THE MEASUREMENT AND QUALITY OF HUMAN

WHOLE BODY CENTRE OF MASS LOCATION DATA

Warrick McKinon

A Thesis submitted to the Faculty of Science, UniversitthefWitwatersrand,

Johannesburg, in fulfillment of the requirements for the degomedd of Philosophy.

Johannesburg, 2006.



Declaration

I, Warrick McKinon declare that the work contained in this thesis is my own work,

except to the extent indicated in the acknowledgements secfidns thesis is
submitted in the format, approved by the Faculty, of published woitk w

accompanying introduction and conclusion.

Part of this work was previously submitted for examination asastdis Degree and
examined and approved but not awarded since the MSc was subsequentlydifmgrade
the present PhD Thesis. This work has not otherwise been subroittadyf other

degree or examination in this or any other university.

(signature of candidate)

19" Day of December, 2006.



Abstract

Since its first measurement in 1679, the usefulness of the locdtnole body centre of
mass (COM) data has progressed from having largely theorstaba¢ into being an
instrument with several diagnostic and applied scientific udes.tfiesis describes first the
biomechanical and measurement theory foundation of COM researcheanddtails the
historical development of methods to measure COM location and tioeevapplied uses
of this variable. Original research data presented intlleisis then go on to provide the
first direct measurements of COM movement in walking humansseféond study
guantifies the accuracy of the most commonly used current techmioygantify COM
location (the kinematic segmental method) by determining théslimhiagreement between
it and a direct measurement method (the reaction-board), indyidgunning subjects. In
the latter studies a novel reaction-board measurement metheddakped making use of
life-sized projections of subjects in various stride positiors @sed to place runners into
recumbent static running positions. These data demonstraterehetion-board and
segmental methods report COM locations with a mean differehée€som and agree to
within limits of 6.0cm for the location of COM in recumbent widuals. The final study
described in this thesis compares single COM measurements using two kinematic
segmental methods (models) to a direct suspension technique safrmgaCOM location.
The suspension technique used is adapted from the original methokmfidang COM
location upon which kinematic segmental methods derive their origm.data show that
both cadaver-derived kinematic models of COM, and kinematic madeeilged from live
human data, differ from a direct COM suspension method, andatiaver based estimates
display greater accuracy (agreement with the direct suspem&thod). This study also
uniquely provides information on the effect of whole body mass, body faady water on

the accuracy of segmental models in male subjects.
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Preface and Description of Thesis Sections

The centre of mass (COM) of the human body is a physicafestation of the entire
human body and is the point relating to the body that requires the mogy ¢oe
move from one point to another (when changing the body’s inertial pragefTiee

measurement of the location of the COM of a person is often (bwgxabisively)

carried out in the clinical and applied sports domains. Few sthdiesver, have
tested the accuracy (magnitude of variation between measuremaefitiee” values)
of the measurement of COM location or displacement, in pdatiagainst direct

methods’ measurements.

The general aim of this thesis is to (1) introduce the fiel@©@M biomechanics to
readers; (2) review current and legacy COM theory and apphsat(3) devise
methods for the direct measurement of COM location and displacemén®) use
the latter direct measurement techniques to quantify theitmdg of error inherent to
the (currently) most commonly used COM location measurement tgehnthe

kinematic segmental method.

This thesis is therefore divided into six chapters. Chapter ddimtes the fields of
biomechanics and measurement theory (uncertainty), while ch2pteviews the
legacy and current application of COM theory both in general andfispégiin
relation to the human body, and describes and compares methods/éhbeba used
to measure human COM location. Chapter 2 contains the fifsuoichapters in this
thesis, which has been either submitted or published in manuscriptirioanpeer
reviewed scientific journal. Importantly, the final sectioncbbpter 2 describes the

rationale for the empirical studies conducted in this thesisptels 3 through 6.

XVi



Chapter 3 contains the first data based study of the thesish ywhovides direct
measurements of COM oscillation in walking adult male subjactsis the second

thesis chapter containing a paper which originates from a joartele.

Chapter 4 describes the agreement between the novel reactiontddanijue and
the more commonly used kinematic segmental estimate approacl®fdridtation

determination. The accuracy of the modified reaction-board qigahtif this study
allows several aspects of the accuracy of the segmeataligeie to be quantified in

two dimensions when applied to both recumbent and running subjects.

Chapter 5 describes the agreement between a benchmark staretzrchdasurement
suspension technique and two segmental estimate approaches forldc&idn
determination that include three dimensional data. The suspetesihnique used in
this study is akin to the methods used to originally validatesé¢igenental methods.
The suspension method has the greatest theoretical accuracy 6O&myocation
determination technique in use today. The resulting comparison Imetinee
segmental and suspension methods is one of the most meaningful ifyogatite
true error the modern day segmental kinematic method. Both chdpterd 5 are

based on published or submitted journal articles.

In chapter 6, the experimental results presented in thissthes summarized, their
contribution to the field of COM location measurement is expthia@d the

limitations of this research outlined. Note that referemcesdescribed at the end of
each chapter in which they appear and thus an all-inclusivenegefist at the end of

the thesis is not considered necessary.
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Chapter 1

Introduction to Biomechanics and to Measurement Uncertainty



1.1. Introduction to human biomechanics

“The word ‘biomechanics’ is derived from the Greblos meaning life and
mekhanikimeaning mechanics, so that biomechanics may be said to be theftudy
the mechanics of life forms” [153]. The discipline of mechsnécdivision of physics,

is defined as the study of motion and the related conceptyad &ind energy [66].
Today, mechanics is further subdivided into classical mechdoarserned with
objects that are larger than atoms and which move far slowettieaspeed of light),
relativity (mechanics of objects moving at any speed, but ggiecial relevance to
high speeds) and quantum mechanics, which extends into the subatomio doma

[132].

Biological life does not extend into the relativistic (verghispeed) or sub-atomic
realms. The physical principles that are applicable taaliéetherefore more typically
concerned with classical mechanics as well as the non-medhdiscelines of
physics including thermodynamics and electromagnetics. Although biamieah
research often encroaches into the electromagnetic and thermuodyfialds,
biomechanics is fundamentally the study of classical mecharficbiotogical

organisms and systems [74].

In order to further categorize and refine the description ofi¢hey biomechanics has
been further subdivided into the study of movement itself (kities)aand the study
of forces and kinetic energy (kinetics) [15]. A third, speciase, not covered but
closely related to both kinematics and kinetics, is the studyjetisbat rest (still or
more correctly, in equilibrium). The latter branch of biomeaotsis referred to as

statics [68]. Although not often acknowledged, the study of strudbimenechanics



(most often the study of the physical structure of biologicauts, including the
measurement of mechanical stress and strain) is also codsiageran additional

subdivision of biomechanics.

In the sections that follow, | briefly introduce the topicskifetics, kinematics and
statics as they relate to the human body. This is followed lrye& section on how
such biomechanical measurements are useful in the wideyvafiapplied realms. In
all of the above sections, | focus only on the topics relevattiisothesis. For the
same reason, in the discussions that follow, structural biwenéss is not further

discussed.

1.1.1. Kinematics

The movement of a human can be said to involve the change tiofggaosition or

posture of a human body part or whole body relative to some point intlierenent

[74]. Most often this movement is quantified in three dimensass change in
location of a point or set of points (described as translatranéibn), a change in the
angle between points in a rotational system (such as a jairitje change in velocity
or acceleration in both rotational and translational movemerstsa Aesult modern
kinematic tools aim to achieve the ability to quantify human mowéimesix degrees
of freedom (translational motion in all three dimensions and rotatiootion in the

same three dimensions), and to do so with the greatest goss#dlution in the
temporal domain (in some cases allowing for movement to be neeldsetween time

points less than a thousandth of a second apart).



1.1.1.1. The nature of human movement

Modern biomechanical measurements are made on human movements aryich v
from movements of the finger joints [138] to large scale whole Imeoyement such

as the pole vault [104]. Like all other objects, the human body experience
movement due to either its own state of inertia or externeé$oacting on the body
(or part thereof). In addition to these factors however, motidine organisms is also
brought about through the action of controlled internal chemical oeactvhich
result in the movement of molecules and ultimately the moveafdatdy parts or the
entire organism. Most often it is this latter type of motiorginating from muscular

action which is the focus of human biomechanical study.

The movement which is initiated from skeletal muscle hasoitgins in the
interactions of the proteins actin and myosin, today referred tsliding filament
theory, originally described independently by Andrew Huxley and Ratidligerke
[82] and Hugh Huxley and Jean Hanson [83]. Experiments on both the running and
walking subjects in this thesis (chapters 3 and 4) owe theimalignhovement to

muscular action.

1.1.1.2. Kinematic tools

Although historically the focus of human kinematics was placed orplsim
measurement such as running stride frequency and stride lengthoddy, & wide
variety of tools exist for the measurement of both translatiamal rotational
movement of the human body or of its parts. Measurement oformiatinotion for

example may be measured using automated electrogoniometry [16dintensional



optical tracking analysis [153] (although the latter method should levigie great

care due to limited capacity to describe motion through muldptgees of freedom;

3 degrees of freedom at most), three dimensional optical tigekialysis; or other
three dimensional approaches [for example acoustic methods [57], and
electromagnetic approaches [131]]. The latter measurement meftattis the
exclusion of goniometry) are also useful for determining tediaslal motion, in so
doing quantifying the displacement, velocity and accelerati@ingie body parts or
even the whole body (e.g. the centre of mass, as is the fufctisis thesis).
Accelerometry can be used in addition to these methods but sholilchitesl to
acceleration measurements (the integration of accelometté& tdavelocity and

displacement vectors encounters error that could lead toaiisgeconclusions).

Due to its popularity however today the biomechanics literatusm afescribes the
word kinematics synonymously with optically based three dimensicaeking and
motion capture. Current optically based measurement systenes déhaemporal
resolution which extends from slow speeds [e.g. 25 HZ which hasdaégrio be
appropriate for slow walking movements [150], or quasi-staticsarements (as used

in the current thesis)]; to a theoretical maximal recorflieguency of 10 kHz [98].

Most often the biomechanical use of optical kinematic measmersystems is
focused on the measurement of movement in one or a seriesnts. jMany
approaches exist for estimating the locations of joints, and riticylar the joint
centres, which enable the estimation of axes of rotatiorhdfgers of body segments
and therefore the location of different body segments. Approachemdel joints

usually make use of skin surface markers which conventionedlyeither used to



define a set of local joint coordinate reference planes and qudrgedefinition of
joint centres [42, 152]; or make use of helical axis modelbndefine a movement

based model of the centre of rotation of a joint [151].

General advantages of the estimation of COM location using thenatieemethod
include the ability of this method to offer three dimensionadliaation of the COM,
the ability of the kinematic method to make measurements ijectalin any body
orientation and in any environment. Disadvantages of modern kinesyatams for
COM location estimation, include their prohibitive price, spsibdity to error due to
image aberration and their reliance on simplified modeling ofhtimean body. In
addition kinematic systems used for COM location determinatiguine body
markers to be placed upon a subject's skin, which itself may #iternatural
movement of a subject. Moreover, despite their extensivesustace (skin) based
marker placement approaches however are often incorrectlydpleeeling to
measurement error [45], and are not necessarily accurateiirrgépsesentation of
skeletal structures [23, 29, 30, 141]. Much effort is currebtyng focused on
attempts to investigate the nature of such error, with the hopeeatual correction

algorithms [29].

1.1.2. Kinetics

Classical Newtonian physics provides the mathematical conithinwhich human
movement kinetics exists. The study of human kinetics is therefoareerned with
qguantifying the forces which either cause movement or are prodscadesult of
human movement. In order to achieve this aim reliance is placHéwton’s laws of

motion and gravitation, which are able to define the componentsotbn such as



mass, inertia, acceleration, gravitational acceleragmergy transfer and collision
theory. The Newtonian principles also allow for the consequendestdn motion to
be elucidated, both in context of human interactions with obgguisindependent of

his/her environment, which uses many of the same tools.

The knowledge gained from kinetic analysis enable movements thei
consequences to be well categorized and understood, the consequanogsrént

to be modeled, and interventions to be studied. Such knowledge may beiniseful
altering an undesirable outcome (such as in the kinetic study topagaiology) or
reinforcing a favorable trait (such as it the case wheretiktnare used to train

champion athletes).

Movement may be initiated for a number of reasons which have dhegacterized
into two main categories, namely internal and external folt®4][ External forces
are those forces which originate from outside the body, suchraagtygor an

externally applied contact force, whereas internal forcesharge forces which act

between body parts within the body [154].

Although the focus of this thesis is kinematic analysis of mumation, the ultimate
implication for the studies contained herein may have implicafmmthe energetic,
force modeling, balance and inertial aspects of human biomech#tiasf these

latter variables are ultimately kinetic in nature.

Because the focus of this thesis is not kinetics per se, ampih-o®view of the tools

used for kinetic study is not necessary. The only significapterte to kinetic tool



usage that occurs in this thesis is the reference tausbeof force platforms to
estimate the movement of the whole body COM. For this re&sahe exclusion of
descriptions of other kinetic tools, only the basic theory behiedude of force
platforms in the estimation of whole body COM movement is explaifdz
introduction to force platform measurements below is meant to cowmtifurther

description of force platform measurements provided in chaptansl 4.

1.1.2.1. The use of force platforms for the estimation of whole body

centre of mass displacement estimation

A force platform (also sometimes referred to as a force)piata device capable of
measuring the force magnitude and direction applied to its sufféeegern force

platforms are able to measure the forces applied to the fatferpi surface in all

three dimensions, a feat achieved through having different fens®ss in each of the
three dimensional axes. The force sensors used to make sushreneents are
usually either strain gauge based or piezoelectric in nafine above description is
essentially the first step in understanding how force platf@arasable to estimate
COM movement. For the next step of the explanation we will i@elescribe aspects

of human locomotion.

When walking or running a human comes into contact with the ground,nasal i
doing propels him/herself in the direction of locomotion and in opposiiamavity.
One consequence of this action is that the net force ainabgtween the moving
human and his environment during ambulation can be said to be betwébkarbett
and the ground (assuming other external influences such as wintegligible). A

consequence of Newton'’s first law of motion is that the foecested by the human



onto the ground, are equal to those from the ground onto the human (assoming
significant system ‘loss of energy’ to deformation of eitter ground or human; and
other possible sources of energy transfer such as energy traméieat energy are
negligible). These latter forces (from ground to human), arerregf to in the

biomechanists field as ‘ground reaction forces’.

When a force platform is embedded in the ground, preferably insswdy as to be
flush with the ground surface surrounding the platform [74], the foetéopin is able
to measure all ground reaction forces between the ground and the tamgtulenan.
If the mass of the human is known, Newton’s second law of migiable to define
the acceleration of the human whilst in contact with the fptaorm (note that this
assumes that, at the time of measurement, the human igadgtact with the force
platform, i.e. no other body part is in contact with the ground).atkeleration that is
defined through Newtonian principles, is the acceleration oiM@le body COM,
which can be integrated to calculate the velocity and thenaitlynthe displacement
of the COM of the human subject. Note that the latter intiegrgrocess requires the
determination and/or estimation of integration constant includingnitial ivelocity
and initial location of the whole body COM. As is described inptdva 2 and 4,

multiple methods have been used to estimate these constants.

Advantages of using force platforms for COM displacement measnt include
their relatively simple installation (in comparison witimaltiple camera segmental
systems), their ability to take measurements at vely sampling frequencies (1000
samples per second or more) and the ability of force platfariyield near

instantaneous COM movement data. Force platform measuref@@i\ movement



also has the advantage of not requiring any marker placemia piacement of any
other interfering device, to the body of a subject. Unfortunéimlyever, force
platforms do display their own unique difficulties. Although forcefptats are able
to measure COM displacement relative to a point in spledocation of that point is
not discernable using this method, actual COM location detetiorina therefore not
possible. Another difficulty associated with force platfarmeasurements is that, as
explained above, this method requires a double integration anastggalDouble
integration carries with it an inherent problem, where agyyadierror is propagated
over time, leading to possible magnification of error as regdare made. Lastly,
being reliant on either strain gauge or piezoelectric techpoforce platforms are
susceptible to various sources of error, including eletulici, temperature related

oscillation and electrical hysteresis

1.1.3. Human Statics

In the preceding section we have seen that multiple approactiss fer the
measurement of human motion. It is sometimes useful howeverabléd¢o describe
the location of the human body and its parts as well as thesfaoteng on the body,
when no movement occurs. To achieve this, the study of human sisgEshe same
tools described in the kinematic and kinetic sections above. Becduss use of
established kinematic and kinetic tools, and probably due to ity lesstuilness in
biomechanical applications, few texts distinguish the study of huratiosstrom the
kinematic and kinetic subfields of human dynamics. For the purposi@sothesis
however, where much of the data collected was performed undercstaditions, |
have found it necessary to describe some concepts unique to humzs atathey

apply to the measurements made in the studies of this thesisl Aescription of
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how statics is applied to the measurement of COM is destiibchapter 2 where it

IS more appropriate.

1.1.3.1. The physical nature of the static state (equilibrium)

The observation of movement of an object relies on an observey ibendifferent
state of motion to the moving object. Relative to a the@letibserver on a far away
planet for example, every object on the surface of the earth teulshid to be
moving at a remarkable speed (due at least to the speed tbrradh the earth,
rotation of the earth around the sun, and so on). Relative to onerhottever, two
observers inside an isolated system on the surface of the ealdhbe said to be in a

state of no movement (at rest).

Due to the physical environment on the earth’s surface being stbjgrvitational
influences, a state of rest can only be achieved through oppostices facting to
counteract other forces such as gravity. A person lying on the groaydfor
example be in a state of rest if the forces acting on hidbdy from the ground
exactly counteract the influences of gravity. It could theeetwer said that the static
state can only be achieved on the earths surface when the fotiogsom that body
are exactly counteracted by opposing forces, such that the cetitting on the body
is equal to zero. The latter point may also be describedstatia state is achievable
when an object is in a state of force equilibrium. Of courskatilsl be noted that it
may be theoretically possible for there to be some part afrtiverse where all forces
acting on an object would be negligible, allowing for a statie staexist without the

need for equilibrium of forces.
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1.1.4. Interpretation of biomechanical data

In the sections above many of the approaches and measurementviilalsiea to
biomechanists have been described. These methods have lead ttiled de
understanding of human body movement and enabled the description of such
movements in mathematical language. Unlike other sciencesvieomthe usefulness
of biomechanical data is not chiefly concerned with purely bionrechiaknowledge
development. Instead biomechanical data often finds its gresegilness in other
biological realms where interpretation of the biomechaniamlyerated data is made
in relation to the context of that field. A similar circuansce is true for the science of
analytical chemistry, a pure science in its own right. Alttoagalytical chemistry is
a pure science, it is seen as vital for clinical diagndsied and other product
development, as well as a great variety of other applicatibike analytical
chemistry the field of biomechanics is most useful when titee idgenerates is used

in other biological contexts.

Examples of the applications of biomechanics in other biologidalsfieclude: the
description of anatomical structures under moving conditions; the etitdr
evolution of phenotypic traits of animals (with description of halfferent
morphologies may have contributed to evolutionary survival); the faexibn of
traits which contribute to sporting performance; the clinical diagnoksimovement
disorders; the physiological understanding of movement and the tseffafc
pharmacological drugs on movement. Arguably the most recent djplicaf
kinematics in particular has been its use in entertainment wirewal environments

are created and characters are modeled either for vide®sgar movie characters.
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1.2.Introduction to measurement theory

Although the content of this thesis is squarely placed in the fididoafiechanics (as
introduced in the previous section) and specifically in the dontwinCOM
biomechanics (as introduced hereafter in chapter 2), thedog®yed in the studies
described (particularly chapters 2, 4 and 5) are derived from arf@lieof science,
namely metrology. Metrology is defined by the International Staisd@rganization
(ISO) as the “field of knowledge dealing with measurement]. [8S such the field of
metrology includes: the study of definitions of accepted units ofsanement, the
study of the quality and characterization of measurements andinmestts, the
establishment of traceable chains documenting the accuracgasiunements and the
applications of all the above in all other realms but modtcodarly the legal realm

[2, 81].

The wide scope of metrology makes a generalized review ofidliea misguided

undertaking for the current thesis, because only a few metrolégata and concepts
are directly relevant to the studies described in this th&sis sections below are
therefore refined to include a general introduction to metrolagigscription of tools
used to assess the quality of measurements as well as@iuation to approaches

that are used to compare measurement techniques.

1.2.1. The need for dependable measurements

The description of, and comparison between any of the quantitiebyus®n in
everyday life is dependant on the existence of reliable nexasmt. Economies rely

on commodities that are traded according to weight, length or titudal of other

13



measures. Clinically, measurements are needed in order fgrodies to be made,
appropriate treatment interventions to be conducted and for signg/aptbms of
quality, efficacy and safety to be monitored. Aircraft ancbtdiker modes of transport
rely on measurement of a wide range of variables, not onlth&r navigation and
carriage capabilities, but for every aspect of their deaigsh construction. Similar
arguments, detailing the need for measured quantities couldpliedcato almost all

human endeavors.

All empirical scientific endeavors require (by definition) aserement. Scientific
measurements allow for hypotheses to be tested and therefore knowdetige
gained, refined and evaluated. Measurement, as a resutindsof the very

cornerstones of science.

Despite the importance of measurement a single measuremdutvcontext is
seldom useful. To be useful the additional concept of contexhichwneasurements
are made within the framework of other measurements isedeedost often
measurements need to be compared, which can occur in a vanety©flt may for
example be important to be able to compare different measot®roeer time, in
different locations and environments, and to do so using differensumeaent
devices, is also often important. Standardization of measurenentiserefore
important. The quality of measurements (a topic arising frétemdsrdization) is

discussed below.

For a more detailed account of the philosophical and historical devehtpai

measurement theory please consult the following references972239, 140]. Note

14



that due to the nature of philosophical papers being different faifferéntly
structured than) scientific articles (where facts can be duoten original articles),

the latter references have not been specifically aiteldd text above.

1.2.2. Assessment of measurement quality (including measurement

uncertainty)

No measurement available to humans is absolutely accurateTle®je are many
ways in which a measurement may vary from the true valukoiédt as is described
later, many techniques exist to describe the differences betweae values and
measurement estimates of these true values, followingiframational conventions,
current paradigms collectively refer to the measuremedtagpproximation of these

differences as measurement uncerta[B88]. The sections below deal with methods

that are used to quantify and categorize different types ofunement uncertainty.
Once again, as in other sections, only those topics with relevia this thesis are

discussed.

Worthy of mention but not further discussion is that, at the subatievet (where
measurement theory is taken to its minuscule extreme), theee further
complications to measurement uncertainty, namely “Heisenbeugsertainty
principle”. The reason for including this point here is that many ipfiyand
metrological texts refer to measurement uncertainty purelthéncontext of this
principle. However as we will see below, such consideratames not generally

appropriate to human biomechanics.
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In 1927, Werner Heisenberg described his “uncertainty princige"which he
received the Nobel Prize for physics in 1932. Heisenberg's plencs concerned
with the measurement of the movement of a single partidedefines the natural
limits within which an observer can measure the motion of ghdicle [78]. At the
spatial scale at which human biomechanics operates howeveinfthence of
Heisenberg’s uncertainty principle on an object the sizehafral for example would
only account for a measurement uncertainty of*t0[66] and can therefore be

neglected.

1.1.2.1. Classical approaches to measurement uncertainty

In a classical metrological approach the difference betweemasured value and a
true value is referred to as measurement error [53]. Truevah turn are classically
estimated through the identification of a “preferred procedurd; [#kich is defined
by “agreement among experts” [54]. As we will see later ena@r, more recent
approaches to metrology and measurement uncertainty accept thptdabatea true
value is never known [89], and is, from the perspective of theriexpeter always

theoretical [84].

Making use of the classical assumption that an estimatednieasurement is able to
be identified, it is possible to estimate the error of mesment through comparison
with true value estimates. The resulting error of measureroan broadly be
classified into two categories, namely (1) random and (2) sgsiemrmeasurement
error [53]. Differences between these two types of errat éxithat random error is
randomly distributed around the true value, whilst systematior davors one

direction away from the true value (in any number of dimensiorsjodated with
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the concepts of random and systematic error is the concept otiner@asit bias.
Measurement bias may be defined as the difference between watneeand the

average of measurements made over all possible repetifitmes grocess [11].

Once both error and bias are known it becomes possible to debrmadve classical
metrological concepts, namely accuracy and precision. Acgutdca single
measurement is the “closeness of agreement” betweensaimeeeent and a true value
[53, 84]. Accuracy involves a combination of random error anddaagponents [53,
84]. Unlike accuracy however, measurement precision is defméuked'closeness of
agreement” between independent measurements [84]. Note ¢hkdttér definition
does not relate to a ‘true value’ [53], a principle which accountth& possibility that
a set of measurements may be inaccurate (due to bias), thet same time remain

precise (display only small differences between measunisine

The two remaining principles of classical metrology that hralevance to the studies
contained in this thesis are the concepts of repeatability anddregpility. To
understand these concepts and the differences between thammstifirst be made
clear that measurements may be repeated under differenbfseircumstances. In
circumstances where conditions are identical, occur in the dabwratory /
environment and are conducted by the same operators, a measwktrapaatability
may be assessed between measurements [5]. Repeatabitiigrefore a type of
measurement precision under such conditions. Reproducibility issaedsefien the
precision of measurement is assessed in measurements obtaideqtiopl test items

in different laboratories (with environments copied) and witfedéht operators [5].
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1.1.2.2. Modern (International Standards Organization based)

approaches to measurement uncertainty

Although classical metrological terminology and approaches aré sted
extensively, in the early 1990s the International OrganizationStandardization
(ISO) and all of its affiliate international metrologichbdies presented a revised
approach to measurement uncertainty [85]. One of the majan®éw doing so was
the realization that although the classical approaches ackn@aeaiga true value is
not perfectly quantifiable, they do not account for the consequenicethiso
knowledge. Since the classical approach would require a known “trueg peor to
the assessment of measurement error in a new measuramerhat “true values”
themselves have inherent (unknown) error, a circular argumeis g#tien trying to
benchmark the error of a subsequent measurement [89]. The revmeaddphas
attempted to correct this failing and was also able to fommadiefinitions for
measurement uncertainty across disciplines, incorporate a nuohbprinciples
previously unaccounted for and eliminate a number of redundancies intetést t

classical approach [60, 89].

The 1993 publication of the ISO Guide to the Expression of Uncertamty
Measurement (popularly referred to as the GUM) introduced thiedircumentation

of a “consensus view” on how measurement theory should be calculated and
expressed [90]. One of the departures from classical coneefhsti the term and
concept of “measurement error” is far less emphasizehyrdue to the observation

that ‘true values’ cannot be exactly quantified [144]. Instdaal frinciple of a

standard measurement, which is acknowledged as being an “impeffection of
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the ‘true value’ ” [60], is used to conduct a far more thorougdlyais of uncertainty

as described hereafter.

The term _measurandintroduced by GUM differs from the more classical
‘measurement’ in that all measurands are reported with amganying measure of
precision (usually a standard deviation). In some fields ofsaremnent however a
numerical measurand may not be best suited to the description gquiahsty being
described. In such cases both the measurand and its variatignaatédied in some

other more appropriate manner (as may occur for example ituthesf behavior).

Once both the measurand and standard (agreed but imperfect) valudodeave
described the quantification of measurement uncertainly becorasibleo The GUM
approach involves a number of sequential steps which | will loakedgribe next.
First it is recognized that each measurand is achieved througerias of
‘measurements’, but is reliant on a more complex measuresystieim [136]. In most
modern day biological or engineering measurements, measurenstamsymay
include multiple components (including for example a set of sinaitadissimilar
sensors, all of which have some level of interaction, cororersind signal
amplification steps and an ultimate recoding phase which repudisi@). This latter

series of system components is referred to as a tréiteabain.

The next step of the GUM based measurement uncertainty deadioniis that each
of these steps is described mathematically in relatiohetaltimate measurand [89].
Hereafter each identified step in the traceability chairrerguired to be further

scrutinized, and have its own measurement uncertainty defineématically in one
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of two ways. Type A measurement uncertainty determinationppdieal when

multiple measurements of the particular step of the tradgathain can be made (or
obtained from prior measurements/reports) thereby allowing $taredard deviation
assessment of that step to be made. Type A measuremeriaimge&etermination is
thereby able to define measurement uncertainty of many of tips ste the

traceability chain, contributing to an ultimate measurand. TBpeneasurement
uncertainty determination is applied to steps in the traceablidyn where statistical
procedures are not possible; and some other informed estimatetméedsnade (and

this assumption stated).

The result of the above GUM based measurement uncertainty detgomisteps is
that a modeled mathematical description of all the partsertraceability chain can
be made. Such a model may also include other variables suntrraction factors.
The ultimate analysis of the constructed model is performedwigsite sources of
uncertainty are identified, compared and the propagation of umtgrieom step to
step is identified. Many mathematical approaches may betasedke such analyses
including correlation methods [136]. The ultimate uncertaintyhef éntire system

(including all smaller steps and overall uncertainty) isdesed and recorded.

The modern GUM approach to metrology has certain advantagesclagsical
approaches. In particular, the GUM approach does acknowledge théeictipas of
standard measurements (ultimately true to all measuremse&s Heisenberg's
uncertainty principle above for example). The modern approaohredjuires a formal
dissection of the measurement system such that the meastirehuncertainty of

each part in the traceability chain is identified and tlfep@gation of uncertainty is
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investigated. This is in contrast to the classical approderenmore of a “black box”
approach is employed in which chance accuracy of a system ca@ddrasituations
where opposing uncertainties my cancel one another out inside teura@ent
system and never be identified. Furthermore, the more aeT#pGUM approach
establishes a basis for further debate and testing of assumpttimately leading to
a more complete understanding of the measurement uncertaingystiean including

the propagation of uncertainty along the traceability chain.

1.1.2.3. Approaches to measurement uncertainty used in this thesi

While the most recent approaches to measurement theory (s&é@i@m®. above)
have clear advantages over the classical approach, paiticin respect of
standardization of terminology and the thoroughness by which measireme
uncertainty is quantified, no studies have applied these principlles fld of whole
body COM biomechanics. The studies described in chapters 4 and &s3etts the
measurement uncertainty of the most popular COM location measurappnach,

namely the kinematic segmental method.

The traceability chain for the kinematic segmental approaehc@mplex and multi-
faceted system. To illustrate this, | will briefly deberthe input and output variables
into and resulting from the measurement system, as wetiras ef the traceability
chain steps needed to estimate human COM location using an dpdicking

kinematic based method.
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The input data and variables used by a kinematic segmental meastusystem may
include: image footage (containing pictures of body markers doraabn points);
known locations of calibration points (known physical dimensions of a stined
object, usually either a ‘wand’ or a ‘calibration frame’); tkeown locations of
cameras; a set of segment inertial parameters (app®foiathe subject under study,
used to model the human body); the mass of the subjects and a@thainpre-
measured characteristics of the subject; as well agyaritam that is able to estimate
joint centres from marker coordinates. | will assume thasitingle output variable for
this measurement system is a three dimensional COM locetiative to some

known point in space.

Some of the main steps in the traceability chain are:
Image capture and processing.
Marker tracking (identification of the location of body markers withi
images).
Three dimensional marker location reconstruction (construction \oftwal
model).
Joint centre location estimation from marker coordinates.
Application of segmental inertial parameters and measureaatbastics of
the subject to the three dimensional model (derived from recundaggton
other humans or cadavers).

COM location estimation.

In order to conduct the studies described in this thesis, itimagrtant to adopt an

approach that was both consistent with modern (GUM based) priciple also to
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do so in a way which was not contradictory with the more famd@rventional
‘classical’ methodology. To do this, we firstly identified are&ghe traceability chain
inherent to the kinematic segmental method, which may be adsessneasurement
uncertainty. We did so, focusing on kinematic segmental approaches @sed in
published studies which apply COM data or those approaches described i
biomechanics textbooks. Since many of the current steps in thebiligednain are
currently receiving individual attention (such as the modeling oft jogntres using
various marker based approaches, the comparison of computeraekingr
algorithms, or the use of different marker properties and typesyiecided to either
evaluate other aspects of the traceability chain, or toassssaceability chain steps
using novel approaches; and to look at the measurement uncertdintye

measurement system as a whole.

The following bulleted points made up the main aspects of thenkitie segmental

method traceability chain and measurement system that iweestigated in this

thesis:

The overall measurement uncertainty when comparing kinematic methads

two dimensional reaction-board standard (chapter 4).

The effects of upright COM data being reliant on recumbent sggimertial

parameter measurements (chapter 4).

The repeatability of COM measurements (chapter 4).
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The segment inertial properties used to model the whole body COM
comparing different approaches —cadaver derived and live humandidaitze

(chapter 5).

The overall measurement uncertainty when comparing kinematic methads

three dimensional suspension standard (chapter 5).

Notice that the nomenclature of these sections has remaomsistent with the more

conventional and easily understood ‘classical’ methods, which arerfdyy more

suitable to a biomechanical and general scientific audience.
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Chapter 2

Literature Review:

The Measurement of the Human Centre of Mass Location idmbulating

Persons; a Review of its Legacy and Application.
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2.1.Linking Notes

In the preceding chapter the context of biomechanics and meastirdgr@ery was

introduced. Chapter 2 specifically introduces the theme of threrduthesis, namely
centre of mass (COM) biomechanics, defines the concept diuthen COM, places
it in context of the biomechanical and applied fields where COlblsomements have
their application, and details the historical progression ofmatie to describe and

measure the location of the human COM.

Section 2.2 is also a free standing review manuscript whidhgatme of this thesis
submission, is under review at the jour@alit and PosturePart of section 2.2 (the
review article subsection 2) refers to the existence of rddfgerent definitions of the
human whole body COM within the biomechanical literature. Duevdod number
constraints imposed by the journ@hit and Postureexamples of such definitions
could not be placed into the text of the review paper. Therefose @re included in
the appendices as Appendix 1. Quotes are shown as the definitidres GOM as
they appear in different texts sourced from the literature.tf®@rpurposes of this
thesis figures and their captions have been placed in thepajspe places within the

text of the article.
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Section 2.3 describes the rationale for the studies conductdisithéesis. The
rationale has been placed here after the reader has read dhaptechapter 2’s
sections 2.1 and 2.2. As a result the reader has been introducedbéekfeound
of COM biomechanics and is familiar with all the necessabtleties of the field
into which the questions are posed and is therefore equipped to cahsder
rationale of the subsequent thesis sections where the expealimbapters are

found.
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2.2.Review Atrticle:

The measurement of the human centre of mass location in am@uydatsons; a

review of its legacy and application.
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Abstract

Giovanni Borelli (1679) first measured the location of the humanreef mass
(COM), which he quantified as lying ‘between the buttocks and thes’pubia

recumbent man. Since then many refinements to the techniqueéstauseeasure
human COM have been made. Today COM location can be measured eirogisn
that range from the tedious but accurate suspension method, tor&gaatime’

methods that make use of body segment based models (kinematideyce

integration (force platform) techniques. This paper revigwdevelopment of COM
location measurement methods, the data that such methods haveel et outlines
the known and newly emerging applications for COM movement déia,special

reference to the validity of such data.

Abstract word count; 119 words

Key words: centre of mass, measurement, gait.
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Introduction

The task of describing the position or movement of an object whmlp@s volume
in three dimensions is not necessarily a simple task. Onbeofjreatest steps in
solving this problem was the discovery of the centre of r{fa€8v), a special point
determined by the mass distribution of objects. Applied to the hubpaay, the
knowledge of COM location and movement has facilitated a gesdtad progress in
the understanding of human motion, balance, and the interaction beh&eesnd his

environment.

Ambulation makes up between 3% and 27% of a Western human’s awakty activ
[113]. A large proportion of the energy expended during ambulation is asedve
the body’s COM against gravity, to change its state ofimest to change the kinetic
energy of the limbs with reference to the COM [25, 108].Harrhore, the ability of a
person to balance while stationary (maintain a constaricaeposition within a base
of support) or during movement is reliant on COM placement. Qyangifthe
movement of the COM is therefore useful to both the study of huemergy
expenditure and balance. Added to this is the need for COMrd#ta modeling of
the human body for a multitude of applications such as the design aehhoperated
machinery, prostheses or in the design of virtual computegpm@donments. The
many uses of COM data have made these measurements aramhpogntity, with
ever increasing application. In the light of few other attertgptdo so, in this review

we summarize the history of COM measurement theory amgbjitiications.
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1. Application of COM measurements

Knowledge of the location of the human body COM is considered edsenta

variety of applications in the scientific, clinical and other egapkealms. In purely
scientific terms, COM data have been used to elucidatermlerstanding of a great
variety of themes including biomechanical efficiency, balameeprioception, gait

and mechanical work [14, 26, 49, 80, 108, 126, 137].

Applied and clinical uses of COM data are also becoming morencoiplace. In the
clinical setting COM data have been used to evaluate agedalhanges in balance
[72, 91], diagnose imbalance disorders [32, 73], identify gait paghed [37, 48, 50,
71], describe falling [111] and evaluate the effect of limipatation and corrective
devices [67, 95, 142]. At present clinical uses of COM looatiata therefore include
the evaluation of gait, falling risk, vestibular function aslas testing the efficacy of

clinical devices and procedures.

Other emerging applications of COM data include equipment desigrmovement
analysis. In particular, COM data have been used in the studynzdn movement in
weightlessness [118] and the modelling of human movement [16, 112,A38ied
to the sporting realm, COM data have been used for the meastireihmechanical
efficiency in athletes [7, 8, 127, 149] and the measureme@Od movement as a
contributor to sport specific performance in a wide varietgpirting codes e.g. the
hammer throw [38], high jump [39], hurdles [100], long jump [102], pole jA0H,

129] and triple jump [62].
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In addition to specific human activities where COM data haveoolsvapplication, it
is common for people today to perform a large portion of theiy daitivities in
combination with machines. Often such man-machine combinations actsmgle
unit. The design of such machines (either those which carmg aaaried by humans)
have made use of COM measurement of machine and human dgpasaigell as
that of both together. Two classical studies of the human @@ge from just such
applications. Braune and Fischer [19] studied the influentieedPrussian Infantry’s
equipment on their COM, while Dempster [47] was interested iIC@® of military
machine operators. Another example where such COM studies havesddncludes

the design of wheelchairs [96].

2. The emergence of the concept of the centre of aiadgects

At an appropriate age, human infants learn to place ti@w @ithin a base of
support formed by their feet to enable them to stand or wilks observation, and
the observation of the need to balance the body in an infiniteerushipossible
positions of stability, most likely dates to the timetw# £volution of human

cognition but due to its unrecorded nature, is lost in the wigisehistory.

2.1. Legacy of COM concepts

From the design of ancient humanlike statues such as those drgdbedEgyptians,
Greeks and other ancient cultures where a statue COM sdpiédimove a specifically
designed base of support, it is evident that knowledge of COMleasitthe balance

implications of such a point to the human body has been withr @sléng time.
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It is most likely that the first words recorded to descihe COM are those of
Aristotle [9, 10]. Aristotle described the importance of teatres of objects both in
his discourse on the heaveide(Cael) as well as his writings on the movement of
animals De Motu Animaliuj In many parts of his discourse about animal
movement De Motu Animaliurjy Aristotle refers to a far more tangible centre of
motion concept, as a point of rest against which a limb or dibey parts could be

moved:

“...and the middle of the bodyust needs be in potency one but in action

more than one; for the limbs are moved simultaneously frorarthmal seat
of movement, and when one is at rest the other is moved... Agai@,
reasonable arrangement that the movements arise in the weoitre
movements in the parts, and in the parts upon movemeihs agebtreand so

reach one another.”

(Chapters 9 and 1De Motu Animaliurfi0]).
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(b)

Figure 1.Busts of Aristotle (a) and Archimedes (b), likely to be two first authors
of recording the physical phenomenon of the centre of mass. Theuotiost of these
and earlier statues also demonstrate how knowledge of thre oémbass of statues (or
at least its implications) must have been known by sculptdrs predate these
authors.

Within 50 years of the death of Aristotle, the first refieeto the COM of an object
in a purely physical sense was made by Archimedes of SyracAsehimedes
supplied both a definition for the COM (although this source documeridweslost,
but is referred to by Archimedes in other treatises [77]),sudke of its properties.
He related COM to the buoyancy of an object (ime“water and other liquidsand

to balancing a pair of objects, which are connected by amliin “the equilibrium

of planes, part 1).
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Relatively little appears to have been added to the body of knowlelddged to COM
for the next 1500 years. The contributions that did come forth howevermaanly

related to the COM and astronomical position of the earthl{ZH],

The beginnings of modern empirical physics began with a number ewodhy
physicists of the late renaissance, all of whom demonstratdddeveloping insight,
the concept of the COM. The writings of Galileo Galilei [68f of particular
importance in that they develop both the idea of the COM and dwtithe work that
preceded it e motu antiquiorawritten in 1592 but only published after Galileo’s
death [148]). Galileo confirms that up until the sixteenth century Mtie had been

added to the ideas put forward by Archimed2s (otu antiquiora

By the time of Newton much of what we understand today about the G&M
already been described. Nonetheless the contributions of thiaralese were
significant. Newton put forward many different definitions for whet today
describe as the COM. In a dynamic sense Newton referrbdstoentre of motion as

being:

“a point which rests when a body is moved with any circular but not
progressive motion” and “in every body there is a certain pailted the
centre of motion about which if the body be anyway circulateéideavours
of its parts every way from the centre are exactly coytised by opposite

endeavours” [109]
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Newton’s description of the “centre of motion” coincides withoaject’'s COM since
Newton uses the terms “centre of motion” and “centre ofityfainterchangeably

[79].

Newton’s Principia [109] also documents his physical laws (Newton | and Il -from
which kinetic extrapolations of COM data can be made; and Newtapdh which
one of the methods of its measurement is now based- i.e. tieeplatiorm) as well
as the universal law of gravitation (used today to caleullae potential energy of
COM position and therefore work required to elevate the COM). Todagre aware
that subsequent findings have demonstrated that the Newtonian thamiest
applicable to the very small (atomic and sub atomic) realweyr fast moving (near
light speed) circumstances. For the purposes of human based @@ddnements, we

can safely assume that Newtonian theories hold.

2.2. Modern COM definition

Today many complementary definitions for both the COM and centgeawity exist
in the biomechanical realm. For the purposes of this review papérst define the
COM of the human body as the imaginary point in or about the isolatedrhbody
at which the entire mass of the body can be considered to bent@ied. The COM
is the point that can be used to describe the translational reavesh the entire

human body.

The manifestation of the COM of an object can be explained ypdrein the
application of Newton'’s first and second laws of motion. Any cobbectif matter that

can be said to be discernable as an isolated object can bibess made up of
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smaller matter particles which are in some way held togdtyela combination of
forces, mainly electrical or chemical in the supra nucteaim. When a force is
applied to the object, through force application to one or more aiitadler parts, the
object may deform or fragment, or if the forces holding theablggether are strong
enough, the applied force will be transferred through the objectgestrio part. The
net result of the applied force in the latter case will behtinge the state of motion of
each part in turn, in a manner dictated by the inertiaci @art of the object, and the
forces between parts. The resulting motion of the object as & whalcombination

of rotational and translational motion.

The translational motion, which is a mass weighted averagadlational motion of
all the parts of the object, can be described by the motitredOM. This motion is
equivalent to the motion of a single point particle with massléqube total mass of
the object and responds as if all the forces applied to thetddoje applied at the
COM. The rotational motion of the object can be describedeamotion of the parts
of the object relative to the COM, in other words, as téan of the object seen by
an observer who is moving with the COM. The rotational mosagguivalent to the
rotation caused by all the forces acting on the body about an imagirs that

passes through the COM.

The COM is therefore a unique, mathematically defined conceptathany time is
determined by the mass distribution of an object. The concept oéttiee of gravity
(sometimes used synonymously with COM) also depends on the massitigstrof

a object, but in addition it depends on the universal law of tyravid the properties

of the gravitational field in which that object is found. laraform gravitational field,
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the location of the centre of gravity and the location of th&/G@@incide. In a non-
uniform gravitational field, the two points do not coincide and in faetcentre of
gravity is not a very useful concept. The lesser usefulole®e centre of gravity of
an object in a non-uniform gravitational field arises becauséodstion changes
relative to the mass distribution depending on where in the non-unikeldlie mass
is found. Note that the gravitational field on the earthifaze is assumed to be
approximately uniform especially when considering changes relatibet spatial

scale over which a human body spans (approximately 2 meters) [6].

Despite the well understood physical and mathematical definitibtiteeacentres of

mass and gravity, the use of these concepts in a widetywarf research fields has
regrettably resulted in varied definitions for both variablesaAssult, even recently,
the careless use of the terms centre of gravity and rhassmotivated authors to

publish articles reminding researchers of the proper useobfterms [93].

3. Methods of measuring the location and degree of movement of theman
COM

Over the last 350 years various methods for measuring the loadtitre human
COM have been devised by different researchers. Initialgsurements were made
either by balancing or suspending people or frozen cadavers. lesegrduous but
more indirect measurements on live humans were devised. Tadaynated
measurement of COM location or displacement is a widespreadpapdlarly
measured variable in biomechanics laboratories. This sectionheof réview,

documents the evolution these methods.
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3.1. Direct means of measuring COM location

Mass is the fundamental property of matter to resist a changelacity [154]. By
generating an applied force which exactly counters the moverhamt @bject, that
object is brought to rest (static equilibrium). When the above ituatcurs on the
earth’s surface, the centre of gravity of the still objiest within a volume defined by
two variables: a) the area of contact between the obmatface and the applied force
and b) a vector which emanates from the earths centre tattée‘area of contact'.
The application of the above ‘applied force’ can be positioned aityirng precision,
allowing the volume within which the centre of gravity of the obje localized to be
refined. Through this method a two dimensional localization of tHeMC
(perpendicular to the gravitational vector) becomes possibleadduwacy of such a
COM measurement is dependent on the care taken to limit thedapgdietion force

to as small an application area as possible.

The two COM location measurement methods that make use ofrdw ghysical
localization of COM explained above (with no intermediate seas@neasurement
system), are the balancing or suspension methods. All othdrodsetused to
determine COM location relative to a known point in space argeder(either
directly or indirectly) from balancing or suspension techniques Titst two
subsections below describe how balancing and suspension methodeéapplied
to measurement of the human body COM, while the remaining sectdes to
measurement of COM displacement and location using other plzasest

measurement methods.
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3.1.1. Balancing

The earliest recorded method used to determine the location béithen COM was
made using a simple board and pivot (Figure 2, Borelli 1679[17]). B{figlure 3)

described locating the centre of “gravity” of a man “strettout at length”, finding it
to be located between the buttocksldtes” and the pubis [18]. Borelli’'s simply
designed measurement technique had the advantage of being diegmtlydent on
physical laws (potentially of high theoretical accuracy). Bigeineasurements,
however, suffered some degree of inherent error because he egdteddcate the
COM of his board alone, or alternatively to balance his boadl fx it in that

balanced position prior to his subject lying on the board [19].

Figure 2. The balancing board of Borelli (Table 10 de Motu Animalium, 1679)

The Webber brothers [147] used equipment akin to that of Borelli, [} ensured
that their board was pre-balanced. Webber and Webber [147hteepehe
measurements of Borelli on a male cadaver and defined theoloadtthe COM as

lying 721,5mm from the crown and 947,7 mm from the heel [19]. In 186(est
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[75] repeated the cadaveric measurements of the Webber braibeveell as

measuring the mass and COM locations of each body segment [33]
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Figure 3. A portrait of G.A. Borelli

3.1.2. Suspension

Braune and Fischer [19] introduced the suspension method of meaburiman
cadaver COM. This method relied on a concept well known sincémbeof Galileo
(1592), that the force applied at a single suspension point of aot dhat has come

to rest, acts along the line that passes through the COM. niylake of pointed iron
rods that were hammered (with the aid of a “blacksmith’s hanmmetd frozen
whole cadavers as well as individual body segments to locateidudivsegment
COMs, Braune and Fischer made use of the stable equilibriigmedfby suspension

in order to measure both whole body COM location and the way in which those

locations changed when different body parts were removed from ta&rara They
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also used the same technique as a reference standard to edhgarsegmental

technique with a direct measure of the COM

3.1.3. Force platforms

In the previous section it may be evident that direct measuteohehe _locationof
the COM, is a time consuming and arduous task. The same hovigveof
necessarily true for direct measurement of the displaceifteat magnitude and
direction of movement between two points of unknown location) of COMesin
measurements of ground reaction forces make it possible to douddeaiet body

acceleration data in a far shorter time.

T
£
F
i
“;—i;

Figure 4. The "apparatus for reporting forward and backward components of the
pressure of the foot against the ground” (Fenn 1930).
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Three years after the publication of the work of Braune and KisEtienne Jules
Marey developed a “dynamographic platform” [59], which is recaghias the first
functional force platform [27]. Such devices initially relied oaamanical tracings of
the “pressure” that a runner uses to deform rubber bulbs [4]etal reprings [59]

(Figure 4).

Even though ground reaction forces had been quantified for both walkireng4]
running [4, 59], prior to World War I, these were not yet usedaocuate the
displacement of COM during ambulation [59]. The earliest eefax to such a
procedure is that of Elftman [55] who recognized that it wasilplesso double
integrate ground reaction forces, and with the proper use of Nevdgectsd law of
motion, obtain data of the displacement of COM if it was possibl conduct a
“proper evaluation of integration constants” [24]. Since then, tree afsforce
platforms to calculate the movement of the human COM hasnieavidespread.

These techniques have become more refined in recent times [134]

Like all ground reaction force methods, force platform measursmesquire
estimation of two integration constants, which are conventioealiynated through
an averaging technigue or assumed to be zero [14], accurateremast of the true
mass of the subject as well as the gravitational aatela constant at the site of
measurement. The need for a high degree of accuracy initlitiedemeasurements is
that, through the process of double integration any small magnituderaof igr
summed throughout the duration of measurement. The accuracy with Yonoe
platform techniques are able to produce the actual integratioraotss thought to

influence the accuracy of the data obtained [70, 126].
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3.1.4. Reaction-boards

In 1909 the first direct technique of COM location measurementitianot rely on
either suspension or balancing was published by Reynolds and (24}t Their
device (Figure 5), that would later be recognized as therdéiasttion-board [35, 68],

was designed to measure the COM location of a standingcsubje

9
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FieTre 1. — Side view of the apparatus for esti-
mating the centre of gravity. A,scale. B, bal
ance plane on which patient stands facing 4.
C, block supporting triangularedge. P, mov-
able borizontal aim on uprizh: ior obtaining
horizontal distances. E, vertical upright for
standard plane. F, ledge against which heels
are placed.

Figure 5. The [reaction-board] apparatus of Reynolds and Lovett (1909).

Since direct measurements of COM location are conducted whewhible body
centre of pressure coincides with the centre of mass pajeatito the board surface,
direct measurement of the COM location has been typicallyeldnid being made

when a subject is not moving and therefore in a state of stgbiébrium. Direct
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measurements of COM location when a subject is standing (ayiather “unstable”
body position where energy is required to maintain a stationary positiary)
encounter error as the centre of pressure of the body movestladdatse of support
created by the feet [3, 14, 145]. To overcome this, researtiaee laid subjects in

recumbent positions in order to emulate less stable body positions.

Today reaction-boards remain in use primarily for either meastin@gecumbent
height of COM of subjects lying on the board surface, or for memsahanges in
position of the COM in an individual who changes between two statig fasitions.
Like the board of Reynolds and Lovett [124], reaction-boards of todaguree¢he
centre of pressure of objects placed on their surface, whic¢htio subjects coincides
with a two dimensional localization of the COM. Such measergsninclude the
direct measurement of the COM in positions that emulatetigejump [102], diving

[69, 122], the sprint start [116] and “normal”, “pike” and “strighgsitions [41].

3.1.5. Other methods

Although balancing, suspension, force platform and reaction-boarddeelsrare the
four most widely used methods to directly measure either tagidm or displacement
of COM, two other related methods have been developed. Theseididsrown
methods are seldom used in practice today. The first of theesséhe “Wisconsin see-
saw” which comprised a 10 ft (3.05m) long rigid bar balanced on a pAtobne end
of the bar, at a known distance from the pivot, a large iraghvevith known mass
was placed. At the other end of the bar the subject of known wagd lie in a
supine position. Simple torque algebra is used to calculat€@hé location of the

stationary subject, usually marked with the use of a pluneb[43].
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The second of these techniques that has been reported to measunaneGOM
location directly is the method of tipping-standing [43]. This techniqgae made
popular in 1863 by von Meyer [19, 43] and involved a subject maintasingid
body position. Once subjects were as rigid as they could makeseh&s, they were
slowly tilted in an anterior or posterior direction until they |dstit balance. Markers
were placed onto the legs of subjects which were filmed isdbgétal plane. Images
containing leg markers at the points of both anterior and posterimgfadind which
contained a horizontal horizon were used to calculate the posititre afentre of

mass (pressure) of the subject using trigopnometry [43].

3.2.  Indirect means of measuring COM

Direct measurement of the locatiaf the COM (suspension, balancing, reaction-

boards, the Wisconsin see-saw and tipping-standing) is an extremelgonsuming

activity, requiring meticulous attention to detail. Although tkisot necessarily true
for the direct measurement of the displacen@n€COM (which requires either the
above methods dorce platform techniques), alternative methods have evolezhw

are both time efficient and repeatable.

3.2.1. Cadaveric and other segmental model methods

In 1889 Braune and Fischer [19] adapted work of von Meyer [146] (who igatedi
the changing COM location upon removal of different body segmeatdgvelop the
segmental method of COM determination. Using their suspensamitgie and

studying cadavers they measured the COM location of eacheraaiad recorded the
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anthropometry of each body. Next Braune and Fischer dismemébacbdcadaver
and recorded the COM, dimensions and mass of each body segroennefadaver
(cadaver 6) they constructed a drawn model relative td ef sbitrary axes (three

dimensional Cartesian volume) of the body, marking body dimension®eettbns

of each segment’'s COM (Figure 6).
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Figure 6. The first diagram showing the segmental modela determination
(Braune and Fischer 1889)

This three dimensional model (Figure 6) was then investigatedjior@sion in turn,
in the following way: the position of each body segment (relativéhe arbitrary
axes) was quantified and assigned a mathematical weiglur@#g to its mass). The
resulting products of body segment positions and masses wereea/&rageld a one

dimensional COM location; this procedure which was then repeatecedoh
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Cartesian axis resulted in a three dimensional estimatidmegbdsition of the COM

of the subject.

Braune and Fischer found a 0.8cm concurrence between their sagmetitod and
actual measurements of COM location, but derived this fyoly one standing body

position (what they termed the ‘normal position’) and from ooeen cadaver.

Although high-speed cinematography had been in existence for theiarmliuman
movement since 1887 [106], Fenn [58] was the first to use theochef Braune and
Fischer, and cadaver measurements of Fischer [61] to &staihanging locations of
COM in running subjects. The use of cinematography in combinatitm te
segmental method as used by Fenn [58] is today referred te &mématic method,
which in this review is used synonymously with the segmental mekhazh today
however, for the most part, the segmental technique relies on bardedlaveric
segment inertial data. The development of suitable bankdavmation has grown to
meet such needs. Some of the most noteworthy contributions in thrsl ieglude:
Dempster [47], Clauser and colleagues [33] and Chandler and cobBeggile
Plagenhoef and co-workers [119] have advocated the used of the aemtlume of
limbs as these can be used to estimate the position of seG@tg without the need
to resort to cadaveric data. This idea and similar approagbieg gamma-ray
scanning, have made it possible for researchers to repornt allemetric segment
inertial data based on far greater sample sizes than thtise cddaver-based studies

([119, 155]).

52



More recently studies have focused on conducting similar measuienos

population groups whose anthropometry differs from the conventional stidiss.
has allowed for greater refinement of cadaveric derived madesubjects of diverse
morphologies. In particular measurements have been madeesradldts [87, 115],

children [86], infants [130] and the different genders [87].

Nowadays methods that make it possible to use a subject’s owrsbgahent inertial
data for analysis by the segmental method exist. Pioneeringistidys regard can be
attributed to Brooks and Jacobs [20], Martin and colleagues [88@]Mangiole and
Martin [105] who used gamma mass and MRI scanning to determinestegrertial
properties. More recently similar approaches have been adapteileo based
systems [128], Dual Energy X-ray Absorptiometry [52, 64] and readioard
methods [114]. The evolution of the body segment inertial databbas more

extensively reviewed elsewhere [117].

Today modifications on this same segmental principle have be@edefhabling a
myriad of biomechanical analyses to be conducted on running sulijecteaps the
most important of these improvements is the ability for ciirtechnology to move
from a two-dimensional analysis plane to a three-dimensional eglwimich has been
made possible by the advent of multi-camera image calibrdtip@4]. Although not

a focus of the current review, it should be remembered thadtgracy of image
based techniques is partially dependent on the ability of matkergflect the

locations of centres of mass of limb segments. The continedugment of marker
sets and models to estimate the location of joint cerdragprocess that will result in

improved COM data quality.
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Data from segmental kinematic analysis have been shown tocotparable to
measurements of COM oscillation using techniques such as tleepiate and sacral
movement methods [13, 65, 70, 92]. In contrast however, “physiolbgical
significant” differences were found between the segmentdiodedind force platform
data when measuring COM vertical oscillation during walking [12@lditionally,
Arampatziset al [8] noted that kinematic data was not reliable for calculating

mechanical power of running.

One possible reason for the difference between segmentaeddZiOM locations
and more direct measurements may be that the fixed rigichesggdata do not
adequately estimate the properties of the body parts oihg Bubject, a concern that
was raised about such measurements in the study that discokereggmental

technique:

“The question arises as to whether there can be any centrauvitfygn the
body at all because it is not a fixed mass but consists ofatedanbs that
always change in position in relation to each other and cannot even be
considered masses in the mechanical sense and because fuidsvays
flowing through the body. In the absolute sense the answer @&ntgnho.
Mosso (1884) has actually proved, with his balance, that theecaingravity

of the body is always changing due to respiration and ciroul&fi 9].
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3.2.2. Methods based on measurements of single markers

A few studies have reported that COM displacement could be ¢sstirng measuring
the displacement of the sacrum [12, 88, 143]. These studies s$epearately
demonstrated that measurements of sacral displacememisédysobtained with either
the use of a multi-camera motion analysis system (obgexuity one rather than
many moving points) or using a device known as the kinematic r@spectively.
Sainiet al[126] showed that, in a group of 25 healthy female volunteers, \Was@®o

significant difference between segmental and sacral maskienades of the vertical
excursion of the COM during walking. For this reason and bedhassacral marker
is a far less onerous technique than the segmental methad, €baal [126]

recommended the use of the sacral markers as superior to thiae skEgmental

method.

Although this method is undoubtedly the least time consuming and distiiay
greatest ease of use of all the COM location / displacetaeehhiques, its accuracy
must remain in doubt as no rigorous comparisons between sacrumraoadialirect

measurements of COM locations have been made.

4. Comparisons between measurement methods

Today the most commonly used method to measure COM location is undoub&edly
segmental technique. This method has however unfortunately seiemtompared
to direct measurements of COM location. The first of thasdiess was also the initial
study to have compared measurements of COM locations using diffechniques
and is the study that discovered the segmental method [19]. Bradn€&ischer

compared their highly accurate suspension method to their segmesrgabtruction
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of a cadaver. Having referenced their measurements te@ dimensional Cartesian
set of axes, they set the origin at the position of the C@M determined by
suspension) in both the anterior-posterior (x) axis, and mediolatgralxis. The
origin of the longitudinal (z) axis was set at the heels. Thesevable to categorize
the accuracy of their segmental reconstruction according to tifvesereference axes.
In the x-y (transverse) plane Braune and Fischer found that $egimental
calculation lay within 0.22cm of their direct measurememnglthe longitudinal axis
their direct technique had found the COM to lie 93.3cm from theshaslcompared
to 92.5cm for their calculation. They however only did this in oné&ipngwhat they

termed the “normal position”) and in one cadaver (cadaver V)

To the authors’ knowledge only two other documented studies have @mpar
the segmental method of COM location determination to that ofrexctdi
measurement method. Davis [41] compared reaction-board measwgdment
segmental method calculations on more than one subject and in more than one
position (the positions he referred to as the “normal”, “piketl dstride”
positions). Davis found that the methods varied from between 1.9 aowm.3.
Although Davis used only two subjects (each subject analyzed thrat
positions), his segmental method was far more closely refatdee methods
used today to determine COM location than those of Braune aokeFi[19].
One last study, conducted by the authors of this review, found Hiat t
segmental and reaction-board methods agree in their methods séiagse
vertical COM oscillation in multiple running strides to a magte of

between 5.1 and 0.1cm [103].
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Because direct methods of measuring COM locatma both methodologically
difficult and time consuming and for this reason seldom used intigeac
measurement comparisons_of COM locatwith balancing, suspension or reaction-
board methods are rare. The two most commonly used methods natesthe

displacement of the COMf the human body are the force platform and segmental

methods. For this reason, comparisons between these two popular medkieds
occurred most frequently. Benda al [14] found that segmental and different force
platftorm methods used to measure COM displacement (different imayghich
integration constants are estimated) displayed greater agmeemstanding rather
than in walking individuals (mean square difference of 0.3 and 124respectively).
Eng and Winter [56], showed that in slightly more complex movememts (a
movement during standing) the segmental and force platform methods siepiar
but no identical COM moment (where force platform measurements tegliffer
from segmental estimates at the end of a measurement ,petfiath the authors
attributed to “cumulative integration errors”). The lagardy attributed such changes
to the inability to exactly quantify integration constants forghmund reaction force

methods.

Belli et al[12] investigated mechanical energy changes during ambulation husting
segmental and force platform techniques. In addition they complaeed data and
the data collected through the use of their recently descriiedi method, the
kinematic arm. Belli and co-workers found that significant d#ffees existed
between the three techniques which they attributed to “an overgehna the
potential work computed with the kinetic arm” and “an underestimatiokirneftic

work computed with film analysis” (the segmental method).
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Thirunarayanret al [143] also conducted comparisons between the segmental, force
platform and sacral marker methods. In this study verticallatson of COM was
shown to be similar when measured by sacral marker and segmettiads, both of
which were significantly different to data from a force platidechnique. In addition
to the three methods compared by Thirunarataai[143], the same group conducted
a similar study, which included a “reconstructed pelvis” C&mate method [126].
Saini and her colleagues [126] found that “The forceplate method desovi
information that is statistically significantly differentfn the results of the kinematic
methods. The magnitude of the difference is large enough to beololgysally
significant and further studies to define the sources of therdiites and the relative
validity of the two approaches are warranted”. The magnitudinesf differences
ranged between 0.2 and 0.5 cm (difference between means afbikeetgroup for

each technique, since raw data was not presented).

Because COM data can be used to work out energetic quantitreasumechanical
power, work and energy, comparisons between segmental and fdfoenpldata of
these quantities have been performed. Arampetzel [8] found that differences
between kinematic (segmental) and force platform derived ddtesé quantities as
measured on a group of eight runners (running at different speeds)@alsulations

of mechanical power based on force platform data were far ohosely related to
running speed than segmentally derived dataofr0.9 versus 0.48 respectively)
leading Arampatzigt alto conclude that “kinematic data cannot be recommended to

determine efficiency of movement”.
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In 2004 Gardet al [65] compared force platform, segmental and sacral marker
methods of estimating COM vertical oscillation in subjeatslking at different
speeds. These researchers have demonstrated that thersa&e method tends to
overestimate COM vertical oscillation (in relation to théiest methods), with
increasing magnitude as walking speed increases. In this strdg, glatform and
segmental methods never differed significantly. Most rég&hitierrez-Farewilet al
[70] have compared segmental and ground reaction force derived éx@Msions.
The latter study showed that the COM excursions can agre@otanean squared
(RMS) error difference of better than 13mm, but that this acguis influenced by
many factors including ground reaction force integration constanmadiin and the
degree to which segmental models are able to mirror the triggcphgharacteristics

of subjects.

The above studies generally show that differences exist betteedniques that
determine the degree of COM displacement in human ambulatiore ptattorm

methods show the greatest degree of COM oscillation, whdssegmental technique
displays the lowest. This trend does however have exceptioni48h,the reasons

for which remain to be determined.

5. Prospects

The use of COM data is becoming ever more popular as a tool fassessment and
modeling of human activities. Commonly, measurements of COBtitot are made
in subject groups using the segmental method, whilst measureofiehésdegree of

movement of COM are made using this method and force platfeimitpies.
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The accuracy of these methods to estimate COM parametsklasn verified with
comparisons to more direct methods. Despite this, the accurattye acfegmental
method in particular, is bound to continue improving through more robodelling
of a subject’'s segment inertial data and more accurate meetee The accuracy of
the ground reaction force derived (force platform) methods dssaiee to improve as

efforts are made to improve the estimation of integratmmnsiants.

5.1. The importance of valid COM measurements

Despite the varied ways in which COM data are used tadayquality of such data is
seldom reported. COM location data may be required to be aecB@mtexample, in

the study of imbalance, falling is an “all or nothing” event. Thgree of error

(accuracy) with which the variables are measured diregltiyas to the specificity and
sensitivity of the diagnosis of susceptibility to falling or tee tcategorization of
movement pathologies. In addition, since ambulation is a cy@ient and many
cycles are repeated over the time needed for a persork@mran from one point to

another, small errors in the measurement of variables Epéeifdescribing each
ambulatory cycle may conceivably result in large errorsnefgy estimates over the
entire movement period. It is therefore important to have an aecuneasure of

COM movement in the study of gait efficiency.
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5.2. The future

The future of human COM location and displacement measurementiodtre
fundamental physical nature of these variables, will doubtlessijintie for a long
time. The multitude of possible ways in which this data m&wsed in the future is
limited only by the ability of the human imagination to find new mapions for
modeling the human body. It is likely that the current trend to emental modeling
of the COM is here to stay, and in the author’'s opinion this metigmays the
greatest utility. Aside from new applications of COM datappble developments in
the COM measurement field will no doubt include the quantificadiwh reduction of

the errors associated with the segmental method COM measurement
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2.3. Rationale for the studies contributing to this thesis

Presently, the method most commonly used to quantify the moverhdrg human
COM during ambulation is the segmental (kinematic) technique. &&son for the
widespread use of this method is most likely attributable to itsrel@amce on
arbitrary estimation of prerequisite variables (such asgmtion constants used by
force platform methods), its applicability to a wide variefyhuman actions and
environments; its ability to yield data in near real timed é’s ability to estimate

COM location in three dimensions.

The kinematic segmental technique is however reliant on its subiset of
assumptions. One of the most important of these is that cadavesther artificial
data are used to approximate the properties of moving body pairty efibject under
scrutiny. Over the last twenty years, a few studies Haagun to question the
accuracy of segmental derived COM data. In particular Loehai(1990) found that
“kinematic methods have been found to be unreliable” whilst Satiral (1998)
discovered “physiologically significant differences” betweencé platform and
segmental COM data. Arampatas$ al (2000) stated that “the calculations on the
basis of kinematic data cannot be recommended to determingereffic of
movement”. These statements suggest that more investigatiothe assumptions

inherent to the segmental method is warranted.

Before conducting a study on the accuracy of the segmental tectsniity to
locate the human COM, it is important to ask whether theranis benefit in
improving the accuracy of COM location measurements. SB@O# location and

movement data are most often applied to the study of balancesngagetics and
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sporting performance, it is within these fields of study thadrswer to this question

should be first sought.

Falling is an “all or nothing” event. The degree of error (aacy) of the
measurement of the variables which determine whether @& patient is susceptible
to falling is therefore directly related to the specifi@tyd sensitivity of any potential
diagnoses which would be based on that data. In the study of balas¢betefore
important to be able to estimate the location of the human @®Mccurately as
possible. To this end Kingnet al (1995) stated that “Since small displacements of
the body COM are important in balance control studies, it serg®l to obtain

standard estimates of the bodies COM".

Since ambulation is a cyclical event and many cycles areateg over the time
needed for a person to walk or run from one point to another] smais in the
measurement of variables specific to describing each atobulaycle may
conceivably result in large errors of energy estimates dwerentire movement
period. It is therefore important to have an accurate measuC®M movement in

the study of gait efficiency.

Lastly, since the margins between winning and losing sports eigeriiscoming
increasingly small (especially sprinting and endurance runningll smprovements
in sporting performance are important. Small errors in estsaEt€OM movement
(thought to be an important variable in terms of both sprinting and rosgnt
running performance —Meret al 1992 and Anderson 1996 respectively) may become

more and more undesirable.
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To my knowledge the degree of accuracy displayed by the segmehtaftexwhen
locating the position of the human COM, has only twice been deahtin

comparison to direct physical measurements (note that tloisides the current
studies described in chapters 4 and 5). The first study (Bramshd=ischer 1889),
found that a segmental estimate of COM location agreedttinv8mm of a direct
measurement made on one frozen cadaver in a single body positionseddral
study found that the segmental technique was able to estimMdd@@tion to within

3.5cm of direct measurements when measured in two subjects, degating three
body positions (Davis 1973). No study has compared the dineasurement of
COM location to segmental estimates in larger groups of ssbgedbody positions
other than what previous authors have referred to as the “ripfpiké” and “stride”

body positions. As a result data that describe direct COMidocaneasurement in

any other body position such as in walking and running do not exist.

Despite this the segmental method is today used to estimate IG€Mibns in a
variety of body positions which do not fall into the categoriesradrmal”, “pike” or
“stride” body positions. Two possible reasons for the lack of stulké&scould assess
the validity of such measurements is that no direct measuremetitod for
determining the height of COM in an upright individual exists (or reesr exist),
which would allow for comparisons to be made, and secondly that if bEmim
measurements are used, no method exists to enable subjecigddteamright body

positions.
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The fact that no method exists to allow for the direct measurteaiaupright COM
locations during ambulation is a legitimate impediment to queatitin of the error
that may be present in segmental COM measurements. Intieeshethods used to
estimate COM location in an upright individual today either moveitigividual into
a recumbent orientation, whilst still adopting the original uprigbtly position
(which by itself may change the physical properties of the bodytlaerefore the
COM location) or use estimates based on datasets derived rfecombent
measurement derived estimations of upright COM locations tma&tstiCOM location

(the kinematic segmental technique).

In order to further probe the accuracy of the segmental kineteatimique and to
describe the results of direct measurement of ambula©i Ocation, the studies in
this thesis also set out to offer partial solutions and altematisights into both
obstacles (recumbency, and placement of recumbent subjéstSupright body

positions”).

To directly measure COM location in different body positions and sesasthe
agreement between segmental and direct measurements of @Oaion,
measurements are firstly made where extrapolations of recurdaémtto upright
ambulation are employed. Note that in such cases (chaatet 8periments 2 and 3
of chapter 4) where extrapolation of recumbent data to the movemant upright
body position is made, an “untrue” estimate of the upright COMitwtaare likely
to exist when the direct measurement technique is used, dinés textrapolation.
However because both the segmental and direct measurement tesltdegaad on

recumbent measurements, such comparisons do elucidate theudkagria subset of
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error generating factors which are not intrinsic to the “recumtenupright”
measurement problem. Comparisons are also made when no extrapatinest
measurements to “upright” body positions are used (using both diretbreboard
measurement in chapter 4, experiment 1; and direct suspensionreneast in
chapter 5). These comparisons show a more holistic asses$ragréement between
the segmental and direct measurement approaches, and do so sujbiot and
sitting body positions. Notice that the studies in chapters 4 and Sbhameconducted
using terminology borrowed from conventional metrology but are focused on
investigating measurement uncertainty in the traceabilitinabfakinematic methods

with the more modern (GUM) metrological approach.
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2.3.1. Aims of the research

The aim of this research is to firstly directly asstés motion of the human COM
during ambulation. A second aim of the studies contained in #ssstis to assess the
level of accuracy of the (currently) most commonly used COMilmtaneasurement
technique, namely the kinematic segmental method. The work prédereaims to
do so in recumbent and sitting subjects where no extrapolation to uipdghtuals
need be made, and to do so where such extrapolations are madiagasase during
the everyday use of the segmental technique), by applyitogrithning and sitting
subjects. In order to achieve the primary aim of this workors#ary aims of the
study include devising two methods for the direct measuremenDbf [Bcation and
displacement in people and to measure the agreement betwadtarseous direct

measurements and the kinematic segmental method.
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Chapter 3

Direct Measurement of the Centre of Mass Location in Walkig Persons
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3.1.Linking Notes

Many measurements of COM movement in walking subjects haea made
using different techniques. None of these have been made usingptiyscal
measurement of COM location. The technique which is used cluosetitect

physical measurement has been the force platform method.

As described in chapter 2 however, the force platform technigaeuaters
difficulties in the assumptions necessary to define integratmstants, and the
fact that the double integration process amplifies any emoounmtered as
measurements are made. In addition, force platform methodstacdeswibe the
location of the COM in three dimensional space, but rather t@ychange in
location in reference to an arbitrary unknown location. Such knowleslge i
however achievable through more direct measurement methods, subhtas
employed in Chapter 3's study and as such enables additional discaleut the
oscillation of COM relative to it's height above the ground (fgareple) or

relative to any other object.

To measure COM movement in walking subjects it was therefesigable to use
a direct measurement method that has been established by stlaebgrchmark
method for the description of COM location. This would provide ahernative

data needed to compare existing data which has been generatbémethods.

The measurement accuracy of the reaction-board method usesi stuthy was
defined through comparisons between the reaction-board reading® &mbiim

movement of a calibration mass. The calibration mass (80Rdy) ©cation was
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measured using direct balancing. This mass was then moved ladoeaction-
board surface to 40 known locations (comparable to the locati@enswbnch later
measurements would be made). Error was considered to béfé¢inerdie in
location of the COM recorded by the reaction-board system arichtiven
position of the calibration weight COM. These differences eetwknown COM
positions and COM determinations of the reaction-board werecén26.01-1.09

cm) for the board length and 0.61 cm (0.01-1.54 cm) for the badth.

One additional source of inaccuracy may be error of placemem difribs of a
subject. A major factor which is likely to contribute tols@eror is the image
distortion of the projected image onto the reaction board. Toifu#ns latter
error, a calibration grid (2.2m long and 1.2m wide) consistirgdafalibration
points was projected back onto itself. The maximal distortioer €of any point)

was thereby quantified to be 1.45 cm.

A final source of error of the reaction-board system, mag hasulted from
human error in placement of limbs, which could for exampldumseto eyesight
defects of experimenters. This source of error was not definemay have

contributed to measurement error.

The study described in this chapter therefore details the Ibasst of the three
studies in this thesis, where the direct measurements of WwhdyeCOM location
are made and the oscillation of COM during walking is describegarticular,
one full walking stride was analyzed for each of 6 adult malgesi#) where a

mean of 57 + 5 frames (recorded at 50 frames/s) were igag=ii The stark
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difference in stride duration shown in figure 2 (between the es$toaind tallest
subjects), while walking at a speed of 4kih.iis likely directly related to the

phenomenon that taller subjects have greater stride lengths.

This paper was published subsequent to the paper described in cBapter
Therefore the detailed methodology of how COM location measurememes
made is only discussed later in chapter 4 (chapter 4, sectibren@ 2.2). This

avoided plagiarism of the previously published paper.

I have placed this empirical study of COM movement in walkingets, first in

the thesis rather than in chronologic order in which manuscript pubficat
occurred. This approach allows a better logical progressiobet made from
describing COM movement in walking, followed by comparisons betweeh
direct method and more indirect methods, which is a more complex and

methodologically detailed subject.
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3.2. Original Paper:

McKinon W., Hartford C., and Rogers G. (2005) Direct measureofaht centre of
mass location in walking persor&outh African Journal for Research in Sport,

Physical Education and Recreati@d: 57-69.
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DIRECT MEASUREMENT OF THE CENTRE OF MASS LOCATION IN
WALKING PERSONS

Warrick McKINON, Craig G. HARTFORD & Geoffrey G. ROGERS
Exercise Laboratory, School of Physiology, University of the Witwatersrand Medical School,
Parktown, Republic of South Afvica.

ABSTRACT

The movement of the whole body centre of mass (COM) is the best single descriptor
of the movement of the entire human body. To date however, only indirect or
derivative based methods have been used to estimate COM movement in human
walking. In this study a direct COM location measurement system, COmprising an
adapted reaction-board technique consisting of a board supported by four load-cells,
is described for determining COM location in walking human subjects. Life-sized
projections of subjects in various stride positions are used to place subjects into
recumbent static walking positions. Multiple static measurements are used to
estimate dynamic COM movement. Data of COM oscillation on six male subjects
(age 20 - 23 years) walking at 4 km.h”" on a motorised treadmill are presented. These
data are the first direct measurements of COM oscillation in walking humans over an
entire stride. Data found using other, less direct methods are not dissimilar to the
data obtained for COM oscillation in this study (median vertical and anterior-
posterior COM oscillation during walking 4.1 cm and 5.4 cm respectively, while
median COM height was 99.3 cm above the treadmill surface over onme stride
duration). In addition, we were unable o detect a significant relationship between
the magnitude of vertical or horizontal (forward-backj COM oscillation and stature
in our subject group (R°<0.1; p>0.5).

Key words: Centre of mass; Walking; Gait.

INTRODUCTION

The centre of mass (COM) of the human body is a physical manifestation of the entire human
body and is the point relating to the body that requires the most energy to move from one
point to another (when changing the body’s inertial properties). Measurements of the location
of the COM of a person is often carried out in both the clinical and applied sports domains.
The applications of such COM data is essential to a variety of scientific applications such as
the study of balance, gait, mechanical work and biomechanical efficiency (Cavagna et al.,
1964; Benda ef al, 1994; Saini ef al, 1998). Indeed, in the South African context, recent
attempts have been made to further the understanding of quantification balance (Du Toit &
Pienaar, 2001) and energy expenditure (Davies & Mackinnon, 2001), both of which are in part
reliant on COM movement.

Various methods of estimating COM location and degree of movement now exist, each
technique aligned to specific applications. Conventionally, static measurements of the whole
body COM location in living people are made using either a knife-edge method (Borelli,
1679) or a reaction-board (Reynolds & Lovett 1909). Dynamic estimations of the changes in
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the position of whole body COM are made based on the segmental method of Braune and
Fischer {1889), using measurements of the movement of the waist (Belli ez af,, 1993) or the
sacrum (Saini ef al., 1998) or derived from ground reaction forces (Shimba, 1984). However,
the authors have not found any published data that demonstrate the accuracy of these dynamic
measurement methods, where a comparison between known movement of COM and the data
obtained using these techniques is made.

Because known positions of COM can be measured in inert objects on a reaction-board, where
the actual COM location of the object can be determined, the accuracy of reaction-board
measurements is measurable. The reaction-board system is conventionally used to measure
COM position in a person in the supine (stationary) position (Hamill & Knutzen, 1995).
Reaction-boards have been previously used to measure COM locations of sportsmen in
different body positions that corresponded to the body positions seen while performing sports
actions (Rasch & Burke, 1967). From this, rescarchers were able to estimate the different
positions of COM in changing postures and could estimate the path of COM during the
activity (e.g. diving) (Gowitzke & Milner, 1984). In this manner it was possible to combine
data from multiple measurements to generate a description of the dynamic changes in COM
location, based on direct COM location measurements.

This study aims to describe the use of multiple static measurements to estimate dynamic COM
movement, and to present the first data derived from direct measurements of COM oscillation
in walking humans over an entire stride. Secondly, since COM height is sometimes
normalised to stature (McDonald & Dapena, 1991; Engsberg ef al., 1992) the relationship
between COM movement and stature was quantified.

METHODS

Board construction and accuracy

A loadcell based reaction-board (2 m x 1.22 m) connected to a four-channel voltage supply,
chopper amplifier system (Bagle Electric, PC 68/4, Cape Town, RSA) was constructed.
Amplified signals from each load cell were sampled at 100 intervals per second using a 10-
reading moving sample average. Data was processed and logged using a computerised data
acquisition system (Biopac MP100, Santa Barbara, USA). The position of the COM of objects
placed on the board surface was calculated using standard algebraic methods (Hamill &
Knutzen, 1995).

The accuracy of the reaction-board system has been quantified in a previous study (McKinon
et al., 2004). Errors of COM measurements were shown to be a median of 0.26 cm (0.01-1.09
cm) for the board length and 0.61 cm (0.01-1.54 cm) for the board width. Differences between
recorded and known COM displacements (movement of COM between two points) were 0.05
cm (0.004-0.873 cm) and 0.100 cm (0.006-2.015 cm) along board length and width axes
respectively. These errors increase to maxima of 1.95 cm and 2.42 cm for COM positions and
displacements respectively when error due to image distortion of our system are included.
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Measurements on walking human subjects

Before participating in this study, all volunteering subjects were fully informed of all
experimental procedures and indicated their willingness to participate in the study by signing a
consent form, written informed consent was obtained in all cases. Experimental procedures
were passed by the Committee for Research on Human Subjects of the University of the
Witwatersrand (Clearance number M990241). Centre of mass measurements were made on
six healthy male volunteers (age 20 - 23 years, body mass 58 - 97 kg, height 170 - 185 cm), all
of whom were accustomed to walking on a treadmill. All subjects walked on a motorised
treadmill (Powerjog E10, Birmingham, England) at 4 km.h"' for 2 minutes. The last 10
seconds of each walk was filmed in the left sagittal plane at 50 frames.s” using a digital
camera (Redlake Motion Meter, Morgan Hill, USA), fitted with a 3.5 mm lens and placed 6 m
from the treadmill centre, and at a height equivalent to 1 m above the treadmill surface.

Joint centres of all major body segments were marked using markers that were placed on body
landmarks of all subjects. Immediately after walking, recorded images were projected onto the
reaction-board from above using a digital data projector (Sanyo PLC XU20E, Osaka, Japan).
Life sized images of a line that was drawn along the centre of the treadmill belt was aligned to
corresponding marks on the reaction-board, to allow for COM position measurements to be
related to positions above the treadmill.

Subjects could observe images of themselves filmed from above whilst lying recumbent on
their right sides upon the reaction board, with the aid of an online video system and therefore
were able to align their markers (and therefore body segments) to those images, recorded
while walking on the treadmill. Two independent observers then refined marker placement by
ensuring each marker was in alignment with its image. Once both observers and the subject
agreed that all markers were aligned, the subject would lie still and COM co-ordinate data
were recorded.

Every five minutes subjects were rested to alleviate any discomfort. Subjects were permitted a
pillow to support their heads while positioning themselves, which was removed before data
collection. After every ten minutes each load cell was tested and adjusted for potential
baseline drift.

59

82



SAJR SPER, 27(2), 2005 McKinon, Hartford & Rogers

(a) (b)

FIGURE 1. PHOTOGRAPHS SHOWING THE EXPERIMENTAL PROCEDURE AS
SEEN FROM ABOVE. PHOTOGRAPH A) SHOWS A SUBJECT
BEGINNING TO ALIGN HIMSELF TO HIS PRE-RECORDED IMAGE.
B) SHOWS THE SAME SUBJECT MINUTES LATER, ALIGNED TO HIS
OWN IMAGE (HAVING BEEN AIDED BY TWO OBSERVERS)

Data Analysis

COM data are represented as medians (minimum to maximum in parenthesis). Mean *
standard deviations have been used in the case of parametric variables (time taken to make
measurements and the number of frames per subject). Heights of COM are shown as medians
of the median height of all points obtained from one subject over one stride. Oscillation data
are calculated from the difference between maximum height of COM above the treadmill and
minimum heights for every stride.
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RESULTS
TABLE 1. COM OSCILLATION AND HEIGHT OF COM IN SIX WALKING
SUBJECTS.
Median (min.-max.)
(cm)
Vertical oscillation of COM 4.1 (3.5-5.8)
Horizontal oscillation of COM 5.4 (4.2-6.4)

Median Height of COM

99.3 (96.3-107.7)

Measurements on all six subject yielded full walking strides (left foot down to left foot down)
in all cases. COM oscillation for all subjects displayed sinusoidal patterns of motion over time
with respect to COM height above the treadmill (Figure 2). The time taken to make
measurements on each walking stride (Table 1) was a mean of 126 * 42 minutes (mean 57 + 5
frames). The magnitude of COM oscillation was poorly correlated with stature along both the
vertical (p=0.82) and horizontal (forward — back axis, p=0.58) axes (Figures 3 and 4
respectively). For this reason no attempt to normalise our data to stature was made. The
logical relationship between stature and median height of COM over the walking stride was

however evident (p=0.038, Figure 5).
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FIGURE 2. VERTICAL CENTRE OF MASS OSCILLATION OF ONE WALKING
STRIDE IN TWO SUBJECTS WITH DIFFERING STATURE USING
THE REACTION-BOARD METHOD. THE SUBJECT INDICATED BY
(+) WAS OUR TALLEST SUBJECT (STATURE 185 CM). THE SUBJECT
INDICATED BY (x) WAS OUR SHORTEST SUBJECT (STATURE 170
CM)

DISCUSSION

Reaction-board technique and walking COM data

The data represented here are the first recordings of full COM oscillations for walking strides
where the accuracy of measurement of COM location data have been verified by comparisons
between measurements made with a COM measurement technique (a reaction-board) and
known COM positions. The well known sinusoidal pattern of vertical COM oscillation in the
sagittal plane (Cavagna ef al., 1975; Shimba, 1984; lida & Yamamuro, 1987; Crowe ef al,
1995; Saini et al., 1998) was observed in all cases (Figure 2). Conventionally such estimates
of COM movement have been made by two other methods, namely the segmental and force-
platform methods, mainly due to their ability to yield descriptive data in reasonable time.
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Force platforms are used to measure the relative movement of whele body COM, utilising a
double integration of ground reaction forces (Shimba, 1984; Benda er al, 1994). Force
platform methods cannot however estimate the position of COM relative to any reference
point in space. The latter method is however dependent on accurate estimation of integration
constants, accurate measurement of true mass of the subject as well as the gravitational
acceleration constant at the site of measurement. This is because any data errors are amplified
during the double integration procedure (errors of the second integral are summated
throughout the measurement period).

The segmental technique is also reliant on its own subset of assumptions. One of the most
important of these is that cadaveric or other artificial data are used to approximate the
properties of moving body parts of any subject under scrutiny. Over the last twenty years, a
few studies have begun to question the accuracy of segmental derived COM data. In particular
Saini et al. (1998: 133) discovered “physiologically significant” differences between force
platform and segmental COM data. Additionally, Arampatzis et al. (2000: 457) stated that
“the calculations on the basis of kinematic data cannot be recommended to determine
efficiency of movement”. These statements suggest that more investigation into the
assumptions inherent to the segmental method is warranted.

In the past, reaction-board methods have been assumed to be entirely accurate (Dempster,
1955; Davis, 1973). We were however able to demonstrate a minor level of error inherent to
the reaction-board approach (McKinon ef al., 2004). Notwithstanding this, the use of any
other accurate direct measurement methods to measure COM location over a walking stride,
such as balancing of suspension of a subject, are unrealistic due to the methodological
difficulties. The latter difficulties include extended measurement durations and the need for
multiple positioning of a subject for a single COM location data point.

Despite the different approaches used between more indirect methods of COM location
measurement and our own, COM data generated by such methods are not dissimilar from our
reaction-board data. Vertical oscillation of COM of walking subjects, measured on a force
platform varies from 1.7 cm to 3.7 cm (lida & Yamamuro, 1987; Crowe et al., 1995; Saini ef
al., 1998). Data from segmental estimates show walking COM oscillations of 2.6 to 4.5 cm
(Cavagna et al., 1964; Saini ef al., 1998). Both of these are comparable to our median COM
walking oscillation of 4.1 cm (Table 1). These figure comparisons are encouraging in respect
of the segmental and force platform techniques, which are as yet largely of undetermined
accuracy.

Relationship between COM and Stature

Previous studies that have investigated the movement of COM during ambulation have chosen
to normalise the location of the COM of their subjects to the stature of the individuals under
scrutiny (McDonald & Dapena, 1991; Engsberg et al, 1992). Moreover, it is intuitive to
believe that a larger individual should have a proportionally exaggerated gait cycle resulting in
a proportionally greater COM height and COM oscillation during walking.
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FIGURE 3. SCATTER PLOT SHOWING THE LACK OF A RELATIONSHIP
BETWEEN MEASUREMENTS OF SUBJECT STATURE AND THE
VERTICAL COM OSCILLATION OVER ONE WALKING STRIDE IN
SIX SUBJECTS
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FIGURE 4. SCATTER PLOT SHOWING THE LACK OF A RELATIONSHIP
BETWEEN MEASUREMENTS OF SUBJECT STATURE AND THE
HORIZONTAL COM OSCILLATION OVER ONE WALKING
STRIDE IN SIX SUBJECTS

We found no relevant relationship between the degree of COM oscillation and stature (along
both vertical and horizontal axes, Figures 3 and 4). This may be due to the small sample size
or because the subjects did not undergo preparatory extensive training and accommodation on
the treadmill. The explicable relationship between median stride COM height and stature was
however clearly observable (Figure 5).
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FIGURE 5. SCATTER PLOT SHOWING THE SIGNIFICANT RELATIONSHIP
BETWEEN MEASUREMENTS OF SUBJECT STATURE AND THE
MEDIAN COM HEIGHT ABOVE THE TREADMILL OVER ONE
WALKING STRIDE IN SIX SUBJECTS

In conclusion, this study describes the use of multiple static measurements to estimate
dynamic COM movement. The data presented are the first direct measurements of COM
oscillation in walking humans over an entire stride. The data obtained for COM median
vertical COM oscillation during walking are not dissimilar to data found using other, less
direct methods. The use of the methods shown here in conjunction with less direct methods
may aid in clucidating the possible sources of error of the indirect techniques. Such studies
would make it feasible for correction factors to be devised, enabling greater accuracy of the
indirect methods enhancing their applicability in both the sports and clinical realms. In
addition, we suggest that future research examine the relationship found between the
magnitude of vertical or horizontal (forward-back) COM oscillation and stature in larger
subject groups than our own.
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Chapter 4

The Agreement between Reaction-Board Measurements and Kematic
Estimation of Adult Male Human Whole Body Centre of Mass Laation

during Running.
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4.1.Linking Notes

The study in the previous chapter described direct COM locati@surements in
walking subjects and uses a direct but arduous reaction-board measussahgrique.
One of the main aims of this thesis was to compare popular methe@ssirohting
COM location to more direct methods. As a result it was p@ssibluse the same
direct measurement methods used to describe walking COM location funning
people, and to simultaneously compare such methods to a segmentahtkinem
method. In addition to conducting this experiment in running subjectgegkarch in
chapter 4 also looks at the agreement between the direct andakimeegmental
method in non-running static body positions. Lastly this chapter's sashssed the
repeatability of a set of running COM measurements and cothpaoh repeatability

measurements using the reaction-board and kinematic segmeititaids.

Note that the direct measurements described in this chapteraenducted in only
two dimensions. In part of the study (experiment 1) however, measnotemere not
restricted to the sagittal plane but rather reported for rivatell plane, such that

multiple different two dimensional analyses could be conducted.

Word Constraints imposed by the publishing jourRdiysiological Measurements
did not allow for a detailed description of the specific plaeeinof markers referred
to (journal page 1343), arade thereforelescribed hereafter. Since only two
dimensional models were used in this study, a complete setrkérs was first
placed in the fontal plane. Each marker was placed on thesbofdge, directly
above the estimated joint center location, which was egtdrtat visual inspection,

using the chart of Lutttgens and Hamilton (1997) [Lutttgens, KHamdilton, N
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(1997) Kinesiology: Scientific Basis of Human Motion, McGrawkHsloston].
Specific joint centres the were marked included: the aokh ¢entres, knee joint
centres, hip joint centres, shoulder joint centres, elbow jemres and wrist joint
centres. An additional marker used for segmental modellinghedsead centre.
Markers for identification of the other body boundaries, sudcheasips of the toes,
fingers and head, were evident on images and were thenefiongarked. One final
marker was placed arbitrarily on the lateral torso tdlifate placement and alignment
of the actual subject when he was moved about the reactiod-ddas procedure
was repeated in the lateral plane, this time aideddonyrams from both Lutttgens and
Hamilton (1997) and Plagenhoef et al (1983) [S. Plagenhoef, RsEvel T.
Abdelnour. Anatomical data for analyzing human motion. Reseueinterly 1983;

54:169-178].

Note that GUM (the 1993 International Standards Organization Giadéhe

Expression of Uncertainty in Measurement) based approacheseasurement
comparisons are not yet made in the field of COM biomechaniagfohe classical
phraseology and approaches are used (see also section 18 be this, the study
described hereafter investigated the following aspects okitematic segmental

method traceability chain and measurement system:

The overall measurement uncertainty when comparing kinematic meithads

two dimensional reaction-board standard.
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The effects of upright COM data being reliant on recumbent segimertial
parameter measurements.

The repeatability of COM measurements.
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4.2. Original Paper:

McKinon W., Hartford C., Di Zio L., van Schalkwyk J., VekstD., Hofmeyr A. and
Rogers G. (2004) The agreement between reaction-board measureaments
kinematic estimation of adult male human whole body centre of loeston during

running.Physiological Measureme26: 1339-1354.
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Abstract

The segmental method for estimating the centre of mass (COM) location of the
human body has been widely used since 1889. How closely this method agrees
with direct measurements of the location and movement of COM during activity
however, remains unclear. To test this, a novel reaction-board utilizing life
sized projections of human subjects is designed for measuring COM location.
Agreement between the segmental method and the more direct reaction-board
measurement method is then assessed. Our data demonstrate that the reaction-
board system has a physical maximum error of 1.28 c¢cm and 1.95 cm for
locating COM along the vertical (board length) and horizontal (board width)
axes respectively, and show that the reaction-board and segmental methods
agree to within limits of 6.0 cm for the location of COM and to within 5.6 cm
for the movement of COM between two points, in recumbent individuals.
Applied to running, the segmental method agrees to within limits of 4.8 cm for
oscillation of COM and 5.3 cm for stride median COM height. The segmental
method agrees with a more direct technique of known accuracy, the reaction-
board method, most closely when measuring averaged oscillation over repeated
strides, where it displays a measurement error range of 5.1 cm to 0.1 cm in

TUnmncss.

Keywords: centre of gravity, segmental, balance-board
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1. Introduction

The centre of mass (COM) of an object is a point in space through which the translational
vector for the momentum of the mass of that object will act. For over 300 years, studies on the
measurement of the location of the human body COM have been conducted beginning with
Borelli (1679) who found that in a recumbent subject the COM lies ‘between the buttocks and
the pubis’.

In 1889 Braune and Fischer adapted the work of von Meyer (1863), who investigated the
changing COM location upon removal of different body segments, to develop the segmental
method of COM determination. Using mathematical reconstruction from cadaver derived
data, they determined that estimates of COM location could be made using a method that plots
locations of COM of different body segments onto an arbitrary set of axes, when the mass of
each body segment in relation to total body mass was known. Braune and Fischer found a
0.8 ¢cm concurrence between their segmental method and actual measurements of COM
location, but derived this from only one standing body position (what they termed the ‘normal
position’) and from one frozen cadaver.

Today static measurements of the whole body COM location in living people are
conventionally made by using either a knife-edge method (Borelli 1679) or a reaction-board
(Reynolds and Lovett 1909). Dynamic estimations of the changes in the position of whole body
COM are made using the segmental method of Braune and Fischer (1889), using measurements
of the movement of the waist (Belli ef al 1993) or the sacrum (Saini et al 1998) or derived
from ground reaction forces (Shimba 1984). Of these the two most commonly used methods
of estimating COM oscillations are the segmental and force-platform methods, mainly due to
their ability to yield data in reasonable time. However, the authors have not found published
data that demonstrate the accuracy of these two methods, by comparing a known movement
of COM to the data obtained using these techniques.

Force platforms are used to measure the relative movement of whole body COM, utilizing
a double integration of ground reaction forces (Benda et a/ 1994, Shimba 1984). A single
force platform cannot however estimate the position of COM relative to any reference point in
space. Although suitable for measurements in walking individuals, the force-platform system
cannot be used to measure an entire COM oscillation of a running stride because during each
stride a runner leaves the ground (flight phase); it is nevertheless possible to estimate COM
displacement while in the air using projectile motion theory. The latter method is however
dependent on accurate estimation of integration constants, accurate measurement of true mass
of the subject as well as the gravitational acceleration constant at the site of measurement.
Force-platform measurements of COM displacement also require that the amplitude of force
measurement error be very small since force data errors are amplified during the double
integration procedure (errors of the second integral are summated throughout the measurement
period).

The accuracy of reaction-board measurements is definable since known positions of COM
in a rigid object can be compared to data recorded by the reaction-board measurement system.
In 1967 Rasch and Burke reported on using the reaction-board to measure COM locations
of sportsmen in different body positions that corresponded to the body positions seen while
performing sporis aciions. From this they were able to estimaie the different positions of COM
in changing postures found in sports activities and to estimate the path of COM during the
activity (e.g. diving) (Gowitzke and Milner 1984). In this manner it was possible to combine
data from multiple measurements to generate a description of the dynamic changes in COM
location. The physical accuracy of the reaction-board system may neglect errors that occur
when the COM location is measured in a recumbent position and extrapolated to an upright
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Ior valid comparisons oI COM locations when used o assess dillerences between or within
groups of runners.

2. Methods

2.1. Board construction and accuracy

A metal-reinforced wooden reaction-board (2 m x 1.22 m) to which four custom-built loadcells
were positioned at each corner was constructed. Each load cell was connected to a four-
channel voltage supply, chopper amplifier system (Eagle Electric, PC 68/4, Cape Town,
RSA). Amplified signals from each load cell were digitally sampled at 100 Hz (10-reading
moving sample average) using a computerized data acquisition system (Biopac MP100, Santa
Barbara, USA). Standard moment algebra (Hamill and Knutzen 1995) was used to calculate
the position of the COM of objects placed on the board surface along the width and breadth
axes of the board (figure 1).
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Chapter 5

Adult Male Human Whole Body Centre of Mass Location Measurerant:
Magnitude of Differences between Segmental Kinematic Estiations and Direct

Suspension Measurements.
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5.1.Linking Notes

In the previous chapter (4), a novel reaction-board approach was used for
comparisons of direct and kinematic segmental measurement deefbo the
measurement of COM location in different two-dimensional bodyntaimns.
Modern kinematic methods however have a three dimensional gapdgih may

possibly differ in accuracy to two dimensional kinematic appraache

Additionally, whilst a previous landmark study has used a reaction-beardique as
a standard benchmark measurement method (Davis 1973) the studlesptar 4
found that this system had its own inaccuracy (approximately 2.deerall

measurement uncertainty).

In this final study we therefore elected to use the verylfgachmark comparator, an
even more direct measurement method, which could thus be usedeéeremce
standard method. We used that same method used to originallyisesttis
segmental kinematic method (Braune and Fisher 1889), which washalsnethod
used to measure body segment locations in the dataset most dymused for

kinematic modelling today (Dempster 1955).

Note that in order to conduct three dimensional kinematic measuts,
computerised algorithms needed to be written based on establishgel processing,
image analysis, and three-dimensional joint centre locaticlonigues. With some
technical assistance | was able to write such algorithihes major subroutines of
which were concerned with image analysis and marker trackiogyersion of

tracked marker locations into a three dimensional model and thstlyalculation of
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joint centre and centre of mass locations. These major &ligsritvere written in
Matlab (version 7 release 14) and are attached as pappeindix 2 as follows:
Appendix 2.1) Image analysis and marker tracking graphicainiseface.
Appendix 2.2) Direct Linear Transformation implementation algoritiom
multiple body markers which allows for marker locations into aethre
dimensional model.
Appendix 2.3) Algorithm for the calculation of joint center and ceotenass

locations based on established marker set conventions.

Note once again, that because GUM (the International Standagdsigation Guide
to the Expression of Uncertainty in Measurement) based approachesasurement
comparisons are not yet made in the field of COM biomechaniagfohe classical
phraseology and approaches are used (see also section 128 be this, the study
described hereafter investigated the following aspects okitnematic segmental

method traceability chain and measurement system:

The overall measurement uncertainty when comparing kinematic methads
three dimensional suspension measurement standard.

Two segment inertial properties used to model the whole body COM
comparing different approaches (cadaver derived and live huwtedawed
approaches) were compared.

Measurement uncertainty was tested for any possible relatpsnshith
anthropometric models.

The variation in measurement uncertainty of the suspension syse&grtirog

was assessed.
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At the time of this Thesis submission, this chapter is ureleew atThe Journal of
Biomechanicss an original article. For the purposes of this thesisdgjand tables
as well as their captions have been placed in the appropléates within the text of

the article.
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5.2. Original Paper:

Adult male human whole body centre of mass location measuremegnituage of
differences between segmental kinematic estimations arat dirgpension

measurements.
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Abstract

The location of the human whole body centre of mass (COM) is nayudngly
measured in the scientific, clinical and various applied biomechlanealms. To
assess accuracy of the commonly used kinematic (segmental)lingpdeethod of
estimating COM location we compared two such models agdirestt suspension-
based COM location measurements. We used kinematic modelsdd&awue direct
measurements made on cadavers and indirect gamma scannimgdsnét live
humans. In fifteen healthy male subjects the two kinematic nexighations were
statistically significantly different to simultaneous diraoeasurements of COM
location (suspended sitting positions). The cadaver based kinematiel was
statistically significantly more similar to the direct passion method than the human
based kinematic model (mean differencesxt3Bmm and 92t17mm differences,
respectively). Differences were not correlated to wholdy mass, body fat or body
water. In conclusion, kinematic (segmental) estimations ©MClocation differ
significantly from simultaneous direct suspension measurem&aditional research
to understand the factors behind these differences will faeilitaprovements in the
accuracy of kinematic estimations of COM location, an impotiarhechanical tool
in several applied areas for which kinematic measurement technigree in
widespread use and uniquely offering three dimensional COM locatmabitities,

applicability to diverse environments and suitability to athlan actions.

(Word count: 207 words)



1. Introduction

For hundreds of years since its first measurement [17], thalonss$ of the location
of whole body centre of mass (COM) data was confined to thedretizEnce. In
1930 Wallace O. Fenn, first used this data to quantify tangibl® G@rived

variables, when calculating “running expenditure of energy” [59]. Niaws COM

location data have a number of directly applicable purposes, inclutiangnosis of
pathology [32, 48, 71, 72], a tool to estimate external work [28, 408]a variable
with specific usefulness in a number of different sporting apmica [7, 34, 100,

104].

Braune and Fischer (1889) first used knowledge of the location of boderegas
well as their inertial properties to estimate COM lamatiToday the latest incarnation
of the Braune and Fischer segmental method is one of theamgedy use methods to
estimate COM location in a great variety of population groupyifwain gender, age
and ethnicity) and human activities. The widespread scientifiotisee segmental
kinematic method arises from a quick data processing capaciticatmpis in diverse
environments (such as water and outer space) and applicabilitgost human

movement including ambulation, stillness or movement through ithe ai

Using a method of body suspension, Braune and Fischer showed thiahetween
the segmental method and actual measurements of COM loclation&mm. Today,
many comparisons between COM location data from segmentahktic modelling
and other methods to estimate COM location exist. These cmmops include
methods making use of single sacral markers [13, 126], groundioredorce

methods [14, 65, 70, 92] and reaction-boards [41, 103]. One potestialsth using
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all the above methods as benchmarks is that the theoretioabéthese techniques
is, for the most part, unknown. Indeed, most techniques used as beanchma
comparators rely on other devices to get their data (e.gessgahotocells and load

cells), all of which have their own inherent errors.

The most direct methods of COM location measurement arendiadp and
suspension. No studies using current technology compare balancinghand t
segmental method. This is likely due to the technical diffiaidtjuired to make such
measurements, including difficulties in placing a pivot and kepm subject
motionless for multiple measurements. Only one study comparesuspension
method, the study that founded the segmental method [19]. CountlesEatioais to
the original methods of Braune and Fischer exist, notably regsatof: lens
aberration correction methods; high speed digital photography; algsrio estimate
the locations of joint centres; three dimensional transformati@thods, and

automated marker tracking.

We conducted a study to asses whether modern segmental kinenodéls used to
estimate COM location yield results consistent with a gamelous direct suspension
method. We hypothesise that errors using current segmental ki enoalel
techniques are less than the known 8mm error described by Bradiéscher. We
further hypothesise that COM locations estimated using kinesegmental models
are similar between those derived from cadavers versnarndata. We describe
whether potential errors are correlated to selected anthropocteracteristics of

our subjects.
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2. Methods

2.1. Subjects

Sixteen healthy male subjects from either Caucasian ocaifrancestry (ages 25 + 5
years, body mass 75 + 14 kg, height 1.73 £ 0.06m) participated isttigly only once
both written and oral informed consent was received (Local etHe&arance:

M050107).

Figure 1. Schematic diagram of the suspension device for whole body aéntrass
location determination.

2.2 Suspension system for determining COM location

At the centre of the crossbar of a metal frame 1m higju¢€il), a 50mm long, 5mm
thick metal cord was fastened, from which subjects could be susparging a

harness. Half way along the length of this cord a retrorefeectiarker was placed
(point A, figurel). Before and after each COM determinat@rplumb line was

attached immediately below point A, enabling the projection of goialbng the line

of gravity, onto the floor surface (point B, figurel), to be ideat. When a subject
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was suspended under point A and was feely hanging (not in contacarwitbther
object aside from the connection point A), the subject's COM lages! around the
line joining A and B. From this, conventional kinematic methods ild€téater) were

used to determine the locations of points A and B, therefigridéng line AB.

Figure 2.A subject sitting in the suspension apparatus.

2.3 Procedure and image acquisition

Body markers were applied to appropriate body landmarks for whole bodyatinem
analysis per [40, 71]. The marker set included a full body maodedrrangement of
markers that were placed on the following body sites: eaatndemetatarsal, the
lateral maleoli, two shank wands, the lateral femoral epichemdivo thigh wands,
the left and right anterior suprailiac spines, the sacrum/ttheervical vertebrae, the
10th thoracic vertebrae, the notch between clavicals, the Isteotezh, acromia,

Lateral humeral condyles, thumb-sides of writs bars, fittiger-sides of writs, the
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third metatarsal heads, left and right temples on band, lefrightdparietal bones
posterior on the head band. Subjects were fitted with a light wg@bg) climbing
harness (Pandion C29, Petzl, Crolles, France). Suspension poas Blemtified and
subjects were lowered into a seated position inside the suspepp@matas (Figure
2, 3). Pilot testing showed that this body position was most corbferfar subjects

and facilitated a near-motionless body position.
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Figure 3.A graphical representation of a 3D model of one subjectleSiindicate
marker positions, (including points A and B of the suspension appawehich define
the suspension axis, represented by a broken line). Themdasges the segmental
estimation of whole body COM in this subject.

Images were captured from 6 digital camcorders (Sony HC2%&kaD Japan) at 25

frames per second (note that all measurements are quas) fstat2 seconds.

2.3.1 Image processing and segmental kinematic analysis
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Image processing and analysis was conducted using pre-existingugrabsefully
designed, Matlab7 (Mathworks, Natick, USA) based algorithiiscameras were
calibrated for lens aberrations using established methods [156kdiat@ly before
each subject’s data collection session a 12 point calibration ffa@en square) was
placed around the suspension apparatus and data collected fotioe®f direct

linear calibration constants.

A Matlab centroid based automated image thresholding and markedingrac
algorithm identified marker centroids in each frame. Each mavks reconstructed
in three dimensions using a modified direct linear transform ithgor[76] and
reconstruction algorithm [123]. The resulting three dimensionakenaoordinates
were used to define the limits of 15 body segments (feeterl legs, upper legs,

hands, forearms, upperarms, pelvis, thorax and head plus neck).
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Table 1. Segmental inertial parameters used in this study.

Dempster Modef

De Leva/Zatsiorsky Mode?

Segment Centre of Segment Segment Centre of Segment
mass location proportional mass location proportional
(proportional distance mass (proportional distance mass

Body segment from distal border) from distal border)
Right hand 0.506 0.006 0.2100 0.0061
Left hand 0.506 0.006 0.2100 0.0061
Right forearm 0.430 0.016 0.5426 0.0162
Left forearm 0.430 0.015 0.5426 0.0162
Right upper arm 0.436 0.027 0.4228 0.0271
Left upper arm 0.436 0.026 0.4228 0.0271
Right foot 0.249 0.014 0.5585 0.0137
Left foot 0.249 0.014 0.5585 0.0137
Right lower leg 0.434 0.045 0.5541 0.0433
Left lower leg 0.434 0.045 0.5541 0.0433
Right upper leg 0.437 0.096 0.5905 0.1416
Left upper leg 0.437 0.097 0.5905 0.1416
Head and Neck ¢ 0.079 ¢ 0.0694
Thorax ¢ 0.503 ¢ 0.4346

Data sourcesa%Zatsiorsky (2002)?de Leva (1996).
“Head/Neck and Thorax centre of mass locations ctedias per Gutierrest al (2003)

Two different models were used to estimate the relativeanas®l three dimensional

segmental centre of mass positions (table 1). The first nudghates from the

cadaver based data of Dempster [47] as reported by ZatsifitSKY; hereafter

abbreviated as the DT model. The second kinematic model esl loasthe modified

data of Zatsiorsky and Seluyanov [155], as modified by de Levaljé#]g a model

more closely derived from anthropometric measurements of liveamsinfiZTDL

model).
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To compare the kinematic estimates of COM location to ithe defined in the
suspension technique (line AB: the suspension axis), the shastesice between the
line and the kinematically calculated COM point was constructad line
perpendicular to line AB, incorporating the latter COM point).sTHistance was
considered the maximum possible concordance between the two techregaese
the vertical COM height can not be directly measured. Thiardistis therefore the
only possible objective measure of simultaneous concordance betleetwo
methods and used as an objective error measurement of thensagkieematic

COM estimates.

2.3.2 Accuracy of the kinematic system

To assess the accuracy of the system a wand supporting tikersna00 mm apart,
was randomly moved through the area under the suspension apparatuseimrrids s
(akin to the measurement period of experimental data). Errtneirmeasurement
system was estimated as the difference between the known nemhaktically

calculated distance between wand markers.

2.33. Percentage body fat, mass and water determination

Within 48 hours of the COM analysis dual-energy X-ray absorptiomBiXAf scans
were conducted for body fat determination using standardized gatstioning and
analysis (Scanner model QDR 4500A; Hologic, Bedford, MA). Immediately
preceding each trial, body mass and height were measured usatigrated height
gauge (Seca Corp, Germany) and a calibrated medical badante (Seca alpha,
model 770, Germany), followed by supine whole body bioimpedence measusem

(Biostat, Douglas, UK) for body water content.



2.4. Data Analysis

All data are mean + standard deviation unless otherwise iggkec@omparisons
between kinematic models and the suspension axis were conducted usimge

sample paired Students t-test against zero and Bonferroni emmréot multiple

comparisons. Comparisons between the DT and ZTDL models wepapennusing a
paired Students t-test with Bonferroni correction to correct fevipus comparisons.
Pearson’s product-moment correlations asessed the relationshigebekimematic

measurement error and body mass, fat and water percentage.

3. Results

1.1.1.1. 3.1. Accuracy of the kinematic system

Differences between the known wand inter-marker distance andhtdremarker
distance calculated by the kinematic measurement system 3v@ast 5.6mm

corresponding to a root mean square (RMS) error of 5.7mm.

1.1.1.2.

3.2. Differences between direct suspension and kinematic €iviates

Figures 4 and 5 are representative of the oscillating pattethe distance between
kinematic COM location and direct suspension axis measursrnmeall subjects. The
degree of oscillation was twice the standard deviation ef distance between
kinematic COM location and the suspension axis . The amplitudecithbsn data
varied between 3.1mm and 7.2mm (mean 4.8 + 1.1mm) for the ZnBdel and

between 3.6 mm and 6.8 mm (mean 5.1 £ 1.0mm) for the DEImod
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Figure 5. The distance between kinematic COM location (Zatsiorsky@®& model)

and the suspension axis for the same subject shown in figure thexsame 12
second data collection period.

The mean difference between segmental kinematic COM docasitimations and the
direct suspension axis measurements over the 12 second measyremnoehtanged
from 49mm to 110mm (mean ¥217mm) for the ZTDL model and 14mm to 55mm
(mean 31+ 13mm) for the for the DT model (models significantly differgotn one

another P<0.0001).

3.3. The relationship between kinematic COM estimation errossabgbct specific
anthropometric characteristics

The estimated error for either segmental kinematic modsinet correlated to
adiposity (body fat percentage, figure 6). The estimated erdhé segmental
kinematic models was also not related to the body mass (figamed/f)ercentage

body water (figure 8).
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4. Discussion

4.1 Kinematic models of COM location estimation

Kinematic estimation of COM location requires both modelling afitjcentres and
properties of body segments (specifically, mass and positisgegrhents’ centre of
mass). The algorithm used in our study to identify joint cerstnessynthesise the 14
segment kinematic representation [40, 71] of our subjectdféstige for both
diagnostic [71] and scientific purposes [70, 110]. Similar algostiare useful in
defining COM locations for understanding age-related instability {2294] and gait

in persons with myelomeningocele [101].

After segment location determination, various models to approithatproportional
mass and locations of centres of mass of specific body segjmmay be used to
estimate whole body COM location. These were first deriveainf direct
measurements performed on dismembered cadaver segments (Bidu@s and
Fischer 1889 and Dempster 1955), which display high theoretical agc(siace
direct measurements are made upon the individual segments), haweyesuffer
from not being representative of live tissue, a concern thatshifted emphasis
towards measurements on live humans [117]. To become more reptigseot live
humans rather than frozen cadavers Zatsiorsky and Seluyanov [185& @genma
scanning technique to locate segment boundaries and estimateesiensmsses and

segment centre of mass locations.

4.2 Choice of direct benchmark comparator: suspension axis measurements
Candidate comparator methods for benchmarking may include balaecimgdues

[17], suspension methods [19], reaction-board methods [124], see-saads\§ 3],
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ground reaction force methods [55], pendulum methods [135], alternatipéfied
kinematic methods such as sacral marker and pelvis recdi@irmethods [126],

and the standing-tipping method [19].

Excluding methods which themselves alter the morphology of a sulgeet,
intentionally coarse methods, or those subject to secondary soofcerror
(specifically errors innate to force measurements), only timethods remain. These
(balancing, suspension, and the see-saw method), are advantagbeungy directly
physics based and with no intermediate sensors, but application efnietisods is
arduous. Balancing and manual see-saw methods are paryiciirght with,
possibly insurmountable, methodological difficulties because sulbjeetsto be fully
motionless. This cannot be achieved in live humans due to movemguasifigid
body components, inherent involuntary muscle movement including respijrator

cardio-ballistic and involuntary skeletal postural muscle agtivi

As 1889 Braune and Fischer selected the suspension method a®rceettandard
for their segmental method, to take advantage of its thear@ccuracy and fewer
associated problems. Similarly, and because the segmerttaddngas founded on
the premise of being similar to suspension, our study sdlacseispension method as
the primary reference standard. However, to define the suspemss in this study,
kinematic measurements of the two points defining the measuremisntvare
necessary. Such kinematic measurements are exposed to fomms.dbecondly, the
suspension measurements in this study required subjects to renramatiealess in

a suspended position, which resulted in some degree of discomfort ceiooel

subject movement. To lessen the influence of subject discotafwd the resulting
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movement) we limited our subject to one seated position and to @Adseof data
collection. The distance between modelled COM locations andupession axis
varied over time (figures 4 and 5), primarily due to the skietatescle contractions
employed by the subjects to remain still. To minimise poteatfatts due to subject
movement, an average of 300 measurements of the distance b#teeispension

axis and the modelled COM was calculated.

The direct suspension method allows two dimensional COM localisatily (in a
plane perpendicular to the suspension axis). Thus the actual dhmemsional
distance between a kinematically modelled COM point and atdireasurement of
the COM point cannot be compared. Rather the perpendicular didtancethe
suspension axis and modelled COM point was used as the comparsbiev This
is the only objective measurement of concordance between eubdmtid direct
measured COM locations, and will be equal to or an overdstiro& actual

concordance between techniques.

4.3. Differences found between direct suspension measurementaemeitic
estimates

Reasons for the significant differences between kinematic mashelsthe direct
suspension axis may include: errors inherent to each kinemagicséatinability of
each model to adequately mirror the segmental propertieg suthject under study),
inability of the marker set to predict joint centre locationsl(idiag errors in marker
placement and marker movement due to the movement of skin)ej28js of image
capture, processing and three dimensional reconstruction (in thentcstuely the

authors quantified this to be +6mm error) [120, 125], differences imndeiag the
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locations of segment centres of mass and segments themsgeieeborders of

segments when the body is in different orientations) [154].

To explain the greater error displayed by the ZTDL model compgartéee DT model
we speculate that our subjects may have had somatotypes mentivefof the
somatotypes of the cadavers in the Dempster study. thisais unlikely to be due to
whole body mass similarities (see section 4.4 below) but toreliffes in mass
distribution in each body segment. Secondly, Dempster (1955) measereetial
parameters of cadaver segments directly (using balancing apensicn methods).
Such direct measurements of both segment masses and COM niecaté only
possible in rigid (frozen) and individual (dismembered) body segmEntszersely,

the ZTDL model is an indirect measurement which could be infegeaccordingly.

In addition it should be noted that one particular candidate varibhtes likely to
heavily influence the accuracy of either segmental modelhasability of these
models to correctly identify the location of the trunk COM. faation of the trunk
COM is prone to error when the assumption that the trunk body segtamhprised
of either one or two rigid parts is made. Since the saff@ds the trunk far greater
movement than a simpler one or two segment model can accountef@stiimation
of trunk COM location using these simple models is likely topbene to error.
Additionally, because the trunk can comprise approximately 60% oklioée body
mass, the magnitude of error in estimating the trunk COMahasge influence on

whole body COM determination.



4.4. Investigation of selected candidate variables for explaining eliftexs between
suspension and kinematic COM estimates

To investigate whether bias due to differences in body maste@x we tested
whether differences between suspension axis and kinematic modiélc&lculation
(error) were correlated to body mass. The lack of correlatigaréi7) suggests that
such bias is not readily evident. Note that we did not explorestattanship between
segment specific mass distribution and kinematic COM error, hwhiay still

contribute to error.

Measurement of segment centre of mass locations for both theabfigi and ZTDL
models were made in supine body positions (the ZTDL data having bexsddeom
both supine and upright body orientations). Kinematic models howeverrgreey
applied to purely supine subjects. It is possible that seg@®M locations change
when the orientation of body segments change. Two body componentsothdt w
likely move when body orientation is changed due to their fluidityude body fat
and body water. We therefore reasoned that subjects displayatgrgaenounts of the
fluid body components would display a greater error of COM locatiarmétation.
No such correlation was found between either body fat and body watesramd

estimation (figures 6, 8) for either kinematic model.

5. Conclusions

Scientific understanding of human movement and better understanding tof gai
pathology depend on accurate COM measurements. Our data demohsirateat
suspended body position the COM locations of both cadaver-derived aridifivan-

derived kinematic models differ from simultaneous direct measeint of COM
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location. The cadaver-based kinematic model was significardhe rolosely related
to the direct measurement than the live human-derived kinematiel; this may be
due to the more direct methods used in the detection of segpesificscentres of
mass in cadavers. Basic analyses did not demonstratrthrein either kinematic
model to be attributable to whole body mass, fat or water in ouecsbjAdditional
research to understand these differences will facilitafgavements in the accuracy
of kinematic estimations of COM location, an important biomeidah tool in several
applied realms for which kinematic measurement techniques av@@spread use
and uniquely offering three dimensional COM location capabiliaggmlicability to
diverse environments and suitability to all human actions. dcandidate factor that
may likely show promise as a candidate variable for improggegmental method

COM modelling is the identification of the trunk COM locati
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Chapter 6

Conclusions, Limitations and Future Research



6.1.Conclusions

As described in chapter 2 of this thesis, the many applicatio@OM location rely
on the accuracy with which measurement techniques are ablentatesthe location
of the human COM. Of all the techniques available to meaS@#! location, the
segmental method is currently the most popular. This popularsgsatargely
because of the kinematic segmental method’s capacity fotimealelata collection
which does not rely on the presumption of qualities of the movenieBOM, its
ability to be used for many human body positions, movements and envirenameht
its ability to estimate COM locations (rather than dispiaent only) in three
dimensions. The accuracy with which this technique is able to fu&@M location
in relation to direct measurements however, has seldom betad,tend the
measurement uncertainty has never been tested in the many bamngdsr which
it is commonly used today. Therefore this thesis’ broad aimtevAgther knowledge
of the uncertainty of COM measurements, knowledge which is wtaCOM

measurement applications such as in the clinical and sportmm

In the past, direct measurement of COM location has been miagereaction-board
techniques, which were assumed to be accurate (able tot réfilex values). In
chapters 3 and 4 of this thesis, a reaction-board technique fdir¢lse measurement
of COM location was developed using the identical principles ofefovector
mathematics of previous reaction-boards, but with the advantapeirmj able to
place subjects into body positions that mirror ambulation. Upon tetstengccuracy
of this reaction-board against an even more direct method forifguentCOM
location (balancing), it was found that the assumption thedcioa-board is entirely

accurate is invalid (reaction-board measurements do not reftesichmark standard
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measurement technique). Such a finding is consistent with thHd @etrological
approach and inconsistent with previous studies that have asshemheeaction-board
measurements reflect ‘true values’. The research contairtbis thesis quantified the
reaction-board system’s inherent error to be maxima of 1.95dn2.42 cm for COM

positions and displacements respectively.

Having quantified the accuracy of the reaction-board technique, ttiwdeas used
as a secondary benchmark standard method (quantified measuremetaintygréo
evaluate the accuracy of the segmental technique (in thiextoof the reaction-

board’s own measurement uncertainty).

It was found that the mean difference between reaction-board amderstd)
measurements is as small as 1.6cm but that significaleraetites between COM
locations determined by the two techniques exist. The two methoele tgwithin
limits of 6.0 cm for single measurements on recumbent subpestioned in a
variety of stationary body positions. The agreement betweenntBasurement
methods appears to be similar irrespective of whether oramimbent data are
extrapolated to upright body positions (experiment 2 of chapter 4) suci an

extrapolation is not made (experiment 1 of chapter 4).

The research described in chapter 4 is the first to quantifpdberacy with which
segmental method based techniques are able to measure CQidnbend COM
movement when applied to running subjects. The magnitude of difésrenc
determined from the research performed for this thesis was toubd larger than

those reported by Braune and Fischer (1889). This could be due to tler gazaple
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size, number of body positions tested, and the use of live sulnjetis thesis’'s
studies, as opposed to the single cadaver used in the 1889 studytrasicthe more
recent measurements of Davis (1973) fall within the rangacotiracy shown in
chapter 4, although Davis’ research differed from this thasikat it only measured

three arbitrary body positions in two subjects.

The studies from chapter 4 have also contributed to the more modévh (the
International Standards Organization Guide to the Expression ofrtdimte in
Measurement) based approaches to measurement in that theyghaméfied the
repeatability of both a direct reaction-board and kinematic eerhCOM location
determination technique; established that the measurement aimgerof the
kinematic segmental method may vary under certain circumstaméts body
orientation (both in respect of recumbancy assumptions and body)aspelctastly
estimated the overall measurement uncertainty of the lkifiersegmental method,
when a reaction-board standard comparator technique is usedjexciied in the

paragraph above.

The measurements which precede chapter 5 are all conductedwisidgnensional
direct and kinematic methods for determining COM location. Modénematic
systems however estimate COM in three dimensions. The stuthapter 5 therefore
used three-dimensional analysis techniques to quantify kineregticenital estimates
of COM location and did so using two different kinematic models. Jtaedard
benchmark comparator technique used in this study differs from &glcore-board
method in the preceding studies. Rather, a suspension systerty #iensuspension

system used to originally establish kinematic segmental @Sfilnation was built
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and used. The direct suspension technique was employed in order docapg ehe
innate inaccuracy of the reaction-board method,; ii) to allow tleetdguspension and
kinematic segmental methods to be compared simultaneously; g iore suited to
three-dimensional analysis; and iv) to be comparable to otilggnavork establishing

the kinematic segmental method.

Data from our comparisons between simultaneous direct suspensionnanthic
segmental measurement of COM locations showed once again ign#icant
differences exist between kinematically modelled COM locationd direct
measurements. In addition it was found that a kinematic nuzsieled from cadaver-
based measurements was significantly more closely relatbé ttirect measurement
than a live human-derived kinematic model; this may be due to the dimct
methods used in the detection of segment specific certresmss in cadavers. To
asses the nature of differences between the kinetic and dimeesurement
approaches, the relationship between error of measurement in rtfeekds and
selected anthropometric variables was investigated. No diorelzetween error, and

body mass, body water or adiposity was found.

The studies from chapter 5 have also contributed to the more modévhb@skd
metrological approaches in that they have: quantified the overadisumement
uncertainty of kinematic methods when comparing these to a threensibnal
suspension standard. Data from chapter 5 also compare the ene@suuncertainty
derived from two different kinematic models, finding that thoden@matic model
derived from direct measurement of segmental inertial peteasion cadavers display

less measurement uncertainty than a live human derived mdueIm&asurement
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uncertainty from either model was further found to be unrelatedatalidate

anthropometric variables.

In conclusion, novel reaction board and direct suspension apparagrsepuwpose-
built to allow direct measurements of COM location. The appsgraccuracies were
determined and three studies successfully conducted direct nmeastseof the
location of human COM in walking, running, sitting and various recumbedy
positions. Comparisons between direct COM location measuremdnbther less
direct approaches allowed for the exploration of potential measuremegrtainty of
popular indirect COM location determination techniques. Studiesribedchere
showed that significant differences exist between kinematicalbdelled COM
locations and direct measurements and do so with a magnituder ¢heatevhat was
reported in the original study that founded the segmental methestiofating COM
location (Braune and Fischer 1889).This knowledge is critical to staaeling the
uncertainty of measurement and the GUM traceably chain for kinersegmental
models, which in turn are vital to COM measurement applicattueh as in the
clinical and sports realms. The data presented in this thbkisopefully facilitate
improvements in the accuracy of kinematic estimations of Cbhtion, a

biomechanical tool with ever increasing applicability in mapplied fields.

6.2. Potential limitations of this research
The first two studies of this thesis (chapters 3 and 4ldetk two dimensional
analyses by using single camera images to estimate CO&lidos through the
kinematic segmental approach. Although direct measuremenisnbabe made in

two dimensions, currently COM location measurements are mutest cbnducted
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using a three dimensional, optical tracking multi-camerdesys Although three
dimensional segmental methods are based on the same prinsigiesdata reported
in chapters 3 and 4's studies, the repetition of a similar stutlyeba some novel
direct measurement method (for example, modified from the technigad in

chapter 5 of this thesis) and the three-dimensionally kinensatienental models,
could more accurately describe the inaccuracy of the segmmaathbds. This may
allow for the identification of correction factors to ultimgtemprove kinematic

methods.

Despite the time-consuming nature of COM location measuremesets mwhade by a
reaction-board method, error inherent to the reaction-board systtith évident. In
contrast, the direct suspension measuring method of COM locatioretibatly
offers the most accurate COM reference, but is typically poksible in one body
position (sitting). The design of direct suspension harnesses whidth facilitate a
greater variety of body positions would allow for a more holigtieestigation into

kinematic segmental method measurement uncertainty.

One limitation of both the reaction-board and direct suspension une@asnt
methods, is that both these methods require far more time,acarghysical unease
of subjects for measurements to be made. For this reassruitlikely that these
methods will become routine in biomechanics laboratories, but maysée in a
limited number of laboratories whose interest is concerned witasuement

uncertainty of COM derived data.
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The metrological approaches used in the studies described in ths rifes have
been more systematically applied if the GUM (Internationah&irds Organization
Guide to the Expression of Uncertainty in Measurement) based appsoaere more
systematically implemented. Such considerations are notoysteantionally used in
human biomechanics but it is likely that such an approach would wtymatd to
identification of all inherent error of segmental COM logatiestimation and the
eventual refinement of such techniques, making the error (measntremcertainty)

magnitude negligible.

Examples where a GUM based approach could have been used to fhgher t
understanding of the measurement uncertainty found in chapters 4 attibtbésis
would have been to look at the influence of skin based marker plateand
movement error as well as marker tracking errors and other cerizgat algorithm
based error. Such studies could have compared different technimarkel(
placement or computerized algorithms) against one another sseddte stability of

such methods over time.

6.3. Further research

The potential inaccuracy of the segmental method, which has beam sh the
studies of this thesis (in particular chapters 4 and 5)likely due to the modeling
assumptions of the segmental method. One area of partimpartance may be the
modeling of the thorax, which, because of its large mass contribute
approximately 60% of the total body mass. Current models used for I5€d¥on
estimation assume this mass to be comprised of one ordidgarts, which because

of the highly flexible spine, is likely to be an inappropriagsumption. Testing the
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influence of different models of the trunk (when built into a COMdelp would
therefore be a likely source of improvement of COM modelinguicy and is

recommended as a candidate for further research.

The novel reaction-board technique to measure COM location andnmeave
presented in the first two studies of this thesis has thentaya of being less time-
consuming and more accommodating of the assessment of varied boohnpdkin
the more direct balancing and suspension methods. As for mahg ofidre direct
measurement methods, this technique has a definable accurady alloiws for
comparisons with less direct methods. The direct suspension metmbdhushapter
5, displays greater accuracy than the reaction-board techniqus,liboited to fewer
body positions. The kinematic segmental method is used to estid@i¥l locations
in a wide variety of body types and a myriad of body positions. Riepebf the
methodologies employed in Chapters 3,4 and 5, making use of tleedmect COM
location apparatus (reaction board or direct suspension harnesgxgmple to
include several more body positions, would better inform us of ¢haracy with
which the segmental method estimates COM locations in alaiisus applications.
Another immediate approach to such study may be the identficatf other
anthropometric variables which could be tested as contributoragmkiic modeling
error. It would be advisable for such studies to investigate bothevbody and body
segment specific morphologies. In addition, such studies maymasstigate whether
types of relationships other than linear relationships (as téstedapter 5 of this
thesis) exist, between the ‘measurement error’ of the ssgmmethod and the

magnitude of a candidate anthropometric variable.



Since at present the degree to which methods to estimateaiidagconstants for
force platform methods of measurement of COM movement arentidlye
theoretically based, the effect of different methods aimeding integration constants
could be directly evaluated using comparisons between direct @@&surement
(most likely using the reaction-board approach), the segmental kinenm&thod, and

ground reaction force approaches.

An additional consequence of the data presented here is thatcommplex models
may be devised to account for the errors seen between direaireraaats of COM
locations and segmental estimates. New adjustment algorithoid be developed
using direct measurement methods, to enhance the accuracy afedheental
technique. In particular, studies that continue the work otltleisis, should make use
of the most recent GUM (International Standards OrganizationdeGto the
Expression of Uncertainty in Measuremetitie to be published in 2006, but not yet
available at the time of submission of this thesased approaches. Such approaches
would allow for the identification of the most important contributorthe inaccuracy
(measurement uncertainty) of these measurements and alsdaelubow such
sources of errors (measurement uncertainty) are linkegrapagated and contribute

to overall inaccuracy, so that suitable refinement of kinemaodels could be made.
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Appendices



Appendix 1. Published definitions of both centre of masand / or gravity.

Authors

Dawson 1935

Cooper and Glassow

1976

Johnson 1977

Gowitzke and Milner

Definition

“The force of gravity acts upon all parts of a body.tr#
effect is as if it acted upon a single point of the body wit
force equal to the sum of the gravitational forces, eéch o
which acts upon one of the particles of which the body is
composed. If the body was suspended at this point it would
be in perfect equilibrium no matter how much or in what
direction it may be rotated about this point. This point is
known as the ‘centre of gravity’ and the line which is
determined by it and the centre of gravity of the earthas
‘gravity line’ or ‘weight line’.”

“Within every mass is a point about which the gravitational
forces on one side are equal to those on the other. This

balanced point, determined in three planes of the mass, is

the centre of gravity.”

“The centre of mass of any given body, or system of,bodies

is a point such that if any plane is passed through it, the

mass moments on one side of the plane are equal to the

mass moments on the other.”

“The centre of gravity is the point imabout the body
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1984

Bendaet al 1994

Hamill and Knutzen

1995

Kingmaet al 1995

Nicholset al 1995

Luttgens and Hamilton

1997

Serwayet al 2000

through which the resultant body force will act due to the
gravitational pull of the earth (or over environment) upon
the masses of the various body parts. The location of the
centre of gravity changes as the limbs vary their redativ
positions.”

“The centre of gravity is the point at which the total body
mass can be assumed to be concentrated without altering
the body’s translational inertia properties.”

“The body weight vector originates at a point referred to as
the centre of gravity, or point about which all particles of
the body of evenly distribute. The point about which the
body’s mass is evenly distributed is referred to as theeent
of mass.”

“When translation motions of the human body are studied,
the entire mass of the body can be considered as
concentrated in the centre of mass.”

“The centre of gravity refers to a point in the bodytdath
the total force of gravity is considered to act and that is

projected vertically onto the support surface.”

“The centre of gravity of the body is sometimes described

as its balance point or that point about which a body would

balance without a tendency to rotate.”

“The force of gravity exerted on an object can be
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considered as acting at a single point called the centre of
gravity. The centre of gravity of an object coincidethws
centre of mass if the object is in a uniform field.”

Giancoli 2000
“Observations of the motion of bodies indicate that even if

a body rotates, or there are several bodies that moveveelati
to one another, there is one point that moves in the same
path that a particle would if subjected to the same force
This point is called the centre of mass. The generalomoti

of an extended body (or system of bodies) can be
considered as the sum of the translational motion of the
centre of mass, plus rotational, vibrational, or other types of
motion about the centre of mass.”...“A concept similar to
centre of mass is centre of gravity. The centre of tyafi

a body is that point at which the force of gravity can be

considered to act.”
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Appendix 2.1Algorithm for marker tracking GUI based utility

function varargout = warxuitility(varargin)

% This Algorithm generates a GUI for the manual antbmated tracking of kinematic markers
%Authors: Trevor Ransome and Warrick McKinon

% Date: April 2006

% WARXUITILITY M-file for warxuitility.fig
%  WARXUITILITY, by itself, creates a new WARXUILITY or raises the existing
%  singleton*.

%  H=WARXUITILITY returns the handle to a n&ARXUITILITY or the handle to
%  the existing singleton*.

%  WARXUITILITY('CALLBACK',hObject,eventData,hadles,...) calls the local
%  function named CALLBACK in WARXUITILITY.M wih the given input arguments.

%  WARXUITILITY('Property’,'Value',...) createsnew WARXUITILITY or raises the
%  existing singleton*. Starting from the Jgftoperty value pairs are

%  applied to the GUI before warxuitility_OpegFunction gets called. An

%  unrecognized property name or invalid vahakes property application

%  stop. Allinputs are passed to warxuitil®peningFcn via varargin.

%  *See GUI Options on GUIDE's Tools menu. @e"GUI allows only one
% instance to run (singleton)".

% % Edit the above text to modify the responseetp warxuitility
% See also: GUIDE, GUIDATA, GUIHANDLES
% Last Modified by GUIDE v2.5 03-Apr-2006 16:28:24

% Begin initialization code - DO NOT EDIT

gui_Singleton = 1;

gui_State = struct('gui_Name"', mfilename, ...
'gui_Singleton’, gui_Singletan,
‘gui_OpeningFcn', @warxuitili@peningFen, ...
'gui_OutputFen’, @warxuitiliQutputFen, ...
‘gui_LayoutFen', ], ...
‘gui_Callback’, []);

if nargin && ischar(varargin{1})

gui_State.gui_Callback = str2func(varargin{1});
end

if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_Statarargin{:});
else
gui_mainfen(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT

% --- Executes just before warxuitility is madeiis.

function warxuitility_OpeningFcn(hObject, eventdatandles, varargin)
% This function has no output args, see OutputFcn.

% hObject handle to figure

% eventdata reserved - to be defined in a futersion of MATLAB

% handles structure with handles and user deaGUIDATA)

% varargin command line arguments to warxuiti#ge VARARGIN)

% Choose default command line output for warxtili

handles.output = hObject;
handles.prevSizes =0;
handles.prevFrame =0;
handles.edit=0;
handles.editpt=0;
handles.minthreshval=0;
handles.maxthreshval=0;
handles.minsizeval=0;
handles.maxsizeval=0;
handles.trackpts=0;
handles.noPointsChecked=0;
handles.noPointsSelected=0;
handles.point1=0;

handles.point9=0;

handles.point10=0;
handles.point11=0;
handles.point12=0;
handles.point13=0;
handles.point14=0;
handles.point15=0;
handles.point16=0;
handles.point17=0;
handles.point18=0;
handles.point19=0;
handles.point20=0;
handles.point21=0;
handles.point22=0;
handles.point23=0;
handles.point24=0;
handles.point25=0;
handles.point26=0;
handles.point27=0;
handles.point28=0;
handles.point29=0;
handles.point30=0;
handles.point31=0;
handles.point32=0;
handles.point33=0;
handles.point34=0;
handles.point35=0;
handles.point36=0;
handles.point37=0;
handles.point38=0;
handles.point39=0;
handles.point40=0;
handles.point41=0;
handles.point42=0;
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handles.point43=0;
handles.point44=0;
handles.point45=0;
handles.point46=0;
handles.point47=0;
handles.point48=0;
handles.point49=0;
handles.point50=0;
handles.point51=0;
handles.point52=0;
handles.point53=0;
handles.point54=0;
handles.point55=0;
handles.point56=0;
handles.point57=0;
handles.point58=0;
handles.point59=0;
handles.point60=0;

% Update handles structure
guidata(hObject, handles);

% UIWAIT makes warxuitility wait for user respongeee UIRESUME)
% uiwait(handles.figurel);

% --- Outputs from this function are returned te tommand line.
function varargout = warxuitility_OutputFcn(hObjeeventdata, handles)
% varargout cell array for returning output argsg VARARGOUT);

% hObject handle to figure

% eventdata reserved - to be defined in a futersion of MATLAB

% handles  structure with handles and user da@GUIDATA)

% Get default command line output from handlescétme
varargout{1} = handles.output;
%pos=get(handles.axes1,position’);
setappdata(handles.minthreshval,'minthresh’,0);
setappdata(handles.minsizeval,'minsize’,0);
setappdata(handles.prevFrame, ‘prevFrame’,1);
setappdata(handles.maxsizeval,'maxsize’,100);
setappdata(handles.prevSizes, ‘prevSizes',0);
1andles.noPoir 1,'pointSeect’,0
setappdata(handles.trackpts, trackpts',0);
setappdata(handles.edit,'editflag’,0);
%set all prev point data to 0
for i=1:60
strl=strcat(‘handles.point'int2str(i));
str2=strcat(‘point',int2str(i));
setappdata(eval(strl),str2,0);
end

% --- Executes on slider movement.

function thresholdsliderl_Callback(hObject, evetddhandles)

% hObject  handle to thresholdslider1 (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deGUIDATA)

% Hints: get(hObject,'Value’) returns position kifer
% get(hObject,'Min’) and get(hObject, Magretermine range of slider
threshmax=get(hObject,'Max);
threshmin=get(hObject,'Min’);
thresh=get(hObject,'Value’);
data=evalin('base','data’);
frameno=str2double(get(handles.txtframeno, 'Stiing’)
immax=max(max(data(:,:,1,frameno)));

:,1,frameno)));
iminten=(immax-immin)*thresh+immin;

pos=[0.1200 0.09000 0.60 0.7450];

%check if prev fig drawn

figl = findobj('Tag','Figl');

if ~isempty(figl)
delete(figl)

end

%get(h, Position’)

Y%axes(‘Position',pos);

Y%axes(‘Position',pos);
frameno=str2double(get(handles.txtframeno, 'Stjing’)

lastframe=length(data(1,1,1,:));
if (frameno <= lastframe)&(frameno > 0)
axes(‘Position’,pos);
imtemp=double(data(:,:,1,frameno));
imdata=imtemp.*(imtemp>=iminten);
imdata(imdata==0)=immin;
imdata=uint8(imdata);
h=subimage(imdata);
al = get(h,Parent);
colormap hot;
%turn xandy value display off
set(al, Visible', 'off);
Y%save image tag
set(al,Tag', Figl);
%set button down event for point selection
set(h,'ButtonDownFcn', warxuitility("figl_BettdownFcn",gcbo, [],guidata(gcbo)));
end;

setappdata(handles.thresh, thresh',iminten);

% --- Executes on button press in savemarkeraspttsib
function savemarkeraspushbutton_Callback(hObjeentelata, handles)
% hObject handle to savemarkeraspushbuttonGex
% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)
noPoi Jata(handles.noPoir 9H
filename=char(get(handles.savedataastextbox, 'S¥ing
save(filename,'noPointsSelected’);
maxPtsinFrame=max(noPointsSelected);
for i=1:maxPtsinFrame
strl=strcat(handles.point'int2str(i));
str2=strcat(‘point’int2str(i));
allpoints=getappdata(eval(strl),str2);
eval(['point', int2str(j), ‘= allpoints1);
save(filename,str2,-append');

end

% --- Executes on button press in playfbutton.

function playfbutton_Callback(hObject, eventdaiandies)

% hObject  handle to playfbutton (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
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% handles structure with handles and user da@GUIDATA)
frameno = str2double(get(handles.txtframeno,'Siing
data=evalin('base','data’);
set(handles.errormsg,'String’,");
while (frameno < length(data(1,1,1,:)))

if stremp(get(handles.errormsg, 'String’),")

forwardbutton_Callback(eval(‘handles.fomiartton’), eventdata, handles);

frameno=frameno+1;
pause(0.01);
else

return;
end
end

% --- Executes on button press in pausebutton.

function pausebutton_Callback(hObject, eventdaadtes)

% hObject  handle to pausebutton (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)
set(handles.errormsg,'String', Paused);

% --- Executes on button press in OpenAVIButton.

function OpenAVIButton_Callback(hObject, eventddtandles)

% hObject handle to OpenAVIButton (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deGUIDATA)

Y%delete existing frame display
Y%delete(handles.axes1);
Y%create new axes

%O0pen avi or mat file
set(handles.errormsg,'String’,");
filename = get(handles.filename,'String');
imfound=false;
if filename(length(filename))==""
9%mat file
vars=load (filename);
names=fieldnames(vars);
for i=1:length(names)
data=getfield(vars,char(names(i)));
if (length(size(data))==4)&(isa(data, uijit8
imfound=true;
break;
end
end;
if imfound
assignin(‘base','data’,data);
else
str="No variable found of dimension = 4 arfidype = uint8";
set(handles.errormsg,'String',str);
set(handles.errormsg, 'Visible','on’);
return;

% data=evalin('base’,'data’);

else

end

width=length(data(:,1,1,1));
setappdata(handles.maxthreshval,'maxthresh’, magfata:,:,1,1))));

% Y%create image axes
% %pos=[-0.08 0.328 0.65 0.65];
% %
pos=[0.1200 0.09000 0.60 0.7450];
%pos=[29.8000 4.0331 108.0000 33.5458];
set(handles.txtframeno, 'String’, 1);
%check if prev fig drawn
figl = findobj('Tag','Figl));
if ~isempty(figl)
delete(figl)
end
.

=zeros(length(data(1,1,1,)),1);
andles.noPoir 1,'pointSelenloi );
axes('Position’,pos);
%get(h,'Position’)
%axes('Position',pos);
Y%axes(‘Position',pos);
h=subimage(data
al = get(h,'Parent’

,1));

%turn xandy value display off

set(al, Visible', 'off");

Y%save image tag

set(al, Tag','Figl’);

Y%set button down event for point selection

set(h,'ButtonDownFcn',' warxuitility("figl_ButtondmFcn",gcbo,[],guidata(gcbo))");

function varargout = figl_ButtondownFcn(h, evengddtandles, varargin)
% Stub for ButtondownFcn of the axes handles.axes1.

numPointsSelected = getappdata(handles.noPoints&klpointSelect’);
frameno=str2double(get(handles.txtframeno, 'Stiing’)
if (numPointsSelected(frameno) < 60)
Y%check next
editflag=getappdata(handles.edit,'editflag’);
if editflag==0
numPoir frameno)=numPoir 10)+1;
strl=strcat(handles.point'int2str(nummestielected(frameno)));
str2=strcat(‘point’int2str(numPointsSede¢rameno)));
allpoints=getappdata(eval(strl),str2);

handles.noP: ‘metSnumPoir
str3=strcat(‘handles.edit'int2str(numPsselected(frameno)));
set(eval(str3),'Enable’,'on’);
str3=strcat(handles.st itton', im(@smPoir

set(eval(str3),'Enable’,'on’);
figparent = findobj('Tag',Figl);
Y%get position of click event
g=get(figparent,'CurrentPoint);
point(1)=g(1);

point(2)=g(3);
Y%setappdata(eval(strl),str2,point);

allpoints(frameno, 1:2)=point;
eval(strl),str2,

hold on;
h=plot(g(1).9(3)..);

set(h, ButtonDownFcn','warxuitility("figButtondownFcn",gcbo, [],guidata(gcbo))');

if get(eval(str3), Value')==1
Y%get track colour
colours=get(handles.trackcolour,'Stjing
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set(har trackprop,'String’,colc frameno),:));
showtrackbutton_Callback(eval(str3gredata, handles);

en

Ycheck box
str3=strcat(‘handles.checkbox'int2str(nainSelected(frameno)));
set(eval(str3), Value',1);

e

setappdata(handles.edit,'editflag’,0);
pointno=getappdata(handles.editpt, editpt)
str_edit=strcat(‘handles.edit',int2str(poda));
set(eval(str_edit),Value',0);
strl=strcat(handles.point'int2str(poinjno
str2=strcat(‘point’,int2str(pointno));
allpoints=getappdata(eval(strl),str2);

hold on

h=j Sints(frameno, 1),allpoir ), k.);
set(h,' ButtonDownFcn', WarxumIlty(”ﬁgButtondownFcn",gcbo|] guidata(gcbo))’);
figparent = findobj('Tag', Figl);

Y%get position of click event
g=get(figparent,'CurrentPoint’);

point(1)=g(1);

point(2)=g(3);
Y%setappdata(eval(strl),str2,point);

allpoints(frameno, 1:2)=point;

eval(strl),str2,

hold on;
h=plot(g(1).9(3)..);

set(h, ButtonDownFcn', 'warxuitility("figButtondownFcn",gcbo, [], guidata(gcbo))');

str3=strcat(handles.st

itton’, im(@smPoir frameno)));

if get(eval(str3), Value')
set(eval(str3), Value',

showtrackbutton_Callback(eval(str3gredata, handles);
colours=get(handles.trackcolour,'Stjing
set(handles.trackprop,'String',colausgP ointsSelected(frameno),:));

set(eval(str3), Value',1);

showtrackbutton_Callback(eval(str3eredata, handles);

end
end
Y%set(eval(str3),'Enable’,'on’);

%trackpts=getappdata(handles.trackpts, trajkpts
Y%trackpts(length(trackpts))=numPointsSelected;

Y%trackpts(length(trackpts)+1)=0;

Y%setappdata(handles.trackpts, trackpts',trajzkpt

else

msgbox('Maximum number of points have beencsett, 'Error,'error’);

end

function plotpoints(handles,frameno,eventdata)

%plots all points on frame

numPointsSelected = getappdata(handles.noPoints&klpointSelect’);

if (numPointsSelected(frameno)>0)

hold on
fori=
st
str2=strcat('point',int2str(i));

allpoints=getappdata(eval(strl),str2);

1:numPointsSelected(frameno)
trcat(‘handles. point',int2str(i));

h=plot(allpoints(frameno, 1),allpoints(frante2),.");
set(h, ButtonDownFcn', warxuitility("figButtondownFcn*,gcbo, [],guidata(gcbo)));
strl=strcat(handles.checkbox'int2str(i));

set(eval(strl), Value',1);

stri=strcat(handles.edit'int2str(i));

set(eval(strl),'Enable’,'on);

strl=strcat(handles.showtrackbutton',im(B};

set(eval(strl),'Enable’,'on’);
if get(eval(strl), Value')==:
Y%get track colour

colours=get(handles.trackcolour, 'Sty;ng

set(har trackprop,'String’,colc

frameno),:));

showtrackbutton_Callback(eval(strlgredata, handles);

end
end
end

function clearptlist(handles)
Y%clear all data in point list

frameno=getappdata(handles.prevFrame,'prevFrame’);

data=evalin('base','data’);

if (frameno>0)&(frameno<(length(data(l 1,1,:))+1))

numPoir

if (numPomtsSeIemed(frameno)>0)
for i = 1:numPointsSelected(frameno)

1andles.noBeietsted, pointSelect’);

strl=strcat(handles.checkbox',int®3tr(

set(eval(strl), Value',0);

strl=strcat(handles.edit',int2str(i));

set(eval(strl),'Enabl

‘off);
set(eval(strl),Value',0);

stri=strcat(handles.showtrackbuttot2str(i));

set(eval(strl),'Enable’,'off');

Yset(eval(strl), Value',0);
end

end
end

% --- Executes on button press in startbtn.

function startbtn_Callback(hObject, eventdata, hes)d

% hObject  handle to startbtn (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)

pos=[0.1200 0.09000 0.60

. 7450];
%pos=[29.8000 4.0331 108.0000 33.5458];

setappdata(handles.prevFrame,'prevFrame’,1);

Y%check if prev fig drawn

figl = findobj('Tag','Figl’);

if ~isempty(figl)
delete(figl)

end

axes(‘Position',pos);

data=evalin('base','data’);
clearptlist(handles);

E \

andles.p
set(handles.txtframeno, 'String’, 1)
h=subimage(data(:,:,1,1));

al = get(h,'Parent);

%turn xandy value display off
set(al, Visible', 'off");

Y%save image tag

set(al, Tag','Figl’);

1)
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Y%set button down event for point selection
set(h,'ButtonDownFcn',' warxuitility("figl_ButtondmFcn",gcbo,[],guidata(gcbo))");
plotpoints(handles,1,eventdata);

% --- Executes on button press in endbutton.

function endbutton_Callback(hObject, eventdatadtes)

% hObject  handle to endbutton (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles  structure with handles and user da@GUIDATA)
pos=[0.1200 0.09000 0.60 0.7450];

%p0s=[29.8000 4.0331 108.0000 33.5458];

Y%check if prev fig drawn
figl = findobj('Tag','Figl’);
if ~isempty(figl)
delete(figl)
end
axes(‘Position',pos);
%get(h, Position’)
Y%axes(‘Position',pos);
%axes('Position',pos);
data=evalin('base','data’);
lastframe=length(data(1,1,1,:));
clearptlist(handles);
1andles.prevF ,'prevF ' lastframe)
set(handles.txtframeno, 'String' lastframe);
h=subimage(data( Jlastframe));
al = get(h,'Parent);
plotpoints(handles, lastframe,eventdata);
%turn xandy value display off
set(al, Visible', 'off");
Y%save image tag
set(al, Tag','Figl’);
Y%set button down event for point selection
set(h,'ButtonDownFcn',' warxuitility("figl_ButtondmFcn",gcbo,[],guidata(gcbo))");

function result = checkLocality(pts,handles)
distcheck=str2double(get(handles.localitydist /&f));

(length(pts(:,1))-1)
for j=(i+1):(length(pts(:,1)))
dist=sqrt((pts(i,1)-pts(j, 1)) "2+((pts(i,PIs(,2))*2));
if dist <= distcheck
result =0;
str="Found points fall within specifikxtality value';
disp(str);
set(handles.errormsg, 'String’,str);
set(handles.errormsg, Visible','on’);
beep;
return;
end
end
end

% --- Executes on button press in forwardbutton.

function forwardbutton_Callback(hObject, eventdaiandles)

% hObject  handle to forwardbutton (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles  structure with handles and user da@GUIDATA)
set(handles.errormsg, 'Visible', 'off');
set(handles.errormsg,'String’,");

pos=[0.1200 0.09000 0.60 0.7450];

%p0os=[29.8000 4.0331 108.0000 33.5458];

Y%check if prev fig drawn

figl = findobj('Tag','Figl’);

if ~isempty(figl)
delete(figl)

end

%get(h,'Position’)
%axes('Position',pos);
Y%axes(‘Position',pos);
data=evalin('base','data’);
frameno=str2double(get(handles.txtframeno, 'Strjng;)
clearptlist(handles);
setappdata(handles.prevFrame, ‘prevFrame’,frameno);
set(handles.txtframeno, 'String',int2str(frameno));
lastframe=length(data(1,1,1,:));
if (frameno <= lastframe)&(frameno > 0)
axes(‘Position',pos);
set(handles.txtframeno, 'String',frameno);
h=subimage(data(:,:,1,frameno));
al = get(h,Parent);
numfoundpt=0;
foundpt=[0 0];
%If not manualsearch
if get(handles.manualsearch, Value') ==0
numPoir = hanc ‘pointSelect');
for i = 1:numPointsSelected(frameno-1)
strl=strcat(handles.point',int2str(i))
str2=strcat(‘point',int2str(i));
allpoints=getappdata(eval(strl),str2);
if length(allpoints(:,1))<frameno
allpoints(frameno, 1:2)=[0 0J;

end

if (allpoints(frameno, 1)==0)
[pt,fou 0 t(hanc | i);
if found

numfoundpt=numfoundpt+1;

foundpt(numfoundpt,1:2)=pt;
else

break;

end
%chech all points found
if (numfoundpt == numPointsSelected(framéy)&(checkLocality(foundpt,handles)==1)
for i=1:numfoundpt
stri=strcat(‘handles.point’,int@gtr
str2=strcat(‘point',int2str(i));
allpoints=getappdata(eval(striZ)tr
allpoints(frameno, 1)=foundpt(i, 1);
allpoints(frameno, 2)=foundpt(i,2);
setappdata(eval(strl),str2,allmint
numPoir frameno)=nt frameno)+1;
1andles.noPoil i ', numPoir );

end

elseif numfoundpt ~= numPointsSelected(éam1)
set(handles.manualsearch, 'Value',1);
set(handles.centsearch,'Value',0);



set(handles.peaksearch, Value',0);
str="Not all points could be found";
disp(str);
set(handles.errormsg,'String',str);
set(handles.errormsg, Visible','on’);
beep;
end
end
plotpoints(handles,frameno,eventdata);
%turn xandy value display off
set(al,Visible','off");
Y%save image tag
set(al,Tag', Figl);
%set button down event for point selection
set(h,'ButtonDownFcn', warxuitility("figl_BuettdownFcn”,gcbo, [],guidata(gcbo)));
end;

% --- Executes on button press in backbutton.

function backbutton_Callback(hObject, eventdatadtes)

% hObject handle to backbutton (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deGUIDATA)
pos=[0.1200 0.09000 0.60 0.7450];

%p0s=[29.8000 4.0331 108.0000 33.5458];

Y%check if prev fig drawn

figl = findobj('Tag','Figl’);

if ~isempty(figl)
delete(figl)

end

%get(h, Position’)
Y%axes(‘Position',pos);
%axes('Position',pos);
data=evalin('base’,'data’);
frameno=str2double(get(handles.txtframeno,'Strjiig’)
clearptlist(handles);
setappdata(handles.prevFrame, ‘prevFrame’,frameno);
set(handles.txtframeno, 'String',int2str(frameno));
lastframe=length(data(1,1,1,:));
if (frameno > 0)&(frameno <= lastframe)
axes(‘Position’,pos);
set(handles.txtframeno,'String',frameno);
h=subimage(data(:,:,1,frameno));
al = get(h,'Parent’);
plotpoints(handles,frameno,eventdata);
%turn xandy value display off
set(al, Visible', 'off);
Y%save image tag
set(al, Tag','Figl);
Y%set button down event for point selection
set(h,'ButtonDownFcn', warxuitility("figl_BuettdownFcn”,gcbo, [],guidata(gcbo)));
end;

% % --- Executes on button press in checkbox1.

% function checkbox_Callback(hObject, eventdatadhes)

% % hObject handle to checkbox1 (see GCBO)

% % eventdata reserved - to be defined in a futersion of MATLAB
% % handles structure with handles and user(detaGUIDATA)
% % Hint: get(hObject,'Value') returns toggle stafteheckbox1

% if get(hObject, Value')==1

% trackpts=getappdata(handles.trackpts, tradkpt

%  checktag=get(hObject, Tag');

%  checknum=checktag(9:length(checktag));

%  pointind=str2double(checknum);

%  trackpts(length(trackpts))=pointind;

% trackpts(length(trackpts)+1)=0;

%  setappdata(handles.trackpts, ‘trackpts' ttakp

% else

trackpts=getappdata(handles.trackpts, tradkpt
checktag=get(hObject, Tag’);
checknum=checktag(9:length(checktag));
pointind=str2double(checknum);
ind=find(trackpts==pointind);

if ind==1
newpts=trackpts(2:length(trackpts));
else

%
%
%
%
%
%
%
%
% newpts=trackpts(1:(ind-1));

% newpts((ind):(length(trackpts)-1))=trats(find+1):(length(trackpts)));
% end

%  setappdata(handles.trackpts, trackpts',ngwpts

% end

% --- Executes on button press in editl.

function edit_Callback(hObject, eventdata, handles)

% hObject handle to editl (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)

% Hint: get(hObject,'Value') returns toggle stateditl
if get(hObject, Value'
radtag=get(hObject, Tag’);

pointno=radtag(5:length(radtag));

stri=strcat(handles.point',pointno);

Str: rcat(‘point',pointno);

points=getappdata(eval(strl),str2);

frameno=get(handles.txtframeno,'String’);

hold on

h=plot(points(str2double(frameno), 1), pointdbuble(frameno),2),'b.’);

set(h, ButtonDownFcn', warxuitility("figl_BuettdownFcn”,gcbo, [],guidata(gcbo)));
setappdata(handles.edit,'editflag’,1);

setappdata(handles.editpt, ‘editpt’,str2double(po));

s

else
radtag=get(hObject, Tag');

pointno=radtag(5:length(radtag));

stri=strcat(handles.point',pointno);

Str: rcat(‘point',pointno);

points=getappdata(eval(strl),str2);

frameno=get(handles.txtframeno, 'String);

hold on

h=plot(points(str2double(frameno), 1), pointgdtiuble(frameno),2),.’);
set(h,'ButtonDownFcn', warxuitility("figl_BettdownFcn",gcbo, [],guidata(gcbo)));
setappdata(handles.edit,'editflag’,0);

d

en

% --- Executes on button press in btnGotoFrame.

function btnGotoFrame_Callback(hObject, eventdasadles)

% hObject  handle to btnGotoFrame (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
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% handles  structure with handles and user da@GUIDATA)
pos=[0.1200 0.09000 0.60 0.7450];
%p0s=[29.8000 4.0331 108.0000 33.5458];

Y%check if prev fig drawn

figl = findobj('Tag','Figl’);

if ~isempty(figl)
delete(figl)

end

%get(h, Position’)
Y%axes(‘Position',pos);
%axes('Position',pos);
data=evalin('base','data’);
frameno=str2double(get(handles.txtframeno, 'Stiing’)
clearptlist(handles);
1andles.prevF ,'prevF ' frameno);
%set(handles.txtframeno, 'String' int2str(frameno));
lastframe=length(data(1,1,1,:));
if (frameno > 0)&(frameno <= lastframe)
axes(‘Position’,pos);
set(handles.txtframeno,'String',frameno);
h=subimage(data(:,:,1,frameno));
al = get(h,Parent);
plotpoints(handles,frameno,eventdata);
%turn xandy value display off
set(al, Visible', 'off);
Y%save image tag
set(al, Tag','Figl);
%set button down event for point selection
set(h,'ButtonDownFcn', warxuitility("figl_BuettdownFcn”,gcbo, [],guidata(gcbo)));
end;

% --- Executes on button press in showtrackbuttonl.

function showtrackbutton_Callback(hObject, everadhtindles)

% hObject  handle to showtrackbuttonl (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user da@GUIDATA)

% Hint: get(hObject,'Value') returns toggle statetmwtrackbuttonl

radiotag=get(hObject, Tag’);

pointno=str2double(radiotag(16:length(radiotag)));

if get(hObject, Value')==1
frameno=str2double(get(handles.txtframenorig§);
strl=strcat(handles.point',int2str(pointno));
str2=strcat(‘point'int2str(pointno));
allpoints=getappdata(eval(strl),str2);

if (allpoints(i,1)~=0)&(allpoints(i,2)~=0)
ptx(ptnum)=allpoints(i,1);
pty(ptnum)=allpoints(i,2);
ptnum=ptnum+1;
end
end
trackprop=get(handles.trackprop,'String’);
h=plot(ptx,pty,trackprop);
set(h,'ButtonDownFcn', warxuitility("figl_BettdownFcn",gcbo, [],guidata(gcbo)));
strl=strcat('TrackFig',int2str(pointno));
set(h,'Tag',strl);
colours=get(handles.trackcolour,'String’);
colours(pointno, 1:length(trackprop))=trackprop;
set(handles.trackcolour, 'String',colours);
else
strl=strcat('TrackFig',int2str(pointno));
figl = findobj('Tag',str1);
if ~isempty(figl)
delete(figl);
end
end

% --- Executes on slider movement.

function minthresh_Callback(hObject, eventdata dhes)

% hObject  handle to minthresh (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)

% Hints: get(hObject,'Value') returns position kifer
% get(hObject,'Min’) and get(hObject, Magretermine range of slider
threshmax=get(hObject,'Max);
threshmin=get(hObject,'Min’);
thresh=get(hObject,'Value’);
data=evalin('base','data’);
frameno=str2double(get(handles.txtframeno, 'Stiing’)
immax=max(max(data(:,:,1,frameno)));
:,1,frameno)));
imMininten=(immax-immin)*thresh+immin;
setappdata(handles.minthreshval,'minthresh',imNteniy

function trackprop_CreateFcn(hObject, eventdatadies)

% --- Executes on slider movement.

function maxthresh_Callback(hObject, eventdatagtes)

% hObject handle to maxthresh (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)

% Hints: get(hObject, Value') returns position ler
% get(hObject,'Min’) and get(hObject,'Maa'retermine range of slider
threshmax=get(hObject,'Max);
threshmin=get(hObject,'Min’);
thresh=get(hObject,'Value’);
data=evalin('base','data’);
frameno=str2double(get(handles.txtframeno, 'Stiing’)
immax=max(max(data(:,:,1,frameno)));

:,1,frameno)));
imMaxInten=(immax-immin)*thresh+immin;
setappdata(handles.maxthreshval,'maxthresh’,imN&njin

% --- Executes on slider movement.

function minsize_Callback(hObject, eventdata, hesdl

% hObject handle to minsize (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deGUIDATA)

% Hints: get(hObject,'Value’) returns position kifer

% get(hObject,'Min’) and get(hObject,'Maa'retermine range of slider
minsize=get(hObject,'Value');
setappdata(handles.minsizeval,'minsize’,minsize);



% --- Executes on slider movement.

function maxsize_Callback(hObject, eventdata, hes)d|

% hObject handle to maxsize (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)

% Hints: get(hObject,'Value’) returns position kifer

% get(hObject,'Min’) and get(hObject, Mag’retermine range of slider
maxsize=get(hObject, Value');
setappdata(handles.maxsizeval,'maxsize’,maxsize);

function velocity_Callback(hObject, eventdata, Hasj

% hObject handle to velocity (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)

% Hints: get(hObject,'String’) returns contentselbcity as text
str2double(get(hObject,'String’)) retucnatents of velocity as a double

% --- Executes on button press in applybtn.
function applybtn_Callback(hObject, eventdata, tes)d
% hObject  handle to applybtn (see GCBO)
% eventdata reserved - to be defined in a futersion of MATLAB
% handles  structure with handles and user da@GUIDATA)
numPointsSelected = getappdata(handles.noPoints&tlpointSelect');
frameno=str2double(get(handles.txtframeno,'Stiing’)
if numPointsSelected(frameno) ==

str="No points on image selected to show loegion.";

disp(str);

set(handles.errormsg,'String’,str);

set(handles.errormsg, 'Visible','on’);

beep;

return;
end
data=evalin('base','data’);
velocity = str2double(get(handles.velocity,'Stjhg"
figsize=[577.1621 720.6655];

for i=1:numPointsSelected(frameno)
strl=strcat(handles.point'int2str(i));
str2=strcat(‘point',int2str(i));
allpoints=getappdata(eval(strl),str2);

theim=getRegion(data(:,:,1,frameno), i ,1:2),velocity, figsize);
localim(1:length(theim(:,1)), 1:length(theim(d,i)=theim;
end

Y%save to workspace

assignin(‘base’, localim’,localim);

if get(handles.localmanual,Valu
= localthresh(-1);

else

= localthresh(get(handles.localthreshsldanje’));
end
ifth==-1

set(handles.localmanual, Value',0);

set(handles.localthreshslider, Enable’, 'off);
elseif h ~=-5

set(handles.localmanual, Value',1);

set(handles.localthreshslider,'Enable’,'on’);

set(handles.localthreshslider, Value',h);
end

% --- Executes on button press in manualthresh.

function manualthresh_Callback(hObject, eventdaadles)

% hObject handle to manualthresh (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)

% Hint: get(hObject,'Value') returns toggle staftenanualthresh
if get(hObject, 'Value')==

set(handles.minthresh,'Enable’,'on’);
else

set(handles.minthresh,'Enable’,'off');
end

function [newpt,found]=getNearestPt(handles,im, frmh
newpt=0;
frameno=str2double(get(handles.txtframeno, 'Stiing’)
strl=strcat(‘handles.pointint2str(pointno));
str2=strcat('point',int2str(pointno));
allpoints=getappdata(eval(strl),str2);
check=false;
found=false;
if (frameno>2)
if (allpoints(frameno-1,1)~=0)&(allpoints(frame-2,1)~=0)
prevptl=allpoints(frameno-2,1:2);
prevpt2=allpoints(frameno-1,1:2);
newGuesspt=2*prevpt2-prevptl;
check=true;
else
check=false;
end
end
if (frameno>1)&(~check)
if (allpoints(frameno-1,1)~=0)
newGuesspt=allpoints(frameno-1,1:2);

end

elseif (~check)
return;

end

velocity=str2double(get(handles.velocity, 'String))
figsize=[577.1621 720.6655];
if get(handles.globalthresh, Value')==
if get(handles.manualthresh,'Value')==
thresh=get(handles.minthresh, ’\/alue 'Y*maae(fim));
else%if get(handles.graythresh2, Value')==1
thresh=graythresh(im)*max(max(im));
% else
% thresh=guassianthresh(im);
end
BW=im>thresh;
BWRegion=getRegion(BW,newGuesspt,velocity, ig¥i
imglobal=BW.*im;
else
imglobal=im;

17C



end

%figl = findobj('Tag', Figl);
imRegion=g on(imglobal,newGuesspt, velocitgifig);

if get(handles.localthresh,'Value')==1
if get(handles.localmanual, Value')==1

thresh=get(handles.localthreshslider, Viimax(max(imRegion));

else%if get(handles.graythresh, Value’)==1
thresh=graythresh(imRegion)*max(max(imReyp
% else
% thresh=guassianthresh(imRegion);
end
BWRegion=imRegion>thresh;
imRegion=BWRegion.*imRegion;
end

BWRegion=imclearborder(BWRegion,4);
%BWRegion=bwmorph(BWRegion, bridge’);
BWRegion=bwmorph(BWRegion,'clean’);
BWRegion=bwmorph(BWRegion, fill');
[BWSep,num] = bwlabel(BWRegion,4);
prevdist=velocity*2;

for n=1:num
BWInd=BWSep==n;
if get(handles.centsearch,'Value')==1
Stats=regionprops(double(BWInd),'Centroid’)
thepoint=Stats.Centroid;
dist=sqrt((velocity-thepoint(1))"2+(velogithepoint(2))"2);
if dist < prevdist
prevdist=dist;
newpt(1)=newGuesspt(1)-velocity+thepdin
newpt(2)=newGuesspt(2)-velocity+thep@n
found=tru

elseif dist == prevdist
found=false;
end

elseif get(handles.peaksearch, Value')==1

imInd=BWInd.*imRegion;
imind=imfilter(imind,ones(3,3));
immax=max(max(imind));
BWiInd=imInd==immax;
Stats=regionprops(BWInd,'Centroid');
thepoint=Stats.Centroid;
dist=(velocity-thepoint(1))"2+(velocity-theint(2))"2;
if dist < prevdist

prevdist=dist;

newpt(1)=newGuesspt(1)-velocity+thepdin

newpt(2)=newGuesspt(2)-velocity+thep@n

found=false;
end
end
end

function imRegion=getRegion(im, pt, maxvelocity,fips)
pt=ceil(pt);
minx=pt(1)-maxvelocity+length(im(:,1))-floor(figs{1))+1;
maxx=pt(1)+maxvelocity+length(im(:,1))-floor(figs¢1))+1;
miny=pt(2)-maxvelocity+length(im(1,:))-floor(figs&{2));
maxy=pt(2)+maxvelocity+length(im(1,:))-floor(figef2));

if minx<1
minx=1;
elseif minx>length(im(:,1))
minx=length(im(:,1));
end
if miny<1
miny=1;
elseif miny>length(im(:,1))
miny=length(im(:,1));
end

imRegion=im(miny:maxy, minx:maxx);
% --- Executes on button press in globalthresh.

function globalthresh_Callback(hObject, eventdagmdles)
% hObject handle to globalthresh (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB

% handles  structure with handles and user da@GUIDATA)

% Hint: get(hObject,'Value') returns toggle staftglobalthresh
if get(hObject, Value')==1
frameno=str2double(get(handles.txtframenorig§);
data=evalin('base','data’);
et(handles.minthresh, Value',gr: 10)));
set(handles.manualthresh, Enable’,'on’);

se
set(handles.manualthresh, Enable’,'off');
set(handles.manualthresh, Value',0);
set(handles.minthresh,'Enable’,'off');
end

% --- Executes during object creation, after sgttiti properties.
function slider9_CreateFcn(hObject, eventdata, lesyd
% hObject handle to slider9 (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles empty - handles not created untit aftCreateFcns called

% Hint: slider controls usually have a light grayckground, change
% ‘'usewhitebg’ to 0 to use default. See ISRCCOMPUTER.

usewhitebg = 1;
if usewhitebg
set(hObject, BackgroundColor',[.9 .9 .9]);

el
% --- Executes on button press in localmanual.

function localmanual_Callback(hObject, eventdatmdies)
% hObject  handle to localmanual (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB

% handles  structure with handles and user da@GUIDATA)

% Hint: get(hObject,'Value') returns toggle staftéooalmanual

if get(hObject, Value')==1
set(handles.localthreshslider,'Enable’,'on’);

else

set(handles.localthreshslider,'Enable’, 'off');

else
set(hObject, BackgroundColor',get(0,'defaultidizolBackgroundColor'));
nd
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end

% --- Executes on button press in localthresh.

function localthresh_Callback(hObject, eventdatmdies)

% hObject handle to localthresh (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)

% Hint: get(hObject,'Value') returns toggle statéooalthresh

if get(hObject, Value')
frameno=str2double(get(handles.txtframenori§y;
data=evalin('base’, 'data’);
set(handles.localthreshslider, Value',grayth(dsta(:,:,1,rameno)));
set(handles.localmanual,'Enable’,'on’);

else
set(handles.localmanual,'Enable’,'off");
set(handles.localmanual, Value',0);
set(handles.localthreshslider, Enable’, 'off);

end

% --- Executes on button press in testglobal.

function |_C 10bject, ever

% hObject  handle to testglobal (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB

% handles structure with handles and user da@GUIDATA)

data=evalin('base','data’);

frameno=str2double(get(handles.txtframeno,'Stjing’)

if get(handles.manualthresh, Value')==1
thresh=get(handles.minthresh,Value’)

elseif get(handles.manualthresh, Value'):

thresh=gi :,1,frameno));
else

mask=ones(length(data(:,1,1,1)),length(datd(1)));
end

mask=data(:,:,1,frameno)>(thresh*max(max(data(fratheno))));
im=uint8(mask.*double(data(:,:,1,frameno)));

pos=[0.1200 0.09000 0.60 0.7450];
%pos=[29.8000 4.0331 108.0000 33.5458];

Y%check if prev fig drawn
figl = findobj('Tag','Figl’);
if ~isempty(figl)
delete(figl)
end
axes(‘Position',pos);
h=subimage(im);
al = get(h,'Parent’);
plotpoints(handles,frameno,eventdata);
%turn xandy value display off
set(al, Visible', 'off");
Y%save image tag
set(al, Tag','Figl);
Y%set button down event for point selection
set(h,'ButtonDownFcn',' warxuitility("figl_ButtondmFcn",gcbo,[],guidata(gcbo))");

% --- Executes on button press in loadbtn.
function loadbtn_Callback(hObject, eventdata, hes)!
% hObject  handle to loadbtn (see GCBO)
% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deaGUIDATA)
filename=char(get(handles.savedataastextbox, 'S¥ing
load(filename);

1andles.noPoir 1,'poir );

maxPtsinFrame=max(noPointsSelected);
for i=1:maxPtsinFrame
strl=strcat(handles.point'int2str(i));
str2=strcat('point',int2str(i));
setappdata(eval(strl),str2,eval(str2));
d

% --- Executes on key press over txtframeno witlcantrols selected.
function txtframeno_KeyPressFcn(hObject, eventdeaadles)

% hObject handle to txtframeno (see GCBO)

% eventdata reserved - to be defined in a futersion of MATLAB
% handles  structure with handles and user da@GUIDATA)

% --- Executes on button press in CalcNewPts.
function CalcNewPts_Callback(hObject, eventdatagdhes)
% hObject handle to CalcNewPts (see GCBO)
% eventdata reserved - to be defined in a futersion of MATLAB
% handles structure with handles and user deGUIDATA)
frameno = str2double(get(handles. txtframeno, 'SYjin;
data=evalin('base','data’);
set(handles.errormsg,'String’,");
numPointsSelected = getappdata(handles.noPoints&tlpointSelect');
while (frameno <= length(data(1,1,1,:)))
set(handles.txtframeno, 'String',int2str(framgno
if strcmp(get(handles.errormsg,'String’),"”)
%If not manualsearch
if get(handles.manualsearch,'Value')
numfoundpt=0;
foundpt=[0 0];
:numPointsSelected(frameno-1)
stri=strcat(‘handles.point’,int@gtr
str2=strcat(‘point',int2str(i));
allpoints=getappdata(eval(stri)str
if length(allpoints(:,1))<frameno
allpoints(frameno,1:2)=[0 Q];

end

if (allpoints(frameno, 1)==0)
[pt.found]=g t(har 1, 1,frameno)),i);
if found

numfoundpt=numfoundpt+1;
foundpt(numfoundpt, 1:2)=pt;
else
break;
end
end
end
%chech all points found

if (numfoundpt == numPointsSelected{femo-1))&(checkLocality(foundpt,handles)==1)

for i=1:numfoundpt
strl=strcat(‘handles. poin2att(i));
str2=strcat(‘point’,int2str(i))
allpoints=getappdata(eval(sstt});
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allpoints(frameno, 1)=founditj,

allpoints(frameno, 2)=foundji,

setappdata(eval(strl),str2ctits);

numP frameno)=r 10)+1;

setappdata(handles.noPoir intSelect'’,numPoir ).
end

elseif numfoundpt ~= numPointsSeledtad{eno-1)
set(handles.manualsearch,'Value',1)
set(handles.centsearch,Value',0);
set(handles.peaksearch,'Value',0);
str="Not all points could be found"
disp(str);
set(handles.errormsg, 'String’,str);
set(handles.errormsg, 'Visible)ion"

beep;
set(t Meno, 'StrinP# 10-1));
forwardbutton_Callback(eval(‘harsdierwardbutton’), eventdata, handles);
break;
end
end

frameno=frameno+1
end

end
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Appendix 2.2 Algorithm for three dimensional reconstructions of marker
locations from image based coordinates.

function dynamicDLT

% This Algorithm applies previously defined DLT atants to marker coordinates from each of 6 cameras

% and generates a three dimansional reconstruafithvat point using the
% "RECONFU.m" algorithm of Reinschmidt, 1994

% Author: Warrick Mckinon

% Date:  January 2006

load mdltinfo;
Ndynamicframes=input(how many real dynamic fraamesthere?: );
save Ndynamicframes Ndynamicframes

copyfile(RECONFU.m',RFHDY);
copyfile(RECONFU.m','LFHD
copyfile(RECONFU.m',RBHD");
copyfile(RECONFU.m', LBHDY);
copyfile(RECONFU.m',/CLAV');
copyfile(RECONFU.m','STRN');
copyfile(RECONFU.m','C7');
copyfile(RECONFU.m','T107);
copyfile(RECONFU.m',RSHO');
copyfile(RECONFU.m', LSHO
copyfile(RECONFU.m','RELB');
copyfile(RECONFU.m','LELBY);
copyfile(RECONFU.m',RWRA);
copyfile(RECONFU.m'RWRBY);
copyfile(RECONFU.m', LWRA');
copyfile(RECONFU.m', LWRBY);
copyfile(RECONFU.m', RFIN');
copyfile(RECONFU.m','LFIN');
copyfile(RECONFU.m',' RASI’);
copyfile(RECONFU.m','LASI");
copyfile(RECONFU.m','SACRY);
copyfile(RECONFU.m','RTHI');
copyfile(RECONFU.m','LTHI);
copyfile(RECONFU.m',RKNE);
copyfile(RECONFU.m','LKNE');
copyfile(RECONFU.m', RTIBY);
copyfile(RECONFU.m','LTIBY);
copyfile(RECONFU.m', RANK);
copyfile(RECONFU.m','LANKY);
copyfile(RECONFU.m',RTOE);
copyfile(RECONFU.m', LTOEY);
copyfile(RECONFU.m', TOP");
copyfile(RECONFU.m', BOTTOMY);

cd(RFHD");save mdltinfo mdltinfo; save Ndynami ;clear all; load Nd!
disp 'RFHD'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=camlxymarkercoords(yriddgnicframes,:);
CAM2POS(1:Ndynamicframe: -cam2xymarkercoords(¥réanicframes,:);
CAM3POS(1:Ndynamicframes,: arkercoords(: i bY
CAM4POS(1:Ndynamicframes,: ds(

CAM5POS(1:Ndynamicframes,: arkercoords(: i ')ECAMGPOS(l:Ndynamicframes,:):camemercoords(l:Ndynamicframes,:):

CAMcoords(:,1:2) = CAM1POS;

CAMcoords(:,9:10) = CAMGPOIS; CAMcoords(:,11:12) A6POS;
L=CAMcoords;

load mdltinfo; save Ndynami clear all; Idédynami ; load mdltinfo;

A=mdltinfo’;

[H] = RECONFU(A,L);

RFHD=H;

save RFHD RFHD;
e

cd(..
save RFHD RFHD;

cd('LFHD");save mdltinfo mdltinfo; save Ndynamiainas;clear all; load Ndynamicframes ; load mditinfo;

disp 'LFHD'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=cam1xymarkercoords(yrdanicframes,:);
CAM2POS(1:Ndynamicframes,:)=cam2xymarkercoords(yrdanicframes, :

CAM3POS(1:Ndynamicframes,: arkercoords(: 3
CAM4POS(1:Ndynamicframes,: ds( )
CAMS5POS(1:Ndynamicframes,: arkercoords( i bY
CAMcoords(:,1:2) = CAM1POS;

L=CAMcoords;
load mdltinfo; save Ndynami clear all; Idédynami ; load mdltinfo;

A=mdltinfo’;

[H] = RECONFU(AL);
LFHD=H;

save LFHD LFHD;
cd(.)

save LFHD LFHD;

cd('RBHD');save mdltinfo mdltinfo; save Ndynamiafras;clear all; load Ndynamicframes

disp 'RBHD'
load camlxymarkercoords;
load cam2xymarkercoords;
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load cam3xymarkercoords;
load cam4xymarkercoords;

load kercoords;load can oords;
CAM1POS(1:Ndynamicframes,:)=caml oords( BH
ds( )
oords( bY
: ds( )
CAMS5POS(1:Ndynamicframes,: oords(. :);CAM6POS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);
CAMcoords(: CAM1POS;
CAMcoords CAM2POS;
CAMcoords(:,5:6) = CAM3POS;
CAMcoords CAM4POS;

CAMcoords| 0) = CAM5POS; CAMcoords(:,11:12) AK6POS;
L=CAMcoords;

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);
RBHD=H;

save RBHD RBHD;
cd('.”

save RBHD RBHD;

cd('LBHD);save mditinfo mdltinfo; save Ndyr clear all; load Nd! ; load mdltinfo;
disp 'LBHD'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=cam1 ds( by

CAM2POS(1:Ndynamicframes,: oords( bY

CAM3POS(1:Ndynamicframes,:)=cam: ds( )

CAMA4POS(1:Ndynamicframes,: oords( bY

CAM5POS(1:Ndynamicframes,: oords( :);CAM6POS(1:Ndynamicframes,:)=cam6agkercoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;
CAMcoords
CAMcoords
CAMcoords|
CAMcoords(:
L=CAMcoords;

load mdltinfo; save Ndynami clear all; Idédynami ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(AL);

LBHD=H;

save LBHD LBHD;

cd('.”

save LBHD LBHD;

:10) = CAM5POS; CAMcoords(:,11:12) AR6POS;

cd('CLAV');save mditinfo mdltinfo; save Ndynami clear all; load Nd: i ; load mdltinfo;
disp 'CLAV'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load 5. kercoords;load can oords;
CAM1POS(1:Ndynamicframes,:)=caml oords( BH
CAM2POS(1:Ndynamicframes,:)=cam2. ds( by
CAM3POS(1:Ndynamicframes,: oords( bY
CAM4POS(1:Ndynamicframes,: ds( )
CAM5POS(1:Ndynamicframes,: oords( :);CAM6POS(1:Ndynamicframes,:)=cam6agkercoords(1:Ndynamicframes,:);
CAMcoords(: CAM1POS;

CAMcoords(: CAM2POS;

CAMcoords(:,5:6) = CAM3POS;

CAMcoords| CAM4POS;

CAMcoords| 0) = CAM5POS; CAMcoords(:,11:12) AK6POS;
L=CAMcoords;

load mdltinfo; save Ndynami clear all; ldédynami ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

CLAV=H;

save CLAV CLAV;

cd(..)
save CLAV CLAV;

cd('STRN');save mdltinfo mdltinfo; save Ndynamiefres;clear all; load Ndynamicframes ; load mditinfo;
disp 'STRN'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml oords(
CAM2POS(1:Ndynamicframes,:)=cam2 ds(
CAM3POS(1:Ndynamicframes,: oords(.
CAM4POS(1:Ndynamicframes,: ds(
CAM5POS(1:Ndynamicframes, . ds(

;CAMBPOS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);

CAMcoords(:

:2) = CAM1POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) A6POS;
L=CAMcoords;
load mdltinfo; save Ndynami clear all; ldédynami ; load mdltinfo;
A=mdltinfo’;
[H] = RECONFU(A,L);

=H;

save STRN STRN;
cd(.)
save STRN STRN;

cd('C7');save mdlitinfo mditinfo; save Nd: i all; load Ndynamif ; load mdltinfo;
disp 'C7*

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;
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Ioad cam4xymarkercoords.

kercoords;load cam oords;
CAM1POS(1:Ndynamicframes,:)=caml ds(. H
CAM2POS(1:Ndynamicframes,:)=cam: oords( H
CAM3POS(1:Ndynamicframes,:)=cam: ds(

:);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

dynamicframes,: oords(
CAM5POS(1:Ndynamicframes,: ds(

CAMcoords(:
CAMcoords|

CAM1POS;

:8) = CAM4POS;
0) = CAM5POS; CAMcoords(:,11:12) A6POS;

CAMcoords(:

L=CAMcoord:

load mdltinfo; save Ndynami clear all; Idédynami ; load mdltinfo;
A=mdltinfo’;

[H] RECONFU(A ;
save C7 C7;

cd(..)
save C7 C7,

cd(T10);save mdltinfo mdltinfo; save Nd: i all; load Ndyr ; load mdltinfo;
disp 'T10'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;
CAM1POS(1:Ndynamicframes,:)=caml oords( bH
dynamicframes,:)=cam2 ds( by
:Ndynamicframes,: oords( bY
CAM4POS(1:Ndynamicframes,: ds( )
CAM5POS(1:Ndynamicframes,: oords( :);CAM6POS(1:Ndynamicframes,:)=cam6agkearcoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;
CAMcoords(:,3:4) = CAM2POS;
CAMcoords
CAMcoords
CAMcoords(:
L=CAMcoords;
load mdltinfo; save Ndynami clear all; ldédynami ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

T10=H;

save T10 T10;

cd(..)

save T10 T10;

:10) —CAMSPOS CAMcoords(:,11:12) AK6POS;

cd('RSHO);save mdltinfo mdltinfo; save Ndyr clear all; load Nd! ; load mdltinfo;
disp 'RSHO'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=cam1 ds( )

CAM2POS(1:Ndynamicframes,:)=cam: oords( bH

CAM3POS(1:Ndynamicframes,:)=cam: ds( )

CAMA4POS(1:Ndynamicframes,: oords( i bY

CAM5POS(1:Ndynamicframes, . ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

CAMcoords(:

0) = CAMSPOS CAMCDOrdS(Z,ll:lZ) AIBEPOS;

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;
[H] = RECONFU(A,L);

SHO=H;

save RSHO RSHO;
cd(.

save RSHO RSHO;

cd(' LSHO') save mditinfo mdltinfo; save Nd i clear all; load Ndynami ; load mdltinfo;
disp 'L

load camlxymarkercoords.

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml oords( bH

CAM2POS(1:Ndynamicframes,:)=cam: oords( BH

CAM3POS(1:Ndynamicframes,:)=cam: ds( )

CAMA4POS(1:Ndynamicframes,: oords( bY

CAM5POS(1:Ndynamicframes, . ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) AK@6POS;
L=CAMcoords;
load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;
[H] = RECONFU(A L);
LSHO=H;
save LSHO LSHO;
cd

(")
save LSHO LSHO;

cd('RELB');save mdltinfo mdltinfo; save Ndynamiafres;clear all; load Ndynamicframes ; load mdltinfo;
disp 'RELB'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;
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load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml oords( );
CAM2POS(1:Ndynamicframes,:)=cam2. ds( by
CAM3POS(1:Ndynamicframes,: oords( i bY
CAM4POS(1:Ndynamicframes,: ds( )
CAM5POS(1:Ndynamicframes,: oords( :);CAM6POS(1:Ndynamicframes,:)=cam6agkearcoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;

CAMcoords| AM2POS;

CAMcoords| AM3POS;

CAMcoords| CAM4POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) A6POS;
L=CAMcoords;

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

RELB=H;

save RELB RELB;

cd('.”

save RELB RELB;

cd('LELB');save mdltinfo mdltinfo; save Ndynamiafnas;clear all; load Ndynamicframes ; load mdltinfo;
disp 'LELB'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml ds(. H

CAM2POS(1:Ndynamicframes,:)=cam: oords( 3
ds(

oords(
ds(

;CAMBPOS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);

CAMcoords(:
CAMcoords(:
CAMcoords(:

o
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L=CAMcoords;
load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;

A=mdltinfo’;

[H] = RECONFU(A,L);
LELB=H;

save LELB LELB;
cd('.”

save LELB LELB;

cd(RWRA');save mdltinfo mdltinfo; save Nd: clear all; load Ndynami ; load mdltinfo;
disp RWRA'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=cam1 ds( by

CAM2POS(1:Ndynamicframes,:)=cam: oords( bH

CAM3POS(1:Ndynamicframes,:)=cam: ds( )

CAMA4POS(1:Ndynamicframes,: oords( bY

CAM5POS(1:Ndynamicframes, . ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

CAMcoords(:

CAM4POS;
0) = CAM5POS; CAMcoords(:,11:12) AKEPOS;

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

RWRA=H;

save RWRA RWRA;
e

save RWRA RWRA;

cd(RWRB');save mdltinfo mdltinfo; save Nd: i clear all; load Ndynami ; load mdltinfo;
disp RWRB'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml oords( bH

CAM2POS(1:Ndynamicframes,:)=cam: oords( BH

CAM3POS(1:Ndynamicframes,:)=cam: ds( )

CAMA4POS(1:Ndynamicframes,: oords( bY

CAM5POS(1:Ndynamicframes, . ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) AK@6POS;
L=CAMcoords;
load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;
[H] = RECONFU(A L);
RWRB=H;
save RWRB RWRB;
e

cd(..
save RWRB RWRB;

cd('LWRA');save mdltinfo mdltinfo; save Nd! clear all; load Ndynar ; load mdltinfo;
disp 'LWRA'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;




load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml oords( );
CAM2POS(1:Ndynamicframes,:)=cam2. ds( by
CAM3POS(1:Ndynamicframes,: oords( i bY
CAM4POS(1:Ndynamicframes,: ds( )
CAM5POS(1:Ndynamicframes,: oords( :);CAM6POS(1:Ndynamicframes,:)=cam6agkearcoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;

CAMcoords| AM2POS;

CAMcoords| AM3POS;

CAMcoords| CAM4POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) A6POS;
L=CAMcoords;

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

LWRA=H;

save LWRA LWRA;

cd(’.

save LWRA LWRA;

cd('LWRB);save mdltinfo mdlitinfo; save Nad: clear all; load Nd: ; load mdltinfo;
disp 'LWRB'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml ds(. H

CAM2POS(1:Ndynamicframes,:)=cam: oords( 3
ds(

oords(.
ds(

CAMSPOS(1:Ndynamicframes,:

;CAMBPOS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;
CAMcoords(:
CAMcoords
CAMcoords
CAMcoords(:,9:
L=CAMcoords;

load mdltinfo; save Ndynami clear all; ldédynami ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

LWRB=H;

save LWRB LWRB;

cd(..)

save LWRB LWRB;

3:4) = CAM2POS;

cd('RFIN’);save mdltinfo mdltinfo; save Nd: clear all; load Ndynar ; load mdltinfo;
disp 'RFIN'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=cam1 ds( by

CAM2POS(1:Ndynamicframes,:)=cam: oords( bH

CAM3POS(1:Ndynamicframes,:)=cam: ds( )

CAMA4POS(1:Ndynamicframes,: oords( bY

CAM5POS(1:Ndynamicframes, . ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

CAMcoords(:

CAM4POS;
0) = CAM5POS; CAMcoords(:,11:12) AKEPOS;

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

RFIN=H;

save RFIN RFIN;

cd('.”

save RFIN RFIN;

cd('LFIN’);save mdltinfo mdltinfo; save Ndynamiainas;clear all; load Ndynamicframes ; load mdltinfo;
disp 'LFIN'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml oords( bH

CAM2POS(1:Ndynamicframes,:)=cam: oords( BH

CAM3POS(1:Ndynamicframes,:)=cam: ds( )

CAMA4POS(1:Ndynamicframes,: oords( bY

CAM5POS(1:Ndynamicframes, . ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) AK@6POS;
L=CAMcoords;
load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;
[H] = RECONFU(A L);
LFIN=H;
save LFIN LFIN;
e

cd(..
save LFIN LFIN;

cd('RASIY);save mdltinfo mdltinfo; save Nd: clear all; load Ndynar ; load mdltinfo;
disp 'RASI'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;
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load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml oords(
CAM2POS(1:Ndynamicframes,:)=cam2 ds(
CAM3POS(1:Ndynamicframes,: oords(.
CAM4POS(1:Ndynamicframes,: ds(
CAM5POS(1:Ndynamicframes,: oords(

)
)
)
)
)

CAMcoords(:,1:2) = CAM1POS;
CAMcoords| AM2POS;
CAMcoords| AM3POS;
CAMcoords| CAM4POS;
CAMcoords(:
L=CAMcoords;

:10) = CAM5POS; CAMcoords(;,11:12) AKEPOS;

load mdltinfo; save Ndyr clear all; |dddyr

A=mdltinfo’;

[H] = RECONFU(A L);
RASI=H;

save RASI RAS;
cd('.”

save RASI RASI;

:);CAM6POS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);

; load mdltinfo;

cd('LASI);save mdltinfo mdltinfo; save Ndynamiainas;clear all; load Ndynamicframes ; load mdltinfo;

disp 'LASI'

load camlxymarkercoords;
load cam2xymarkercoords;
load cam3xymarkercoords;
load cam4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml ds(.

CAM2POS(1:Ndynamicframes,:)=cam: oords(
ds(

: oords(.
CAM5POS(1:Ndynamicframes, . ds(

CAMcoords(:
CAMcoords(:
CAMcoords(:
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L=CAMcoord

load mdltinfo; save Ndyr clear all; |dddyr

A=mdltinfo’;

[H] = RECONFU(A,L);
LASI=H;

save LASI LASI;
cd('.”

save LASI LASI;

cd('SACRY);save mdltinfo mditinfo; save Ndynami ;clear all; load Nd!

'CAMBPOS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);

; load mdltinfo;

; load mdltinfo;

disp 'SACR'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml ds(

CAM2POS(1:Ndynamicframes,:)=cam2 ds(
CAM3POS(1:Ndynamicframes,: oords(.

CAM4POS(1:Ndynamicframes,: ds(

CAM5POS(1:Ndynamicframes,: oords(

CAMcoords(:
CAMcoords

:2) = CAM1POS;
CAM2POS;
AM3POS;
CAM4POS;

CAMcoords(:
L=CAMcoords;

8)
:10) = CAM5POS; CAMcoords(:,11:12) AR6POS;

load mdltinfo; save Ndyr clear all; |dddyr

A=mdltinfo’;

[H] = RECONFU(AL);
SACR=H;

save SACR SACR;

cd(..)
save SACR SACR;

cd('RTHI');save mdltinfo mditinfo; save Nd: clear all; load Ndyr

;CAM6POS(1:Ndynamicframes,:)=cam6askercoords(1:Ndynamicframes,:);

; load mdltinfo;

disp RTHI"

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml ds(.

CAM2POS(1:Ndynamicframes,:)=cam: oords(

CAM3POS(1:Ndynamicframes,: oords(.
ds(

CAM4POS(1:Ndynamicframes,:
CAM5POS(1:Ndynamicframes,: oords(

CAMcoords(:
CAMcoords(:
CAMcoords(:

L=CAMcoords;

0) = CAM5POS; CAMcoords(:,11:12) AKEPOS;

load mdltinfo; save Ndynami clear all; |dédyr

A=mdltinfo’;

[H] = RECONFU(A L);
RTHI=H;

save RTHI RTHI;

cd(..)
save RTHI RTHI;

; load mdltinfo;

;CAM6POS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);

+ load mdltinfo;

cd('LTHI);save mdltinfo mditinfo; save Ndynami ;clear all; load Ndynami ; load mdltinfo;

disp 'LTHI'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;




ds( by

oords( bY

: ds( )

CAMA4POS(1:Ndynamicframes,: oords( bY
CAM5POS(1:Ndynamicframes,:. ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

CAMcoords(: = CAM1POS;

CAMcoords(:,3:4) = CAM2POS;

CAMcoords| CAM3POS;

CAMcoords| CAM4POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) AK@6POS;
L=CAMcoords;

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A,L);

LTHI=H;

save LTHI LTHI;

cd(..)
save LTHI LTHI;

cd(RKNE’);save mditinfo mdltinfo; save Ndyr clear all; load Nd: i ; load mdltinfo;
disp 'RKNE'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;
CAM1POS(1:Ndynamicframes,:)=caml oords( bH
CAM2POS(1:Ndynamicframes,:)=cam2 ds( s
CAM3POS(1:Ndynamicframes,: oords( bY
ds( by
CAM5POS(1:Ndynamicframes,: oords( i :);,CAM6POS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);
CAMcoords(:

CAMcoords(:
CAMcoords(:,5:6) 3

CAMcoords(:,7:8) = CAM4POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) AK6POS;
L=CAMcoord:
load mdltinfo; save Ndynami clear all; Idédynami ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A,L);

RKNE=H;

save RKNE RKNE;

cd(..)

save RKNE RKNE;

cd('LKNE');save mdltinfo mditinfo; save Ndynami clear all; load Nd: ; load mdltinfo;
disp 'LKNE'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml
CAM2POS(1:Ndynamicframes,:)=cam2
CAM3POS(1:Ndynamicframes,:)=cam:
CAM4POS(1:Ndynamicframes,: 00!
CAM5POS(1:Ndynamicframes,:

daddoa

;CAMBPOS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);

CAMcoords(:,1:2) = CAM1POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) AK6POS;
L=CAMcoords;

load mdltinfo; save Ndynami clear all; ldédynami ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

LKNE=H;

save LKNE LKNE;
cd(.)
save LKNE LKNE;

cd('RTIB');save mditinfo mdltinfo; save Nd clear all; load Ndynami ; load mdltinfo;
disp 'RTIB'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml oords( BH

CAM2POS(1:Ndynamicframes,:)=cam2. ds( by

CAM3POS(1:Ndynamicframes,: oords( bY

CAMA4POS(1:Ndynamicframes,: oords( bY

CAM5POS(1:Ndynamicframes,:. ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askercoords(1:Ndynamicframes,:);

CAMcoords(:

0) = CAM5POS; CAMcoords(:,11:12) AK6POS;

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;
[H] = RECONFU(A L);
RTIB=H;
save RTIB RTIB;
e

cd(..
save RTIB RTIB;

cd('LTIB');save mditinfo mditinfo; save Ndynamicfnes;clear all; load Ndynamicframes ; load mdltinfo;
disp LTIB'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;
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CAM1POS(1:Ndynamicframes,:)=caml

oords(.
ds(

oords(
ds(

CAMSPOS(1:Ndynamicframes,:

oords(

CAMcoords(:
CAMcoords

:6) = CAM3POS;
CAM4POS;

0) = CAMSPOIS; CAMcoords(;,11:12) AKEPOS;

A=mdltinfo’;
[H] = RECONFU(A L);
LTIB=H;
save LTIB LTIB;
e

cd(..
save LTIB LTIB;

clear all; Ioddyr

;CAM6POS(1:Ndynamicframes,:)=cam6agkercoords(1:Ndynamicframes,:);

+ load mdltinfo;

cd('RANK’);save mdltinfo mditinfo; save Nd

clear all; load Nd:

; load mdltinfo;

disp 'RANK'

load camlxymarkercoords;
load cam2xymarkercoords;
load cam3xymarkercoords;
load camé4xymarkercoords;

load kercoords;load can

CAM1POS(1:Ndynamicframes,:)=caml

oords;

ds(

CAM2POS(1:Ndynamicframes,:
CAM3POS(1:Ndynamicframes,:)=cam:

oords(
ds(

CAM4POS(1:Ndynamicframes,:

CAM5POS(1:Ndynamicframes,

oords(.
ds(

CAMcoords(:,1:2) = CAM1POS;
CAMcoords| CAM2POS;
CAMcoords(: AM3POS;
CAMcoords(:,7:8) = CAM4POS;
CAMcoords(:,9:10)
L=CAMcoords;

= CAM5POS; CAMcoords(:,11:12) AKIEPOS;

load mdltinfo; save Ndyr

A=mdltinfo’;

[H] = RECONFU(A L);
RANK=H;

save RANK RANK;
cd('.”

save RANK RANK;

clear all; |ddatiyr

;CAMBPOS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);

; load mdltinfo;

cd('LANK');save mdltinfo mditinfo; save Nd:

clear all; load Nd:

; load mdltinfo;

disp 'LANK'

load camlxymarkercoords;
load cam2xymarkercoords;
load cam3xymarkercoords;
load cam4xymarkercoords;

load kercoords;load can

CAM1POS(1:Ndynamicframes,:)=caml

oords;

oords(

CAM2POS(1:Ndynamicframes,:)=cam2

CAM3POS(1:Ndynamicframes,:)=cam:

CAM4POS(1:Ndynamicframes,:
CAM5POS(1:Ndynamicframes,:

oords(. i B

CAMcoords(:

CAMcoords(: CAM2POS;
CAMcoords(:,5:6) = CAM3POS;
CAMcoords CAM4POS;
CAMcoords

0) = CAM5POS; CAMcoords(: 11:12) AKSPOS;

A=mdltinfo’;

[H] = RECONFU(A L);
LANK=H;

save LANK LANK;
cd('.”

save LANK LANK;

cd('RTOE");save mdltinfo mdltinfo; save Ndyr
disp 'RTOE'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

clear all; |ddatiyr

:CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);

; load mdltinfo;

;clear all; load Ndynar

load camé4xymarkercoords;
d cams:

loac kercoords;load can

CAM1POS(1:Ndynamicframes,:)=caml

oords;

ds(

CAM2POS(1:Ndynamicframes,:)=cam:
CAM3POS(1:Ndynamicframes,:)=cam:

oords(.
ds(

CAM4POS(1:Ndynamicframes,:

oords(.

CAM5POS(1:Ndynamicframes,:

oords( i :

CAMcoords(:
CAMcoords
CAMcoords

:2) = CAM1POS;
CAM2POS;
AM3POS;
CAM4POS;

CAMcoords(:
L=CAMcoords;

8)
:10) = CAM5POS; CAMcoords(:,11:12) AR6POS;

load mdltinfo; save Ndyr

A=mdltinfo’;

[H] = RECONFU(A,L);
RTOE=H;

save RTOE RTOE;
cd(.)

save RTOE RTOE;

clear all; Ioédyr

; load mditinfo;

;CAM6POS(1:Ndynamicframes,:)=cam6agkercoords(1:Ndynamicframes,:);

+ load mdltinfo;

cd(LTOE);save mdltinfo mdltinfo; save Ndynamiafres;clear all; load Ndynamicframes ; load mdltinfo;

disp 'LTOE'

load camlxymarkercoords;
load cam2xymarkercoords;
load cam3xymarkercoords;
load cam4xymarkercoords;

load 5. kercoords;load can

CAM1POS(1:Ndynamicframes,:)=caml

oords;

ds( )
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CAM2POS(1:Ndynamicframes,:)=cam: oords( BH
CAM3POS(1:Ndynamicframes,:)=cam: ds( )
dynamicframes,: oords( bY
CAM5POS(1:Ndynamicframes,:. ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);
CAMcoords(: CAM1POS;
CAMcoords|

CAMcoords

CAMcoords(:,7:8) = CAM4POS;

CAMcoords(: 0) = CAM5POS; CAMcoords(:,11:12) AK6POS;

L=CAMcoord

load mditinfo; save Ndyr clear all; |dddyr ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

LTOE=H;

save LTOE LTOE;

cd(.)

save LTOE LTOE;

cd(TOP');save mdlitinfo mditinfo; save Ndyr all; load Ndyr ; load mdltinfo;
disp 'TOP'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load cam4xymarkercoords;

load kercoords;load can oords;
CAM1POS(1:Ndynamicframes,:)=caml ds(. ;s
[dynamicframes,:)=cam2: ds( )
:Ndynamicframes,: oords( bY
CAM4POS(1:Ndynamicframes,: ds( )
CAM5POS(1:Ndynamicframes,: oords( i :);CAM6POS(1:Ndynamicframes,:)=cam6agkarcoords(1:Ndynamicframes,:);
CAMcoords(:

CAMcoords(:

CAMcoords(:
CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) AK@6POS;
L=CAMcoords;

load mdltinfo; save Ndynami clear all; ldédynami ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A,L);
TOP=H;

save TOP TOP;
cd(.)

save TOP TOP;

cd('BOTTOM');save mdltinfo mdlitinfo; save Ndynanafes;clear all; load Ndynamicframes ; load mditinf
disp BOTTOM'

load camlxymarkercoords;

load cam2xymarkercoords;

load cam3xymarkercoords;

load camé4xymarkercoords;

load 5. kercoords;load can oords;

CAM1POS(1:Ndynamicframes,:)=caml ds(. ;s

CAM2POS(1:Ndynamicframes,:)=cam: oords( bH

CAM3POS(1:Ndynamicframes,:)=cam: ds( )

CAM4POS(1:Ndynamicframes,: ds( )

CAM5POS(1:Ndynamicframes, ds( :);CAM6POS(1:Ndynamicframes,:)=cam6askarcoords(1:Ndynamicframes,:);
CAMcoords(: CAM1POS;

CAMcoords| AM2POS;

CAMcoords(:,5:6) = CAM3POS;

CAMcoords(:,7:8) = CAM4POS;

CAMcoords(:,9:10) = CAM5POS; CAMcoords(:,11:12) AK@6POS;

L=CAMcoord:

load mdltinfo; save Ndynami clear all; ldédynami ; load mdltinfo;
A=mdltinfo’;

[H] = RECONFU(A L);

BOTTOM=H;

save BOTTOM BOTTOM;

cd(..)

save BOTTOM BOTTOM;
oldmditinfo = mditinfo; save Ndynamicframes;cledlr mad Ndynamicframes ; load mdltinfo;
save oldmdltinfo oldmdltinfo; save Ndynamicframéser all; load Ndynamicframes ; load mdltinfo;

clear all

% need to delete mdltinfo or else the next triat b performes will use old camera info
delete mdltinfo.mat
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function GETDLTCONSTANTS

% This Algorithm generates DLT constants from aaliion frame marker coordinates from each of 6 came
% and generates a file containg 6 sets of DLT caiitn constants using the "mdit.m" algorithm of

% Pribanic (1999)

% Author: Warrick Mckinon

% Date:  January 2006

twelveactualcoords= [3.62 129.44 0; 183.37 124,9880.89 305.08 0.7.68 309.45 0; 3.62 129.44 8EB3;37 124.99 85.6; 187.89 305.08 85.4; 7.68 3085435; 3.62 129.44 175.5; 183.37 124.99 175.6;
187.89 305.08 175.3; 7.68 309.45 175.4 |;

load marker_positions
pk=twelveactualcoords;
save (‘marker_positions','marker_positions’);

%Caml
sk=marker_positions(:,:,1);
sk=sk';
mditCAM1=mdIt1(pk,sk);
clear sk

%Cam2
sk=marker_positions(:,:,2);
sk=sk;
mdItCAM2=mdIt1(pk,sk);
clear sk

%Cam3
sk=marker_positions(:,:,3);

sk=sk’;
mdItCAM3=mdIt1(pk,sk);
clear sk

%Cam4

sk=marker_positions(:,:,4); % it seems that MDLBiiy using one camera????
sk=sk;

mdItCAM4=mdIt1(pk,sk);

clear sk

%Camb
sk=marker_positions(:,:,5);
sk=sk';
mdIitCAM5=mdIt1(pk,sk);
clear sk

%Camé

sk=marker_positions(:,:,6); % it seems that MDLBiiy using one camera????
sk=sk;
mdItCAM6=mdIt1(pk,sk);
clear sk;

mdltinfo=[mdItCAM1,mdItCAM2, mdItCAM3,mdItCAM4, mdIt@M5, mdItCAME];
mdItinfo=mdltinfo(10,1:66);

mdltir 1:11);mdltinfo(12:22); mdItinfo(2:33);mdltinfo(34:44); mdltinfo(45:55);mdItinfo(5665];
save (‘mdltinfo’,'mdltinfo’);

clear all
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Appendix 2.3Algorithm for joint centre determination from

function gutsofFJCs

% This Algorithm applies marker set algorithm foe tdetermination of joint centres
% details of each of the subroutines of this athaniare specified in the

% appropriate places

%Authors: Warrick McKinon and Andrew Minett
%Date:  January 2006

Qg

%* Lower Body Joint Centres Program *
L

%This program calculates the global coordinateb®HJC's - the minimum
Y%requirement for find the other joints in the lovsedy. The Program goes
%on to calculate the global coordinates for thetjoentres in the rest

%of the lower body. Also calculates the coordinaties5 based on the Plug
%in Gait Model presented by Vicon (based on Kade#0 and

%Gutierrez 2003)

%The program uses Axis translation and rotatiosutitcch between Global
%and local co-ordinate systems. Information abbetarigin of the local
%system of axes and the orientation of the locabas contained in a
Y%matrix called the transition matrix.

%NOTE: It appears that the notation for definingnias - A = (c:d); -
%denoting a matrix A is both incorrect and redunid#@ihe definitions
%have, however, been left in the code. Taking #fetions out shouldnt
%change anything in the functioning of the progesymatrices are defined
%by giving the variables real values as opposedilsiodefining the
%dimension of those variables. If anything, the¢atled" definition
%matrices should be removed so as to avoid redefinivariable that has
Y%already been calculated.

gtk ko

%* Sub-program HIP JOINT CENTRES *

gtk ke

%inputs:  global coordinates of 3 surface markémsIS,
% RASIS, PelvisMarker

% Mean leglength & global variable MafRedius
Y%outputs: Left and right hip joint centres

lo=zeros(3,1); Y%position of local origin
Trans =zeros(4,4);  %defines the transitiorrimat
PTrans = zeros(3,4);  %defines the transitiotril e the ker
Y%vector is included - the placarker vector occupies
Ythe first row of the transitimatrix and serves to
Y%allow the transition matrixtie square and
Y%invertable

x=14; Y%step value for inilizhg matrices
y=14; Y%step value for inilizhg matrices
Trans(x,y) =0;  %initiallize Trans miatr
Trans(1,:)=[1000]; %initiallises top rovplace marker vector

currentRASIS = zeros(3,1); Y%definestoefor RASIS
currentLASIS = zeros(3,1); Y%definestwe for LASIS
SacrumMark = zeros(3,1); Y%defines vectoiSacrum Marker

currentRASIS = currentframe(1,1:3);
currentLASIS = currentframe(2,1:3);

SacrumMark = currentframe(3,1:3);%%%JC OUTPUT 33

% RASIS =[1 1 1];%%%%INPUT FROM RAW MARKER POSITNO

% LASIS =[1 3 1];%%%%INPUT FROM RAW MARKER POSITIND

% SacrumMark = [0 2 1];%%%%INPUT FROM RAW MARKER BOION

%RASIS = input('Input the co-ordinates of RASIShe form [x y z]:);
%LASIS = input('Input the co-ordinates of LASISthre form [x y z]:");
%SacrumMark = input(‘'Input the co-ordinates of 8atMarker:');

lo = (currentRASIS + currentLASIS)/2;  %defirtbe local axis origin of the Pelvis
%Rigid SegmentA wrt fogd coords

Py = (currentLASIS - lo);  %local unit vector grientation wrt global axes
UnitPy = Py/norm(Py);

RASIS2LASIS = currentLASIS - currentRASIS;
RASIS2SacrumMark = SacrumMark - currentRASIS;

marker locations

Pz = cross(RASIS2LASIS,RASIS2SacrumMark);  %crosans creat a new vector perpendicular to the prayeform, at vtheir origin%local unit vector ztvglobal

UnitPz = Pz/norm(Pz);

Px = cross(UnitPy,UnitPz); Ylooait vector x wrt global
UnitPx = Px/norm(Px);
x=13;
PTrans(x,y) = 0; Yiniifize ptrans
PTrans(:,1) %input local origmPtransition matrix
PTrans(:,2; %input x unit vecto Ptransition matrix
PTrans(:,3 %input y unit vecto Ptransition matrix

PTrans(:,4) = UnitPz; %input z unit vediv Ptransition matrix
PTrans;

(1,2); %input 1st row @f&hs into 2nd row of

Trans(3,:) = PTrans(2,:); %Trans etc...
(3,:);
o

Trans(4,:) = PTrans|
Trans;

%Transtion matrbRigid Segment PelvisA

% C = MeanLeg*0.115 - 15.3; but they use mm %calculates some value 'C’ which is used
C = MeanlLeg*0.115 - 1.53; %we use cm  %in the calculation of the HIC - based on

%Plug-In-Gait by Vicon

cosT = cos(0.5); %These constants walculated using
cosB = cos(0.314); Y%angles taken fiboons Plug-In-Gait
sinT = sin(0.5); Ypaper. (Matlabeslangles in radians)

sinB = sin(0.314);

% AsisTrochDist = 0.1288*MeanLeg - 48.56; but thisg mm  %estimates the distance between

184



AsisTrochDist = 0.1288*MeanLeg - 4.856 ; %the trochlear ahe asis

aa = norm(currentLASIS - lo); %half the length of the line
Y%joigithe rasis and lasis

%LEFT HIP JOINT CENTRE - LOCAL
loLHJC4x1 = (4:1); Y%define vector for tleeal coords of the LHIC

IoLHJCX = C*cosT*sinB - cosB*(AsisTrochDist + mm)%xcoord of LHIC wrt lo

IoLHICY = -((C*sinT) - aa); %ycoord of LHIC wrt lo

lIoLHJCZ = -C*cosT*cosB - sinB*(AsisTrochDist + mm)ycoord of LHIC wrt lo

loLHJC4x1 = [1 ; loLHIJCX ; loLHJCY ; loLHJCZ]; %¢ers the local co-ords
%airthe loLHJC vector

IoLHJC = [IoLHICX ; loLHJCY ; loLHJCZ];

%RIGHT HIP JOINT CENTRE - LOCAL
IoRHJC4x1 = (4:1); Y%define vector for theal coords of the RHIC

IoRHJCX = C*cosT*sinB - cosB*(AsisTrochDist + mm)%xcoord of RHIC wrt lo

I0RHJCY = ((C*sinT) - aa); %ycoord of RHIC wrt lo

IoRHJCZ = -C*cosT*cosB - sinB*(AsisTrochDist + mmypycoord of RHIC wrt lo

IoRHJC4x1 =[1 ; loRHJICX ; loRHJCY ; IoRHJCZ]; %ers the local co-ords
%airthe loRHJC vector

Io0RHJC = [loRHICX ; IoRHICY ; loRHICZ];

%LEFT AND RIGHT GLOBAL HIP JOINT CENTRES

GL4x1 = Trans*loLHJC4x1; %Multiplication with éhTransition Matrix to
GR4x1 = Trans*oRHJC4x1; %change to global adsor

GLHJC = [GL4x1(2,1) GL4x1(3,1) GLAXL(4,1)]:%%%JC ORUT

GRHJC = [GR4x1(2,1) GR4xL(3,1) GRAxXL(4,1)];%%%JCTBUT

gkt kk
%* Sub Program CO-ORDINATES OF L5 *

Qfgiiick kK

%Find the cooordinates of LS

loMidHJC = (IoRHJC + IoLHIC)/2;  %The midpoirgtiveen the 2 HIC's in
%the local dgiystem of axes PelvisA

loLumbar5 = loMidHJC + [0 ; 0 ; (0.828*(norm(GRHIGLHJC)))];
loLumbar54 = [1 ; loLumbar5];
GLumbar54 = Trans*loLumbar54; %Translating thocal co-ocrs of L5
%to Global
GLumbars = [GLumbar54(2,1) GLumbar54(3,1) GLumb#451)]:%%9%JC OUTPUT

o
%* Sub Program RIGHT KNEE JOINT CENTRE *

o
%inputs:  global coordinates of 2 surface markétght Thigh Wand

% and Right Knee Marker - GRKneeMark, ®Rjfiwand also takes the
% calculated hip joint centre - GRHIC

% Also takes the surface marker RKneelas to return the

% width of the knee

Y%outputs: Right knee joint centre - GRKIC

loOrigRKnee = (3:1);
RKneeTrans = (4:4);
RKneePTrans = (3:4);

x=14; Y%step value fotializing matrices
y=14; Y%step value fottializing matrices
RKneeTrans(x,y) =0;  %initialliz Tramstrix

RKneeTrans(1,:) =[1000]; %initiallises tapr - placemarker vector

%Inputs:

GRKneeMark = (3:1);

GRThighWand = (3:1);
RHIC;

% GRKneeMark = [1 3 1];%%%%INPUT FROM RAW MARKER BOI10N
% GRThighWand = [0 2 1];%%%%INPUT FROM RAW MARKEFROBITION
GRKneeMark = currentframe(4,1:3);

GRThighWand = currentframe(5,1:3);

%GRKneeMarkinner =[1 2 3]; %useddafculating the width of
Y%the knee

loOrigRKnee = (GRHJC + GRKneeMark)/2; %defines ibcal axis origin
%for thgid segment right thigh
Y%wrt glofzaiords

%Unit Vector generation - showing orientation wioi@al
RKnee2RHJC = GRHJC - GRKneeMark;
RKnee2RThighwand = GRThighWand - GRKneeMark;
UnitRLegX = RKnee2RHJC/norm(RKnee2RHJC);

RLegY = cross(RKnee2RHJC,RKnee2RThighWand);
UnitRLegY = RLegY/norm(RLegY);

RLegZ = cross(UnitRLegX,UnitRLegY);
UnitRLegZ = RLegZ/norm(RLegZ);

x=1:3;
RKneePTrans(x,y) = 0; %initiallize ptrans

RKneePTrans(:,1) = loOrigRKnee;  %input lig®Knee to Ptransition
RKneePTrans(:,2) = UnitRLegX; Y%input Xturector to Ptransition

RKneePTrans(: UnitRLegY; Y%input yiturector to Ptransition
RKneePTrans(:,4) = UnitRLegZ; %input it wector to Ptransition
RKneeTrans(2,:) = RKneePTrans(1,:); %
RKneeTrans(3,:) = RKneePTrans(2,:); %
RKneeTrans(4,:) = RKneePTrans(3,:); %
RKneeTrans;

%Global to Local
InvRKneeTrans = inv(RKneeTrans);

GRHJIC4 = [1 GRHIC];

GRKneeMark4 = [1 GRKneeMark];

GRThighWand4 = [1 GRThighWand];

%loOrigRKnee4 = [1 loOrigRKnee] %used indkiag the conversion

Io0RHJC4 = InvRKneeTrans*transpose(GRHJC4);
loRKneeMark4 = InvRKneeTrans*transpose(GRKneeMark4)
loRThighWand4 = InvRKneeTrans*transpose(GR ThighWind
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%check = InvRKneeTrans*transpose(loOrigRKnee4) &6kh the conversion

%The three vectors below are the postion vectorRiJC,RKneeMark and
%RThighWand wrt the local axis for rigid segmeightithigh

10RHJC = [loRHJC4(2,1) IoRHIC4(3,1) IoRHIC4(4,1)];

loRKneeMark = [loRKneeMark4(2,1) loRKneeMark4(3laRKneeMark4(4,1)];
lIoRThighWand = [loRThighWand4(2,1) loRThighWand4(BloRThighWand4(4,1)];

%the commented code below solves the circles sametiusly and becomes
%redundant once the solution is obtained - thetisolibeing xA,xB,zA,zB
Y%syms xz arlr2;

%[x,2] = solve((x)"2 + (22 - 1172 , (x-a)"2 + (D) - 12/2);

rl = (norm(RKnee2RHJC))/2;
r2 = RKJCRadius;%(norm(GRKneeMark - GRKneeMarkInyi2r
a=-rl;

XA = 1/25(@r2+r112-12°2)/a;
XB = 1/25(ar2+1112-12°2)a;

ZA = 1/2%(-aM4+2*r1N2*an2+2* a2 2 2-r 1M+ 2*r 102212 4)N(1/2) a;
ZB = -1/2%(-aM4+2*r11"2* a2+ 2* a2 2" 2-r1 M+ 2+ 1" 28" 2-r2M)N(1/2)

IntersectA = [xA 0 zA]; %may want to use the "cridgsalgorithm already in matlab later
IntersectB = [xB 0 zB];

chooseA = norm(IntersectA - loRThighWand);
chooseB = norm(IntersectB - loRThighWand);

if chooseA > chooseB;
IoRKJC = IntersectA;
else
IoRKJC = IntersectB;
end
10RKJIC4 = [1 I0RKJC];
GRKJC4 = RKneeTrans*transpose(loRKJC4);

GRKJC = [GRKJIC4(2,1) GRKJIC4(3,1) GRKICA(4,1)];%%9Q0TPUT

o
%* Sub Program LEFT KNEE JOINT CENTRE *

Q
%inputs:  global coordinates of 2 surface markersft Thigh Wand

% and Left Knee Marker - GLKneeMark, Gligtiwand also takes the
% calculated hip joint centre - GLHIC

% Also takes the surface marker LKneeNtarér to return the

% width of the knee

Y%outputs: Left knee joint centre - GLKIC

loOrigLKnee = (3:1);
LKneeTrans 4);
LKneePTrans = (3:4)

x=14; Y%step value fottializing matrices
y=14; Y%step value fotializing matrices
LKneeTrans(x,y) = 0;  %initiallize Transmatrix
LKneeTrans(1,:) =[1000]; %fills top row -ggemarker vector

GLHJC;

GLKneeMark = (3:1);

GLThighwand = (3:1);

% GLKneeMark = [1 3 1];%%%%INPUT FROM RAW MARKER BT ION
% GLThighWand = [0 2 1];%%%%INPUT FROM RAW MARKEROSITION
GLKneeMark = currentframe(6,1:3);

GLThighWand = currentframe(7,1:3);

%GLKneeMarkinner = [1 2 3];

loOrigLKnee = (GLHJC + GLKneeMark)/2; Y%definthe local axis origin
%Rigidgment left thigh

LKnee2LHJC = GLHJC - GLKneeMark;
LKnee2LThighWand = GLThighWand - GLKneeMark;

UnitLLegX = LKnee2LHJC/norm(LKnee2LHJC);

LLegY = cross(LKnee2LThighwand,LKnee2LHJC);
UnitLLegY = LLegY/norm(LLegY);

LLegZ = cross(UnitLLegX,UnitLLegY);
UnitLLegZ = LLegZ/norm(LLegZ);

1:3;
LKneePTrans(x,y) = 0; %initiallize ptean

LKneePTrans(;,1) = loOrigLKnee;  %input loi@RKnee origin to Ptrans
LKneePTrans(:,2) = UnitLLegX; Y%input xitwector to Ptransition
LKneePTrans(: UnitLLegY; %input yitmector to Ptransition
LKneePTrans(:,4) = UnitLLegZ; %input zitwector to Ptransition

LKneeTrans(: LKneePTrans(1,:);

LKneeTrans(: LKneePTrans(2,:);
LKneeTrans(4,:) = LKneePTrans(3,:);
LKneeTrans;

%Global to Local
InvLKneeTrans = inv(LKneeTrans);

GLHJC4 = [1 GLHJC];
GLKneeMark4 = [1 GLKneeMark];
GLThighwand4 = [1 GLThighWand];
%loOrigLKnee4 = [1 loOrigLKnee];

I0LHJC4 = InvLKneeTrans*transpose(GLHJC4);

loLKneeMark4 = InvLKneeTrans*transpose(GLKneeMark4)

loLThighWand4 = InvLKneeTrans*transpose(GLThighwahd

%check = InvLKneeTrans*transpose(loOrigLKnee4)

IoLHJC =[loLHJC4(2,1) loLHJC4(3,1) loLHJC4(4,1)];

loLKneeMark = [loLKneeMark4(2,1) loLKneeMark4(3,ILKneeMark4(4,1)];
loLThighWand = [loLThighWand4(2,1) loLThighWand4{3,loLThighWand4(4,1)];
Y%syms xz arlr2;

%[x,2] = solve((x)"2 + (22 - 1172 , (x-a)"2 + (D) - 2/2);

rl = (norm(LKnee2LHJC))/2;
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r2 = LKJCRadius;%(norm(GLKneeMark - GLKneeMarkIn))éz;
a=-l1;

XA = 1/2+(@2+11°2-12°2)/a;
XB = 1/25(ar2+1112-12°2)a;

ZA = 1/2%(-aM4+2*r1N2*an2+2* a2 2 2-r1M+2* 10212 4)N(1/2) a;
ZB = -1/2%(-aM4+2%r17"2% a2+ 2*a 242" 2-r1 N A+ 2* 1" 287 2-r2M)N(1/2)

IntersectA = [xA 0 zA];
IntersectB = [xB 0 zB];

chooseA = norm(IntersectA - loLThighWand);
chooseB = norm(IntersectB - loLThighWand);

if chooseA > chooseB;
IoLKJC = IntersectA,;
else
loLKJC = IntersectB;
end
10LKIC4 = [1 loLKJIC];
GLKJC4 = LKneeTrans*transpose(loLKJC4);

GLKJC = [GLKIC4(2,1) GLKIC4(3,1) GLKICA(4,1)]:%%%BUTPUT

o
%* Sub Program RIGHT ANKLE JOINT CENTRE *

o
%inputs:  global coordinates of 2 surface mark&hank wand, lateral

% malleolus - GRMalleolusMark, GRShankWan

% Also takes the calculated Knee Jointree- GRKIC

% Also takes the surface marker GRMailsbfarkinner to return
% the width of the ankle

%outputs: Right Ankle joint centre - GRAJC

loOrigRcalf = (3:1);

RCalfTrans = (4:4); %defines the transitiatrix

RCalfPTrans = (3:4); %defines the transitiatrix before the
Y%placemarker vectanduded

x=14; Y%step value fotializing matrices
=14; Y%step value fottializing matrices
RCalfTrans(x,y) = 0;  %initialize Transatrix

RCalfTrans(1,:) =[1000]; %fills top row -gelemarker vector

GRMalleolusMark = (3:1);
GRShankWand = (3:1);

GRKJC;
% GRI UT FROM RAW MARER POSITION
% GR: UT FROM RAW MARKERSITION

GRMalleolusMark = currentframe(8,1:3);
GRShankwand = currentframe(9,1:3);

%GRMalleolusMarkinner = [1 2 3];

loOrigRCalf = (GRKJC + GRMalleolusMark)/2; %defthe local axes origin
%wrbhhl coords for the
Y%rigidgment Right Calf
RMalleolus2RKJIC = GRKJC - GRMalleolusMark;
RMalleolus2RShankWand = GRShankWand - GRMalleolusMa

%The three unit vectors below are used to inditmeorientation of the
%local axes for rigid segment right calf
UnitRShankX = RMalleolus2RKJC/norm(RMalleolus2RKJC)

RShankY = cross(RMalleolus2RKJC,RMalleolus2RShanktlya
UnitRShankY = RShankY/norm(RShankY);

RShankz = cross(UnitRShankX,UnitRShankY);
UnitRShankZ = RShankz/norm(RShankz);

x=13;
RCalfPTrans(x,y) = 0; %initialize ptrans

RCalfPTrans(:,1) = loOrigRCalf, ~ %input IagiRCalf origin to Ptrans
RCalfPTrans(:;,2) = UnitRShankX;  %input xtuector to Ptransition
RCalfPTrans(:,3) = UnitRShankY;  %input yturector to Ptransition
RCalfPTrans(:,4) = UnitRShankZ;  %input itwector to Ptransition

RCalfTrans(2,:) = RCalfPTrans(1,:);

RCalfTrans(3, RCalfPTrans(;
RCalfTrans(4, RCalfPTrans(3,:);
RCalfTrans;

%Global to Local
InvRCalfTrans = inv(RCalfTrans);

GRKJC4 = [1 GRKIC];

GRMalleolusMark4 = [1 GRMalleolusMark];
GRShankWand4 = [1 GRShankWand];
%loOrigRCalf4 = [1 loOrigRCalf];

I0RKJC4 = InvRCalfTrans*transpose(GRKJIC4);

IoR s4 = InvRCalfTran: se(GRMalledHaska);
loRShankWand4 = InvRCalfTrans*transpose(GRShankWand
%check = InvRCalfTrans*transpose(loOrigRCalf4)

I0RKJC = [IoRKJIC4(2,1) IoRKJIC4(3,1) loRKJIC4(4,1)];
IR k = [loRMalleolus4(2,1) IoR K3, 1) IoR 4(4,1)];
loRShankWand = [loRShankWand4(2,1) loRShankWand}(8RShankwWand4(4,1)];

Y%syms xz arlr2;
%[x,2] = solve((x)"2 + (2)"2 - 11”2, (x-a)"2 + (B - 12"2);

r1 = (norm(RMalleolus2RKJC))/2;
RAJCRadius;%(norm(GRMalleolusMark - GRMallesfidarkinner))/2;
a=-1;

XA = 1/25(@r2+r112-12°2)/a;
XB = 1/2+(@"2+r1/2-12°2)/a;

ZA = 1/2%(-aM4+2*r1N2*ar2+2*a"2 12\ 2-r 1M+ 2+ 1124127 4)N(1/2) a;
ZB = -1/2%(-aM4+2*r17"2% a2+ 2*a 242" 2-r1 M+ 2*1 1" 287 2-r2M)N(1/2) [

IntersectA = [xA 0 zA];



IntersectB = [xB 0 zB]J;

chooseA = norm(IntersectA - loRShankWand);
chooseB = norm(IntersectB - loRShankWand);

if chooseA > chooseB;
IoRAJC = IntersectA;
else
IoRAJC = IntersectB;
end

IoRAJC4 = [110RAJC];
GRAJC4 = RCalfTrans*transpose(IoRAJC4);

GRAJC = [GRAIC4(2,1) GRAIC4(3,1) GRAICA(4, LJi%JC OUTPUT

[ ———————
% * Sub Program LEFT ANKLE JOINT CENTRE *

[P e ————

%inputs:  global coordinates of 2 surface mark&sank wand, lateral
% malleolus - GLMalleolusMark, GLShankWdan

% Also takes the calculated Knee Jointree- GLKIC
% Also takes the surface marker GLMalisblarkinner to return
% the width of the left ankle

%outputs: Left Ankle joint centre - GLAJC

loOrigLcalf = (3:1);

LCalfTrans = (4:4);  %defines the transition rixator the rigid
Y%segment left calf

LCalfPTrans = (3:4); %defines the transition nmabefore the
Y%placemarker vector is inigld

Y%step value for initiallizingatnices
Y%step value for initiallizingatnices
LCaIfTrans(x Yy) = 0; %initialize Trans miatr

LCalfTrans(1,:) = [1 0 0 0]; %fills top row with @temarker vector

GLMalleolusMark = (3:1);

GLShankwand = (3:1);

GLKJC;

% GLMalleolusMark = [1 3 1];%%%%INPUT FROM RAW MARER POSITION
% GLShankWand = [0 2 1]; %%%%INPUT FROM RAW MARKEFROSITION
GLMalleolusMark = currentframe(10,1:3);

GLShankwand = currentframe(11,1:3);

%GLMalleolusMarkinner = [1 2 3];

loOrigLCalf = (GLKJC + GLMalleolusMark)/2; %defisethe origin of the
Y%loeadis wrt global for the
Y%rigidgment left calf

LMalleolus2LKJC = GLKJC - GLMalleolusMark;
LMalleolus2L d = GL d - GLMalleoluskja

%The three unit vectors below are used to inditmeprientation of the
%local axes for rigid segment right calf
UnitLShankX = LMalleolus2LKJC/norm(LMalleolus2LKJC)

LShankY = cross(LMalleolus2LShankWand, LMalleolus2a;
UnitLShankY = LShankY/norm(LShankY);

LShankZ = cross(UnitLShankX,UnitLShankY);
UnitLShankZ = LShankz/norm(LShankZ);

x=13;
LCalfPTrans(x,y) = 0; %initiallize ptrain

LCalfPTrans(:,1) = loOrigLCalf,  %input lol@t.Calf origin to Ptrans
LCalfPTrans(:,2) = UnitLShankX;  %input xitisector to Ptransition
LCalfPTrans(:,3) = UnitLShankY;  %input yitimector to Ptransition
LCalfPTrans(:,4) = UnitLShankZ;  %input zitwvector to Ptransition

LCalfTrans(2,:) = LCalfPTrans(1,:);
LCalfTrans(3,:) = LCalfPTrans(2,:);
LCalfTrans(4,:) = LCalfPTrans(3,:);
LCalfTrans;

%Global to Local
InvLCalfTrans = inv(LCalfTrans);

GLKJC4 = [1 GLKJC];

GLMalleolusMark4 = [1 GLMalleolusMark];
GLShankwand4 = [1 GLShankWand];
%loOrigLCalf4 = [1 loOrigLCalf];

loLKJC4 = InvLCalf‘l'rans*transpose(GLKJCA)

loLMalleol = InvLCalfTrans*tr: kd);
loLShankWand4 = InvLCa\fTrans*transpose(GLShank\Mz)nd
%check = InvLCalfTrans*transpose(loOrigLCalf4)

10LKJC = [IoLKJIC4(2,1) loLKIC4(3,1) IoLKIC4(4,1)];
loLMalleolusMark = [loLMalleolus4(2,1) loLMalleolu&3,1) loLMalleolus4(4,1)];

loLShankWand = [loLShankWand4(2,1) loLShankWand#®LShankWand4(4,1)];

Y%syms x zarlr2;
%[x,2] = solve((x)"2 + (22 - 1172 , (x-a)"2 + (D) - 2/2);

r1 = (norm(LMalleolus2LKJIC))/2;
LAJCRadius;%(norm(GLMalleolusMark - GLMallesMarkinner))/2;

a=

XA = 1/25(@r2+r112-12°2)/a;
XB = 1/2+(@"2+r1/2-12°2)/a;

ZA = 1/2%(-aM4+2*r1N2*an2+2*a"2 12\ 2-r 1M+ 2+ 112412 4)N(1/2) a;
ZB = -1/2*(-aM4+2*r112* a2 +2*ar2* 2" 2-11M 4+ 2 11" 28" 2-r2M4)N1/2) fa;

IntersectA = [xA 0 zA];
IntersectB = [xB 0 zB];

chooseA = norm(IntersectA - loLShankWand);
chooseB = norm(IntersectB - loLShankwand);

if chooseA > chooseB;
I0LAJC = IntersectA,;
else
I0LAJC = IntersectB;
end
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10LAJC4 = [1 loLAJC];
GLAJC4 = LCalfTrans*transpose(IoLAJC4);
GLAJC = [GLAJCA4(2,1) GLAICA4(3,1) GLAICA(4,1)];:%%%IRI TPUT

[ ——————
%* Sub Program RIGHT FOOT *

[Pt

%inputs:  global coordinates of 1 surface markee marker, RToeMarker
% Also takes the calculated Knee Jointresand Ankle joint

% centre - GRKJC, GRAJC

% Takes static measurement Ankle toiftpe RAnkle2ToeTip
%outputs: Right foot position - GRFoot

GRKJC;

GRAJC;

% RToeMarker = [0 2 1];%%%%INPUT FROM RAW MARKER BOION
RToeMarker = currentframe(13,1:3);

%RAnkle2ToeTip = 3;
loOrigRFoot = GRAJC;

GRAJC2RToe = RToeMarker - GRAJC;
GRAJC2RKJC = GRKIC - GRAIC;

%The three unit vectors below are used to inditteeorientation of the
%local axes for rigid segment Right Foot
UnitRFootX = GRAJC2RToe/norm(GRAJC2RToe);

RFootY = cross(GRAJC2RKJC,GRAJC2RToe);
UnitRFootY = RFootY/norm(RFootY);

RFootZ = cross(UnitRFootX, UnitRFootY);
UnitRFootZ = RFootZ/norm(RFootZ);

RFootTrans = (4:4);

x=1:4;
RFootTrans(x,x) = 0;

RFootTrans(1,:) =[1 0 0 0J;
RFootPTrans = (3:4);
X=1:3

=14,
RFootPTrans(x,y) = 0;

RFootPTrans(: loOrigRFoot;
RFootPTrans(:,2) = UnitRFootX;
RFootPTrans(:,3) = UnitRFootY;
RFootPTrans(:,4) = UnitRFootZ;
RFootPTrans;
RFootTrans(2,:) = RFootPTrans(1,:);

% RFootTrans(3,2) = RFootPTrans(1,3);
%  RFootTrans(4,2) = RFootPTrans(1,4);

RFootTrans;
loRFoot4 = [1; RAnkle2ToeTip ; 0;0;

GRFoot4 = RFootTrans*oRFoot4;
GRFoot = [GRFo0t4(2,1) GRFo0t4(3,1) GRFoot4(4,19%JC OUTPUT

Qfprkkkbbkk bk

%* Sub Program LEFT FOOT *

gk

%inputs:  global coordinates of 1 surface markee marker, LToeMarker

% Also takes the calculated Knee Jointreeand Ankle joint
% centre - GLKJC, GLAJC
% Takes static measurement Ankle toifpe ltAnkle2ToeTip

%outputs: Left foot position - GLFoot

GLKJC;

GLAJC;

% LToeMarker = [0 2 1];%%%%INPUT FROM RAW MARKER BDTION
LToeMarker = currentframe(12,1:3);

%LANkle2ToeTip = 3;
loOrigLFoot = GLAJC;

GLAJC2LToe = LToeMarker - GLAJC;
GLAJC2LKJC = GLKJC - GLAJC;

%The three unit vectors below are used to inditteeorientation of the
%local axes for rigid segment Right Foot
UnitLFootX = GLAJC2LToe/norm(GLAJC2LToe);

LFootY = cross(GLAJC2LKJIC,GLAJC2LToe);
UnitLFootY = LFootY/norm(LFootY);

LFootZ = cross(UnitLFootX,UnitLFootY);
UnitLFootZ = LFootZ/norm(LFootZ);

LFootTrans = (4:4);

x=1:4;
LFootTrans(x,x) = 0;

LFootTrans(1,:) =[1 00 0];

LFootPTrans = (3:4);
x=13;

=14
LFootPTrans(x,y) = 0;

LFootPTrans(:,1) = loOrigLFoot;
LFootPTrans(:,2) = UnitLFootX;
LFootPTrans(:,3) nitLFootY;
LFootPTrans(:,4) = UnitLFootZ;

LFootPTrans;
LFootTrans(2,:) = LFootPTrans(1,:);
LFootTrans(3 FootPTrans(2,
LFootTrans(4,:) = LFootPTrans(3,:);




LFootTrans;
loLFoot4 = [1 ; LAnkle2ToeTip ; 0 ; 0];

GLFoot4 = LFootTrans*loLFoot4;
GLFoot = [GLFoot4(2,1) GLFoot4(3,1) GLFoot4(4,1)p#%6JC OUTPUT

o
o END
o
o

Qfprrkkkbbkbb kR kR

%* Upper Body Joint Centres Program *

Qi ke

%This program calculates the global coordinatef®fSJC's - the minimum
Y%requirement for find the other joints in the Upperdy. The Program goes
%on to calculate the global coordinates for thetjoentres in the rest

%of the upper body.

%The program uses Axis translation and rotatiosutitcch between Global
%and local co-ordinate systems. Information abbetarigin of the local
%system of axes and the orientation of the locabas contained in a
Y%matrix called the transition matrix.

Qfprrkkkbbkb bk kS

%* Sub Program THORAX TRANSITION *

Qfykkkkkbkb bk kS

%Thorax transision matrix

%inputs:  this program takes the coordinates afest markers:

% MidClav, Sternum, CURRENTC7, CURRENTT10

% The global variable mm is used

%outputs: Generation of the appropriate transitiatrices and important
% points for the calculation of the shitmuljoint centres

MidClav = (3:1);

Sternum = (3:1);

CURRENTC7 = 3

CURRENTT10 =(3:1);

currentRSHO = (3:1);
currentLSHO = (3:1);

ThoraxTrans = (4:4);
ThoraxPTrans = (3:4);

14, Y%step value for initiallizingatnices
=1:4; Y%step value for initiallizingatnices
ThoraxTrans(x,y) = 0; %initialliz Trans miat
ThoraxTrans(1,:) = [1 0 0 0]; %insert placemarkector

x=13;
ThoraxPTrans(x,y) = 0;

% MidClav = [1 3 3];%%%%INPUT FROM RAW MARKER POSION

% Sternum = [1 3 2];%%%%INPUT FROM RAW MARKER POSDN

% CURRENTC? = [0 3 3];%%%%INPUT FROM RAW MARKER POSON
% CURRENTT10 = [0 3 2];%%%%INPUT FROM RAW MARKER BOTION

% currentRSHO = [1 2 3];%%%%INPUT FROM RAW MARKEROBITION
% currentLSHO = [3 2 3];%%%%INPUT FROM RAW MARKEROSITION
MidClav = currentframe(14,1:3);
Sternum = currentframe(15,1:3);
CURRENTC7 = currentframe(16,1:3);

CURRENTT10 = currentframe(17,1:3);
currentRSHO = currentframe(18,1:3).
currentLSHO = currentframe(19,1:

Sho2Sho = norm(currentRSHO - currentLSHO);
MidPMidClav2C7 = (MidClav + CURRENTC7)/2;
MidPSternum2T10 = (Sternum + CURRENTT10)/2;

ThoraxZ = MidPMidClav2C7 - MidPSternum2T10;
UnitThoraxZ = ThoraxZ/norm(ThoraxZ);

SaggitalPlanePointA = ThoraxZ/2 + MidPSternum2T10;
SaggitalPlanePointl (MidClav + Sternum)/2;
SaggitalPlanePointC = MidPMidClav2C7;

PointA2C = SaggitalPlanePointC - SaggitalPlaneRgint
PointA2B = SaggitalPlanePointB - SaggitalPlanePint

ThoraxY = cross(PointA2C,PointA2B);
UnitThoraxY = ThoraxY/norm(ThoraxY);

ThoraxX = cross(ThoraxY, ThoraxZ);
UnitThoraxX = ThoraxX/norm(ThoraxX);

ThoraxAttitude = (3:3);
ThoraxAttitude(x,x) = 0;
ThoraxAttitude(:,1) = UnitThoraxX;
ThoraxAttitude(:,2) = UnitThoraxY;
ThoraxAttitude(:,3) = UnitThoraxZ;
ThoraxAttitude;

loOrigThorax = MidClav + ([-mm 0 0])*ThoraxAttitude

ThoraxPTrans(:,1) = loOrigThorax; %inp@®rigThorax to Ptrans
ThoraxPTrans(:,2) = UnitThoraxX;  %inputnit vector to Ptrans
ThoraxPTrans(:,3) = UnitThoraxY; %inpuinit vector to Ptrans
ThoraxPTrans(:,4) = UnitThoraxZ; %inputnit vector to Ptrans

ThoraxTrans(2,:) = ThoraxPTrans(1,:); %

ThoraxTrans(3, ThoraxPTrans(2,:); %

ThoraxTrans(4,:) = ThoraxPTrans(3,:); %
ThoraxTrans;

InvThoraxTrans = inv(ThoraxTrans);
Y%transpose([1 MidClav]); %used to testloOrig of Thorax
%IloMidClav = InvThoraxTrans*transpose([1 MidClav]);

o

o
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%* Sub Program RIGHT SHOULDER JOINT CENTRE *
o

%inputs:  this program uses the information diteadl in the thorax
% transition program to generate localrdmate axes for the

% rigid segment Right Shoulder - loOri¢is

% also takes coordinates for the two kfesumarkers:

% currentRSHO, currentLSHO

% The global variable mm is used as aelthe scalar distance
% between the two shoulders - Sho2Sho

Y%outputs: this program outputs the position efright
% shoulder joint centre - RSJC

loOrigThorax2RSHO = currentRSHO - loOrigThorax;

loOrigThorax2RFake = cross(loOrigThorax2RSHO, UniiixX);

%the above cross product is opposite to the cnasiipt done on the left

%due to the properties of the cross product -ithieeded to maintain a

Y%fake shoulder wand that is the same in the left

UnitloOrigThorax2RFake = loOrigThorax2RFake/normijtegThorax2RFake);
GRFakeWand=(UnitloOrigThorax2RFake*norm(loOrig ThaRSHO)*0.5)+loOrigThorax;
%The Magnitude of GRFakeWand is half that of thetaeloOrigThorax2Rfake

%The check below ensures that the maths works
%loOrigThorax2RFakeWand = (UnitloOrigThorax2RFakerm(loOrigThorax2RSHO)*0.5)
%loOrigThorax2RF: heck = GRFakeWand - loQvigax

%this was the original method of finding the SJC
%LSJC = currentLSHO + (Sho2Sho*[0 0 -0.2])*Thoratittde;
%RSJC = currentRSHO + (Sho2Sho*[0 0 -0.2])*Thorditate;

%new axes setup
10OrigRSHO = (loOrigThorax + currentRSHO)/2;

RSHO2loOrigThorax = loOrigThorax - currentRSHO;

%Three unit vectors below indication the orientatid the local axis for

%rigid segment Right Shoulder

RSHOY = RSHO2IoOrigThorax; ~ %unit vector y fretdirection from the
UnitRSHOY = RSHOY/norm(RSHOY); %right shoulder Mar to the loOrigThorax
RSHO2RFakeWand = GRFakeWand - currentRSHO;

RSHOZ = cross(RSHO2loOrigThorax,RSHO2RFakeWand);
UnitRSHOZ = RSHOZ/norm(RSHOZ);

RSHOX = cross(UnitRSHOY,UnitRSHOZ);
UnitRSHOX = RSHOX/norm(RSHOX);

x=13;
RSHOPTrans(x,y) = 0;  %initiallize ptrans

RSHOPTrans(:

=100rigRSHO;  %input Ig$HO origin to Ptrans

RSHOPTrans(:
RSHOPTrans(:,3) = UnitRSHOY;
RSHOPTrans(:;,4) = UnitRSHOZ;

UnitRSHOX; %input xtuector to Ptransition

%input ytuwector to Ptransition
Y%input ztwmeictor to Ptransition

RSHOTrans(1,:) =[1000];
RSHOTrans(2,:) = RSHOPTrans(1,:); %
RSHOTrans(3,:) = RSHOPTrans(2,:); %
RSHOTrans(4,:) = RSHOPTrans(3,:); %

RSHOTrans;

GRFakeWand4 = [1 GRFakeWand];
loRSHOFakeWand4 = inv(RSHOTrans)*transpose(GRFal

keldn
loRSHOFakeWand = [loRSHOFakeWand4(2,1) loRSHOFakel#8,1) loRSHOFakeWand4(4,1)];

Y%syms xyarlrz2;

%[x,y] = SOVe(X'2 + yA2 - 1172, X2 + (y-a)'2 -12);
rl = (norm(loOrigThorax2RSHO))/2;

?2 O.IZ*ShoZSho; Y%radius of r2 is 0.8t(Bhoulder 2 shoulder)

XA = 1/2%(-aM4+2*r1M2*a2+2*a"2* 2 2-r 1M+ 2*r1"2*r2-r2r4)N(1/2) a;
XB = -1/2%(-at4+2*r1"2*a2+2*aN 2 2/ 2-r 1 M+ 2* 1220 2-1204)N(1/2) 3

YA = 1/25(@r2+r112-12°2)/a;
VB = 1/2+(@"2+r1/212°2)/a;

IntersectA = [xA yA 0];
IntersectB = [xB yB 0];

chooseA = norm(IntersectA - loORSHOFakeWand);
chooseB = norm(IntersectB - IoRSHOFakeWand);

if chooseA > chooseB;
I0RSJC = IntersectA;
else
I0RSJC = IntersectB;
end
10RSJC4 = [1 I0RSJIC];
GRSJC4 = RSHOTrans*transpose(loRSJC4);

GRSIC = [GRSJIC4(2,1) GRSIC4(3,1) GRSICA(4,1)]; %AGHITPUT

o
%* Sub Program LEFT SHOULDER JOINT CENTRE *
o

%inputs:  this program uses the information diteadl in the thorax
% transition program to generate localrdmate axes for the

% rigid segment Left Shoulder - loOrigLGH

% also takes coordinates for the two kfesumarkers:

% currentRSHO, currentLSHO

% The global variable mm is used as aelthe scalar distance
% between the two shoulders - Sho2Sho

%outputs: this program outputs the position eflgft

% shoulder joint centre - LSJC

loOrigThorax2LSHO = currentLSHO - loOrigThorax;

loOrigThorax2Fake = cross(UnitThoraxX,loOrigThora&HO);
UnitloOrigThorax2Fake = loOrigThorax2Fake/norm(lefihorax2Fake);
GLFakeWand = (UnitloOrigThorax2Fake*norm(loOrig Tae2LSHO)*0.5) + loOrigThorax;
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loOrigThorax2FakeWand = (UnitioOrigThorax2Fake*néiw®rigThorax2LSHO)*0.5);

%this is the original method of finding the SJC
%LSJC = currentLSHO + (Sho2Sho*[0 0 -0.2])*Thoratifde;
%RSJC = currentRSHO + (Sho2Sho*[0 0 -0.2])*ThorditAte;

%new axes setup
100rigLSHO = (loOrigThorax + currentLSHO)/2;

LSHOY = loOrigThorax2LSHO;
UnitLSHOY = LSHOY/norm(LSHOY);

LSHOZ = cross(loOrigThorax2LSHO,loOrig Thorax2Fakewy
UnitLSHOZ = LSHOZ/norm(LSHOZ);

LSHOX = cross(UnitLSHOY, UnitLSHOZ);
UnitLSHOX = LSHOX/norm(LSHOX);

=13;
LSHOPTrans(x,y) = 0; %initiallize ptrans

LSHOPTrans(:,1) =100rigLSHO;  %input loGtBHO origin to Ptrans
LSHOPTrans(:,2) = UnitLSHOX; %input x timector to Ptransition
LSHOPTrans(:,3) = UnitLSHOY; %input y tméctor to Ptransition
LSHOPTrans(:,4) = UnitLSHOZ; %input z Lvictor to Ptransition

LSHOTrans(4,:) = LSHOPTrans(3,:); %

LSHOTrans;

GLFakeWand4 = [1 GLFakeWand];

I0LSHOF; = inv(LSHOTrans)*tr GLFakeuMg;

loLSHOF: = [loLSHOF: 4(2,1) loLSHOFake®3,1) loLSHOFakeWand4(4,1)];

Y%syms xyarlrz;

%[x,y] = solve(x’2 + y"2 - 1172, x"2 + (y-a)"2 -12);
rl = (norm(loOrigThorax2LSHO))/2;

5 2vshozsho;

XA = 1/24(-aM4+24T1A2*aN2+2* a2 128 2-T A+ 24T 1A 212N )N 1/2) a;
XB = -1/2¥(-aM+ 24102424242 2N 2-r M 24 1A BN2-12NA)N(L12)
YA = 1/2+(@"2+11°2-12°2)/a;
VB = 1/25(ar2+1112-12°2)a;

IntersectA = [xA yA 0];
IntersectB = [xB yB 0];

chooseA = norm(IntersectA - loLSHOFakeWand);
chooseB = norm(IntersectB - loLSHOFakeWand);

if chooseA > chooseB;
10LSJC = IntersectA;
else
loLSJC = IntersectB;
end
10LSJC4 = [1 loLSJC];
GLSJC4 = LSHOTrans*transpose(loLSJC4);

GLSJC = [GLSICA(2,1) GLSICA(3,1) GLSICA(4,1)]; %%@ULTPUT

o
%* Sub Program RIGHT ELBOW JOINT CENTRE *
o

%inputs: the calculated Shoulder Joint cen@BRSJC
% Right elbow marker - GREIbow

% Right Lateral and medial wrist markers

% RLatWrist, RMedWrist

% Takes inner elbow marker for calculatis elbow thickness -
% GREIlbowlInner

Y%outputs: this program outputs the position efright
% Elbow joint centre - REJC

GRElbow =
GRLatWrist :1);
GRMedWrist = (3:1);

GRSJC;

% GREIlbow = [2 3 5];%%%%INPUT FROM RAW MARKER POSON

% GRLatWrist = [5 3 1];%%%%INPUT FROM RAW MARKER FSITION
% GRMedWrist = [6 2 3];%%%%INPUT FROM RAW MARKER RSDTION
GREIlbow = currentframe(20,1:3);
GRLatWrist = currentframe(22,1:3);
GRMedWrist = currentframe(21,1:3);

%GRElbowlnner = [1 2 3];
GRWristMidpoint = (GRLatWrist + GRMedWrist)/2;

REIbow2RSJC = GRSJC - GREIlbow;
REIbow2RWristMidpoint = GRWristMidpoint - GREIbow;

%the cross product taken for the left side of theytis opposite to this
%one in order that the ficticious wand is mirrored
Rd! y = cross(REIbow2R! ipoint,REIbow2RSJC);

GRArmWand = Rdummy + GREIbow; %co-ordinates e ficticious arm wand
100rigREIbow = (GRSJC + GREIbow)/2;

UnitRArmX = REIbow2RSJC/norm(REIbow2RSJC);

%this cross product is opposite on the left to enslue general direction

%of the Y-axis is preservd on both sides of theybod

RArmY = cross(REIbow2RSJC,Rdummy);

UnitRArmY = RArmY/norm(RArmY);

RArmZ = cross(UnitRArmX,UnitRArmY);
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UnitRArmZ = RArmzZ/norm(RArmz);

RArmTrans = (4:4);
X =14

y=14
RArmTrans(x,y) = 0;
RArmTrans(1,:) = [1 0 00];
RArmPTrans = (3:
x=13;
RArmPTrans(x,y) = 0;  %initiallize ptrans

RArmPTrans(:,1) = loOrigRElbow; %inpaQrigRElbow to Ptrans
RArmPTrans(:,2) = UnitRArmX; Y%inputmit vector to Ptrans
RArmPTrans(:,3) = UnitRArmY; %inputmit vector to Ptrans
RArmPTrans(:,4) = UnitRArmZ; %inputimit vector to Ptrans

RArmTrans(2,:) = RArmPTrans(1,:); %
RArmTrans(3,:) = RArmPTrans(2,:);
RArmTrans(4,:) = RArmPTrans(3,); %
RArmTrans;

B

%Global to Local
InvRArmTrans = inv(RArmTrans);

GRSJC4 = [1 GRSJC];

GREIlbow4 = [1 GREIbow];

GRArmWand4 = [1 GRArmWand];

%loOrigRElbow4 = [1 loOrigREIbow]; %check testettiansformation

I0RSJC4 = InvRArmTrans*transpose(GRSJC4);

IoREIbow4 = InvRArmTrans*transpose(GREIbow4);
loRArmWand4 = InvRArmTrans*transpose(GRArmWand4);
%check = InvRArmTrans*transpose(loOrigREIbow4)

I0RSJC = [loRSJC4(2,1) IoRSJIC4(3,1) IoRSIC4(4,1)];
I0RKEIbow = [loRElbow4(2,1) loREIbow4(3,1) IoREIbaa, 1)];
loRArmWand = [loRArmWand4(2,1) loRArmWand4(3,1) laRnWand4(4,1)];

Y%syms xz arlr2;
%[x,2] = solve((x)"2 + (2)"2 - r1"2 , (x-a)"2 + (B - r2"2);

r1 = (norm(REIbow2RSJC))/2;
r2 = RElbowRadius;%(norm(GRElbow - GREIbowInner))/2
a=-l;

XA = 1/25(@r2+r112-12°2)/a;
XB = 1/2+(@"2+r1/242°2)/a;

ZA = 1/2%(-aM4+2*r1N2*an2+2*a"2 12\ 2-r 1M+ 2+ 1124127 4)N(1/2) a;
ZB = -1/2*(-aM4+2*r112* a2 +2*ar2* 2" 2-11M 4+ 2 112" 2-r2M4)N1/2) la;

IntersectA = [xA 0 zA];
IntersectB = [xB 0 zB]J;

chooseA_relb = norm(IntersectA - Rdummy);
chooseB_relb = norm(IntersectB - Rdummy);

if chooseA _relb < chooseB_relb;%Warrick chantjes to less than and it seems to work
I0REJC = IntersectA;

else
IoREJC = IntersectB;

end

10REJC4 = [1 I0REJC];

GREJC4 = RArmTrans*transpose(loREJC4);

GREJC = [GREJC4(2,1) GREJC4(3,1) GREJCA(4,1)]:%%@UTPUT

o
%* Sub Program LEFT ELBOW JOINT CENTRE *
o

%inputs: the calculated Shoulder Joint cen@SJC
% Left elbow marker - GLEIbow

% Left Lateral and medial wrist markers -

% LLatWrist, LMedWrist

% Takes inner elbow marker for calculatis elbow thickness -
% GLElbowInner

%outputs: this program outputs the position eflgft
% Elbow joint centre - LEJC

GLElbow = (3:1);
GLLatWrist = (3:1);
GLMedWrist = (3:1);

GLSJC;

% GLEIbow = [2 3 5[;%%%%INPUT FROM RAW MARKER POSON

% GLLatWrist = [5 3 1];%%%%INPUT FROM RAW MARKER FEITION
% GLMedWrist = [6 2 3];%%%%INPUT FROM RAW MARKER FSDTION
GLElbow = currentframe(23,1:3);

GLLatWrist = currentframe(25,1:3);

GLMedWrist = currentframe(24,1:3);

%GLElbowlnner = [1 2 3J;
GLWristMidpoint = (GLLatWrist + GLMedWrist)/2;

LEIbow2LSJC = GLSJC - GLEIbow;
LEIbow2LWristMidpoint = GLWristMidpoint - GLEIbow;

Y%create a ficticious wand perpendicular to the @lanmed by the 3 points
Y%midwrist, elbow marker and shoulder joint centre

Ldummy = cross(LEIbow2LSJC,LEIbow2L WristMidpoint);
GLArmWand = Ldummy + GLEIbow;

loOrigLEIbow = (GLSJC + GLEIbow)/2;

UnitLArmX = LEIbow2LSJC/norm(LElbow2LSJC);

LArmY = cross(Ldummy,LEIbow2LSJC);
UnitLArmY = LArmY/norm(LArmY);

LArmZ = cross(UnitLArmX, UnitLArmY);
UnitLArmZ = LArmZ/norm(LArmz);

LArmTrans = (4:4);
x=14;
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y=14;
LArmTrans(x,y) = 0;
LArmTrans(1,)) =[1 0 0 0J;
LArmPTrans = (3:4).
x=13;
LArmPTrans(x,y) = 0;  %initiallizerphs

LArmPTrans(:,1) = loOrigLEIbow;  %inpui@rigLElbow to Ptrans
LArmPTrans(:,2) = UnitLArmX; Y%inputunit vector to Ptrans
LArmPTrans(:,3) = UnitLArmY; %inputynit vector to Ptrans
LArmPTrans(:,4) = UnitLArmZ; Y%inputunit vector to Ptrans

LArmTrans(2,:) = LArmPTrans(1,:);
LArmTrans(3,:) = LArmPTrans(2,:);
LArmTrans(4,:) = LArmPTrans(3,:);
LArmTrans;

%Global to Local
InvLArmTrans = inv(LArmTrans);

GLSJC4 = [1 GLSJC];

GLEIbow4 = [1 GLEIbow];
GLArmWand4 = [1 GLArmWand];
%loOrigLEIbow4 = [1 loOrigLEIbow];

10LSJC4 = InvLArmTrans*transpose(GLSJC4);

loLElbow4 = InvLArmTrans*transpose(GLEIbow4);
loLArmWand4 = InvLArmTrans*transpose(GLArmWand4);
%check = InvLArmTrans*transpose(loOrigLEIbow4)

10LSJC = [loLSIC4(2,1) loLSICA(3,1) loLSICA(4,1)];
IoLKEIbow = [loLElbow4(2,1) loLElbow4(3,1) loLElbow(4,1)];

loLArmWand = [loLArmWand4(2,1) loLArmWand4(3,1) léirmWand4(4,1)];

Y%syms xz arlr2;
%[x,2] = solve((x)"2 + (22 - 1172 , (x-a)"2 + (D) - 2/2);

r1 = (norm(LEIbow2LSJC))/2;
r2 = LElbowRadius;%(norm(GLEIbow - GLEIbowlInner))/2
a=-1;

XA = 1/2+(@2+11°2-12°2)/a;
XB = 1/25(a"2+1112-12°2)a;

ZA = 1/24(-aN4+2+T1A2*aN2+25aN2 2N 2-T 1N+ 24T LA MR -T2 A)N(112)
2B = -1/2%(-aM+25r 10242 242420 2-T1 A4+ 251N 2 BN 2-1 20 YN (L12)

IntersectA = [xA 0 zAJ;
IntersectB = [xB 0 zB];

chooseA_lelb = norm(IntersectA - Ldummy);
chooseB_lelb = norm(IntersectB - Ldummy);

if chooseA_lelb > chooseB_lelb;
IoLEJC = IntersectA;
else
IoLEJC = IntersectB;
end
I0LEJC4 = [1 loLEJC];
GLEJC4 = LArmTrans*transpose(loLEJC4);

GLEJC = [GLEJC4(2,1) GLEIC4(3,1) GLEICA(4, 1)]:%%GTPUT

o
%* Sub Program RIGHT WRIST JOINT CENTRE *
o

%Inputs: Calculated elbow Joint centre - GREJC

% medial and lateral, right wrist marke@RLatWrist,
% GRMedWrist
% Wrist thickness is also used

%Plane defined by the following 3 markers: GREJQ.&RVrist, GRMedWrist

%Output:  Position of the Right Wrist joint centrGRWJC

loOrigRWrist = (3:1);

GREJC;

GRLatWrist;

GRMedWrist;

GRWristMidpoint;

loOrigRWrist = GRWristMidpoint;

%RWristThickness = 1;%static

RWristY = GRWristMidpoint - GRLatWrist;
UnitRWristY = RWristY/norm(RWristY);

GRLatWrist2GREJC = GREJC - GRLatWrist;
GRLatWrist2GRMedWrist = GRMedWrist - GRLatWrist;

%This cross product is opposite in left to maintsimilar axis
Y%orientation for both sides

% RWristX = cross(GRLatWrist2GRMedWrist, GRLatWri®@REJC);%warrick changed because seems to be tmgywliection

RWristX = cross(GRLatWrist2GREJC,GRLatWrist2GRMedstj;
UnitRWristX = RWristX/norm(RWristX);

RWristZ = cross(UnitRWristX,UnitRWristY);
UnitRWristZ = RWristZ/norm(RWristZ);

RWristThicknessoffset=RWristThickness/2;%warr change???????222227?

% loRWJC4 = [1 ; RWristThickness ; 0 ; 0];
IoRWJC4 = [1 ; RWristThicknessoffset ; 0 ; 0];

RWristTrans = (4:4);
x=1:4;
y=14;
RWristTrans(x,y) = 0;
RWristTrans(1. [1000];
RWristPTrans = (3:
x=1:3;
RWristPTrans(x,y) = 0;  %initialliptrans

RWristPTrans(:,1) = loOrigRWrist;  %inpidcal origin to Ptrans
RWristPTrans(:,2) = UnitRWristX; ~ %inpaunit vector to Ptrans
RWristPTrans(:,3) = UnitRWristY;  %inpytinit vector to Ptrans

194



RWristPTrans(:,4) = UnitRWristZ;  %inputnit vector to Ptrans

RWristTrans(2,:) = RWristPTrans(1,:);

RWristTrans(3, RWristPTrans(2,:);

RWristTrans(4,:) = RWristPTrans(3,:);
RWristTrans;

GRWJC4 = RWristTrans*loRWJC4;
GRWJC = [GRWJC4(2,1) GRWJIC4(3,1) GRWJICA(4,1)];%%QUCTPUT

o
%* Sub Program LEFT WRIST JOINT CENTRE *
o

%Inputs: Calculated elbow Joint centre - GLEJC

% medial and lateral, left wrist markefSLLatWrist,
% GLMedWrist
% Wrist thickness is also used

%Plane defined by the following 3 markers: GLEJQ,@dWrist, GLMedWrist
%Output:  Position of the Left Wrist joint centr&LWJC

loOrigLWrist = (3:1);

GLEJC;

GLLatWrist;

GLMedWrist;

GLWristMidpoint = (GLLatWrist + GLMedWrist)/2;
loOrigLWrist = GLWristMidpoint;

%LWristThickness = 1;%static

LWristY = GLLatWrist - GLWristMidpoint;
UnitLWristY = LWristY/norm(LWristY);

GLLatWrist2GLEJC = GLEJC - GLLatWrist;
GLLatWrist2GLMedWrist = GLMedWrist - GLLatWrist;

% LWristX = cross(GLLatWrist2GLEJC,GLLatWrist2GLM#¢tist); %warrick changed because seems to be thegadivection

LWristX = cross(GLLatWrist2GLMedWrist,GLLatWrist2@JC);
UnitLWristX = LWristX/norm(LWristX);

LWristZ = cross(UnitLWristX, UnitLWristY);
UnitLWristZ = LWristZ/norm(LWristZ);

LWristThickr =LWristThi ;%warrick deethis change?????2?????7?

% loLWJC4 = [1 ; LWristThickness ; 0 ; 0];
loLWJC4 = [1 ; LWristThicknessoffset ; 0 ; 0];

LWristTrans = (4:4);
X= 14

=14
WristTrans(x,y) = 0;
LWristTrans(1,:) = [1 0 0 0];
LWristPTrans = (:

x=1:3;
LWristPTrans(x,y) = 0;  %initiallizg#trans

LWristPTrans(:,1) = loOrigLWrist;  %inplatOrigLWrist to Ptrans
LWristPTrans(:,2) = UnitLWristX; ~ %inpottunit vector to Ptrans
LWristPTrans(:,3) = UnitLWristY; ~ %inpytunit vector to Ptrans
LWristPTrans(:,4) = UnitLWristZ; ~ %inpatunit vector to Ptrans

LWristTrans(2,:) = LWristPTrans(1,:);

LWristTrans(3,:) = LWristPTrans(2,:);

LWristTrans(4,:) = LWristPTrans(3,:);
LWristTrans;

GLWJC4 = LWristTrans*loLWJC4;
GLWJIC = [GLWJC4(2,1) GLWJC4(3,1) GLWJCA4(4,1)]:%%%ACTPUT

Qfprkkkbbkk ok

%* Sub Program RIGHT HAND *

Qfyrkkkrbkkk ko

%Inputs:  Calculated Wrist Joint centre - GRWJC

% right Mipoint of wrist marker - GRWridtdpoint
% Finger marker - GRFinger
% Static Measurement - RHandThickness

%Plane defined by the following 3 markers: GRWJ@V@istMidpoint, GRFinger

%outputs: Global Co-ords for the right hand GRHC

GRHC = (3:1);
GR H
GRFinger =
GRLatWris
GRMedWrist;
loOrigRHand = (3:1);

(3:1);

GRWJC;

GRLatWrist;

GRMedWrist;

% GRFinger = [2 4 1];%%%%INPUT FROM RAW MARKER PO$DN
GRFinger = currentframe(26,1:3);

%RHandThickness = 1;%static

GRWristMidpoint;
loOrigRHand = (GRWJC + GRFinger)/2;

GRFinger2GRWJC = (GRWJC - GRFinger);
GRFinger2GRWristMidpoint = (GRWristMidpoint - GRFjer);

UnitRHandZ = GRFinger2GRWJC/norm(GRFinger2GRWJC);

RHandY = cross(GRFinger2GRWristMidpoint, GRFingerd@¥C);
UnitRHandY = RHandY/norm(RHandY);

RHandX = cross(UnitRHandY, UnitRHandZ);
UnitRHandX = RHandX/norm(RHandX);

RHandTrans = (4:4);
X =14

y=14;
RHandTrans(x,y) = 0;
RHandTrans(1,:) =[1 00 0J;
RHandPTrans = (3:4);
x=1:3;
RHandPTrans(x,y) = 0;  %initiallize ptsan
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RHandPTrans(:,1) = loOrigRHand; Y%inputdborigin to Ptrans
RHandPTrans(:,2) = UnitRHandX; Y%inputnitwector to Ptrans
RHandPTrans(:,3) = UnitRHandY; Y%inputnjtwector to Ptrans
RHandPTrans(:,4) = UnitRHandz; Y%inpumnit wector to Ptrans

RHandTrans(2,:) = RHandPTrans(1,:);

RHandTrans(3,:) = RHandPTrans(2,
RHandTrans(4,:) = RHandPTrans(3,:
RHandTrans;

InvRHandTrans = inv(RHandTrans);

GRFinger4 = [1 GRFinger];
loRFinger4 = InvRHandTrans*transpose(GRFinger4);

Y%syms xz arlr2;
%[x,2] = solve((x)"2 + (22 - 112 , ()2 + (248 - 12°2);

r1 = norm(loOrigRHand - GRFinger);
r2 = RHandThickness/2;
a=-1;

XA = 1/2%(-r1N4+2#r1A2* a2 +2 11" 2*1212- a4+ 2% a2 r2-r2M4)N(1/2) [a;
XB = -1/2*(-r1N4+2*1172*a2+2*r1"2 12" 2-a"4+2*a" 2’2" 2-1204)N(1/2)/a;

ZA = 1/24(r1n2+ar2-12°2)/a;
2B = 1/2+(r1n2+a2-12°2)/a;

IntersectA = [xA 0 zA];
IntersectB = [xB 0 zB];

chooseA_RHand = norm(IntersectA - GRWristMidpoint);
chooseB_RHand = norm(IntersectB - GRWristMidpoint)

if chooseA_RHand < chooseB_RHand ;%warrickngeal this to "<"
IoRHC = IntersectA;
else
IoRHC = IntersectB;
end
10RHC4 = [1 IoRHC];
GRHC4 = RHandTrans*transpose(loRHC4);

GRHC = [GRHC4(2,1) GRHC4(3,1) GRHCA(4,1)];%%%JC GWIT

[T —

%* Sub Program LEFT HAND *

[ ——

%Inputs:  Calculated Wrist Joint centre - GLWJC

% left Mipoint of wrist marker - GLWristidpoint
% Finger marker - GLFinger
% Static Measurement - LHandThickness

%Plane defined by the following 3 markers: GLWJEWBistMidpoint, GLFinger

%outputs: Global Co-ords for the right hand GRHC

GLHC = (3:1);

GLFinger = (3:1);
GLLatwrist;
GLMedWrist;
loOrigLHand = (3:1);

GLWJC;

GLLatWrist;

GLMedWrist;

% GLFinger = [2 4 1];%%%%INPUT FROM RAW MARKER POSON
GLFinger = currentframe(27,1:3);

%LHandThickness = 1;%static

GLWristMidpoint;
loOrigLHand = (GLWJC + GLFinger)/2;

GLFinger2GLWJC = (GLWJC - GLFinger);
GLFinger2GLWristMidpoint = (GLWristMidpoint - GLFiger);

UnitLHandZ = GLFinger2GLWJC/norm(GLFinger2GLWJC);

LHandY = cross(GLFinger2GLWristMidpoint, GLFinger2@LIC);
UnitLHandY = LHandY/norm(LHandY);

LHandX = cross(UnitLHandY,UnitLHandZ);
UnitLHandX = LHandX/norm(LHandX);

LHandTrans = (4:4);
x=14;
y=14;
LHandTrans(x,y) = 0;
LHandTrans(1,:) =[1 00 0];
LHandPTrans = (3:4);
x=13;
LHandPTrans(x,y) = 0; %initiallize ptsan

LHandPTrans(;,1) = loOrigLHand; ~ %input bborigin to Ptrans
LHandPTrans(:,2) = UnitLHandX; %input mitvector to Ptrans
LHandPTrans(:,3) = UnitLHandY; %input yitvector to Ptrans
LHandPTrans(: i %inputritwector to Ptrans

1) = LHandPTrans(1,:);
LHandPTrans(2,:);
LHandPTrans(3,:);

LHandTrans;

InvLHandTrans = inv(LHandTrans);

GLFinger4 = [1 GLFinger];
loLFinger4 = InvLHandTrans*transpose(GLFinger4);

Y%syms xz arlr2;
%[x,2] = solve((x)"2 + (22 - 112 , ()2 + (248 - 12°2);

rl = norm(loOrigLHand - GLFinger);
LHandThickness/2;
a=-1;
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XA = 1/2%(-r1M+2*r102* a2 +2 11" 2*12"2-a4+2* a2 r2-r2r4)\(1/2) a;
XB = -1/2%(-r1N4+2*r17 2%\ 2+2*r1"2*12"2-aM4+2*a" 22" 2-1204)N(1/2) a;

2A = 1/2+(r1"2+ar2-12°2) a;
2B = 1/2+(r1"2+a"2-12°2)/a;

IntersectA = [xA 0 zAJ;
IntersectB = [xB 0 zB];

chooseA_LHand = norm(IntersectA - GLWristMidpoint);
chooseB_LHand = norm(IntersectB - GLWristMidpoint);

if chooseA_LHand < chooseB_LHand;;%warrick ajeththis to "<"
IoLHC = IntersectA;
else
IoLHC = IntersectB;
end
I0LHC4 = [1 loLHC];
GLHC4 = LHandTrans*transpose(loLHC4);

GLHC = [GLHCA4(2,1) GLHCA4(3,1) GLHCA(4,1)]:%%%JC OBUT

END?

o
o
o
o

o
%* Program for approximating the centre of massgifl segments *
o

%This program uses guidlines given by .......to.calculate the CoM of
%all the segments of the body and uses these Calpaeents to calculate
%the CoM of the entire body

%The program uses Axis translation and rotatiosutibch between Global
%and local co-ordinate systems. Information abbetdrigin of the local
%system of axes and the orientation of the locebax contained in a
Y%matrix called the transition matrix.

[T e——————
%* Sub Program PELVIS CENTRE *

e ST~

%Inputs: uses the calculated positions of beft aght HIC and the 5th
% lumbar vertabra - GLHJC, GRHJC, GLurbbar

%Outputs: the CoM of the pelvis - GPelCentre

%Pelvis, Head

GLHJC;
GRHJC;
GLumbars;

GMIdHJC = ((GLHJC + GRHJC)/2);

loOrigPelvis = GMidHJC; %this defines the postiort global co-ordinates
%of the local axis for dgiegment PELVIS B.
%NB:not the same as thallaoords in the HIC's
Y%section of code

GRHJC2GLHJC = GLHJC - GRHJC;
GRHJC2GLumbar5 = GLumbar5 - GRHJIC;

PelvisZ = GLumbar5 - GMidHJC;
UnitPelvisZ = Pelvisz/norm(PelvisZ);

PelvisX = cross(GRHIC2GLHJIC,GRHIC2GLumbar5);
UnitPelvisX = PelvisX/norm(PelvisX);

PelvisY = cross(UnitPelvisZ,UnitPelvisX);
UnitPelvisY = PelvisY/norm(PelvisY);

PelvisTrans = (4:4);

x=14;

y=14;
PelvisTrans(x,y) = 0;
PelvisTrans(1,:) =[1 0 0 0];
PelvisPTrans = (3:4);

x=13;
PelvisPTrans(x,y) = 0;

PelvisPTrans(:,1) = loOrigPelvis;
PelvisPTrans(:,2) = UnitPelvisX;
PelvisPTrans(:,3) = UnitPelvisY;
PelvisPTrans(:,4) = UnitPelvisZ;

PelvisPTrans;

PelvisTrans(2,:) = PelvisPTrans(1,:);

PelvisTrans(3,:) = PelvisPTrans(2,:);

PelvisTrans(4,:) = PelvisPTrans(3,:);
PelvisTrans;

loPelCentre = [0 0 (0.925*(norm(GLHJC - GRHJC)))];
loPelCentre4 = [1 loPelCentre];
GPelCentre4 = PelvisTrans*transpose(loPelCentre4);

GPelCentre = [GPelCentre4(2,1) GPelCentre4(3,1)Gére4(4,1)];%%%JC OUTPUT

AT ——
%* Sub Program HEAD CENTRE *

QR R KRR R

%Inputs:  Takes the co-ords of 4 head surfacé&emar GLFHead, GRFHead,
% GLBHead,GRBHead

%Outputs: the CoM of the Head - HeadCentre

% GLFHead = [2 3 4];%%%%INPUT FROM RAW MARKER POSDN
% GRFHead = [1 3 1];%%%%INPUT FROM RAW MARKER POSIN
% GLBHead = [7 3 1];%%%%INPUT FROM RAW MARKER POSDN
% GRBHead = [7 3 4];%%%%INPUT FROM RAW MARKER POSDN
GLFHead = currentframe(28,1:3);

GRBHead = currentframe(31,1:3);



%The local origin and unit vectors below can bedusefrom a head
Y%transition matrix, but for the calculation of thesition of the head

%CoM for the rigid segment HEAD the transition rats not a requirement
loOrigHead = (GLFHead + GRFHead)/2;

HeadY = GLFHead - GRFHead;
UnitHeadY = HeadY/norm(HeadY);

loOrigHead2GLBHead = GLBHead - loOrigHead;
loOrigHead2GRBHead = GRBHead - loOrigHead;

HeadZ = cross(loOrigHead2GLBHead, loOrigHead2GRBhtead
UnitHeadZ = HeadZ/norm(HeadZ);

HeadX = cross(UnitHeadY,UnitHeadZz);
UnitHeadX = HeadX/norm(HeadX);

GMidBackHead = (GLBHead + GRBHead)/2;
loOrigHead2GMidBackHead = GMidBackHead - loOrigHpad

HeadCentre = 0.52*(loOrigHead2GMidBackHead) + laBiead;%%%JC OUTPUT

%Calculates the Right Arm CoM
%lInputs: GREJC, GRSJC

QR R
RArmCentre = (GREJC - GRSJC)*RArmFactor + GRSJIC%d6 OUTPUT

%Calculates the Left Arm CoM
%lnputs: GLEJC, GLSJC

[ ——

LArmCentre = (GLEJC - GLSJC)*LArmFactor + GLSJC;%34C OUTPUT

%Calculates the Right Forearm CoM
%Inputs: GREJC, GRWJC

QfpFikkkkkkkk Rk R Rk

RForearmCentre = (GRWJC - GREJC)*RForearmFactBREJC;%%%JC OUTPUT

%Calculates the Left Forearm CoM
%Inputs: GLEJC, GLWJC

Qfyikikikikkk ko ok k

LForearmCentre = (GLWJC - GLEJC)*LForearmFact@HEJC;%%%JC OUTPUT

%Calculates the Right Hand CoM
%Inputs: GREJC, GRWJC

Qlpikkrkkkk kAR ok

RHandCentre = (GRHC - GRWJC)*RHandFactor + GRWJB%JC OUTPUT

%Calculates the Left Hand CoM
%Inputs: GREJC, GRWJC

L )

LHandCentre = (GLHC - GLWJC)*LForearmFactor + GL@y%%%JC OUTPUT

%Calculates the Right Thigh CoM
%Inputs: GRKJC, GRAJC

Qi kkkkk Rk kR

RThighCentre = (GRAJC - GRKJC)*RThighFactor + GRK%%%JC OUTPUT

%Calculates the Left Thigh CoM
%lnputs:  GLKJC, GLAJC

QlpFkkkrkkkkR Rk

LThighCentre = (GLAJC - GLKJC)*LThighFactor + GLEJ%%%JC OUTPUT

%Calculates the Right Calf CoM
%Inputs: GRKJC, GRAJC

QlpFikkrkkkk kR ok

RCalfCentre = (GRAJC - GRKJC)*RCalfFactor + GRKI@%JC OUTPUT

%Calculates the Left Calf CoM
%Inputs: GLKJC, GLAJC

Qi k

LCalfCentre = (GLAJC - GLKJC)*LCalfFactor + GLKI%%%JC OUTPUT

%Calculates the Right Foot CoM
%Inputs: GRAJC, GRFoot

Qfyikikikikikkk ok iok

RFootCentre = (GRFoot - GRAJC)*RFootFactor + GRAG%%JC OUTPUT

%Calculates the Left Foot CoM
%Inputs: GLAJC, GLFoot

QiR k

LFootCentre = (GLFoot - GLAJC)*LFootFactor + GLA36%%JC OUTPUT

%Determines the position of the Thorax Centre \aithalgorithm which seems
Y%totally off the wall!!!

%inputs: location of CURRENTC? - not the mark@URRENTC7True

9 coordinates of the L5 - GLumbar5

o

GLumbars;

CURRENTC7;

C74 = [1 CURRENTC7];

10C74 = InvThoraxTrans*transpose(C74);

10C7 = [10C74(2,1) 10C74(3,1) loC74(4,1)];

10C7True = 10C7 + [mm O O];

10C7True4 = [1 loC7True];

GC7True4 = ThoraxTrans*transpose(loC7True4);

GC7True = [GC7True4(2,1) GC7Trued(3,1) GC7Truedi#%%IC OUTPUT
YloLumbar5 = InvThoraxTrans*GLumbars;

GC7True2GLumbar5 = GLumbar5 - GC7True;
ThoraxCentre = 0.63*(GC7True2GLumbar5) + GC7TrueZ&¥6 OUTPUT

%the thorax centre is found along the line from RERITC7 to L5
%and is scaled in that direction.
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% BodyCoM = (Pelvi

g*GPelCentre + R, ligg*RArmCentre + LArmWeighting*LArmCentre + LForaaWeighting*LForearmCentre + RForearmWeighting*R&ammCentre +
RCaIIWelghtlng*RCalfCentre + LCaIfWelghtmg*LCan(be'e + RLegWeighting*RThighCentre+ LLegWeighting*highCentre + RFootWeighting*RFootCentre + LFootWiigg*LFootCentre +
ThoraxWeighting*ThoraxCentre + HeadWeighting*Head@e + LHandWeighting*LHandCentre +RHandWeightingt&dCentre);%%%JC OUTPUT
BodyCoM = (HeadWeighting*HeadCentre + RAr 'mCentre + LAr

ghting*LArmCentre + LForearm\igting*LForearmCentre + RForearmWeighting*RFore@entre +
LHandWeighting*LHandCentre + RHandWeighting*RHana@e + RLegWeighting*RThighCentre+ LLegWeighting*hihCentre + RCalfWeighting*RCalfCentre + LCalfWktig*LCalfCentre +
RFootWeighting*RFootCentre + LFootWeighting*LFoot@ee + ThoraxWeighting*ThoraxCentre );%%%JC OUTPRAIvis taken out.

.. PelvisWeighting*GPelCentre +

END’




Appendix 3.1.A copy of the internet web page showing the status of thewevi
paper entitled: “The measurement of the human centre oflotad®n in
ambulating persons; a review of its legacy and applicatioajen 2).
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Appendix 3.2.A copy of the internet web page showing the status of the
paper entitled “Adult male human whole body centre of massidocat
measurement: magnitude of differences between segmental kinestanations
and direct suspension measurements” (chapter 5).
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