 
the skin is not negligible, thus we tried to find some location where is possible to fasten a 
mechanical device on which markers are placed. Because of the geometry of the body 
segments in o~jects, where longitudinal -along the diaphysis- and transversal dimensions 
are very different (the second are very little), it is also important to locate at least one 

----marker far-from the longitudinal axis and then out of the body shape, this is another 
reason for using a mechanical device on which markers can be placed as required 
MATERIAL AND METHODS 

Our measures, obtained by means of an opto-electronic apparatus, concern the 
relative motion of tibia and femur, therefore we link to the only moving segment - the 
calf - a rigid frame, connected to the tibia (Fig 1). 

a b 
Fig 1 The rigid thme and the restraining system 
A special clamp, designed to hold both malleoli, is connected with a light transversal bar 
(A) in order to cany the !lout oflongitudinal axis" markers Another bar (B) is faced to 
the tibia and pressed on it by means of an elastic strip. The rigid connection of the 
structure to the malleoli is obtained by a material preformed with the bones shape as 
shown in Fig. 1 b. 
The femur is maintained in place by mean of another clamp faced on the lateral condyles 
and by fixing the pelvis at the iliac crests level The subject, seated in a standar'd posture, 
is asked to fully extend the knee and than to come back to the initial position of 90° 
flexion All subjects are tested five times for three conditions after the first five times, 
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the subject take a little walk, than came back to the special chair for the second set of 
measures, than, before the last set of measures, the apparatus holding the markers is 
removed an replaced All tests proved a good repeatability - except for flexion angles 

,"near zero deg. - and frame positioning is not a critical factor., 
lr>ISCUSSION 

. From the trajectory of the markers we compute the rotation matrices (R) of the 
moving segment with respect of the chair reference frame, 
The representation of the results and their analysis require the choice of a set of angular 
parameters to be displayed All sets of angular coordinates (e.g. Cardan, Euler, 
Rodriguez-Hamilton parameters, helical axis parameters, etc) can be calculated from the 
rotation matrix R It is consequently also possible to pass from a system of angular 
coordinates to another one by means ofR and to represent the same movement with 
different sets of graph Some conventions must be avoided because presents singularities 
within the range of motion analysed, some other amplifies certain motion peculiarities 
and can be adopted to study special pathologies It is generally convenient to adopt 
angular parameters having a clear' physical meaning. Using one of the six Cardan 
sequences of rotation to analyse the knee in a physiological range of motion, all 
conventions characterized by the second rotation ar'ound the flexion axis -floating axis-

. should be avoided for instance in these conditions, when flexion approaches to 900 

little errors on this angle can origin drastic changes on the other two angular' coordinates, 
, All six Euler sequences must also be avoided because of singularities in the knee range of 

motion We usually adopt a Car'dan convention with the sequence of rotations around 
y, Z, x axes and we define the three angles as flexo-extention, abdo-adduction, and intra­
extra rotation Most of tests (fig 2b) show that intra-extra rotation diagrams during 
extension, can be quite different with respect to the ones relative to the flexion phase 
hear full flexion, while they are very similar' in the other interval, Knee geometry allows 
in fact both active and passive intra and extra-rotiation when the knee is near full flexion. 
Consequently nothing can be deduced comparing intra-extra rotation when flexion 
assumes high values On the contrary we can obtain interesting results with our 
appar:atus measuring active intra-extra rotation while:fl:exion is constant 
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EXAMINA TION OF THE LANDING FROM A DROP 

John H Challis 

Applied Physiology Research Unit, School of Sport and Exercise Sciences, University of 
Birmingham, UK 

INTRODUCTION 
In a number of sporting activities it is necessary to control the landing from a drop 

There has been research into both the kinematics and kinetics oflanding from a drop 
(e g McNitt-Grayet al , 1993, Devita and Skelly, 1992) It was the purpose of this 
investigation to examine the landing from a drop of a group of subjects, and to use a 
model to examine the strategy used by the subjects to perform the landing 

METHODS 
Eight female subjects participated in the study (mass 57 9 ± 7 6 kg, mean age 20 6 ± 

1 9 years) All subjects were actively involved in gymnastics, were healthy, and gave 
informed consent The subjects were instructed to perform barefooted vertical drop 
landings from three different nominal heights (0 25, 044, and 0 80 m), they performed 
two trials from each height. Their aim was to control the landing and return the body to 
upright standing posture They were free to select their strategy for controlling the 
landings For each subje~t the order of the nominal drop heights was randomised Prior 
to experjm~nt<l,l testing ~lll?i.e~ts attencied a practis.~ sessiQI) to familiarise themselves wi!h 
the task required of them Subjects performed a self selected warm-up before both the 
familiarisation session and the test session 

A Kistler (9281B 12) piezoelectric force plate was used to collect ground reaction 
force data at a sample rate of 1000 Hz, for a time period of three second, with sampling 
being triggered by landing on the plate Kinematic data were obtained using a video 
based motion analysis system sampling at 50 Hz, these data were synchronised with the 
force data The data resulting from the force plate and video analysis system were 
combined to provide kinematic and kinetic descriptions of the landings, and to compute 
the true drop heights, as measured by the displacement of the centre of mass from the 
start of the drop until initial contact with the plate 

A model of the landing from a drop was developed This model consisted of two 
masses separated by spring and damping elements, there was also a spring and damper 
between the lower mass and the ground (see figure la) In the model the lower mass 
represented the feet and shanks of the subjects, the lower damper and spring characterise 
the interaction between these segments and the force plate surface The other mass 
represented the remainder of the body, with spring and damper designed to represent the 
actions of the remainder of the body The model validity was assessed by determining 
model parameters for one trial and then simulating the next trial with the model and 
comparing model output which actual measures The parameters for the model also 
permitted calculation of other parameters which permitted characterisation of the 
landing, for example damping ratio, and damped frequency 

RESULTS 
From the nominal drop heights of 0 25 m, 0 44 m, and 0 80 m, the mean true drop 

heights were 0 217 m, 0356 m, and 0 711 m With an increase in drop height there was 
an increase in maximum peak vertical ground reaction force, the mean peak vertical 
forces were 3 82,486, 842 body weights The time to peak vertical ground reaction 
force decreased with increasing drop height, the mean times were 00546 s, 00507 s, 
and 0 0371 s 
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Model parameters were determined for each subject The accuracy of the model for 
landings is demonstrated in figure 1b for a single subject, the graph shows the 
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Figure 1 - (a) A schematic representation ofthe model (b) Graph showing model 
predicted vertical ground reaction force for a drop from a low height (0 217 m) 
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ij;$OISCUSSION 
;;i~: The results indicate the large forces the human body can experience as a 
::,:':'consequence of a landing from a drop The results also indicate the obvious strategy 
:'Yii~ed by the subjects oflowering their centre of mass when leaving the platform for 
: dropping therefore the actual drop heights were always less than the nominal drop 

:height 
;",: 

The parameter values for the lower damper (c 1) and spring (k 1) were different for 
· each subject but consistent across trials As the force plate was assumed to be 
· sufficiently rigid to assume c1 and kl were not significantly influenced by it, these 
'0 parameters repr esent the action of the foot in .attenuating the initial force at impact 

They therefore represent the properties of the ball and arch of the foot, and the heel pad 
Th~ upper damper (c2) and spring (k2) represent the combined actions of the muscles, 
predominantly of the legs, in controlling the landing In all cases the motion of this 
system could be described as overdamped in that the system permitted oscillatory 
-motion With increasing drop height the stiffness of the spring remained constant but the 

, .~egree of damping increased with drop height, therefore the damped frequency 
, . decreased with drop height 

• Despite the non-linear properties ofthe elements which comprise the musculo-
.. skeletal system, the relatively simple model predicts with a reasonable degree of accuracy 

the ground reaction forces as a consequence of landing from a drop As such the model 
· indicates a possible strategy used by subjects to control tl).e landing from a drop The 

inodel can be used for predictive purposes, for example to estimate the forces a subject 
:-would experience when dropping from a given height 
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OPTIMUM LENGTH OF MUSCLE CONTRACTION 

Y.w. Chang, F.C. Suo II W. Wu, KN. An* 

Institute of Biomedical Engineering, National Cheng Kung University 
Tainan, TAIWAN. 

*Orthopedic Biomechanics LaboratoIY, Mayo Clinic 
Rochester, MN 55905, U.S.A. 

JNTRODUCTION 
Muscles actuate movement b"y developing and transmitting forces to the skeleton .. 

Understanding the characteIistics of muscle contraction in vivo is impOItant for designing 
the surgical procedure of tendon transfer and rehabilitation program Mathematical 
modelling has been used for descIibing the muscle contraction. However, in vivo 
deteImination of the physiological and anatomical parameters is difficult but not 
impossible. The optimum muscle length and the associated joint position where the 
niaximal muscle contraction force occurs are two of the important parameters for 
complete description of mus9le model. The pUIp ose of this study is to develop a method 
to determine these two parameters based on the physiologically and anatomically 
measurable data. Three major elbow flexors, biceps brachii (BIC), brachialis (BRA), and 
brachioradialis (BRD), wete tested. 

METHODS 
Theory The basic rationale for solving the unknowns was that the external torque 

equaled to the summation of product of each elbow flexoI force and its cOllesponding 
moment arm, The equation could be simplified as follows for the event of maximal 
voluntary contraction. 

3 A A ,= "(F +F )*PCSA *0' *h ~ It p<lr 1 I I 
1-1 

where T was external torque. Normalized muscle forces due to active and passive 

length-tension relationship (fr, and ~J were a function of muscle strain (8=(/-10)/10; 10 

for optimum muscle length; I for muscle length). Physiological cross sectional area 
(PC SA) was adapted from literature. Moment arms (h) were calculated from 
biomechanical model of upper limb. Therefore, only optimum length and muscle stress (cr) 
remained unknown. Eight elbow joint positions were tested so as to provide eight 
equations for solving six unknowns. The determination of unknowns resuhed in a 
sophisticated problem that had to be solved by using optimization approach due to the 
error of experimental measw'ement and the complexity of nonlinear equations. The 
objective function was mean square error.. 

Experiment Four male and fOUI female normal subjects participated in the study. 
Mean age, weight, and height were 24.55± 1.13 year'S, 55.44±4.58 kg, and l65.13±5.62 
cm, respectively. None of these subjects had previous history ofneuromuscu1oskeletal 
disorders in upper extremity. A Cybex isokinetic dynamometer was used to measure 
external torque applied at right elbow joint. Data were sampled at 2000 Hz by a 386 PC 
and IEEE488 AID card. Each subject exerted maximal voluntary effort in 15, 30,45,60, 
75, 90, 105, 120 degree of elbow flexion with 15 degree abduction of the shoulder.. The 
duration of a sustainable effoIt was 2 seconds by a 2 minutes relaxation. 

RESULTS 



165 
Average muscle stresses of male and female were 118 and 77 Nlcnr, respectively. 

,difference was significant (p<0.001). Muscle force could be predicted by product 

normalized muscle force (ft, + ft), PCSA, and muscle stress .. The individual muscle 

~~~~Jllent was obtained by product of the muscle force an~ its .moment arm. The pI'edicted 
;~;:8lnt p10ment and measured external tOI'que were shown m Figure l. 
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Figure 1: x for predicted moment; 0 for Cybex torque 

" hiScUSSION 
Compared predicted optimum muscle length with muscle fiber length adapted fiom 

{\J], et al (1981), the data were quite similar (Table 1). Also, the agreement between 
theoretically predicted and experimental moments was very good" However, for large 
elbow joint (120°), the discrepancy increased. This eIIor may be due to some 
oversimplified assumptiOJ;l.s, the experimental measuring error, and numerical error from 

,9Ptimization method. This study provided a method to predict the argued biomechanical 
pariuneters. The maximal muscle stresses of the three major elbow flexors were derived. 
Therefore, the limited capacity of human maximal muscle exertion was revealed 

'quantitatively for male and female. The optimum lengths of the three majOI elbow flexors 
! ·and their associated joint angle were significantly different. It implied these three muscles 
may dominate the muscle fOI'ce at different range of motion. Additionally, the 
tec'ruitment of a specific muscle in overall fOI'ce production not only depended on its 
loading condition and constraints of the joint but also on its muscle fibeI' type and angle 
location of optimum length. In further analysis, EMG will be analyzed to determine the 
neuromuscular activation in submaximal isometric contraction and dynamic exercise both 
to confirm the muscle model and for clinical application. 
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IN VIVO INTRA-MUSCULAR IMPLANTATIONS OF PHBIHV POLYESTERS IN 
SHEEPS. mSTOPATHOLOGIC AND BIODEGRADATION RESULTS. 

1.2Chaput, C., lRhalmi, S., 2Yahia, L.H., 3Selmani, A., lRivard, C.-H. 
IDepartment of Surgery, Ste-Justine Hospital, Montreal, Qc, CANADA; ~iomedical 
Engineering Institute, Ecole Poly technique , Montreal, Qc, CANADA; 3Chemical 
Engineering Department, Ecole Polytechnique, Montreal, Qc, CANADA. 

INTRODUCTION 
Poly(B-hydroxybutyrate-B-hydroxyvalerate) [PHB/HV] are microbial polyesters 

intra-cellularly produced as carbon/energy reserves for prokaryotic cells. They have been 
often compared to polypropylene in terms of physico-chemical (melting point, crystallinity 
level) and tensile properties, however PHB/HV polymers are reported as biodegradable 
materials (Brandl & al. 1990). They have been evaluated as degradable, biocompatible 
and natural thermoplastics for surgical devices. Drug delivery systems, sutures, bone 
plates and reconstructive devices have been proposed with PHB homopolymer (Holmes 
1985, Brandl et al. 1990), but PHB membranes were also studied In vivo for guided tissue 
regeneration and thoraco-abdominal tissue reconstruction in animals (Malm & al. 1992, 
Boeree & al. 1992). PHB/HV polymers present improved physico-chemical (processi­
bility, tactility) and accelerated hydrolytic degradability, and are now prefered for surgical 
implantable systems. 

MATERIALS & METHOD 
Three commercial PHB/HV (HV 7, 14 & 22%) copolymers were dissolved in 

chloroform (10% w/v) and cast on the glass surfaces of Petri dishes. The solvent was 
allowed to evaporate for at least 96 hrs, and all PHB/HV films were stored at room 
temperature. PHB/HV materials for implantations were sampled in rectangular film 
specimens. The specimen sizes were measured using a digimatic micrometric caliper. All 
specimens were sterilized by EtO. The PHB/HV films were implanted in dorsal muscular 
tissues of adult sheeps for 1, 5, 8, 11, 15, 20, 25, 30, 52, 66, 70 and 90 weeks. The 
animals were anesthezied using AcepromaycineR and ThiopenthalR 5.0%, surgically 
maintained using HalothaneR 1.5 %. The dorsal region was incised on each side of the 
spine. The muscular tissues along and beside the spine were degaged, and three 
in dependant pounches were created. One PHB/HV specimen was disposed in each pounch 
and attached to the muscles by four permanent ProleneR sutures. The pounches and 
incisions were closed with absorbable DexonR sutures. During the two days following 
surgery, the sheeps were admisnistrated with analgesics and antibiotics (DemeroIR/Perm­
Ion?). Sacrifices were perfored by EuthanylR overdose, the muscular bundles and PHB/­
HV specimens were excised. The samples were grossly dissected to degage the PHB/HV 
films. Specimens for histology were excised at 1, 5, 11, 20, 66, 70 and 90 wks and fixed 
in 10% formalin.The histological analysis was performed conventionally using paraffin 
embedding, thin slides (2-4!lm) and Hematoxylin/Eosin staining. The tissues were 
enzymatically digested using collagenase (37°C, 1 week), then separated from the 
PHB/HV films in distilled water (density gradient). All PHB/HV specimens were washed 
using distilled water and ethanol, air-dried at 40°C, then stored at room temperature. 

RESULTS & DISCUSSION 
The mean weight and surface area of the PHB/HV specimens are 284.2+1-140.5g 

and 2715.5 +1-591. 1mm2, respectively (N=30): HV7% 305.5+1-173.7g and 2439.1 +1-
280.9mm2 (N=lO); HV14% 288.5+1-139.9g and 2885.6+1-715.9mm2 (N=lO); 
HV22% 258.7+1-112.4g and 2821.7+1-636.2mm2 (N=lO). The PHB/HV specimens 
rapidly break up at the suture attachments, then lose its initial plane disposition inside the 
muscular fibrous tissues and start to fold up on itself. At 1 and 5 weeks, most PHB/HV 
films still remain intact in the muscles, then, for implantation periods of 5 wks and up, all 
PHB/HV specimens break up in film portions and debris. However, PHB/HV portions 
and debris did not travel through the muscular tissues, but remain concentrated at the 
same site. For all implantation periods, PHB/HV materials are rapidly infIltrated and 
surrounded by muscular tissues and membranes. Implantations from 5 to 30 wks 
demonstrate a thin fibrous caosule infiltratinQ: the PHB/HV oortions and surroundinQ: the 
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PHB/HV materials. For 66 to 90 wks implantations, the PHB/HV debris were 
'odividua1ly surrounded by thin fibrous capsules, packed together and surrounded from 

. fue muscular tissu.es by a 0ick membrane. No abscess .fonnation and tissue n.ecrosis was 
'observed in 0e tlssues. adjacent to the PHB/HV specImens .. The caspule thIckness and 
cellular activIty at the Implant surface were evaluated by hIstology: mflammatory cells 
(macrophages, neutrophiles) were observed in the fibrous capsules at 1 and 11 wks. -~ 30 r-----------------------------------~ 
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Figure 1: The weight loss prediction versus the In vivo degradation time. 
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::: ... J'igure 2: The weight loss rate (Kd) increases with the hydroxyvalerate (HV) content. 

The PHB/HV materials present extremely variable and low weight losses during 
the intra-muscular implantations in sheeps. Most PHB/HV implants still remain intact at 
70 and 90 wks. The weight loss rate, as determined by correlation analysis with the time, 

,ranges from 0.27 to 0.31 %/wks over the In vivo period, and seems to increase with the 
HV content. Physico-chemical and microstructural analyses (GPC, DSC, NMR, SEM) 
will inform us on the real In vivo degradation effects and kinetics. Although the weight 
loss was highly irregular and variable In vivo, the results 'suggest that PHB/HV materials 
chemically and/or enzymatically degrade, but present extremely low dissolution even for 
long-term implantations (years). 
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INTRODUCTION 
CurI'ent evaluation of fracture healing relies on manual stability testing, radiology 

and the empirical passage of time. Kenwright (1985) estimated that this assessment is 
accurate in 90% of long bone fractures to ± 3 weeks. Techniques such as vibrational 
analysis, wave propagation analysis and strain gauge instrumentation of fracture 
fixation devices have been investigated with the aim of objectively assessing the 
mechanical properties of healing long bone fractures. These techniques are indicators 
of fracture stiffness. In clinical practice, our main objective is to assess fracture 
strength. In assessing refracture risk with stiffness monitoring, a workable correlation 
between stiffness and strength must be assumed. The aim of this study was to examine 
time related stiffness and strength changes in a healing fracture and to test the validity 
of this assumed correlation between stiffness and strength. 

METHODS 
An osteotomy of the left tibia of 40 merino wethers (after the application of an 

external fixator) was used as the fracture model. The sheep were then able to ambulate 
freely on the fractured limb. Eight sheep were randomly assigned to each of 5 groups 
destined fot CUlling at 2, 4, 6, 8 or 10 weeks. After culling both tibiae were excised, the 
right acting as a control. The bending stiffness and strength of the excised tibiae were 
determined in the mediolateral plane with four-point mechanical bending tests. 
Stiffness was calculated from the slope of the bending moment/displacement curves, 
both at low loads, LLS, (15 ON) and at failure loads, FLS, (to 2250N). The ultimate 
strength was determined from the highest load value. Stiffness and strength values 
where expressed as healing ratios relative to the non-osteotomised control bones: the 
"low load stiffness healing ratio", LLSHR; the "failure load stiffness healing ratio", 
FLSHR, and the "strength healing ratio", SHR. These were all correlated against 
fracture healing time. The two stiffness measurements were then correlated against 
strength. 

RESULTS 
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The mean FLSHR (0.68) was found to be significantly lower than the mean 

LLSHR (0.85); p=3.1E-06. At 8 weeks mean ILSHR, FLSHR and SHR were 0.95, 
0.78, and 0.36 respectively. In the 10 week period of this study,S sheep showed 
LLSHR values greater than 1.0 (1.09 -1.27) whereas the greatest FLSHR in the same 
period was only 0.99. With small loads, the overall correlation between stiffness and 
strength is poor (R2=0.33). On further analysis of this data, however, a strong 
correlation is observed in the early stages of fracture healing (R2=0.79 for stiffness 
<7Nm!mm). Thereafter the correlation breaks down (Fig. 2). 

With the high "fail" loading forces, a much stronger correlation with strength is 
observed (R2=0.64). Similarly, this correlation is stronger at low stiffness values 
(R2=0.80 where stiffness <7Nm!mm compared with R2=0.20 where stiffness 
>7Nm!mm). When the stiffness and strength healing ratios are correlated, where 
LLSHR ~0.99 the SR ~0.24 but with values as high as 0.62 (Fig.3). Where FLSHR 
~0.99 the SR is ~0.33 (Fig. 4). 
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Because of the non-linear stiffness characteristics, studies looking to correlate 
stiffness as determined by direct mechanical tests with indirect stiffness assessments 
sucllas with vibrational analysis, will needJo take into account test loading conditions. 

In this sheep fracture healing model, the wide variations in the relative stiffness 
and strength values at any given point in time highlight the poor predictive value of the 
empirical passage of time as an indicator of fracture healing. 

The clinical implications of these findings are several. Stiffness monitoring can be 
~sed to quantify strength in the early stages of fracture healing. By being able to show 
a return to prefracture stiffness, a minimum str·ength value may be confidently 
predicted. In this study it is 24% under low loads and 33% under "fail" loads. The 
stiffness measured under higher loads better reflects the ultimate strength characteristics 
of the healing bone. This implies that clinical stiffness monitoring should ideally be 
performed under heavy loading conditions. 

If this 24% of prefracture strength is sufficient to support non strenuous, normal 
daily activities, then stiffness monitoring may be used to assess a clinical healing 
"baseline". It will not, however, predict which fractures have regained the greater 
strength characteristics required for the heavier loads associated with manual labour or 
professional sporting occupations. Thus any assessment of refracture risk based on 
stiffness monitoring techniques will be inherently limited. 
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GAIT OF NORMAL SUBJECTS IN SPECIALISED ACTMTiES OF DAILY 
LMNG 

Chen Xiaon, State Key Laboratory of Mechanical Transport, Chongqing 
University, Peoples Republic of China 

Paul J P, Bioengineering Unit, University ofStrathclyde, Glasgow, Scotland. 

INTRODUCTION. Although there exists a substantial literature on the 
kinematics of normal walking at uniform speed in a straigh t line on a level surface 
(Eberhart et al, 1947) and many other investigations have acquired data in the 
sagittal plane, the numbers offering a full 6 quantity, 3 dimensional analysis are 
considerably smaller. Activities other than straight line walking include the 
negotiation of stairs or ramps (Morrison 1967, Paul and Poulson (1972). Studies of 
locomotion in a nonlinear path have included Harrison and Nicol (1984) where 
athletic young subjects jumped, walked and ran in straight line locomotion and 
also in undertaking a right angle turn. This research programme relates to knee 
joint loading while carrying a load in one hand while walking in straight lines, 
circular arcs and sharp right angle turns. 

There has always been an interest in the fatigue strength of knee joint 
implants due to fatigue failures in service and wear since it is reported that 
massive bone osteolysis is triggered by the presence of wear particles of UHMWP. 
Standards for design and testing of implants require knowledge of load cycles and 
their frequency. The current investigation explores the protocols for kinetic 
analysis of gait while carrying loads and turning while walking. Shopping, carrying 
children, and using· public transport involves one-sided load carrying and 
negotiation of obstacles obstacles and _ taking avoiding action in crowded 
pavements, passages and corridors. 
MATERIALS AND METHODS. The preliminary stage of the investigation 
involves two adult male volunteers in the age range 30 to 40 years. Test subjects 
wore brief shorts, having bare legs and wearing normal footwear. Subjects were of 
normal body mass/stature ratio with no history of skeletal, articular or muscular 
dysfunction. The three dimensional trajectories of markers on anatomical 
landmarks were registered by a VIC ON Movement Analysis System in association 
with ground to foot force records from three Kistler Force Platforms, subjected to 
regular checks according to the CAMARC quality assurance protocol. This paper 
reports the ground to foot records obtained while carrying a 10kg suitcase in one 
hand and negotiating an arc of 2m radius or turning sharply through a right angle. 
The same procedures were undertaken unloaded. Subjects walked at their self­
assessed normal fast and slow speeds. 
RESUL TS. The figures show the X Z and Z components of ground to foot force 
(forwards, upwards and outwards respectively on the foot). Loading and fast speed 
give highest vertical forces. The forces ofthe two shear force curves interchange 
in the sharp turning activity. These specimen load curves indicate significant 
loading of the knee considered in a second paper. Slow speed of walking in both 
cases leads to a 3 peak Fy curve. 
REFERENCES 
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THE USE OF OPTIMIZATION METHOD IN PREDICTING THE 
ANTHROPOMETRIC DATA OF THE BIOMECHANICAL MODEL 

Cheng-Kung Chengl, Horng-Chang Chen2 and Chia-Ou Chang2 

lCenter for Biomedical Engineering and 2Institute of Applied Mechanics 
National Taiwan University, Taipei, Taiwan, ROC 

INTRODUCTION 

Many biomechanical models have used the kinematic, kinetic and anthropometric data 
combined with equations of motion to calculate the joint resultant forces and moments 
(Crowninshield and Brand, 1981) Once the joint resultant forces and moments were 
calculated, the reduction method or optimization method was then applied in the prediction 
ofthejoint force distributions (Cheng, 1988). The anthropometric data included the mass, 
center of mass, moment of inertia of the musculoskeletal segments (plagenhoef et ai, 
1983) Lack of the complete anthropometric data results in the estimation error of the 
model predictions The present anthropometric data used for the biomechanical model are 
based on Caucasian data In order to have the anthropometric data of the local populations 
and to overcome the problem of the individual difference, the optimization techniques were 
used with a two-dimensional eight-link biomechanical model to predict the anthropometric 
data (mass ratios (M), centers of mass (CM) and coefficients of moment inertia (CM!) of 
link segments) of the individual 

METHOD 

A two-dimensional biomechanical model of eight link segments, including hand, 
forearm, arm, head, trunk, thigh, lower leg and foot was developed The Elite motion 
analysis system was used to record and analyze the kinematic data of the biomechanical 
model The Kistler force platforms were used to measure the ground reaction forces of the 
foot Optimization techniques in minimizing the error between the estimated data from the 
biomechanical model and measured data from the force plateforms were applied as the cost 
function The estimated data and measured data included the ground reaction forces and 
application point of the ground reaction forces The optimization algorithm used is 
Adaptive Simulated Annealing (ASA) which was developed by Ingber (1993) The 
rational equality and inequality constraints were applied in the optimization calculations 
The initial anthropometric data (initial values) used for the optimization calculation were 
adopted from the literature published Caucasian data To verify the mathematical model, a 
custom-made three links' metal structure with known dimensions was developed to 
simulate the body leg Since the distribution ofM, CM and CM! of the metal structure are 
known, we can use it to verify the mathematical model Eight volunteered subjects were 
also studied to test the reproducibility and to have preliminary data of the local 
populations The subjects were asked to perform symmetrical free motion fr'om standing to 
half squatting 

RESULTS 

The estimated anthropometric data of the custom-made three links' structure were 
well verified with the known (calculated) anthropometric data in using above mentioned 
optimization methods The averaged estimated error of all the anthropometric parameters 
is 3 36% In the reproducibility study, two of eight subjects were studied twice to evaluate 
the reproducibility The results showed that the average errors ofthe mass ratio, center of 
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~~,0mass and coefficient of the mass moment of inertia are 1 13 %, 2 69% and 4 41 %, 
;h.tespectively The results of eight link segments in eight su~jects showed that high 
i,,;'iJdividual difference was seen due to different body shapes of eight subjects The average 
l ... 3ffference of all anthropometric parameters between the literature data and individual 
~:~'pfedicted data were ~anged ~om -10% to 11 % as shown o~ the Figure. 1 However, ~he 
J.J.verage data of the eIght subJects showed only about 4% dIfference wIth the CaucasIan 

~~tCUSSION 
".,,<, '" ' 
;~z,: ,:~' 

., According to the above results, the present method has demonstrated a good 
•• prediction ofthe human anthropometric data of the biomechanical model The method can 
•.•.. predict different anthropometric data for the different individuals The results also implied 

that global distributions of the human anthropometric data are similar between different 
race In conclusion, the present method has been verified as a possible method to predict 
the individual anthropometric data for the musculoskeletal biomechanical modelling 
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, Figure 1 Average difference of all anthropometric data between the literature data 
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;} and individual predicted data 
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ANALYSIS OF 3-D SHOULDER MOMENTS DURING DOOR OPENING AND 
CLOSING 

P. L. Cheng & A. C. Nico~ 

Bioengineering Unit, University of Strathclyde, Glasgow, Scotland 

INTRODUCTION 
Door opening and closing is one of the primary activities of daily living, and can be 

characterised as pushing and pulling. Although pushing and pulling strengths have been 
intensively investigated, most previous results are isokinetic and limited to the hand loads 
(Ayoub & McDaniel 1974, Snook 1978). Little attention has been focused on the 
shoulder moments during real pulling and pushing activities such as door opening and 
closing. In real activities, not only the hand loads but also the inertial and gravitational 
loads will influence the shoulder moments. The purpose of this study is to investigate 
how much shoulder moment is required during the door opening activity and how the 
hand loads, inertial and gravitational effects contribute to the shoulder moments. 
METHODS 

A simplified door was made for use in the motion analysis laboratory. The door was 
instrumented with a six-component strain gauged force transducer, which was fitted 
between the door and a cylindrical handle of diameter 0.03m. During the activities the 
forces acting on the hand qy the door handle were recorded by the A-D converter of a 
Vicon moti~n analysis system. The handle was 0.75m from the hinged left side of the 
door with a holding height of 0.9 to 1.3m from the ground. A viscous door closer was 
used as a resistance element. 

The subject stood with his right hand holding the handle and the arm fully extended. 
In order to allow the door to be fully opened without body movement, the frontal plane 
of the subject's body formed an angle of 30 to 45 degrees to the door. The whole activity 
involved pulling (opening) the door to the widest opening and then pushing it back to the 
original (closed) position without stopping between the pulling and pushing. The 
coordinates of sixteen markers, affixed to the trunk, arm and transducer, together with 
the force tr'ansducer signals were collected simultaneously by a six-camera Vicon motion 
analysis system at 50Hz sampling frequency. Four subjects were tested and each subject 
was measured three times. 

The kinematics data were filtered by a FIR filter at the selected cut-offfrequency for 
each data sequence using the residual analysis method (Winter 1990). The shoulder joint 
moments were calculated using the inverse dynamics method. The hand loads measured 
by the transducer, the inertial forces and torques and the gravitational forces of the arm 
were all considered in the calculations. 
RESULTS 

The three-dimensional shoulder moments expressed in the trunk coordinate system 
are given in Fig. 1 to Fig. 4, where Mx is the adduction-abduction moment about the 
posterior-anterior axis (directed forward), My is the inward-outward moment about the 
vertical axis (directed upward), and Mz is the flexion-extension moment about the 
transverse axis (directed from left to right). The resultant moment (Mr) and its 
components on the three axes of the trunk coordinate system ar'e given in Fig.l. The 
contributions of the hand loads, the inertial forces and moments of the arm, and the 
gravitational forces of the arm on the three orthogonal components of the shoulder 
moment are given in Fig.2 to Fig. 4, respectively. 

It can be seen that the major moment acting on the shoulder joint is the flexion 
moment, which is mainly caused by the gravitational effect of the arm. The peak resultant 
and flexion moments occurred at the starting and end point of the activity with the arm 
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fully extended. The contribution of hand loads and the inertial effects (Fig.2, 3) result in 
a decrease of the resultant and flexion moments at the beginning of the pulling phase 
(opening door), but the hand loads cause increased resultant and flexion moments in the 
pushing phase (closing door). The second major moment on the shoulder joint is the 
abduction moment (-Mx) mostly due to the gravitational effect. It was also found that 
the inward-outward rotational moment (My) and its three sources of contributions are all 
at a low magnitude. 
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Fig. 1 3-D shoulder moments 

5 

¢Mx 

i 5 

6-
"My 

0: D.Mz 
" j 0 

0 

-25 
Time in % of cycle 

Fig. 3 Shoulder moments by inertial effects 
. DISCUSSIONS 

10 

¢Mx 

5 " My 
E 
6- D.Mz '5 gO 
::E 

-5 
Time in % of cycle 

Fig. 2 Shoulder moments by hand loads 

10 

¢Mx 

5 "My 

~ D.Mz 
0: 
~O 
0 

::E 

-5 
Time in % of cycle 

Fig. 4 Shoulder moments by gravity 

The results shows that the gravitational forces on the arm are the major contributors 
. to the shoulder moment, especially during pushing a door and at the starting and end 
points of the activity, at where the maximum shoulder moment occurred. The resistance 

, of the door, represented by the hand loads, reached a maximum value of 70% of the 
moment due to the gravitational effects at the cOIT'esponding point. In the pulling phase 

'tt1e extension moment (-Mz) due to the hand loads was balanced by the flexion moment 
due to the weight of the ann. If the door is opened by pushing then the hand loads, the 
inertial effects and gravitational effects will combine to produce a larger shoulder 
moment. The maximum abduction moment reached 85% of the resultant moment at the 
corresponding point, therefore its contribution to Jhe shoulder moment must not be 
neglected in the biomechanical analysis of the activity. 
CONCLUSIONS 

Detailed information of the 3-D shoulder moment has been obtained and show that 
gravitational effects are dominant. It is recommended that full three-dimensional analysis 
. s required for the pushing and pulling actions, and that gravitational effects should not 
. e neglected. 
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MOTION PA ITERNS OF THE HEAD IN TI-IOROUGHBRED HORSES 
DURING DIFFERENT GAITS 

T.K. Cheung and K.N. Thompson 
Maxwell Gluck Equine Research Center 

University of Kentucky 

Lexington, USA 

INTRODUCTION 
Studies of equine kinematics have been generally concentrated on the limbs. Less 

attention has been paid to the movements of the head and neck. These segments of the 
body compose a significant percentage of weight (head = 4.5%, neck = 5.5%) of the 
horse (Leach and Crawford, 1983), and their movements will undoubtedly influence gait 
patterns and energy exchange with other segments of the body in each gait cycle. The 
head and neck movements are therefore an integral part of equine locomotion. The 
change in movement patterns of the head was observed for horses with various degrees 
of lameness (GiItler and Floss, 1983). Recently, head and withers excursions were 
reported for horses before and after an induced carpal lameness (peloso et al, 1993). 
Data of these studies showed that the heads of nonnal horses rose and fell twice in a 
sinusoidal manner within a stride cycle for both the walk and the trot. Given limited data 
reported in the literature, the purpose of this study was to further investigate the 
characteristics of head movements in nonnal Thoroughbred horses exercising at different 
gaits and to relate these movements to the metacarpophalangeal (fetlock) joint. The 
fetlock joint was chosen because of its clinical and biomechanical importance in equine 
locomotion study. . 
MATERIALS AND METI-IODS 

Eight horses, five geldings and three mares between 10 to 15 years of age were used 
and trained to exercise comfortably on treadmills. The weight of the horses ranged from 
450 to 550 kg. Reflective markers were placed at the nose, mid-metacarpal bone, fetlock 
joint and mid-proximal phalanx of the left forelimb. The horses were then walked, 
trotted, cantered, and galloped on a horizontal treadmill at 1.9,4.0,7.0 and 9.5 mls 
respectively. The horses' movements were recorded two-dimensionally at 200 frames 
per second (Motion Analysis, Santa Rosa, USA). The lead forelimb was used at the 
canter and gallop. The fetlock joint angle was calculated in terms of the dorsal angle of 
the joint. Velocity of the head was taken as the time derivative of the head displacement. 
Stride characteristics of the left forelimb were identified with the fetlock joint angles as 
reported in the literature (Adrian et al., 1977; Ratzlaff et al., 1993). 
RESULTS AND DISCUSSION 

Fig. 1 showed that amplitude of head 
displacement was the least at the trot (9.4 
± 1.3 cm), while the amplitude was of 
relatively the same order between the walk 
(19.7 ± 3.0 cm), the canter (21.4 ± 3.2 
cm) and the gallop (22.0 ± 2.5 cm). The 
frequency characteristics also varied 
between gaits as shown in Fig. 2. Head 
movement in the canter and gallop 
followed a sinusoidal pattern with a single 
cycle, while the walk and trot were with 
two cycles as reported by Girtler and 
Floss (1983) and Peloso et al. (1993). 
Different frequency of rise and fall of the 
head appeared to be a function of 
symmetry of gait. The head dropped to its 
lowest position at approximately the mid­
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Fig. 1 Head displacements of test horses 
at different gaits (mean±SD). 

stance of each of the support forelimbs in the walk and trot. In the canter and gallop, the 
head fell to its lowest position before the stance of the lead forelimb and then rose at its 
maximum velocity during mid-stance, at which time the fetlock joint experienced 
maximum extension. Maximum upward velocity of the head was observed at the second 
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eak extension of the fetlock joint during the stance of the forelimb in the walle For the 

::hot, the head moved upward. at its h~g~est speed a!ter fetlock joint flexio!1 was initiat~ 
dUring the stance of the forelimb. Similar to the displacement, the magnItude of velocIty 
was lowest in the trot (66.7±12.9 cm/s) and highest in the gallop (135.0±23.8 cm/s). 

"~rhe velocity for the walk and canter were 100.0±6.3 and 103.0±24.4 cm/s respectively. 
<Results obtained in this study have shown the head movement patterns in vertical 
:diection in different gaits in relation to the fetlock joint activity. Further work is 
i!ecessary to fully describe the coordination between the head and other segments of the 
(i!j)bdy. 
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Fig. 2 Fetlock angles, head displacements and velocities in a stride cycle of 
the walk, the trot, the canter and the gallop of representative trials. (The 
left and the right of the dotted line shown in each graph represented the 
stance and swing phases respectively.) 
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LOWER EXTREMITY JOINT LOADlNG DURING IMPACT IN RUNNING 

G.K. Cole, B.M. Nigg, K.G.M. Gerritsen, and A.J. van den Bogert 

Human Perfonnance Laboratory, University of Calgary, Calgary, Canada 

INTRODUCTION 

Repetitive impact loading has been shown to produce cartilage degeneration in an 
animal model (e.g. Yang et al., 1989). Similar loading characteristics have been 
observed in the ground reaction force during heel-toe running leading to the assumption 
that runners may be at risk to the development of osteoarthrosis in the joints of the lower 
extremity. However, runners as a group do not show a higher incidence of osteoarthrosis 
(Konrad sen et al., 1990), which raises the question of whether the joint loading condi­
tions in the animal studies are the same as those in human running. These internal load­
ing conditions may differ since it is reasonable to assume that factors such as skeletal 
alignment and muscular activity, which influence joint loading, will differ between an 
active movement like running and the controlled conditions of the animal experiments. 
The purpose of this study was to estimate the sagittal plane contact forces in the ankle, 
knee, and hip joints during the impact phase in heel-toe running. 
METHODS 

A 2-0, forward dynamics model was used to provide estimates of joint contact 
forces. The model consisted of four rigid segments (foot, leg, thigh, trunk) connected by 
hinge joints. Body mass and segment lengths were obtained from a male subject. Eight 
functional mUScle groups 'were included in the model: soleus, gastrocnemius, tibialis 
anterior, vasti, rectus femoris, hamstrings, gluteals, and iliopsoas. The force producing 
characteristics of each muscle group were represented by a Hill-type model. 

The mass of each body segment was fractioned between soft and skeletal tissue 
based on cadaveric infonnation. Each soft tissue mass was modelled as a point mass 
placed between the contractile and series elastic elements of the Hill model. The trunk 
segment was sectioned into skeletal and non-rigid parts, the two sections attached to one 
another by a linear spring. The mass fraction of the non-rigid part and the spring constant 
were selected to provide a good agreement between the predicted and experimental 
vertical ground reaction force peaks (figure la). The predicted vertical ground reaction 
force was CalCulated using a non-linear viscoelastic relation between force and surface 
deformation beneath the foot that was obtained from in-vivo impact tests of the shoe/ 
heelpad system (Aerts and De Clercq, 1993). The horizontal ground reaction force was 
modelled as Coulomb friction. 

Initial segment positions and velocities, as well as initial muscle forces, were 
required for the simulation model. Kinematic and ground reaction force measurements 
were collected of the subject running at 4.0 mls. Inverse dynamics were used to 
calculate the resultant moments at the ankle, knee and hip joints at the time of heels trike. 
Multiple sets of initial muscle forces (i.e. different co-contraction) were generated that 
satisfied the resultant joint moments. Simulations using different combinations of initial 
muscle forces were carrried out using the DADS software (version 7.5, CADSI, 
Coralville, IA). The movement was simulated over a 50 ms time period. 
RESULTS 

Resul ts are presented here for one arbitrary set of initial muscle forces and ar'e 
nonnalized to body weight There was initial force in each of the joints due to muscular 
contraction. The force in the ankle joint exhibited an initial decrease over the first 10 ms 
of contact followed by a sharp increase until 32 ms of contact, the time of the impact 
peak in the vertical ground reaction force (figure I b). The forces in the knee and hip 
joints, however, remained nearly constant from the time of heelstrike to the time of the 
imnact neak in the QTonnd reaction force (fignres 1 c and 1 d, resnectivelvt Althongh the 
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magnitude of the contact force in each joint varied depending on the amount of muscular 
co-contraction that was assumed, the trends observed in the joint contact forces were 
independent of the initial co-contraction. In addition, the predicted kinematics were in 

. good agreement with the experimentally measured kinematics of the subject. . 
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Figure 1: Model predictions of (a) the vertical ground reaction force and the contact forces at (b) 
the ankle joint, (c) the knee joint, and (d) the hip joint during the impact phase in running 
for one subject. Each joint force shown is the "compressive" component acting at the joint. 

; DISCUSSION 
The main result of this study is that unlike the vertical ground reaction force, the 

'contact forces in the knee and hip joints did not increase at a high rate during the impact 
. 'phase of running. This result is due to the influence of the hamstrings muscle group on 

the joint force. At heelstrike, a flexion moment exists at the knee joint and an extensor 
. moment exists at the hip joint, both moments satisfied to a large part by force in the 

hamstrings. The hamstrings "preload" each joint prior to heel contact. Following 
.} heelstrike, these muscles shorten quickly and their force decreases' sharply, offsetting the 
., increase in joint force due to the impact condition. The above result was largely 
" " independent of the assumptions made in the model and was also shown to be insensitive 

the, selection of model parameters. 
Clinically, this study provides a poss~ble explanation for the discrepancy between 

:··'the observations of cartilage degeneration in an animal model (e.g. Yang et al., 1989) and 
the observed incidence of osteoarthrosis in runners (Konradsen et al., 1990). It has been 
shown that the degenerative changes in the cartilage of animal models ar·e more sensitive 
to the rate of applied impact load than the magnitude (Yang et al., 1989). The muscular 

,forces acting in the lower extremity have the potential to substantially reduce the rate of 
~:lo~ding in the knee and hip joints during the impact phase in running. It may be 
.·.·~peculated that this muscular control mechanism is responsible for limiting the harmful 
"effects of the impact in running on the joints of the lower extremity. This study was 
limited to a single subject, and studies are ongoing to determine if this mechanism can be 

.~~9bserved in other runners. 
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BALANCE RELATED POSTURAL ADJUSTMENTS WHEN LIFTING AN 
OBJECT OF KNOWN WEIGHT 

Dianne A..C.M. Commissaris, Huub M. Toussaint 

Faculty of Human Movement Sciences, Vrije Universiteit 

Amsterdam, The Netherlands 

INTRODUCTION 
The maintenance of balance during goal-directed action is an essential 

requirement for most, if not all, daily activities .. The maintenance of balance and 
control of posture have been mainly investigated in static postural tasks, e.g., 
standing (Bouisset and Zattara, 1987) and, less extensively, in dynamic tasks like 
locomotion (Nashner and Forssberg, 1986). In those studies, an expected perturbation 
of balance proved to elicit anticipatory postural adjustments, defined as actively 
initiated movements which predictively counteract disturbances to balance that are 
associated with the expected perturbation. The goal of the present study is to 
examine whether in a complex dynamic action, i.e. lifting an object of known weight, 
anticipatory postural adjustments occur, and if so, how these adjustments are 
functionally related to lifting technique .. Picking up a large load, positioned just 
within reach in front of the subject, will cause a forward and downward shift of the 
centre of gravity (CoG) and will thus present the subject with an expected 
perturbation of balance .. 
METHODS 

Eight male subjects were asked to lift a barbell (20% of body mass, positioned 
0.35 m in front of the subject), straight up to acromion height, using either a backlift 
or a leglift technique. Speed of movement was imposed by an acoustic metronome. 
Before picking up the barbell, subjects performed several unloaded movement cycles 
to attune to the desired lifting speed .. Kinematics and ground reaction forces were 
recorded during the last two movement cycles. By means of an inverse dynamic 
analysis, the following biomechanical parameters were calculated (Toussaint et aL, in 
press): the instantaneous horizontal momentum of the CoG of the body and load 
(Phor); the instantaneous angular momentum of the body and load (h); the horizontal 
positions of CoG and centre of pressure (CoP), expressed as a percentage of the base 
of support (COG,.l and CoP,e/, with heels detined as O%) .. -To investigate the presence 
and nature of anticipatory postural adjustments, the biomechanical parameters of the 
last unloaded downward phase (II) were compared to those of the previous unloaded 
downward phase (I). The barbell was picked up following downward phase II. 
RESULTS 

Comparison of downward phase II to downward phase I revealed distinct 
anticipatory postUlal adjustments in both lifting techniques. In the last part of phase 
II, a pronounced increase of the backward directed Phor' an increase in h and a 
forward shift of the CoP"" were observed (upper panels and lower left panel of 
Figure 1). The anticipatory postural adjustments proved to be specific to lifting 
technique .. In the leglift the backward directed change in Ph or was larger, as was the 
positive increase in h. The COG,.I shifted backward in the leglift, whereas in the 
backlift it moved slightly forward (lower right panel of Figure 1). 
DISCUSSION 

The anticipatory postural adjustments found can be understood from the 
mechanical consideration that a load lifted in front of the body induces a forward and 
downward shift of the CoG and a clockwise rotation of the body .. The increase in the 
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directed PhOl and in h were aimed at counteracting the expected addition of 

.. Thus, the anticipatory postural adjustments indeed predictively counteracted 
"U~1mc;v''''U disturbances to balance .. Although lifting speed and load mass were similar 

both techniques, suggesting a similar perturbation to balance, the postural 
showed clear differences between both techniques .. As, compared to the 

the CoG,el is positioned more forward at the end of phase II in the leglift, 
.' .. ".L'U"'~-- of the load will imply a greater risk for imbalance .. The larger increase in 

backward directed Phol and the backward shift of the COG,d can be regarded as 
anticipatory postural adjustments aimed at minimizing the risk for loss 

. balance .. In conclusion, the lifting movements to be pelformed apparently were 
: :sp~cified in advance, before contact with the load was made (see also Gordon et aI., 
'1993) .. The movement specifications also incorporated the interaction between the 
. '6xpected perturbation and the mechanical requirements of the lifting technique .. 
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Figure 1 Means and standard error of foU! biomechanical parameters during downward phase II and I 
(expressed as a percentage of the movement time). for the leglift (29 trials) and the backlift 02 trials) 
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SOME ASPECTS OF TWO DIFFERENT ANTHROPOMETRICAL MODELS 
AND THEm APPLICATION IN MOTION ANALYSIS. 

S.C Correal, U Glitsch2, M.Paris2 and W.Baumann2 

1 - Federal University Rio de Janeiro, Rio de Janeiro, Brazil 

2 - Institute of Biomechanics, German Sport University, Cologne, Germany 

INTRODUCTION 
Motion analysis usually requires the values of mass and inertia parameters of the 

different segments in order to determine the physical properties of the segments There 
are a lot of equations to calculate these human body parameters Dempster's equations 
(1955) or these equations as presented by Winter (1979) are still today used by a lot of 
researchers, first because their input data are only height and weight, what makes it very 
attractive when the number of subjects is very great, and second because it does not 
involve an anterior training of the researcher in anthropometrical measurements. 
Zatsiorsky et al (1984) determined by radioisotope methods on a sample of 100 living 
su~jects the regression equations with the same arguments as Dempster. The aim of this 
paper is to compare the results of both procedures in relation to· mass, length, estimation 
of center of gravity, and moments of inertia at the different segments, and describe some 
problems in their application in motion analysis 

METHODOLOGY 
From the running kinematics we have performed a 3D analysis The analysis 

was based on a 14 segments model represented by 17 markers points (estimation of joint 
centers) For the Zatsiorsky's model we have combined the described three parts of the 
trunk in one segment and for Winter's model the head was considered as a part of the 
trunk For each subject, anthropometric data were obtained using tables provided by 
Dempster (as described by Winter,1979), and using the regression equations described 
by Zatsiorsky (1984) The segments' length calculated by the equations have been 
compared with the anatornicallength as defined by both authors Then we have applied 
both models to the motion analysis. 

RESULTS AND DISCUSSION 
The segments' definition specially for trunk and thigh is very different between 

both models For example, the difference between the trunk in both models for a 1.78 m 
man is ofthe magnitude of 171 mm and between both thighs this is of 100 mm In Table 
1 is listed for both methods the percentual differences between the measured length (as 
defined by both authors) and the results obtained from the equations, for one man with a 
height of 178m We observed that the difference between the measured and the 
calculated value for the upper arm in Zatsiorsky's model was very great (29%). The 
reason is that for Zatsiolsky there's a difference between what he calls "the 
biomechanicallengths of segments" and the anthropometricallengths. And for the upper 
arm he (Zatsiorsky et aL,1990) describes a coefficient of 0 73 that should be multiplied 
by the measured value in order to find the biomechanical value It means that in reality 
the upper arm has also a different definition for both authors 

One subject had been specially analyzed in order to observe the behavior of the 
regression equations in relation to a subject with 100 kg and that was out the range 
described by Zatsiorsky (1983) for the use of the regression equations. We have 
observed that the differences between the measured and the calculated values could be of 
more than 20% for several segments It shows that it is highly recommended to use the 
regression equations only for subjects that correspond to the values of weight (73 + 9 1 
kg) and height (174 1 + 6 2 cm) of the sample that has been used to calculate the 
equations. 

The results with the percentual differences in the anthropometrical data between 
Winter's Model and Zatziorsky's for a man with 71,S kg and 178m are described in the 
Table 2.. The percentual differences in the center of gravity estimation are very similar 
to the differences in length. We have noticed in the comparison between the two models 
that most of the differences in mass, length, center of estimation and moment of inertia 
of the segments are due to the different definitions of the segments. The segments in 
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. 'whlch we have observed a greater d.ifference.in lengths between the models are the same 
"in which we can also see a greater drfference III the others parameters 

A problem linked to the applicability of these both models to a motion analysis 
'is how to relate the calculated anthropometrical data to the digitized joint's center that 
rsometimes, as for the thigh in the Zatsiorsky's model, represents a distance of more 
x than 100 mm, between the defined distal extremity of the segment and the estimated 
joint center In order to overcome these problems one of the solutions is to use other 

.,>arguments, beyon~ height and weight for the adjust Another pr<;Jblem.is ho:,: to cone~t 
:the center of gravIty of the foot when usually the models descnbe this posItion only m 

, . the sole. This is possible through a simple assumption for the center of gravity, 
i; considering the foot as a triangle formed by heel, fl"ont foot extremity and ankle joint 

TABLE 1 Percentual differences between the measured segments' lengths (as defined by 
both authors) and the results obtained t'i"om the equations of both models, for one man 
with a height of 178m (% in relation to the measured) 

SEGMENTS WINTER(%) ZATSIORSKY(%) 

FOOT 14 -116 

SHANK 89 -56 

THIGH -04 17 

HAND -71 -144 

FOREARM -07 -138 

UPPER ARM 3.6 -294 

TRUNK 19 ·1 6 

TABLE 2 Percentual differences in the anthropometrical data between Winter's and 
Zatsiorsky's model for one man with 71 5 kg and 1 78 m (Winter in relation to 
Zatsiorsky) . 

MAss LENGIH MOMENT OF lNBRTIA 

(%) (%) (about the 1i'ontal axis %) 

FOOT 6 13 66 

SHANK 8 11 61 

THIGH -30 ·17 .. 30 

HAND -2 8 0 

FOREARM -08 75 40 

UPPER ARM 3 36 109 

TRUNK" 33 20 174 

*Trunk means for Winter Trunk + neck+ head 
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THE EFFECT OF TRlCEPS SURAE LENGTH ON MAXIMAL PLANTAR FLEXOR 
TORQUE AND ELECTRO MYOGRAPHIC ACTIVITY IN MAN 

Andrew G. Cresswell, Wolfgang N. Loscher and AlfThorstensson 

Department of Neuroscience, Karolinska Institute, Stockholm, Sweden. 

INTRODUCTION 
Plantar flexor torque production by the triceps surae is complex, as changes in ankle 

and/or knee angle may change the length - tension relationships of the soleus (SOL) and 
gastrocnemius (GA) muscles independently. This independence can be used 
experimentally, i.e., reducing the force producing capability of GA by shortening its 
length via knee flexion, while maintaining the length and force capability of SOL 
constant. A question arises as to how the central nervous system activates GA for a 
maximal voluntary plantar flexion effort (MVC) with the knee flexed as compared to 
straight. The purpose of this study was therefore to determine the relative contribution 
of GA to isometric plantar flexor torque production, and to investigate the activation of 
the GA muscle at standardised insufficient lengths. 
METHODS 

Subjects (n=10) lay prone with their right foot secured to a force instrumented foot­
plate. Adjustments made under the thigh and trunk created internal knee angles of 60, 
90, 120, 150 and 180°. A 6 s isometric maximal voluntary contraction was performed at 
each of the five knee angles. A supramaximal voltage stimulus was delivered to the 
triceps surae 5 s into each contraction to provide a torque twitch. An additional 
measurement at each knee angle, with the subject relaxed, provided a resting torque 
twitch. Surface and intra-muscular EMG was recorded from the lateral and medial heads 
of GA and from the lateral aspect of SOL. Maximal voluntary plantar flexor torque at 
each knee angle was measured as the mean torque value for the period between 2-4 s. 
Resting twitch amplitudes were computed for all knee angles. The superimposed twitch 
amplitude was normalised to the resting twitch amplitude at the same knee angle. For 
each trial the mean rectified EMG amplitude was calculated for the period between 2-4 s 
and normalised to the highest EMG activity that occurred for the same period in the 
180° (straight) knee position. 
RESULTS 

The MVC, and the absolute and normalised resting twitch amplitudes (normalised to 
the resting twitch amplitude at 180°) showed significant sigmoidal decreases with 
decreasing knee angle (Fig. 1A). At the 60° knee angle the mean plantar flexor torque of 
the MVC was 40% less than that at 180°. The mean of the resting twitch at the 60° knee 
angle was 42% less than that at 180°. The MVC superimposed twitch amplitudes 
showed no significant change with decreasing knee angle (mean 16% of the resting 
twitch). A significant decline in GA MVC EMG, but not SOL, occurred with decreasing 
GA length. The MVC EMG amplitude ofGA being significantly less at 120°, 90° and 
60° as compared to the 180° knee angle (Fig. 1B). 
DISCUSSION 

From the results, the contribution of GA to plantar flexor torque can be estimated for 
the straight leg position. Earlier studies have shown the possible plantar flexor torque 
contribution from synergistic muscles of the triceps surae to be approx. 20 - 30% 
(Murray et al., 1976). Therefore, assuming that the amount ofGA I'lhortening was 
sufficient to exclude any significant force production, the torque contribution at the 
straight leg position can be calculated to be at least 40% from GA, and maximally 30% 
from SOL. However, some uncertainty remains regarding whether the torque produced 
by GA at the 60° position is truly zero. The decrease in torque production we observed 
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;Fig 1. A) Mean maxirp.um voluntary plantar flexor torque and peak torque of the resting 
.'twitch and B) mean of the maximal voluntary EMG amplitudes of SOL, and the lateral 

:~'iind medial heads of GA (GAl and GAm, respectively) at different knee angles. See 
~i~Methods for normalisation procedures. 

decreasing GA length is likely a result of changes in contractile behaviour and/or 
neuromuscular transmission and not reduced voluntary effort. This is supported by the 

.. 'close matching of the supramaximal resting twitch and voluntary torque curves, 
J;'particularly at the 60° position. 
(. A substantial decrease in EMG amplitude, despite maximum effort, was observed in 
, the shortened GA, while the EMG of SOL, which never underwent a length change, did 

not alter. This result may be explained by i) the electrode configuration with respect to 
the recording volume alters during GA shortening; ii) the activity of GA spinal 

. 'motoneurons is reduced at shortened lengths; and iii) action potential 
transmission/propagation along a shortened GA is impaired. Electrode configuration 
changes seem unlikely, as the intra-muscular EMG showed similar results. A reduced' 
GA motoneuron activity is feasible as feedback to neurons at the spinal and/or even 
subcortical and cortical level from receptors sensing muscle'lenith could be occurring 
The level of spinal and supraspinal 'drive' was assessed by the superimposed supra­
maximal stimulation (Belanger and McComas, 1981). No significant difference for the 

" "increase of the superimposed maximal twitch was found with changing knee angle, 
'. thereby indicating that the 'drive' to the triceps surae was similar for all MVC's. 
Therefore, the decline of GA amplitude is unlikely to result from a reduced voluntary 
effort. In an attempt to resolve whether neuromuscular transmission - propagation is 
diminished in a shortened muscle we additionally recorded supra-maximal M-wave 
amplitudes in GA and SOL in six subjects. It appeared that the M-wave of GA 
decreased with knee flexion in four of the six subjects, while SOL remained unchanged 
for all. However, it was not always possible to reliably record GA M-waves at the 90° 
and 60° knee positions. At the present time it seems that the decrease of GA EMG 
activity with decreasing muscle length is brought about by impaired action potential 
transmission/propagation and/or reflex changes on the GA motoneuron pool. 
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Murray, M. P. Guten, 1. M. Baldwin, J.M. and Gardner G.M. (1976) A comparison of 
plantarf1exion torque with and without the triceps surae. Acta Orthop Scand 47:122-

, 124 

Belanger, A Y. and McComas, A J. (1981) Extent of motor unit activation during 
effort. J Appi Physioi.515:1131-l135 



186 
PERFORMANCE OF SHORT POSTERIOR SPINAL FIXA TORS USED IN THE 
STABILISATION OF SEVERE LUMBAR ANTERIOR COLUMN INJURIES 

Cripton PA, Jain GM, Nolte LP, Berlemann U 
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INTRODUCTION 
Posterior lumbar spinal fixators are commonly used for the stabilisation of 

slightly and moderately unstable lwnbar spine segments. There is not currently a 
consensus regarding the suitability of these fixators for the treatment of highly unstable 
spinal injuries such as vertebral body burst fractures. The efficacy of these devices may 
depend in part on the stresses occurring in the device components and the effect of cross 
stabilisation of the longitudinal rods on the kinematic stabilisation provided. The 
objectives of this study were to estimate and measure the forces and moments occurring 
in these devices (Studies A and B) and to experimentally evaluate the effect of cross­
bracing on their stabilising potential (Study C). Results for severe anterior column 
injuries and for intact specimens are compared. 

MATERIALS AND METHODS 
STUDY A Internal fIXator components (i.e. pedicle screws, longitudinal rods and 

the interconnecting clamps) of a monosegmental instrumented fusion were idealised as 
beams and the forces and moments therein were estimated using planar beam bending 
equations. Material properties of the interconnecting hard and soft tissues were 
modelled by linear and rotational springs. An injury parameter (IP) was defmed which 
was a function of the spring constants. The IP was varied between 0 (complete tissue 
removal) and 1. (intact tissue). Fixator and tissue stresses were analysed for axial 
compression, flexion and extension loading. 

STUDY B Three fresh hwnan lumbar cadaveric functional spinal units were 
instrumented with AO Dick internal fixators (Synthes, Paoli, USA). The longitudinal 
rods of the fixators had six strain gauges mounted on their surfaces. Prior to testing the 
rods were calibrated as six-degree of freedom load cells (accuracy 5% of measured 
load). The forces and moments in the rods were measured for intact specimens and 
subsequent to removal of the intervertebral tissue. Intradiscal pressure was also 
measur'ed during testing. The specimens were subjected to flexion/extension, torsion 
and lateral bending moments of 8 Nm. 

STUD Y C Five fresh hwnan three lumbar segment cadaveric specimens were 
instrumented with SOCON fixators (Aesculap AG, Tuttlingen Germany). Specimens 
were subjected to flexion/extension, lateral bending and torsional moments of 10 Nm. 
Each specimen was tested intact, subsequent to fixator implantation and 1000 sinusoidal 
flexion/compression cycles (0.4 to 1. 0 Nm / 10-250 N), and after a vertebrectomy of the 
middle vertebra. All stabilised specimens were tested with and without cross-bracing. 
The resulting kinematics were measured using an optoelectronic motion analysis system 
(Northern Digital, Waterloo, Canada). 

RESULTS 
STUDY A Internal forces and moments in the longitudinal rod increased 

exponentially as the injury parameter approached 0 (vertebrectomy or removal of disc). 
The maximum force and moment occurring in one longitudinal rod under simultaneous 
flexion/compression loading were 500 Nand 25 Nm respectively. 
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STUDY B After tissue removal the moments in the longitudinal rods were 

observed to increase for all loading cases. In flexion the average bending moment in 
~ne rod was observed to increase from 0 .. 33 to 3.98 Nm (1 100%). In lateral bending a 
17% increase in the bending moment from 0.64 to 0.75 Nm was measured. In torsion an 
ihcrease, in the torsional moment, of 625% from 0.48 to 3.48 Nm was recorded. In the 
instrumented intact specimens the disc supported significant percentages of the torsional 
and flexion/extension applied moments. 

STUDY C In the intact specimen the fixator reduced the measured motion for all 
loading cases but the addition of the cross brace had no significant effect.. The 
~ertebrectomy destabilised the specimens in all three loading situations. In this case 
adding the cross-brace to the fixator only increased the stability significantly under 
torsional loading. The average torsional range of motion (ROM) decreased by 26% 
from 23 .. 60 to 17.40 when the cross-brace was attached. 

DISCUSSION 
The maximum bending moment some longitudinal rods can be subjected to and 

still allow an infinite service life has previously been reported [1] to range between 6 
and 18 Nm. Our experimental and theoretical results suggest these devices may be 
over-stressed or operating with very low factors of safety with respect to infinite service 
life requirements when used to stabilise severe anterior column injuries. This situation 
may lead to in vivo failure of device components, as has been previously reporteq. [2], or 
to loss of correction height due to clamp failure or loosening at the screw bone interface. 
Cross-bracing of the short segment fixators failed to significantly improve the stability 
of non-injured specimens. It may only be biomechanically beneficial to cross-brace 
fixators used to stabilise highly unstable segments. However, in these cases both the 
resulting component stresses and the ROM allowed suggest that additional anterior 
stabilising procedures may be necessary clinically. 

REFERENCES 
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ERRORS IN STRESS-SHIELDING EV ALVA TION OF CEMENlLESS HIP STEMS 
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INTRODUcnON 

Hip.steI?S need to be tested in-vitro to investigate the load transfer and evaluate 
stre~s-shieiding effects. However, there is no agreement on the loads to be simulated, the 
stram me~sw:ement locations, or the testing procedure in general (Colgan et al., 19?4). 
Stress:s~leldmg tests are nonnally performed despite the fact that a me~odol?gIcal 
analYSIS ~s far from complete. The effect of experimental variables have been mvestigated 
only PartJ.ally and only in few cases (Rohlmann et al., 1982; Finlay et al., 1991). 

We perfonned a sensitivity· analysis on some experimental variables. In particular the 
problem of consistently reproducing the same loading condition on the intac~ and the 
Im~lanted femur was investigated. Further, the difference between measunng bone 
s.trams for an uncemented stem immediately post-operatively (pure press-fit) and at later 
times, as bone growth takes place (progressing stem-bone bonding) was evaluated. 

MATERIALs AND METHODS 
I I Using a set of referenc~ axes, six composite femurs (Pacific Res. Labs, Vashon 
sand,. W A, USA) were potted distally and prepared with 20 strain gauges. T~e femurs 

were fIrst tested intact, with a hip joint force only, and also with an abductmg force. 
Based on Cristofolini et al. (1994 and 1995), a cantilever system was designed to apply 
the abducting and the hip joint forces at controlled angles and ratios. The femu~s 
underwen! standard surgery to implant an uncemented crCo stem (An.C.A., Cremascoh, 
Italy), WhICh was inserted in load control using a materials testing machine (Harrilan et 
~·3' 199.5~. They were then loaded with the same systems of forces as the intact femurs. 

D FilOte Element (F.E.) model supported the sensitivity analysis (McNamara et al.). 
A~er the test on the press fitted femurs, the stems were inserted once more filling the 

g~pS with PMMA bone cement in some femurs and epoxy glue in others, in an attempt to 
sIm?late the condition when bone fonnation commences, passing from press-fitted to 
Partif ally bonded stem (a cement layer to simulate bone filling the gaps) and subsequently 
to ully bonded interface (glued to simulate complete osseointegration). 
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~~~ure la - Strain (mean±STD) in the femurs with uncemented 
m~stem as peIcentage of the str'ains in the intact, on the 

and lateral side: without aIld with the abductors simulated. 

RESULTS 

Figure 1b - Load transfer without 
(left) and with the abductors (right). 

. Tabl~ 1 reports the sensitivity analysis perfonned using the F.E. model, based on 
InaccuracIes estimated from repeated testing (over 250 runs). The strains measured in the 
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femur were compared with those in the implanted for the same loading condition. 

la compares the stress-shielding for the Creo stem when evaluated without and with 
. abductors simulated. Fig. 2 represents the stress-shielding (abductors simulated) due 
. same stem (i) press-fitted, (ii) with a thin layer of bone cement and (iii) glued. The 

nreaIcroo strain magnitudes and distribution agreed with the experimental results. 

• Only pressfit 

II1II With cement 

o Glued 

,., .. " .... ~._ 2 - Strains on the medial 
side of the femur with 

::blresS:-UllOO, cemented and glued 
as percentage of the strain 
intact under the same load .. 

SION 

M1 

M2 •• ~ 
M3 

M4 

M5 

o 25 50 75 100 

L1!ii~ 

L2~:i~~ L3~ 
L4 

L5 

o 25 50 75 100 

. The data in Table 1 highlight how errors due to inaccuracy of force application are 
.. increased by the inclusion of the abductors in the set-up. This is due to the larger 

:(rilonlents generated by these muscles, corresponding to longer lever arms that "forgive" 
e:;»'-'IU" inaccuracy in the force positioning. The errors induced by gauge mispositioning 
'LU'_~~ unreliable the anterior and posterior locations (too close to the neutral axis). 

The load transfer mechanism shown in Fig. 1 b accounts for the general stress­
,;::·,,11>" ....... '0 overestimation (Fig. 1 a) when the abductors are neglected, as their presence 
i{c,)ntJibuttes to direct transfer of the load to the femur in the proximal lateral region. 
. The bone strains below the distal tip of the stem in the implanted femur should be 

.; 100% of the intact, but this does not happen exactly (most distal gauges Fig. la and 2). 
This is due to the head offset restoration within a few millimetres of the physiological 

· 'position due to the always existing surgical inaccuracy. This causes a change in the 
.• :. b~nding moment if the same system of forces is applied. An alternative solution is to 
.jpply the same resultant moment (rather than the same force values), adjusting the 
(ipoment arms and keeping constant the resultant force and the angles. This problem has 
:',received little attention in the literature and is not even mentioned in many investigations. 
'. Fig. 2 shows the difference between the bone strains recorded immediat.e1y post­
"'operatively (pure press-fit) and after the bone starts to in-grow, progressing from partial 
". stem-bone bonding (press-fit with cement layer) to complete bonding (press-fit with 

glue). When the stem is bonded to the bone, the construct forms a stiffer structure which 
}experiences reduced strains. In the pure press-fit situation instead, the stem has a ceItain 
f;degree of rigid body motion in the femur, and thus the femur has more freedom to bend. 
::This interpretation was also confirmed by the F.E. analysis. 
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INTRODUCTION 
In order to analyze human movement in a quantitative way, the human eye is not 

always the most adequate instrument It is necessary to keep the sequence of images of the 
analized phenomenon for a certam time, which is not possible for our vision Through 
videographic register techniques, we can obtain discrete information about movement, wJ-.tich 
can be stored, becoming avaiable for analysis To these discrete data, we associate a 
continuous function to improve their representation Thus, we have developed a complete 
and precise quantitative description method of human movement In this work, we have 
measured the kinematic variables of a subject's lower limbs while running and have detected 
patterns and rhythms of this movement 

Therefore, the aim of this study is to develop a method sensitive to the quantitative 
analysis of the kinematics of hUman movement 

:tv1E1HODS 
The methodology developed consists of a sequence of technical procedures It begins 

with the shooting of parts of a subject's run using one VHS video camera Next, we 
digitalize each sequence of images fr'ame-to-:fhme, transfering this infonnation to the 
computer Then, we measure the angular position of the lower limbs in relation to the 
vertical, and the horizontal and vertical position of the knee joint as a function of time We 
also correct the scale and perspective effects due to monocular filming with a camera which 
followed the subject's run with a rotation movement on a fixed tripod A continuous function 
is adjusted to the discrete data obtained in the measuring using a trigonometric polynomial 
(Fourier series), whose parameters are adjusted by least squares fit. In this work, we have 
decided to do the adjustment using six harmonics Finally, we evaluate the quality of this 
adjustment by observing the behavior of residues (distance between measured point and 
adjusted function) 

RESULTS AND DISCUSSION 
With the adjustment of the best function to the set of data referring to each part of the 

run we thus lJave the position of each limb as a function of time The first derivative of ~s 
function represents velocity and the second derivative represents acceleration. Having the 
position-as-function-of-time variable we can superpose all the runs shot, in order to find out 
the pattern of that movement. For this, we need to normalize the time variable, using the 
complete stride cycle as unit. This detected pattern refers to the subject's speed rate between 
29 and 4 2 mls. We can also determine the rhythm chosen by the su~ject to perform the run 
by measuring the time spent bet\veen two consecutive touches of the same foot on the 
ground, Besides, with the kinematic data and inertia parameters, we can approach Dynamics 
using, for instance, Newton's or Lagrange's fonnalism 

Another way to present the movement graphically is to use the angle-angle diagram" 
Instead of plotting the angular variable against time, we develop a graph of the searched 
angle, with regard to vertical, as a function of the total adjacent articulation angle 

Therefore, it is possible to relate the analysis so developed with real movement and 
interpret the phenomenon observed. The methodology presented here provides technical and 
methodological support for future research 
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THE PHYSICAL MODEL OF THE ANAL SPHINCTER MUSCLES GROUP 

AnnaM DABROWSKA-TKACZYKl, Leszek STEFANSKl2 
1 Divission of Strength of Materials and Computational Mechanics, Department of 
Engineering Mechanics, Faculty of Mechanical Engineering Silessian Technical 
University, Gliwice, 2 The Department of the Alimentary Tract Surgery the Silessian 
Academii of Medicine, Katowice, POLAND 

INTRODUCTION 
Biomechanical investigations of musculoskeletal system most often concern to 

the human system of motion, where the voluntary skeletal muscles are the activators, 
cotrolled by the nervous system. The voluntary muscles act also in the organs, where 
cooperate with tissues of different physical pr~perties and biomechanical char'acterystics 
As an example may be anal closing group of muscles The main functions in this group 
perform' external sphincter and anal elevator -' the voluntary muscles, involuntary, 
smooth internal sphincter, all of them surrounded by connective tissue Based on the 
morphological investigations [3], physical properties of tissues [2] and their 
biomechanical characteristics [1,2] the physical model was made This model is the first 
step to further mathematical modelling and analysis of this organ 

THE PHYSICAL MODEL 
Investigations of cooperation of muscles consist on to determine the muscles 

forces as the functions of the time The physical model of the anal closig muscle system 
(fig 1 ) consists of the internal sphincter, having form of flattened pipe with fibres place 
parallely to long axis, surrounded by three layers of external sphincter fit close and lie 
together The all layers of external sphincter are circumferentially arranged and tonically 
active where the whole system is in the rest The middle layer, consists of two parts, is 
connected, at the back, to rigid (tail bone) and flexible (anococcygealligament) elements, 

5 

rest state 

6 A-A 

SO ~IOO 

active state 

1 external sphincter 
2 internal sphincter, 
3 anal elevator 
4. elavator tendom 
5 pelvis bon e 
6 tail bone & anococcygealligament 
7 tendinous perineum centre 

Fig 1 The physical model of the anal sphincter muscle group 



I . 193 
;j~'b~t in the front side both parts are attached to tendinous perineum centre The other two 
~£i~yers of the external sphincter are connected to the soft tissue Betwe~n both sphinters 
!:!?f(internal and external) penetrates anal elavator tendom at the part of cIrcumference, 
;:~'[t~nverts, going up, to its muscle fibres lie in form of sheat, connected on circumference 
~3to:rigid body - upper edge of pelvis bone 
~;JfXhe experiences in modelling of the skeletal muscle cooperation in human motion 
.,,)§yStems show that the determination of parameters of model structure is not less 
t~,iIDportant then the properly building of model 
:::rThe model of the anal closing muscle group consists offollowing elements (tissues) 
{; voiuntary striated muscles, smooth muscle, connective tissue, ligaments and bones Each 
"]ofthem differ fr'om others in thysical properties in passive state such stifihess, guantity of 
· strain, relaxation of the str'ength, quantity of his teres is of the curve cr(E) [2] The striated 
J)ind smooth sphincters muscles have also different biomechanical char'acteristics [1,2] in 
;#\Ihe active state 

'ftISCDSSION 
': The problem of the anal closing group muscles cooperation during performing 

~theirs normal functions may be consider in two categories on the medical and 
.' biomechanical points of view For surgeon physicians there ar'e essential the rules of 
physiology of this organ activity, the functions of particurall muscles and nerves, the 
reasons of the pathological phenomena, as also investigations and determination ways of 
substitution or assisting the functions of demaged muscle and nerves by healthy elements 
On the other side this system can be consider as some kind ofbiomechanism controlled 

'., by nervous system, made of tissues of different char'acteristics Essential question in this 
','" case is evaluation the forces value, as a time functions, and rules of control The 

t·t·,,, 

following features shoud be take into attention 
;:',~cooperation voluntary striated muscles and smooth muscles, 
· ':.lhe manner of connection muscles and other tissues elements in the system (insertions 
" , to the rigid elements (bones) and flexible (ligaments), 
- existance oh the circumferentially arranged external sphincter, 

~',; tonically active state of external sphincter during rest of the system and relaxed state of 
, .. ' this muscle when the system is active, ' 

;, ~' active state of the anal elevator muscle during active state of the system 
The features and properties presented above compose some parameters of physical 

j)p.odel structure, necessary to determine the mathematical model The results of 
wodelling should give new informations into knowlege of this system and should be 

'4seful for physicians Determination the control criteria, based of analysis of different 
· yariants of innervation [3] is the separate problem which will be considered in further 
: f~searches 
, <'/~, 
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VALIDA nON OF A LUMBAR BACK MODEL 

Karl Daggfeldt, Qiang-min Huang and AlfThorstensson 

Department of Neuroscience, Karolinska Institute, Stockholm, Sweden 

INTRODUCTION 
In order to asses loads on different parts of the back, without invasive measures, a 

mathematical representation is needed. As the anatomical and physiological knowledge 
of the trunk increases more detailed and realistic mechanical models develop (e. g. 
McGill and Norman, 1986). The aim of this study was to incorporate new findings of 
variations in muscle lever arm lengths with changing spinal curvature (Tveit et al. 1994) 
and intra-abdominal pressure (Cresswell et al 1992) into a mechanical model of the 
lumbar spine and to validate the model by comparing the maximal isometric strength 
produced voluntarily with that calculated by the model. 
METHODS 

One subject, age 31 years, height 195 cm and weight 92 kg, was used in this 
preliminary study. The lumbar back extensor muscles were modelled as 48 fascicles 
according to the anatomical descriptions ofBogduk et al. (1992) for the erector spinae 

·'and multifidus muscles and standard anatomical textbooks for quadratus lumborum. 
Magnetic resonance imaging w~s used to measure lever arm lengths, muscle cross 
sectional areas and muscle lengths at three different degrees of flexion-extension in the 
lumbar spine. Inbetween values were obtained by means oflinear interpolation. negree 
of flexion-extension was measured as the angle in the sagittal plane between the upper 
surfaces ofSl and Ll, named the angle oflumbar lordosis. Attachments of fascicles with 
a lumbar origin were measured on sagittal images of the lumbar spine. The fascicles 
were modelled to run in straight lines between their origins and insertions. The fascicles 
with a thoracic origin, which transmit their force to the lumbar region via the erector 
spinae aponeurosis (ESA), were modelled with a line of pull between the ESA on the 
L31L4 and L41L5 transverse images. Cross sectional areas ofthe lumbar erector spinae, 
multifidus and quadratus lumborurn were measured on the transverse images. Division 
into individual fascicles and the cross sectional area of the thoracal erector spinae were 
assumed to be proportional to cross sectional areas reported by Bogduk et al (1992). 
Lever arm lengths for the L5/S 1 level were measured as the shortest distance in the 
sagittal plane from the centre of the disk to the line of pull for the individual muscle 
fascicles. The influence on the extensor muscle torque production by the changing 
mUscle geometry with a changing lumbar curvature was taken into account. The muscle 
tension versus length relationship was modelled as a fixed maximal value for lengths 
greater than the optimal length for active force production and as a sinus function for 
lengths shorter than this optimal length, decreasing to zero for half the optimal length. 
The maximal specific muscle tension and the degree oflumbar flexion for optimal 
muscle length were varied to make the calculated maximal strength fit the measured 
maximal strength (in a least squares sense). 

Maximal voluntary static muscle strength around LS/S 1 was measured in eight 
positions from maximal lumbar flexion to maximal lumbar extension. At the same time 
intra-abdominal pressure (lAP) was recorded with a pressure transducer inserted through 
the esophagus to the stomach. For the lAP torque generation, the pressure at the LS/Sl 
level was assumed to act on an area surrounded by the abdominal wall, the pelvis and the 
spine. 
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adjusting the two unfixed parameters, it was possible to create a strength curve in 
agr~ement with the measured maximal strength (fig 1). The maximal muscle 

became 34 N/cm2 which corresponds well with in vitro measurements from the 
TPT>lI.liLv. The lumbar curvature for optimal active force production by the back extensor 

became that of maximal flexion (an angle of lumbar lordosis of -1 0°). lAP was 
to make a considerable relative contribution to the torque production (10-21 %), 

'1J~'~'-"01 in the more flexed positions (fig I). 

o 

• 0 • Measured strength 
--0-___ ~ _ Model calculation . -~. 

-___ - -, - - lAP contribution 

~. 

~ 
-1'0 0 ' 1'0 ' 2'0 . 3'0 ' -;to-.-,-, -5,!-:'o--'--::leo 

Angle of lumbar lordosis (deg) 

Figure 1. Maximal torque around 
LS/S 1 at different angles of 
lumbar lordosis either calculated 
by the model or measured on 
two consecutive trials. The 
torque contribution from the 
intra-abdominal pressure 
calculated from the values 
measured during the maximal 
contractions is also shown. 

The model was validated in the sense that it gave realistic values of the maximal 
muscle tension. Further validation of the optimal length calculation can be 

ULalU",U by measuring sarcomere lengths of the back extensors for different curvatures 
Lieber et al. 1994). The lAP was considered to be created entirely by the diaphragm 
the transversus abdominis (cf. Cresswell et al. 1992). It is possible that also the 

,. " abdominal muscle contribute which would counteract the back extensor torque. 
}::.Ih.e ESA is thicker medially where the lever arm length is the longest and might 
":therefore transmit more force there. Since the force transmission was modelled to be 
r~~ji~en fllong the ESA in the transverse plane, the torque contrIbution from the erector 
1j]~gpinae muscles of thoracic origin could be somewhat underestimated. Further 
t:~;~lectromyografic and anatomical studies might resolve these questions. The model will 
;~tyleld lower compressive forces on the back for greater lumbar extension since the 
c:,~'!1scle lever arm lengths increased with an increased lordosis. Also the lAP will 
.. ~. <!~crease the compressive loading both by a direct unloading of the spine and by 
~~:~&~ntributions to the back extensor torque, which for a given external load will reduce the 
~i~eed for back extensor muscle force. 
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INTRODUCTION 
From a mechanical point of view, a running man has often been considered as a 

bouncing ball (Cavagna 1964). During the braking phase of contact, a part of mechanicaL 
energy is stored in elastic elements of leg extensor muscles. The recovery of this stored 
elastic energy, during the propulsive phase, minimizes the muscle energy expenditure. 
One can then assume that the leg behaves like a spring which supports the total body 
mass (McMahon 1990, Alexander 1988) (see figure 1). Taylor (1985) has already shown 
that the less energy consuming hopping frequency in man was the resonant frequency of 
the spring-mass system. In running, however, Cavanagh et al. (1982) observed that the 
free chosen step length for a given velocity was not the most economical one. Several 
studies have been carried out to determine the optimal step frequency which permits a, 
subject to run with a minimal metabolic cost. But to the best of our knowledge, 
relationship between energy cost of running and resonant frequency has never been 
studied. 
The purpose of this study was then to investigate whether the inter-individual energy cost 
variability could be inferred by the differences between the free chosen step frequency 
and the resonant frequency determined by the mass-spring model. 
METHODS 

Eight distance runners (mass 71.2 ± 5.1 kg, height 1.78 ± 0.07 m) volunteered to 
participate in this study. They ran on a treadmill at a velocity corresponding to 90% of 
their maximal aerobic velocity (5.1 ± 0 .. 33 m.s·1). 
During running, the vertical position (z) and the horizontal velocity (v) of the body of 
the runner were monitored using a kinematic arm (Belli 1992) linked to the subject with a 
belt fastened around his waist. The subjects were also equipped with pressure transducer 
soles in order to assess their contact phase and their step frequency (F,rep)' 

z position flight phase contact phase flight phase 

Zmax ----

ZJtrike 

Zmin 

vrnax 

1ffi::;:::::M;:-;9.".;:::f::;::3x::;:::-z.;:g;::;:;-.::-»;~1 

- T x position v. eec 

V : mean horizontal velocity 
during contact phase 

Teee : duration of 
negative phase 

Figure 1 : The spring-mass system bouncing forward 

Resonant frequency determination: 

In such system, the resonant frequency FR is calculated as: FR = _1_ /K 27CY"M 
where K is the stiffness of the spring and M is the body mass. 
Knowing body displacements and assuming that during the eccentric phase the 
mechanical work is stored as elastic energy in the spring, the stiffness of the spring K 
could be calculated by the equation: K = 2,. (WM ).(Arr2 

where ilr is the compression of the spring (ilr = ~r-z;:-trik-, e-+-v:-2.-T"":';c-c - zmin ), W M is the 

mechanical work (WM = 9.81· M· (zmax - Zmin) +0 .. 5·M· (v!ax -v~n))' 
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~~~ergy cost of running determination: Net oxygen uptake (ml 02.kg-1s1) was 
ia~termined with open circuit method an~ was divided by the running velocity (m.s-1) in 
(;t)cder to calculate the energy cost of IUnrung (Cr). 

f SULTS f~ Data analysis was focused on the strong leg, i.e. the leg perfonning the highest 
'tiiechanical work. In that case, a significant relationship was obtained between relative 

i[l~equency differences M% (AF% = IF,rep - FRI. F;l.1(0) and Cr (figure 2), the farther 
tthe step frequency from the resonant frequency the higher the energy cost of IUMing. Cr 
~Was invers~ly re~ated to stiffness ~figure 3). 
!These relatlOnships were not obtamed on the other leg. 
~3,.':.". 

-::.\ 
~), 
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r = 0.79 
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Figure 2 : Relationship between relative 
frequency differences and energy cost oj 
running 
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Figure 3 : Relationship between 
stiffness and energy cost oj running 

~~he relationship obtained between Cr and M% shows that the spring-mass model 
'provides a good approach for studying the energy cost of running .. Our results support 
:the assumption that the resonant fIequency is the frequency which requires the lowest 
~energy to drive a mass spring system. 
Jl1e stiffness values calculated in this study are in agreement with the data of the literature 
(McMahon, 1990). Assuming that a high stiffness is related to a good stretch shortening 
'cycle utilization, the relationship between high stiffness and low Cr further support the 
::yiilidity of the spring-mass model. 
Ine lack of correlation obtained on the "weak" leg could be explained by functional 
'differences between legs (Cavanagh, 1990). Furthermore, the significant relationships 
9btained on the strong leg let us assume that only this leg was able to take advantage of 
:~e best utilization of stretch-shortening cycle. 
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SOFTWARE ENVIRONMENT FOR THE DEVELOPMENT AND 
TEST OF NEUROPROSTHESES TO RESTORE FREE STANCE AND, 
STEPPING IN PARAPLEGICS 

W.J. Daunicht, S. Swoboda, R. Steiner, V. Homberg 
Neurologisches Therapiecentrum, 
Institut an der Heinrich-Heine-Universitat Dusseldorf, Germany 

INTRODUCTION 
We define a neuroprosthesis as a closed loop system that is capable of . 

restoring some body function that has been lost due to lesions of the nervous system. 
In the past a number of open loop systems have been designed to generate stepping 
movements of the legs using functional neuromuscular stimulation in order to restore 
locomotion with the aid of crutches. In our group we develop a closed loop control 
system aimed at the stabilization of stance and stepping without crutches. To assure 
stability and secmity of such a control system, a substantial part of the development 
has to be carried out with computer simulations. We therefore built a software model 
of the human body to provide an environment sufficient to develop and test such a 
closed loop neuroprosthesis. 

MODEL 
In order to deal with disturbances resulting from active movements of the 

upper limbs and the he.ad, the model comprises the whole body with 17 rigid body 
segments and 42 degrees of freedom in 3 dimensions (Hatze 1981). As the modeling of 
the mechanical environment of the body is crucial, ground reaction forces occurring 
during movements are calculated on the basis of constraints (Steiner 1993). Then the 
model supports the simulation of available technical sensors, such as goniometers, 
accelerometers and sensors of pressure between foot and ground. 

Of course, the muscle properties constitute another essential part of the 
closed loop; therefore we included simulations of 86 muscles of the lower limb (Fig.l). 

Figure 1: Scheme of simulated human body 
with 17 rigid body segments and 42 degrees 
of freedom. Paths of 86 leg muscles included in 
the model are shown as polygons .. 
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muscle model is based on a polygon approximation of the path of the muscle 

'ds described in segmental coordinate systems in order to calculate torques 
muscle forces (Delp 1990). The forces resulting from stimulating inputs are 

ained from a single-input single-output model of the muscle dynamics (Zajac 
. The inputs of the whole model are therefore stimulation trajectories, the 

II"V,,,nrll ts are trajectories of generalized coordinates (mainly joint angles) as well as 
signals. 

ION 
Because of the inherent mechanical instability and the extreme complexity 

,'~uch a model is impossible to verify as a whole and difficult to assess. We therefore 
tse a qualitative three-level procedure to evaluate our simulation. The first level 

, ]s:the animated presentation of the generalized coordinates. The animation results 
,'In 3-dimensional movies of whole body movements, e.g in the presence of gravity 
, arid closed loop control. The second level is the animation of movements resulting 

,- open loop activation of individual muscles in the absence of gravity, thereby 
c;u.uu,'~U''''b the need for stabilizing closed loops .. Thirdly, the time functions of 
physical variables, such as forces, torques, angles etc. can be displayed as desired. 

With these tools we can demonstrate, that the results of our simulations 
~.re qualitatively consistent with what one might expect, and validate the model 
~n a coarse level. A precise comparison of time functions of physical variables from 

,,-simulations and experiments does not seem useful, as the accumulation of errors in 
~: the identification of all the ca. 2000 model parameters seems to prevent significant 
t JesuIts on a fine level anyway. 

However, as closed loop systems are designed to compensate for parameter 
}deviations, a model validated on a coarse level seems to be sufficient to develop 
'and test control loops. Simulation using a model with reduced complexity, but 
,incorporating rigid body dynamics, ground reaction forces, three types of sensors 
and muscle models, have been carried out (Beckmann 1992) .. It could be shown, that 

. a control system can be achieved that assures stability in a wide range of postures 
and js insensitive to changes of up to 30% in parameters such as body mass or 
maximal muscle forces. 

In conclusion, according to our simulation results a model of the complexity 
?-s outlined above seems to be not only necessary, but also sufficient as environment 
for the development of closed loop neuroprostheses in paraplegic patients. 

Acknowledgements: This work was supported by DFG grant Da 199/2-2. 
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DEVELOPMENT OF A DEVICE TO MEASURE PLANTAR PRESSURE AND SHEAR 

BL Davis and JE Perry 

Department of Biomedical Engineering, 
The Cleveland Clinic Foundation, Cleveland, OH 

INTRODUCTION 
The principle mechanical factors leading to plantar ulceration in the diabetic foot are not 

fully understood. Although excessively high shear or pressure has been shown to coincide with 
sites of ulceration (Boulton et al .. , 1983, Pollard and LeQuesne, 1983) there are many cases where 
patients develop plantar ulcers and yet do not have loading patterns that are thought to be 
hazardous. Davis (1993) has described three loading situations, dependent on the interaction of 
shear and pressure, that could potentially lead to ulceration. To date any investigation of the 
combined effects of shear and pressure has been hampered by the fact that no equipment has been 
available to simultaneously measure both shear and vertical stresses under the foot. 

METHODS 
We have constructed a device consisting of an array of 16 transducers that is capable of 

simultaneously measuring both shear apd pressure under the region of the forefoot. Each 
transducer (Fig. 1) has two components: 1) a 9cm aluminum tube, approximately Imrn wall 
thickness, with 8 strain gages and 2) an S-shaped cantilever cap with 4 strain gages (2 gages 
placed on opposing faces of the S backbone). The surface ar'ea of each 
cap measures 2.Scm x 25cm. Shear components of stress are measured 
using the gages on the column while vertical forces are acquired from the 
cantilever. The 16 transducers are arranged in a 4 x 4 array with a 1. Smrn 
gap between adjacent transducers. Each transducer was statically calibrated 
with a weight and pulley arrangement. 

Thirty-two multiplexors were used in the hardware implementation 
and a straight data acquisition method, using subroutines and facilities that 
came with the board, was employed. Although this method required 
extensive hardwar'e, the software implementation was more reliable, device 
errors were prevented and the integrity of the data was improved relative 
to other techniques that were investigated.. Data acquisition takes place 
over a period of 2 seconds at a sampling frequency of 38Hz. Fig 1 The transducer 

RESULTS 
Three ascending and three descending calibration trials were carried out for each 

tran~ducer, Shear calibration was performed in the anterior-posterior (AP), medial-lateral (ML), 
and combined AP-ML directions along with investigating the effects of torsion and compression 
on shear. Compressive loading and the effects of a torsional force were also analyzed. 
Calibration plots for those scenarios involving possible cross-talk show good linearity, minimal 
hysteresis, and good agreement between applied and measured loads (Fig 2). For all 16 
transducers, forces in all three directions (vertical, AP, ML) can be measured with accuracies to 
within 4 % of the true value. 
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Fig. 2. Calibration plots for a representative transducer in the (a) combined ML-AP direction 
along with the effects of (b) torsion and (c) compression on shear measurements, Data 
correspond to 3 trials ofloading (solid line) and 3 trials of unloading (dashed line). 
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With the device that has been constructed we have demonstrated, for the first time, that 
loading under the feet can be simultaneously measured in all three dimensions The ability to 
quantify loading under the foot in this manner has the potent.ial to fill a large void in the scientific 
literature and to have significant clinical implications.. The device has been constructed so that 
different materials can be capped onto each transducer, in order to examine the shear/pressure 

" , properties of materials commonly used in therapeutic footwear. One limitation of the current 
device is the large transducer area of 625cm2 .. We are currently developing a larger device 
consisting of 96 transducers, each with a surface area one-fourth as large as the current design 
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