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INTRODUCTION

Biomechanics of human movements is mechanics applied to the human locomotor system. It
deals with the forces acting on and within the human body and the produced effects, the mecha-
nical behaviour and the biological response. In fundamental research the understanding of the
laws and principles underlying the structure and the function of the movement apparatus are of
basic interest. The application of biomechanics covers a rather broad field including biomedical
engineering, ergonomics and the study of everyday and sports activities. The conceptual brace of
these applications is the common task: to improve the motor performance of a system with
limited capacity and to reduce the risk of excessive mechanical loading during this transfer
process and when performing maximal.

Biomechanics of sportsis predominantly directed towards practical applications. The main ob-
jectives are: 1 the identification of factors influencing performance and 2. the identification of
factors influencing load on the movement apparatus. The complex categories related to these pa-
rameters are sports techniques, the physical properties of the body and the external conditions.
This paper deals with the methodological problems and approaches of sports biomechanics.

METHODOLOGY IN BIOMECHANICSOF SPORT.

The methodology is of basic importance for a science. It can be classified into three parts. 1.
the measuring methods (instruments), 2. the modelling theory and 3. the research strategy/design
in practical applications. These aspects will be discussed in the following and with the aid of a
few examplesthe actual state as well assome perspectiveswill beillustrated.

L. MEASURING METHODS.

According to the categories of the primary quantities to be measured the measuring methods
can be subdivided into four different areas: kinemetry, dynamometry, biomechanical anthropo-
metry and electromyography. In fig. 1 an overview on the measuring methods and on'the
commonly measured or calculated mechanical parametersis given. The most interesting quanti-
tiesare the net moments as representatives of the internal forces acting in muscles, ligaments and
joints. The normal procedure called "inverse dynamics® is the following: displacement data
related to the movement of body segments are measured and by applying two times numerical
differentiation velocities and accelerations are calculated. Than the equations of motion can be
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Figure 1: Measuring methods used in the processof determination of internal forces,

Figure 2: Summation of pressure under the foot during a stance phase in walking (Subject with
toe amputation).



Besides the considerable development of low-cost computer power, the instruments for data
acquisition and processing have been inproved funber in the last wn years.

In klnemetry the maln progress was the nearly total replacement of comventional cine cameras
by wides recording. The advantages of the new lechnigue are: fast svailable presentation, remode
contraoiled camem posibioning, setting and opermtion, noiseless operation, applicability in com-
petition amnd readiness of the elechronically stored Images for automatic data evaluation. At the
same Lime a apumber of dilferent very suphisticaled syslems for seon o fully aclematic data ac-
quisition came onto the market, drastically reducing the expemditure of work for the numerical
data evaluation. Some of them are using the video-techmigue, others are based on varous oplo-
clectronic technigues. Mathematical pricedures are enabling easy and flexible camers setup amsd
calibration, the use of aon-metric cameras and 3 rather acccurate computation of 3-dimensionsl
object coondinates, Three-dimensional studics thus could be standard now,

I dynamomelry measuring systems for seamal pressure destnbution with high sensor density
and time resolution even for in-shos measwrements have been developed. They are offering 2 new
category of parumetess (Fig.Z). Like an X-ray under the fool sole the individual pressure pattem
during real activities can be recorded or just monifored online. Frame rtes of up o LK} fps wiih
nearly 1000 single sensors sre possible. These messurements will be of great imponance i the
design and evatuation of shoes, inlays ad therapeutic trestments of fool problems, The bi-pedal
recording of tw path of pressure centres will provide extremely helpful informations in all gue-
#ions telated b0 equilibriwim regulations, wehalgee and symmetry of motor activities. Theae data
will also stimulate a more differentiated modelling of the foot. It is very fikely that transducer
armays sensitive for horizontal shear forces will be svailable in the near future,

The corstmaction of the conventional force platforms bas mot been changed subsiantially, But
ihi ugcrs afe 0w mone critical with respect to memuring accursey paniculody coneeming Lhe
frequency response and the point of application of the force vector, Despite the fact that kapdwage
and software Improvements can be defined, i seems that comesponding measures as for example
specific calibration procedures are not being used fFrequently.

Biomechanical anthrogometry provides the input deta for the models of the buman body.
Comventional tools of pothropometry are now being replaced by new lechmigques like computer
wsngragshy (C1) and magnetic resonance lmaging (MEL). These methods allow a 3-dimensional
meonsiruction of hard and sobl Wssies of the complete body with an acciracy never thoughe of
bclicae. The most powerful systems are able o make 20 fps with exposure limes less than 50 ms,
They will revolutionize the modeiling of the macroscope structures of the individual body: the
meal jodnt geometry, shape and topegraphy of musdles and ligaments will be inplemented in the
models, The methods will also offer new possibalities for & betler definltion of the relations
between cxternal landmarks apd the anatomicsl frame, The importance of this development can
hardly be overestimated: besides the anastomical structures themselves also assessments of
fanctional properties closely related to those structurss will be possible.
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As distinguished From the above mentioned methods, which deliver mechanical properties and
the net outputs of the musculo-skeletal system, the electromyography provides information about
the neural input to the muscle system. As acontrol parameter the EMG is of eminent importance
for modelling of the dynamic neuro-musculo-skeletal system. However there is one important
point to consider: the electrical signal connected with the muscles' activity is an indirect indicator
of muscle tension or force. and the external torque or net moment is also an indirect measure of
muscular force. So both cannot be used as mutual validation criteria. In order to enable
comparisons of EMG signals, a further standardization of processing procedures is needed.

2 MODELLING.
Scientific methods are characterized by the use of models which represent the theoretical basis.

Models are physical or mathematical systems, which reflect essential characteristics of the
original object so that the study of the model provides new informations about the object. At the
very beginning it has to be stated that in biomechanics no accepted theory is existing, which re-
ally explains in a scientific sense the phenomena under study. There are two reasons for that: 1.
the biological system "human body" is too complex to be described correctly with the very limi-
ted approaches available up to now, and 2. the science "biomechanics" is too young to have been
able to develop appropriate tools to study this system. Consequently the effectivity of models
used in biomechanics cannot be compared with that of models used in physics, in chemistry or in
engineering.

There are different types of models, the selection of which largely depends on the purpose of
the model and the available information about the original. In a simplifying way two types of
models be discussed here: 1. the empirical-statistical model and 2. the theoretical model.

EMPIRICAL-STATISTICAL MODEL.

This type of model of the human body and its movement is used in order to identify and to
evaluate biomechanical parameters, that are factors influencing the performance. Based on
empirical data (kinematic, kinetic, anthropometric measurements) and using different statistical
procedures it can be tried to figure out the possible relations between the selected parameters and
the performance. A typical feature of this approach is the supression of functional relationships
between the variables for the benefit of single numerical values, extreme values of parameters, to
acertain extent selected arbitrarily. Thus the dynamic nature of the movement gets lost. This loss
of information can be tolerated in some cases, when additional a priori information, e.g. empirical
knowledge about the problem is available. Further the model cannot assure that the entering
variables are independent from each other. Neverthelessit can be applied as a pragmatic approach
to filter out important factors by means of statistical relations and for many reasons this model is

widely used.

THEORETICAL MODEL.
Thistypeof model is based on the theoretical knowledge of the mechanical structure and func-

tion of the human body. A hierarchy of models of different levels of complexity can be establis-
hed (1): mechanical model (single point or multi-link system), musculo-mechanical model,
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peuro-musculo-skeletal model. As onginals for all these models may serve the whale body or any
sibsysiem, including emvironmental conditions.

A key fnctor in biomechanical analysss of gross body motions is ihe determination of indemal
forces aciing in muscles, tendons, ligaments and bones. These components of the omechanical
stmocture of the movement are of uimost importance: in the application in training. A simple model
B commonly used 10 determine pet jowmt moments and global néemal forces in the lower ex-
tremily. [0 s the first sdep reflecting the "bio”™ parameters: it lakes into account the lever amms of
the musculature, which are an important sinsctural characienistic of the body.

There are many examples demonsirating the usefulnes of joint moments in the pdgement of
movemenl lechniques, showing that neither the kinematics nor U force platform dxa alone grve
enoagh information abowl the Struciure of the movement.

I running the movement of the fool refaled 1o the shank during the comtact phase serves as an
imdicator of somehow pathological loading of the achilles tendon and the medial/laternl ligamems.
of the ankle jolml. Excessive pronatkon in the beginning of the stance phase s regarded o be
ru.pnm:ibl: For several trowble, A .':im|:|||= considerntEmn miy be that ]:n.l.lhnlugiml lanels can n-ni_:,r (1]
present when e strociures are uncer & certaln tension. In this case predominantly tensions in the
achilles fendon and the medial lgaments/muscls components come into question. Figs, 3a amd 3b
ghow the resull of an analysis of runners for one single subjeci. From ihe net moment (o the
sxgiital plane (1 becomes clear, that it concerns a rearfoo onner, since I the very beginning ihe
i'rn-li flexor muscles are aclive, thus 1.'-|.1r|l|:|:|||i|:|g the extension of the ool Whal s
is more impontant: o the phase of mazimum pronation {30 - 40 ms after heel strike) neither the
moments in the sagittal plane por in the frosal plane are indicating evident loading of the
comesponding structures. This is noi a general paliemn, it is individually differeni and most
probalbly depemds on the Dexibility of the fool jeints. However, the resull undetlines thai I s nog
advisible 1o judge a movement alome on the basis of kinsmatle [nformatkons.

D-l,-.spiln the useFulnpes of this "pel moment model®, due 0 4 domber of reasoing il can wield
more of lesa ermoacous resulis: uncontrolled antagonistic musscular activity, unknown force
distribution between teo-joint muscles of muscles acting in the same funclion, loading of
figaments and - wery importanl - o mther moogh estimation of the macmoscopic anatomical
struciuges of the hody. Appropriate parameder vasiatbons using the same model tell us someihing
about the wide range of aumerical msults, In onder o overcome the indeterminacy of the
bicanechanical sysiem, mathematical optimization procedures have been used, These methods are
mseful fonls For the analysis of complex systems, which are funclioning acconding 1o cerain
principles. The crucial question hereby is which critenia should be selecied as objective funclions.
A literature review shows that predominansly the following criteria have been used; mini mization
of epergy expenditure, net mscular power outpud, et muscular and joiot forces and muscular
tensions. These criteria afe ool neceesman |y of hiclogical relevance, They rather meet the
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Figure 3a/3b: Net moments and pronation/supination angle of the foot during the stance phase of
running (Average from 7 trials of the same subject, 3-dim. analysis). Running velocity approx. 5
m/s. Shaded areas: Moments with respect to the ankle joint, empty areas: angles. Positive angles
indicate supination, negative angles pronation. 3a: sagittal plane, moments positive when loading
the foot extensors, negative when loading the flexors. 3b: frontal plane, moments positive when
loading the medial, negative when loading the lateral structures (muscles and ligaments).
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requirements of the optimization calculus. Although one might find supporting arguments these
functions can be regarded as to some extent arbitrarily chosen abstract mathematical functions.

Objective functions of biological relevance can be derived from the work of Pauwels (2), who
studied the construction principles of the human body from an engineering standpoint. His work
represents a major contribution to biomechanics and would deserve much more attention than it
received up to now. The main results of his theoretical and experimental studies concerning the
mechanical properties of bones and the effects of muscular forces can be summarized as follows:
The human skeleton is an ideal light construction. Shape, density and structure of the bones are
reducing the bending stresses. The geometrical configuration of muscles and their coordination
are reducing bending stresses of the bones and reducing peak stresses in the joints.

It seems obvious that these constructional principlesyield asound basis to deduce biologically
meaningful optimization criteria: the minimization of total stresses in active and passive
structures of the locomotor system in atime average. he relation between structure and function is
0 close that just from the structure the functional requirements can be deduced. This approach
offersa new conception: it is no more the force playing the decisive role but the stresses and their
equal distribution on surfaces and cross sections resp. All proprioceptive sensors are sensitive
against stress and strain, not against force. The readlization of this approach of course requires
more precise informations about the external kinematics and kinetics of the movement and in
particular about the 3-dimensional form and topology of the individual body segments. The new
methods for body structure measurements mentioned in the previous paragraph will give
whnsiderable support to this approach.

In wnclusion it must be stated, however, that there is no generally accepted procedure to build
up a model, neither for the empirical-statistical type nor for the theoretical models.

3.PRACTICAL APPLICATIONSAND RESEARCH STRATEGY.

The effective application of the resultsin the practica field is an important objective. Asstated
before there are some serious difficulties to apply a strictly scientific approach. Models partly
reflecting the complexity of the human body are very complicated, hardly to control and to verify.
Moreover they are not very well suited for communication purposes outside the special scientific

E [

If effective application is of primary importance, a more pragmatic approach has to be
considered. This means that not only scientific methods and results and technical instruments can
be used (of course in a much more professional manner than today) but also the empirical
knowledge from practical coaching and training, from physiology and psychology, from other
fields of biomechanics have to be exploited. In thisway the empirical knowledge is guiding the

LK3



research methodology and setup, on the other hand scientific theories and experimental findings
influence the strategy and observation prioritiesin practise.

The analysis of a movement technique and its physical conditions may give a clear description
of the relations within a set of variables. This may be available for different levels of
performance. However, this is not sufficient, when an athlete has to be "transformed" from a
given state into another one. If the adaptation processes, the biological reactions of the locomotor
system to certain training measures are not known, it is not possible to perform what is called
"controle of the training process'. The study of these adaptive processes (quantification of the
input-output relations) and again the use of empirical knowledge is inavoidable. A useful tool to
merge all these informations from various sources and of different levels of quantification could
certainly be the expert system.

In biomechanics of sport the measuring methods and the modelling approaches are not the
most critical aspects. This is true under the assumption that these tools are correctly used and
their capacity being fully exploited. Then it seems that the strategies have to be reconsidered,
even when some parts of the work is rather a technical service than sophisticated science.
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