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PREFACE

Motion analysis aims to objectively measure bodynsents movement (kinematics), ground
reaction forces and joint motion (kinetics) as vealmuscles activity (electromiograpy). This
discipline has primarly two areas of applicatiohnical and sport. In the first one motion
analysis can be employed for example in the diagnot gait kinematics and kinetics
alterations, in the monitoring of the rehabilitatiafter injuries or surgeries course but also for
prosthesis and orthoses evaluation. Sport appicatire referred to the functional evaluation
of specific aspects of the performance as welbaptimize the training process.

Motion analysis can be performed with several ursgntations which differ for
invasiveness, accuracy and costs. Furthermorejdmying) the technology of these systems, 4
categories can also be defined: optical, mechagnicagnetic and hybrid. Nowadays
stereophotogrammetric system is the most employetiomechanical laboratories: it is
considered the golden standard for its accuracy é\vie presents some limitations regarding
the subject preparation, the indoor employmentthedoperating volume due to the number
of cameras.

The interest on Inertial hybrid sensors is growiogh considering entertainment applications
but also biomechanical ones as for example ergon@ami sport measurements. The main
advantage of such instruments is the outdoor empoy with no limit of operating volume.
In this way it is possible to record real movementsrdinary environment.

Therefore the first aim of the present work was\aluate the accuracy of the inertial system
MTw developed by Xsens Technologies in clinical apbrt applications. The followed
approach was to compare technical frames of botlw#/and optoelectronical system . The
second aim was to define the anatomical rotatieesd® obtain the most important data in

clinical application: the anatomical angles caltediaby joint coordinates system.






CHAPTER 1

Introduction

1.1 Motion Capture

Motion Capture is a discipline that studies the hobody movement, in order to have an

objective and accurate measurement of :
+ body segments movements (kinematics)
« ground reaction forces and joint moments (kinetics)
« electrical muscle activation signal (ElectroMyoGrgp

Motion Capture is defined as the procedure of miogr movements of objects or persons,

therefore it has several area of application, Wikte listed in what follows:

I. Clinical applications: in the prosthetic field, hotstructural design and
characterisation; for movement control and rehiibn; as well as analysis of
balance system, to control and have a deeper ledig@! of pathophysiology of the

skeletal and locomotor apparatus.

[I.  Sports applications: to increase athletes perfoo@apreventing injuries with a
qualitative analysis identifying harmful movemeritsat have to avoided during
training.

lll.  Ergonomic applications: analysis of human body muesmets can give the possibility
to create devices with more comfortable and useédign, right to biomechanical

rules.

IV.  Entertainment applications: to create animatedsfiomvideo games with more natural

movements and actions.

V. Other applications: virtual reality, robotic etc.



Motion tracking started as a photogrammetric ansjyonducted by Eadweard Muybridge in
1870 — 1880, who proved that a horse can haveoatl hooves lifted off the ground while
galloping. Later Muybridge also conducted a humavements studies. Etienne-Jules Marey
has been the first person to analyze human andahmiotion with video in the end of XIX
sec, he also invented a “chronophotographic gurhitlwcould take 12 consecutive frames

per second.

Fig 1: Marley’s photographic gun

In 1931 Harold E. Edgerton invented ultra-high-spe@d stop-action photography, called
stroboscopic photography. This technology can eamages at high speed and results are
more similar to a video rather than a photo, @giral with this devices to obtain more details
than a single picture and, indeed the cinematograpickly became the principal MoCap
system, although it had a very low accuracy and slata elaboration. The turning point was
the introduction of digital technology which it $edn automatic and very fast data elaboration
by using calculator, moreover, thanks to this neehhology, new MoCap system had been
created; nowadays, the best of these systems casumeenent the movements in real time,

with an accuracy less than 0.5 mm.

A Motion Capture system can be assembled in diftanay, using various technology; it's so

possible to define four approaches to realize a &n€&y/stem:
« Optical systems
« Mechanic systems
+ Inertial systems
« Hybrid systems

MoCap system created by one of this approaches;Haacteristics linked on the technology

used, that should be valued case to case.

At this moment, the optical system, called optoetetc system, is the most accurate and

used MoCap system for analysis of movement.



1.1.1  Optical Systems

Optical systems are based on photography or videording, using different technologies
approaches and methods. The most simple and faisglopystem for MoCap is the 2D
cinematography system: consist in a video-recordivith a camera and a computer

processing. The second step allows:
o link frames with background matching
o define the size of a known object on the movemé&ariep
o draw remarkable points' track
o0 calculate absolute and relative angles between begsents

0 calculate angular or linear velocity

Fig 2: Long Jump © Dartfish

The next step is cinematography the 3D system cthradist of a collection of video data from
multiple commercial cameras, which enables, aftatadinterpolation by a software
processing, to obtain 3D data of markers. This rieghe has the same approach as the
optoelectronic system, but it is performed by comuia¢ cameras, involving less accuracy
and less sample rate than optoelectronic systera.nt&in advantage is the possibility to

perform analysis directly on the competition field.

A new 3D video motion capture system is formed dnya video data, without markers or
sensors. The human body is recognized by a speoiaputers algorithms that analyze
multiple real time video data. This method is oftesed by a entertainment applications, first
of all in video games area; for example the commakrdicrosoft device Kinect can
recognize gamers body (with a RGB camera and IRecarfor defined the depth) and this
allows to have a “gamers controller”. This methedused to move animated characters: the
human body movements processed by a software,harénput arguments of a graphical
animated software; in this way the virtual figuredl do the same movements of the human
characters.



The most used and accurate system at today for ploiSahe optoelectronic system; it's
compound by infra red cameras, infra red strobesyeaor passive markers, three axes frame
with markers for calibration and model defined Ipe@tor.

Optoelectronic system needs six or more camerpsrform analysis (the number can change
due to study and accuracy level required) becamsealculate 3D position of markers every
single marker must be recorded by two or more cameEvery camera can identify the
direction between optical camera's centre and wheaekers reflects the infra red on the
sensor. Knowing the direction it can obtain thaigtnt line through this two points and, the
intersection of two straight derived by two cameed®ws to identify the 3D marker position.
The markers are small spheres and it can be aotiyeassive: active markers generates
different colours’ light, in this way the cameramnddentify single marker, however this type
of markers needs power supply; the second one arered by a refractive material, that
reflect infra-red produced by strobes, nevertheledhis case for identify single markers it's
necessary to have static markers position and @dir'position model". Performing an
optoelectronic recording, needs specific setupsstérst in all the cameras must be placed
around the volume of calibration, in hexagonal Widyhere are 6 cameras), trying to avoid
alignment of cameras. During this phase the systetacts the global system of reference,
physically determined by a three axes frame withkers, placed in the centre of the volume
of calibration. After the calibration, for everymara the orientation is calculated, as well as
the position, the focal length, the optical ceqtosition and the distortion parameters. All of
this information are necessary to perform 3D retranton. The calibration must be done for
a volume proportional with the act to study, beeaifishe volume is too large, the accuracy

will be minor, however if the volume is too smalfle act couldn't be recorded in total.

Passive markers must be placed on the subjectviolfpthe position model defined, so it's
possible to identify every single marker by its ifoa. This is fundamental for data
reconstruction step. In the analysis data stepydwady segment with markers is represented
by a rigid body (is assumption like the segmentad), from which is possible to obtain
physiological and anatomical movements. It's veampartant to minimize every other
movement of markers, due to muscle and skin effeetause only if this hypothesis is
verified, it is possible approximate a body segniidéeta rigid body. In the human body there
are some points really near at bones processese\lnere aren't muscle bundles which can
be activated during movements, this points ares c&lhatomical landmarks". These are the

preferred locations of markers to verified the hiyesis before exposed.

To identify a body segment a group of markers (Ipuaor 3 markers) is needed and it
allows to define the reference system linked td¢ baaly segment, with which it's possible to
4



obtain the reconstruction of the movements of lloey with respect to the laboratory

reference system (set by calibration step) or vasipect to another body segment.

Fig 3: Example of markers application Fig 4: Example of optoelectronic model

1.1.2  Mechanic Systems

One of the first systems used for human movemerdaly/sis was electrogoniometers, which
are a device is able to measure angle betweendgiments. Before wireless connection, the
biggest defect of this devices was wires interfaxéti subject movements, however at today
the principal limits of this product are low acccyaand encumbrance on the subject's body.
The electronic evolution, in particular with Mici#Blectro Mechanical Systems (MEMS),
allowed to create new and smaller sensors, sommhigh find application for create MoCap
sensors. The most important sensors for analysisoeements sector are accelerometers and
gyroscopes:

» Accelerometer is an electromechanical device thedisures acceleration force, both

static and dynamic. A basic accelerometer consistédo fundamental parts: a case
5



that will be attacked to the object whose necessagpsuring acceleration, and a
seismic mass suspended by a spring, fixed on ge Wdhen object is accelerated, due
to this motion, the spring contract and shorterelfitdollowing seismic mass
movements which are proportional to accelerationpwing the inertia and the
displacement position of mass, it is possible dateuhe acceleration (this job is done
by a different sensor that differences the kind aotelerometer: strain gauges,
piezoresistive, piezoelectrical, laser, capacit)véf. 3 accelerometers are arranged like
a X-Y-Z frame, it becomes a 3-dimensional sensaclwban measure accelerations in
every space directions. MEMS accelerometers ageantausing Silicon and, between
all, the ones which use capacitive effects haveléaw characteristics. Difference of
capacitor can be caused by a variation of oneigtlinee parameters:

A
C,=¢&.E. —

em IS the permittivity of the material between two ans) A is the area of them ardi

the distance between them. Typical MEMS accelereraes composed of seismic
mass with plates attached with springs to fixedesladoy a mechanical suspension.
This two plates formed the capacitors. Every movemef proof mass causes a

change in capacity which is proportional to theede@tion.

Known mathematical and physics knowledge allowshitain velocity and position

starting by acceleration.

Fig 5: Detail of a typical MEMS accelerometelr Fig 6: ADXL 320 accelerometer

Gyroscopes are a devices which can measure orairathe orientation using the law
of maintenance of angular moment (angular momerd ef/stem is constant if the
result of eternal forces applied to the systenulf.nThis devices tends to maintain its
axle oriented in a fixed direction, regardless ofations of its frame. A basic
conceptual gyroscope can be made with a rotor (@iskheel) insert in a gyroscope



frame, when the rotor is rotating, its spin tendraintain it parallel to itself, doesn't

let change its orientation.

As accelerometer, gyroscopes is product with MEMEhmnology in different type:
vibrating ring gyroscope, macro laser ring gyros;opiezoelectric plate ring
gyroscope, fiber optic gyroscope and, at lastintyiork gyroscope which is one of
the most widely use gyroscope. All MEMS gyroscogieetadvantage of the Coriolis
effect: a moving masM with v velocity, rotating in a reference frame at angular

velocity w affected by a force:
F =2Mvxa

Tuning fork gyroscope is composed by two massesatebuilt in such a way as to
oscillate with the same intensity but in oppositections. When rotated, is generated
a Coriolis force that it is bigger when mass igdhar away from the spin, this creates

an orthogonal vibration that can be detected bigidiht methods.

o
e

Fig 7: The first working prototype of the Drager Fig 8: Example of a modern gyroscope
Lab gyroscope

Usually, this two devices are used together becaaselerometer’s accuracy is limited,;

unfortunately, the accuracy of these sensorslidastier than standard for MoCap systems.

Another mechanical device invented for MoCap arba&lwimplements new technologies, are
optical fiber system: this technology allows toateeflexibility sensors for evaluate bending
angles. Optical fiber sensors allows freedom of emeents, thanks to flexibility of fiber, it
can place on a human subject obtaining in outpuh®®ements of a human skeleton. These
devices are versatile and easy to use, however jralhis case, the major limitation consists
of a low accuracy; anyhow optical fiber are usualbed for didactical and entertainment

applications.



1.1.3 Magnetic Systems
Magnetic sensors represent other important deecggoyed in the MoCap field.

They exploit the property of magnetic field to iti§nposition of sensors and its movements,
this system is composed by a low-frequency trariemgource and sensors which must be
placed on subject’s body segments. The transngéperate three perpendicular (one to each
other) magnetic fields for every measurement cyatel this is possible because the
transmitter are formed by three perpendicular cobssed in sequence by the current. Each
3D magnetic sensor can measure strength of thelsks fivhich is proportional to the distance
between sensor and source, besides both sensoteaasnhitter calculates positions of each
sensor from the nine output data of magnetic fattdngth per sensor. This devices have two
main problems: magnetic fields decrease in powgdhg for this reason there is a maximum
distance between sensors and transmitter; alssettend problem is linked to magnetic field
property, in fact it is very sensible to ferromamenaterials which can create disturbances,
decreasing the accuracy of the measurement. Magsstsors have a peculiarity: they don’t
suffer from “problems of visibility”, human body ifact is crossed by magnetic fields used
and this allows to have not dark points during rm@sts. Another important characteristic is
the constant accuracy of this devices, they caoukske position and orientation with the

same accuracy (if the magnetic field power senbinthe sensors is constant).

1.1.4  Hybrid Systems

Hybrid systems are new MoCap approach, these deunglements more than one MoCap
systems previously exposed, they trying to integeatvantages of systems of which they are
composed and, at the same time, decrease, orsihdt possible, don’t increase, the systems'
limits. There are several types of hybrid systealispf them with different characteristics. An
example is hybrid system formed by inertial and n&dig systems, which can be measure
three dimensional position and orientation of @ty segments in real time, linking inertial

and magnetic systems property.



1.2 Terminology and conventions

“Anatomical position” is the universal starting gam for describing movements and, in this

position, three motion planes can be

defined: Median / saggital plane Frontal /
_ _ coronal
o Median/Saggital plane plane

o Frontal/Coronal plane

o Horizontal/Transverse plane
To define respective position abol
structure, there are exactly term
proximal, meaning nearer, and dlstea
which means more distance, bo
respect to origin of anatomical c©

interest part (for the arts is the atta

on the body); for example, greate Transverse /

horizontal
plane

trocanther is proximal anc

medial/lateral epicondyle is distal.

Like position, also movements must t

described with a specific terminology

Fig 9: anatomical position

o Flexion is the movement that decrease angle betslegme joint
o Extension is the movement which increase angle dmtvghare joint

0 Adduction means approaching a movable body pauntsh(as the leg) to the median

plane
o0 Abduction is the opposite movement of adduction
o Intra rotation is a movement from lateral to medial

o0 Extra rotation is the opposite motion of intra taa
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CHAPTER 2

References

2.1 Rotation and Orientation Matrix

Rotation and orientation matrix are basic algebraeans used to perform rotations in
Euclidean space. A rigid bodg is a collection of point in the three dimensiosalace,

bounded by following relation

HPi(t)—Pj(t)Hzcost Oi,jOB

which imposes that the distance of two body’s aabjtpoints must be constant during time.

The rigid body configurations, is more efficientiefined by rotations and orientations of a
system of reference, that defined the orientati@trimy of the body which refers to a fixed

one; for this reason rotation and orientation madre fundamental algebraic operators which
allows to define rigid body configurations, respether frame of reference defined in the
space.

Orientation matrix having for columns the director

SoR

cosines ok, y, Z unit vectors in th&oR, system:

coskX) cos(yX) cos@EX)

R, =| cosikY) cos(yY) coszY)
cos(kZ) cos(yZ) cos@z2)

In general, considering two systems of refereBo&R
[0,.6,.6,.6.] and Sor. [0,.8,.6,,.6,] (defined by

centre and three unit vectors) having the samereént

(0,=0,), and an arbitrary poinP in the space, the

11



coordinates oP in bothSoR, and SoR: are given by projection of the vectoP in the two
systems of reference:

B <éx2 ax1> <éy2,axl> <é12,éxl> X, | X, |
C=|wn|= <éx2 ﬁy1> <éy2éyl> <é12,éy1> Y, |=Re| Ya
L4 <_.x2ﬁzl> <éy2,_.zl> <_.22,ézl>__22_ Z |
%] [(BaBe) (BuBe) (BaBo)[x]  [X]
C=|Y.|= <éx1,ay2> <éyléy2> <421’4y2> AL
2] |(848,) (648,) (646,)| 2 z |

where G are the coordinates &fwith respect to th&oR, and G are with respect to tHeoR

system,R? is the rotation matrix that allows to transforne t#® point coordinates from the

SoR; system toSoR, system andR; is the one that expresses BeR coordinates in the

SoR, ones.

In other words, the rotation matrix has the directwsines ok, y, Z unit vectors in th&oR,

system for columns:

cosfkX) cos(yX) cos@eX)
R; =| cosxY) cos(yY) cos@Y)
cosxZ) cos(yZ) cos@z2)

which expressing the orientation of tBeR, with respect to th&oR,, around a joinO.

2.1.1 Basic Rotation Matrices

When there is a rotation around a single axiss defined by &asic rotation matrix about

one single axispbviously it can define three basic rotation maisic

o —angle Y
about X axis

1 0 0

R(a)=|0 cos@) -sin(@)
0 sin(@) cos@)

! This notation< > is used for scalar produc{tﬁ,v> = |U||\7| cosd
12



p —angle Y
about Y axis

cosB) 0 sin(p)
RMB= 0 1 0
—sin(8) 0 cos(B)

v —angle Y
about Z axis

cos(y) -sin(y) O
R(v)=|sin() cosp) O
0 0 1

2.1.2 Composition of Rotation Matrices

In the majority of cases, it's necessary to represeore complex relations than a basic
rotation, therefore the basic rotation matrices lmamromposed between them, to create a new

rotation matrix.

For example, if we make two basic rotations, ondh@x axis by an angle: following by
another one on thg axis by an anglg, the new rotation matrix can be calculated in the

following way:
R =R(a)R,(8)

Adopting the same method, is possible to refer Ibasie rotation matrix, for example, if there
are two moving coordinate fran®R andSoR, and another one fixeHoR, with rotation

matricesR' andR', the connection betwe@oR andSoR is given by:
f — pf i

In general, the relation among rotation matricdsrred to a certain number of coordinate

systems can be calculated by:

R = RERERY . RI

13



2.1.3 Rotation Matrix property
Initially, when the two systems are coincident, thation matrix is the unitary matrlx

Also, it could be also demonstrate that an arhjtratation matrix is orthogonal, in fact

T

(RY)
RY)" =R

This is a very useful property because it allowslbtain the inverse rotation matrix simply

RT =1; this means that inverse rotation matrix is eqtmlthe transposed one:

calculating the inverse (or the transposed) oftii&ion matrix:
-1 T
R, =(R)" =(RY)
Another characteristic of rotation matrix, is th@ranutative property only for simply rotation
around the same axis, in case of multiple rotaabwout different axes the commutative

property doesn’t subsist. Therefore, the sequerareby basic rotation matrix are multiplied

among them involves different results, in particula

* Given any basic rotation matriR, post-multiplication byR corresponds to rotations

around moving axesy-z

R,.=R(a)R (BR ()

Xyz

* Given any basic rotation matri®, pre-multiplication byR corresponds to rotations

about fixed axeX-Y-Z

2.2 Euler Angles

One of the methods to select a minimum represemntati orientation, consists in three
subsequent rotations where the first one and thedae are around the same axis. The
rotation sequence to which is conventionally assigthe name of Euler Anglesis Z -y'- z",

obtained by post-multiplication, following thesess:
» Rotation on th& axis by the angle;
» Rotation on thg’ axis by the anglé (y’ is the current axis);
* Rotation on the” axis by the angle (z” is the current axis)

These rotations are referred to the axes transftbbyehe last rotation done.

14



2.3  Cardan Angles

Another method consists of a sequence of rotatiwosnd each of three axes. Generally, the
Cardan angles are obtained by a sequéhcex- y” (avoiding gimbal lock’) on these

different moving axes by post-multiplication:

R,. =RR.(@)R.(8)

R, is obtained by post-multiplication of three basitation matrices, witl -x’-y” rotation

sequence:
r, T, Tl coy -siny 0|1 O 0 cos8 0 sing
R, =T T s |=R(WR(a)R.(B)=|siny coy 0|0 comr -sina| 0 1 O
ly T3 T3 0 0 1|0 sina cosr |-sing 0 cosB

cosycospf —sinysinasinfS —sinycosa cosysinS +sinysing cosf
=|sinycospf +cosysinasinfs cosycosa sinysinf —cosysina cosf
—cosasing sina cosa cospf

The three Cardan angles correspond to subsequatibns that bring th&oR to overlap to
the SoR..

1. Rotation ofy about theZ axis € = z');

. Rotation ofa about the current axis ¢’ =x");

2
3. Rotation offf about the currentaxis ¢ =y );
4

. Thex-y” —2" s corresponding to theoR..

2 Gimbal lock is defined as the loss of one degfdecedom due to the alignment of two spin
15



Having they, a andp angles values, the relative orientation matrioh$ained by replacing

values in ther, final matrix.

The other solution is the inverse approach: given rotation matrix, the threg o andf
angles can be obtained by trigonometric solutiohsswtable terms. The trigonometric

solutions for Cardan angles are:

: r r
a = arcsir(r,,) B= —arcta{ﬁj y= —arctarEﬁj

r33 r22

2.4  Euler “aerospace” Angles

Euler "aerospace" angles, called in this way bexdhey are frequently used in aerospace
field, defined the RPY convention, where R"Roll", P is"Pitch" and Y is"Yaw" This

convention is more interpretable if it is referreflan airplane with a system of reference
where the z axis is placed along the fuselagey s is placed along the wingspan and the

X axis in according to the right hand rule.

The method consist in three consecutive rotatioee@ed with &X — Y — Z (Roll — Pitch —

Yaw)sequence about the three perpendicular axes ofitjieal frame:
* Rotation ofy angle around axis;
* Rotation of6 angle around’ axis (the original one);
* Rotation of¢ angle aroun& axis (the original one).

The three rotations listed before are obtained frotation matrices which pre-multiplication

the preceding rotation:

16



R,.. = RW)R (6)R(¢)

Euler “aerospace” angles correspond toZhey' - x" Cardan angles sequence.

The matrix obtained by pre-multiplication of thedl basic matrices, in according to Euler

“aerospace” method, is:

h, N, hs cogy -sing 0| co¥ O sind|1 O 0

R, =1 T2 Do =Rz(l//)R((9)R((@= siny cogy O} O 1 0 |0 cogp —sing|=
0 0 1f-sin@ 0 cod|0 sing cox

r31 r32 r33

cogycosd —sinyg cosp+cogysingsing  sing/ sing+ cosy sindcosp
=|singycos cogycosp+singsindsing —cogysing+sing sindcosy
-sind cosgsing cosgcosy

Even in this case there are two approaches, teetdand the inverse: the first one allows to
obtain the rotation matriR, ~substituting the values af, 6 and¢ angles; with the inverse

approach the three anglgs6 and¢ values are obtained by trigonometric solutionwofable

terms. The trigonometric solutions for Euler “agrase” angles are:
— r.32 — H — r21
@=arctan -2 6 = -arcsir(r,,) @ =arctan -2

The three Euler “aerospace” angles correspondhlsegjuent rotations that bring tBeR to

overlap to thé&SoR-.

Rotation ofp about the fixe axis (Ex: 30°)
Rotation of6 about the fixedr axis (Ex:80°)

Rotation ofy about the fixed axis (Ex: -30°)

P W bdPF

Thex” —y” —2z"" is corresponding to tHeoR

17



2.5 Protocols in literature

In literature there are many protocols for recogditata using the optoelectronic system, some

of these are:
» Davis: 1980, Davis, New York, USA 20 markers;
» Helen Heyes (Lower Limbs) 1990, Vaughan, New York, USA 15 markers;
* SAFLo: 1995, Frigo, Politecnico di Milano, Italy 25 rkers;
o CAST: 1995, Cappozzo, Istituto Rizzoli, Bologna 28rkess.

Each of these protocols has a specific approachtamtharacteristics, in particular, the main
differences among them are: numbers of markersy Begments involved, applications and
capacity of 3D representation. It would be vengiasting analyze all of protocols in details,
but this discussion is not strictly necessary fos work. Therefore the description will be

limited on the Davis protocol, which is one of thest commonly used in clinic.

The Davis protocol uses in total 20 markers of whi® are placed on lower limbs: the
markers 1,2 and 3 (refer to the figures below)rifithe position of the foot in 3D space.
Thanks to markers labeled with numbers 3,4, andt’s possible to create avw reference

systems which can allow to predict the positioamkle and toe.
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Fig 11: Markers position on David protocol

Fig 10: Markers position on David protocol
(posterior view)

(anterior view)

Fig 12: Markers to define 3D calf position

Q2
b
.| R. Ankle

Al

Fig 13: Markers to define foot position

The uvw reference systems can be used in specific predicgéquations (based on
anthropometric dimensions data) to estimate thétipns of anatomical points. The Davis
protocol defines also the segment reference frgmoegions and orientation: they must be

embedded at the centres of gravity of each bodgneagwith a defined orientation for each
19



axis. The method used to calculate relative anataanigles, is easier to explain with an

example, as left knee’s rotation axis:

There are three separate ranges of

motion:

1. Flexion and extension take place
about the mediolateral axis o
the left Thigh (2); L

Flexion and
extension

A

2. internal and external rotatior /
take place about the longituding)

axis of the left calf (%);

Abduction and
adduction

3. abduction and adduction taki
place about an axis that i

perpendicular to both,zand X. Tl Wl

external rotation

Note that these three axes do not form a
fight-handed triad, because and X Fig 14: Axes of rotation for the left knee
are not necessarily at right angles to one

another.

The corresponding abduction and adduction unitorest calculated by vector product of

corresponding unit vectors of Znd X, axes:

NI

— 2D4
2. 0%,

Anatomical joint angles can be calculated thanksht formulas of the inverse approach

Y ab-ad

NI
X X

applied at the Euler resolution angles. Moreovegrassible calculate Euler angle for segment
absolute orientation, even in this case is morepnexplaining this with an example as
define orientation of the right calf’s referencarfre relative to the global system of reference
XYZ:
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The three angular degrees of freedom (or Eu z
angles oOrca, Orca, and wyrecay) defining the
orientation of the right calf's reference axegc{¥

Yrealh and zcar) relative to the global reference
system XYZ. Note that the calf's CG has be¢ R Calf
moved to coincide with the origin of XYZ.

The three Euler angle rotations take place in f

following order:

yR.L}aIl

(@) dreair @bout the Z axis;

Line of nodes

(b) Orcar @about the line of nodes;

(C) yrearr @about the Z:q axis.
Fig 15: Coordinate system of the right calf
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CHAPTER 3

Xsens Technology

3.1 Introduction of Xsens technology

Xsens Technologidas a developer of 3D motion tracking products,daasn inertial sensors
manufactured with MEMS technology. The Xsens prodised in these work is the MTw™
is a miniature wireless inertial measurement utMUW). It is a small, lightweight and
completely wireless 3D motion tracker, formed by 3Dear accelerometers, 3D rate
gyroscopes, 3D magnetometers and a barometer (gssyre measurement). This product
returns 3D orientation, acceleration, angular vigjostatic pressure and earth-magnetic field
intensity. The MTw™ has an embedded processor l@aidles sampling, calibration,
buffering and strap down integration of the inértiata, it also controls the wireless network
protocol for data transmission. Wireless transmisss created and maintained by the (patent-
pending) Awinda™ radio protocol. This feature candlle up to 32 MTw™ IMU and the
accuracy of 3D motion tracking is maintained inecaé a temporary loss of transmission
data. Awinda™ station, using the Awinda™ radio poat, enables an initially data sampling
at 1800 Hz but this involves too many data for {ese transmission and, generally, a too
heavy computational load on a typical host devideerefore the MTw™ processor down-
sampling data at 600 Hz, with Step Down Integrat{8DI) the data is transmitted to the
Awinda station and, finally, on the PC using USEeiface.

Fig 16: Motion traker Xsens MTw™

Fig 17: the Xsens Awinda station
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The sample rate can be chosen by the user bupéndes from the numbers of linked sensors:
the user can choose a sampling rate up to 150 kg wwe MTw™, with more than one
sensor, the sampling rate will proportionally deseaccording to the number of devices (e.g.
with 5 connected MTw™ the maximum sample rate i8lZ)5 Awinda station allows to use
up to two input synchronization signals and twopaititsynchronization signals, moreover
user can decide which type of synchronization tplements in according to his systems.
Another important characteristic of Awinda statignthat power supply is only needed for
charging MTw™, for updating its firmware and to cteate the MTw™ if it has been
switched off at the end of last utilization. A fiardental feature is that for Xsens MTw
product, the USB power is enough for wireless comigation, both for measurement and
recording, indeed it's worth remembered that eadwiW has a LiPo battery with a capacity
of 220mAh which ensures 2.5-3.5 hours of run-tine

The body straps are a quick and comfortable salufar fixing the MTws™ to the

subject/patient’s body. Each MTw™ is equipped vétBpecial click mechanism that allows

oz -

quick and safe connection to the strap.

Fig 18: MTw™ click mechanism Fig 19: MTw™ click-in body straps

3.2  Xsens coordinate systems

Each MTw™ has a right handed fixed coordinate systhat defines the sensor coordinate
frame S (refer to the figure below). This frame is alignedh the sensor's external box but
the real reference is inside and, of course, thay cause an error and a loss of accuracy.
Moreover the alignment between the coordinate syStand the bottom of the MTw™’s box

is guaranteed less within than 3°. Another probdénthe inertial sensors in the orthogonality
of the reference system’s axes, but regarding X8€h8™ the non-orthogonality is less than
0.1°. In default conditions each MTw™ returns asdgbetween the coordinate syst&mand

the “Earth” coordinate systel, with E as reference coordinate systdincoordinate frame

SMTw™ User Manual data
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is called “Earth” because it is “created” by Eartith its magnetic field and its gravity

acceleration axis, it is defined as a right hano®atdinate system as follows:

» X axis has the same direction and orientation oéetor that pointing to the Earth

magnetic North;
e Yaxis is calculated in according to the right hame;r
» Zaxis has the same direction of gravity force bytagite orientation.

The E coordinate system is clearly invariable, thereftweperform a clearly and more
intuitive description of the reset operationsh#s been created a new coordinate system
calledFixed coordinate systei. HenceF is taken as the reference coordinate system and in

default conditions coincides with:

E coordinate 14 Scoordinate
system frame

v

v

—_—
/ Y Y
X

F coordinate

system
X K
Magnetic
North

Fig 20: MTws™ Coordinate systems

3.2.1 Orientation Output Modes

The Xsens Technologies has implemented three atientoutput mode%
1. Unit quaternions;
2. Euler “aerospace” angles: Roll, Pitch and Yaw;
3. Rotation Matrix elements

The quaternions are defined as the quotient ofu@ators and can be represented as the sum

of a scalar and a vector or as a vector with a ¢éexnpart. The main advantage of this

“In according to the right hand rule, the positiotions are the counter clockwise rotations
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representation is the absence of singularity: andbntrary this problem is present in the
Euler “aerospace” angles and in the rotation matpresentations (in this last case it is

possible to avoid singularity with a particulaigéresolution).

The Euler “aerospace” angles mode, returns thrgkeamrcalledRoll, Pitch andYawfollowing
the theory explained in the 2.4 paragraph.

The third representation is the rotation matrixredats: as output there are the entrigs
i, D[l3] that make up the matrix. Following the theory expéd in the 2.4 paragraph is
possible to calculate the Euler "aerospace" argftes reconstructing the matrix starting from

the entries in output.

Each of these data, independently of its representas returned at every sample.

3.2.2 Orientation Reset

The default settings of the MTw™ can sometimes tetly, therefore four different

orientation reset were implemented by Xsens. Thesst procedures to set different reference
coordinate systems distinguished by Eheoordinate system. The reset can be performed for
all sensors or for a selected sensor, therefogsegpiion leaves the user free to decide if and

which reset to perform for each sensor.

3.2.2.1 Arbitrary Alignment

The first type of reset is calle@rbitrary Alignment used to change the sensor coordinate
systemS in another known coordinate system. For examppleulsl it be necessary to obtain

in output data referred to a given object coordiratstem, using th&rbitrary Alignmentis

sufficient to create a rotation matriRS which changes the sensor coordinate sys$eimto

the object coordinate systein

RO = RE(RS )
When this reset is applied, orientation data avergbetween the object coordinate frabe

(obtained from the changed sensor coordinate framehe=ixed coordinate systef.
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3.2.2.2 Heading Reset

The second type of reset is calléttading Reset’ it is useful when it is necessary to change
the S coordinate system while keepigaxis pointing upward and varying only tieaxis

direction.

After the Heading Resethe F coordinate system is changed in a new Fixed frealled F’

characterized by:
» Xaxis pointing in the same direction of tiexis of the selected Xsens sensor
e Y axis in according to right hand rule
e Z axis pointing upwards (parallel and opposite @vdy)

An important factor to know is that théeading Reseboth the orientation and magnetic data

will be returned with respect & and the first output data will be:

Roll = previous value Pitch = previous value Yal° =

The returned angles identifying the rotations ndeddakeF’ to overlap tcS.

Earth Earth
coordinate 1< coordinate 4+
frame E frame E
Heading reset
A ’ Fis charged to F' with:
Local the X-axis points in the -
vertical direction of the selected sensor vertical
— i the Z-axis vertical along
¥ gravity, pointing upwards NEW
X Fi—"e‘i‘il the Y-ais to completed a right X F”‘e‘i‘ﬁ
X coordinate . coordinate
ﬂLocal S handed coordinate frame ﬂLocal frame F'

Magnetic North

Earth
coordinate
frame E

A7

Local I 7
vertical

Magnetic Nortiy X

Xsens movement

Once this Heading Reset is performed, orientation data
will be output with respect to the NEW fixed coordinate
frame F'.

Infact, the first output will be:

ROLL = previous value
PITCH = previous value

%Local

Magnetic Nortiy

YAW = 0°
NEW
Fixed
coordinate
frame F'

This output values correspond to the
angles needed to make the F' system
coincident with S.

Fig 21: Stages of Heading Reset
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3.2.2.3 Object Reset

The third type of reset is callgdbject Resetit is very useful when the sensor coordinate
system must be the same than an object's coordigatem. After attaching the sensor to the

object and after th©bject Resetthe sensor coordinate syst&thanges t&’ and chosen
with:

» Xaxis is projected on the new horizontal plane;
* Y axis in according to right hand rule;
* Zaxis pointing upwards.

OnceObject Reseits conducted, orientation data will be output wigspect to the new sensor
coordinate syster8’, therefore the first output will be:

Roll = 0° Pitch = 0° Yaw = previous value

These angles correspond to the rotations needethipF to overlap tds'.

Note: if theX axis ofS frame is about at 90° with respect to the horiabptane, theDbject

Resetmay not work because the projectionXadxis is not is not clearly defined.

Earth e Earth 7 I?IEW
coordinate coordinate FZ y AERAOT
i E e 'y coordinate
= frame 8"
/~ ‘Q\ . =
/ SN
Object reset p 4 N
< /
'y 5 S coordinate frame is changed to S': y R //
- ; ~
Local the X-axis is projected on to the new e £ Y
vertical horizontal plane Sl
— T the Z-axis is the vertical, pointing >y
¥ upwards .
' ; ; Vo
X Fixed the Y-axis follows the right handed X Fixed
X coordinate toordinataamea x coordinate
ﬂmcal frame F ﬂm . frame F
Magnetic North Magnetic North

Xsens movement

coordEi:rai]; 4z - Once this Object Reset is performed, orientation data will
frame E be output with respect to the NEW sensor coordinate
frame S', infact, the first output will be:
ROLL = 0°
PITCH = 0°
- YAW = Previous value
4
Local . i . o
Venim,[ The reset will not work if the S coordinate frame X axis is
>y aligned along the vertical.
== 9 9
-
X Fixed
x coordinate
%Lrinza frame F
Maagnetic North

Fig 22: Stages of Object Reset
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3.2.2.4 Alignment Reset

The fourth type of reset is callddignment Resednd it is the most complete reset of MTw™.,
It combines theObject Reseand theHeading Resein a single time. When thalignment
Resetis performed, both t& andF coordinate systems are changed in the BewndF’
coordinate systems. The first change is done dtieetObject Resesind the second due to the
Heading ResetAfter the Alignment Reset performed, orientation data will be output with
respect to the new Fixed coordinate systém and output angles represent the rotation

needed for bringin§’ to overlapS’. The first output after thalignment Resas:

Roll = 0° Pitch = 0° Yaw = 0°

Earth e Earth I‘\IEW
coordinate coordinate r 7 ;enslr.'
frame E frame E coordinate
., _frame s'
Alignment reset . hes Yo
A . It combines the Object reset and the i \'\ /y
| Heading reset in a single time instant. Lecal Z ey
vertical - This has the advantage that all ertical /
E— Y coordinate systems can be aligned Z X
¥ with a single action. X NEW
X Fixed X Fixed
x coordinate coordinate
ﬂLocal frame F ﬂ\_oca frame F
Magnetic North Magnetic North
Xsens movement
|
Earth 4 . . . . .
coordinate $Z . Once this Alignment Reset is performed, orientation data
frame E will be output with respect to the NEW reference

coordinate frame F'.
Infact, the first output will be:

o ROLL = 0°
[ ' PITCH = 0°
Local 5
vertical / YAW =0
‘ L 'T‘
X NEW The reset will not work if the S coordinate frame X-axis is
X Fixed X )
sasedinete aligned along the vertical.
ﬂmm frame F
Magnetic North

Fig 23:Stages of Alignment Reset

These reset could make more adaptable and comforiamg the Xsens MTw™: however,
at the beginning, these reset were not at alltimuto use because the user manual had a very

poor description of this argument not very cleamparticular for the used notations.
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3.2.3 MT Manager Xsens Software

The MT Manager is the software that manages commsctbetween Awinda station and
MTws™ and also it visualizes, records and extraet® from MTw™. This software also
allows to perform reset, to select the output dagon mode and the data that will be output
by the software. Moreover the MT Manager perfornesl rtime 3D visualisation of:
orientation dataRoll, Pitch andYaw angles or MTw™ position in the 3D space), and both

inertial and magnetic data (acceleration, angutémaity and magnetic field intensity).

Xsens Technologies has developed the MTw™ Softieneelopment Kit (SDK) that gives
full access to all data and configurations of th&wav.

3.3 Considerations about the use of Xsens

One of the most important targets of motion analysirecording the skeleton’s movements,
with the minor possible disturb possible. And otlhheovement, like the skin and muscle
contraction effects, are considered artefacts. ©p#electronic system uses reflective
markers to identify movements, and these markegsptaced on “anatomical landmarks”

where skin and muscle artifact are minimum. Witbpext to the MTws™ positions, for

obvious reasons, it's impossible to place them amatomical landmarks”, therefore in each
recording sessions there will be skin and musdkctd. It is possible to define the best points
to place body straps with MTws™, like the wrist forearm movements and the lateral side
of to Shank when considering the lower leg movesidoiit these are simple considerations

to avoid large artefacts due, for example to thenoascles.

Other artefacts can be due to body straps movemmaikers are attached to the body with
biocompatible tape. However MTs are positioned kkatio the straps and, to avoid slippage
during movements, they have, on the interior s\de,antislip bands. Despite these solutions,
body straps movements or slippage may be presedit & necessary to consider a possible

error due to these effects.

3.4  Angles definitions and conventions

In this work, different typologies of angles wik lzonsidered: the BTS optoelectronic system
uses Cardan angles where as the Xsens uses the“&eiespace” angles, as well as both
technical and physiological angles will be introddcFor this reason, an angle’s conventions

has been adopted to make data analysis simplanareiclear.
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The first definition adopted concerns the diffelenoetween Xsens which adopt Euler

“aerospace” angles and Optoelectronic BTS systemhaises Cardan angles:

Euler “aerospace” angles adopted from Xsens, wéll ibdicated with uppercase

notation:
O = Roll ® = Pitch ¥ = Yaw

Cardan angles used by Optoelectronic BTS systethpwiindicated with lowercase

notation:

¢o= Roll 0 = Pitch v = Yaw

By after adopting this convention is possible teniffy the typology of angles and what is the

system to which they are referred.

During the tests it a particular posture was usedled physiological reference position

which identify the standing position of the subjeltoreover some angles with particular

property, both technical and physiological wererokst:

1.

Reset anglethis angle is used during Xsens reset to obtalefmed orientation of the

X axis with respect of the horizontal plane;

Static anglesthese are output angles referred to the physcabgeference position
(static position);

Segment anglesby this definition angles detected by Xsens dymmovements and
referring to the physiological reference positioa adicated. They will be indicated
with one subscript identifying the segment that haserated the angles (ed, © T,
¥ 1 are Roll, Pitch and Yaw angles calculated betwBeigh and the physiological

reference position);

Segment to Segment angleshese angles are calculated by MTw™ or the
optoelectronic system between two body segmengs feovements of Shank with
respect to Thigh). They will be indicated with twsubscripts identifying two
segments, between which are calculated these af@te Ts, O1s, vrs are Roll, Pitch
and Yaw Thigh to Shank Cardan angles éngt, © st, Ysrare Shank to Thigh Euler

“aerospace” angles);

Joint angles by this definition physiological/anatomical arglare indicated. They
must be calculated about coordinate system that beubased on bones' movements,
called joint coordinate systems. In this work, jbiat angles will be indicated with a

single subscript to identify the joint to which seeangles are referred.
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Fig 26:Segment to Segment angles Fig 27: Joint angles

The Segment to Segment angéesl theJoint anglescurves recorded during a session trend,
strictly depends on the reference coordinate systemthe gait analysis, if the Shank

coordinate system is taken as reference, the oatathat is coordinate system has to do to
coincident with the Thigh's coordinate system &eedangles values returned; on the contrary,

if when the Thigh is taken as reference, its cowmtdi system will be the moving one.
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Obviously, for this reason, the plots of the obegirgraphs corresponding shell be of opposite
sign, because the coordinate systems rotationstheresame but performed in opposite
direction.

In this work, the coordinate system that return #@mgles in the standard physiological

conventions will be always taken as reference.
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CHAPTER 4

Pilot tests

4.1  Preliminary considerations

The aims of this work is to understand the MTws™peration and to try developing, a
method for performing the best recording of motjguerallel to this, to create a software to
analyze the data is also an objective. The aim$beasthematized with the four targets of this

work:

1. To create a method for performing motion capture otions analysis with MTw™

developed by Xsens Technologies;
2. To evaluate the accuracy of Xsens when comparptteetectronic systems;

3. To use the Xsens angular velocity data for calouathe joint's axis of movement
during single motions (e.g. flex-extension or irgpdra rotation) and defining a joint

anatomical coordinate frame;
4. To develop a software for analyzing and procestfieglata.

Regarding the first target, it was necessary todeéewhether to perform a reset, or to use the
default coordinate system (Earth) as referenceesysfter a long set of tests, it was decided
to perform theAlignment Reseh a novel way that was nameAlignment Reset Patkthis
reset is performed after have positioned the MTwslI#ser to each other, to form a “pack”

(stack up).

The “Alignment Resétwith a "pack" configuration resulted more convamti for two

reasons:

» after performing an Alignment Reset Patkeach MTw™ has the same new

coordinate syster8’ and it will refer to the same new reference frdrhe

e When the MTws™ are placed on the subject/patientidy in the physiological
reference position, the angles obtained betweesn gbsition and the sensors reset

position, named aStatic anglesgive information about how sensors were placed on
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the body. These angles can also give informaticoutalthe static position of the

subject/patient, and can highlight postural dismsde

Regarding the second aim of the study, it coulddresidered the most important, because the
optoelectronic system is nowadays the most usettrays clinical and sport area when
performing motion analysis. This system is veryusate and, nowadays, is considered the

golden standard for the analysis of motion.

Regarding the third target, the data analysis wi#ébe fully explained in the 6.1 paragraph.

These theoretical considerations need to be vaidfiepreliminary tests.

4.2  Preliminary tests

Preliminary tests were necessary for deciding wimngpothesis were wrong. They allowed

the resolution of problems and improve the methods.

4.2.1 Battery life test

To program a field test, the real time of dischaajebattery is a fundamental variable:
therefore a test for evaluating the discharge toh&Tws™ was performed. This test was
made following the worst case: this is when allseegs working in acquisition mode. The test
was performed with sensors that had different pgage of initial charge. Thanks to this
differences was possible to determine if differa@mtial charge may have affected the

discharge rate, evaluating the slopes of discheugees.

During the tests, also the discharge time of thibouk’'s battery (that should have been
lasting longer than the MTws™) was evaluated. Hitsvpossible to note on the figure 28,
only the curve of the 438 sensor had a lower stbpa the others: this means that discharge

time speed is independent from starting charge.

Moreover, time discharge time difference betweed @3d 440 sensor was about 10%.
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Discharge time during data acquisition

Charge [%]

0 20 10 50 &0 100 EES 140 160
Time [min]

Fig 28: MTws™ discharge time

Finally the approximate battery life in normal cdiwhs, during acquisition was estimated
between 2.30 — 2.45 hours from an initial 100% ghastate.

4.2.2 Magnetic field test

Another preliminary test for understanding the MTWdeatures was performed with the
following aim: evaluating the influence of alumim (paramagnetic material) on the Xsens’

magnetometer.

During this test, both the 442 and 436 sensors w&aeed on two aluminium bars, the
Alignment resetvas performed to sensors 442, whereas no resepa&ésmed on sensor
442. This different approach can show possiblestbfiices of electromagnetic interaction of
the sensor to which the reset was performed wgpeet to the other sensor.

Initially both sensors need a short time to stabilihemselves. At the end of this transient
period, it has been possible to appreciate a Iderference due to aluminium and a good
stability of the sensors. You may notice in thertbalow that the Z axis was the less stable
and that the sensor 442 (with tAkgnment Resgthas given in output values between -4.6°
and -0.5°, while for sensor 440 (without resetg thalues range is between -69.04° and -
72.36°.
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Sensor Nr: 442
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Fig 29:Sensor 442 angles
Sensor Nr: 436
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Fig 30: Sensor 436 angles
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This test highlighted limited and a comparable atawns of the angles, possibly due to the
aluminium bar nearby. However only the Yaw anglad tariations higher than 1°, and they
are limited to about 4°; therefore the aluminiunsiiga strong influence on the MTws™.

4.2.3 Pilot ski tests at the Cermis ski area

The first field test was planned to study severats country skiing techniques. The test was
performed the 4th of April at the Alpe Cermis (TNiging 5 MTws™ produced by Xsens
Technologies. Snow was very soft due to a subiteinathe second part of the morning, with
a temperature about 8°C.

The subjects were three cross country professiptvabsmen and one woman:

Subject Sex Weight Height Status
Z.C. Man 184 [cm] 78 [Kq] Active
V.A. Man 181 [cm] 80 [Kg] Active
B.E. Woman 158 [cm] 52 [Kg] Not Active

The test was divided in two parts: the first pasisva snowplough braking technique test, the
second was a cross-country skiing technique tagt @basic calibration of body segments).
First of all, the biggest problem to solve, wasatoid wetting the Xsens sensors, and, at the
same time, fixing the sensors to the ski with tlestbstability. It was decided to fix two
sensors to the ski, because the researched datg this test where the angles formed by the
skier (respect the parallel ski position) during@ ttnowplough braking technique and the
acceleration corresponding. Xsens was coated withnsparent film, for a basic, waterproof
pack. To avoid possible hole or infiltrations thgbuthis thin material, both Xsens were
covered with duct tape. So a small, but strongevpabof package was obtained.
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As reference point the boot binding was taken. Daims all sensors were placed in the same
position for all subjects, independently from th#edent equipment and the subject's body
characteristics. The Xsens were fixed with the dape in the anterior part (from boot tip to
ski tip) of ski: the first sensor (cod. 438) atiatance of 175 mm and the second one (cod.
442) at 240 mm from the binding. These positiongewsafe for the sensors and were
characterized by high stability on the ski; thetalise, as you can see in the picture, “was
forced” due to boot binding size.

Two different types of measurement system setuje wefined:

Measurement System Setup 1
Sensorg Sensors position Orientation Fs [Hz]
reset
17,5cm of boot binding Alianment
438 (X>0 Xsens system 9 120
reset
frame)
24 cm of boot binding Alianment
442 (X>0 Xsens system 9 120
reset
frame)
Measurement System Setup 2
Sensorg Sensors position Orientation Fs [Hz]
reset
438 | Thesameofmss1 | Allgnment |45,
reset
442 The same of MSS 1 No reset 12p

* The Alignment Resetvas performed when skier was in the start positieith
parallels skis. This allows to obtain directly thegle between skis' reset position and
skis' position during snowplough braking;

* No reset means Xsens data will be output respedténth system of reference.

The presence of two sensors allowed to obtain #i@ ekgarding the angles from 438 sensor
and the acceleration/angular velocities from sen&®2. Lastly, to complete subject's
equipment, the netbook and the Awinda Station vpdéaeed in a small backpack, worn by
each subject during the test. The Awinda statiothin backpack was always close to the

sensors, with a lower possibility of loss of sigaatl data.
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3
Fig 32: Subject with equipment Fig 33: Detail of Xsens on the ski

Snowplough braking technique tests were perfornkedthis:

1. The subject stood with parallel skis, in the spagition;

2. Alignment resetvas performed, according to the MSS type;

3. The recording was started with the MT manager so#vand the PC was inserted into
the backpack;

4. The subject began the descent pushing along tielfiyl5 metres, then he continued
with parallel skis, finally he concluded with sndawpgh braking technique;

5. The recording was stopped with subject stood irstitevplough brake position.

This test was performed for both left and right $&r every subject, with different
measurement system setup, like synthesizes tleavioly table:

Test Nr.| Subject Starting time MSS| Sensor position
0 Z.C 10:35 1 Right ski
1 Z.C 10:39 1 Right ski
2 Z.C 10:40 1 Right ski
3 Z.C 10:42 1 Right ski
4 Z.C 10:54 2 Left ski
5 Z.C 10:56 2 Left ski
6 Z.C 10:58 2 Left ski
7 V.A. 11:02 2 Left ski
8 V.A. 11:04 2 Left ski
9 V.A. 11:06 2 Left ski

10 V.A. 11:09 2 Right ski
11 V.A. 11:10 2 Right ski
12 V.A. 11:12 2 Right ski
13 B.E. 11:27 2 Right ski
14 B.E. 11:29 2 Right ski
15 B.E. 11:31 2 Right ski
16 B.E. 11:34 2 Left ski
17 B.E. 11:36 2 Left ski
18 B.E. 11:38 2 Left ski
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Fig 36: Snowplough braking step Fig 37: Stop re'cording

The second part of the test was formed by two dipeist

1. Calibrations of subjects’ body segments

2. Acquisition of cross-country skiing technique

These two topics can be exposed separately withodifying the linear development of this
work, indeed the calibrations of subjects’ bodymsegts can be interpreted as a successive
step: so, for continuity and clarity of expositidgnwill be explained in the chapter 6.

In this paragraph the procedure adopted for peddrthis test will be explained.

The first subject (Z.C.) was equipped with five sens following the Measurement System
Setup schematize in this table

Measurement System Setup 3
Sensors Sensors position Fs [HZ]
438 Ski— 17,5 cm 75
442 Boot 75
436 Shank 75
439 Thigh 75
440 Sacrum 75
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Sensor
442

Fig 40:Sensor placed on subject

Each test was repeated in two Xsens configurations:
1. No reset 2. Alignment reset made on static standing

After this tests, the subject was invited to perforarious skate skiing techniques in a short
stretch of track, a "U" trajectory was followed,thvia gentle downhill in the first part,
followed by a 180 degrees rotation and finally #aane length of track with, obviously, a

gentle uphill.
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Technique performed were:
a) Offset technique: to perform high force but lowegeused on steeper hills;
b) 1-Skate technique: used for accelerating and orenabel uphills;
c) 2-Skate technique: used at high speed on flatdugtaiphills and downhills.

Each techniques was repeated two times with diffeksens reset: the first trial was done
without any reset, the second was performed byt aiprightAlignment Resetmoreover
granny and offset skate techniques were repeatathaig the leg of thrust.

o L~ S e

Fig 42: Sensors location Fig 43: Static upright for Alignment Reset

Unfortunately, after this tests, sensors 438 an2l @de two used on snowplough braking
technique test) exausted their charge and the otfesubject were sensorized with only 3

Xsens following this scheme:

Measurement system setup 5
Sensors Sensors position  Orientation reset Fs[Hz]
436 Shank No orientation 75
439 Thigh No orientation 75
440 Sacrum No orientation 75
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The subject performed classic skiing techniquehensame track of the first subject, roughly
along the same trajectory. In the first time noetesas done to Xsens subsequently the
Alignment Reseah the physiological standing position was perfedn

The third subject executed the same tests as tmmdeubject: for the last test, another type
of Xsens reset was explored: wh&lignment Reset performed with wearing sensors, real
posture of person is lost because this operatiba sew coordinate frame for each sensors;
for these reasons tiAdignment Reset Paekas introduced.

The primary aims of the tests were: to assessiffexahce among three reset procedures, to
understand which of these is more recommendedidondchanical applications, and to have
a feedback regarding the MTws’ behaviour when perfiog sports acts in several operative
conditions. Considering the amount of data obtaithedng the tests, and the corresponding
lengthy and complicated analysis, we will be reglmctly the results for brevity.

In subjects opinions the sensors did not interfeitt motions, the straps were sufficiently
fixed to avoid slippage, and, at the same timendidimited the muscular normal activation.

The information about the physiological referenasition are valuable data because they
allow to know the initial subject/patient positigincluding the Xsens positioning error). For
this reasons, because tBbjectandHeading Resetlo not set all angles to zero, these two
type of reset were classified not adapt for thipliaptions. The same consideration can be
done when the Earth coordinate system is takerfasence, and if thalignment Reses
performed with the subject standing in the phygmal reference position. In this last case,
the first angles value returned are all zero angly tdon’'t give information about the
subject/patient physiology or about MTws™ positignbut only about the relative motion
of the segments from the physiological referencgtjpm. Considering this reset features, the
Alignment reset packhould be the best for biomechanical applicatibbesause it can give
both technical and anatomical information having tbe same coordinate system for all

Sensors.

4.2.4 Reset and angular velocity test

This paragraph will be recalled in chapter 6, whe® will analyze the subjects’ body
calibration target: however this test was perforrded to an incongruence highlighted during
the previous pilot ski tests. This can be alsosiliesl as a preliminary test because it allowed
understanding more features of MTws™. During dataalysis of Cermis some
inconsistencies were detected between the orientdt@ta and the angular velocity data: the

in fact latter were output with respect to axededihg from those used for the orientation
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data: therefore other tests were planned in laborah order to understand the reasons of
these unexpected results. Aim of the tests waslantyc the different axes used for the
orientation data and the angular velocity data.

The first step of these tests consisted in simpd@aments around fixed axes, with the 436
MTw™ fixed on a totally non-ferromagnetic supp@h Alignment Resedllowed to redefine
the system coordinate frame and, after a validatioreset, three simple rotation around the
coordinate system axes of the new coordinate syStemere performed.
Results suggested that the orientation data acellestd with respect to the reset coordinate
frames’, but there wasn't correspondence with tigeilar velocity data.
The second step of the test was carried out withXaens (440 and 439), both sensors were
fixed at the same non-ferromagnetic support, periiog the some movements. To the sensor
440 sensor thalignment Resatas imposed to redefine its coordinate frame imway:

o NewZ' axis coincident witlZ axis of sensor coordinate syst&m

o New X' axis opposite withy axis ofS;

o NewY'axis coincident withX axis ofS.
Three rotations were conducted, like on the fitspsto evaluate the difference between
Xsens with one or the other reset. For examplddtewing is a graph oX axis of the 440

Sensor:
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Fig 44: Orientation (top) and inertial data. (a) s®or 440 (b) Sensor 439
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In this graph is possible to note that when th@ génsor is moved abowtaxis, the angular
velocity data are correctly returned ab¥uxis (Pitch angles). Regarding the 440 sensor, the
motions were related to th€ due to theAlignment Resetbut the angular velocity data are
still related to theY axis. Moreover, even it the axis was opposite t axis, the orientation
follows a correct trend but the angular velocityadare the same of both sensors.

Other tests reported the same results witbject ResefThe conclusion taken is as follows:
the orientation data and the angular velocity dgatarelated to the same coordinate frame
once that the reset is performed. More precisety dhentation data are calculated with
respect to the new coordinate fra®efor the sensor 440, to which @lignment Reseawvas
performed However the angular velocity data are calculateth wespect to the sensor
coordinate framé&.

This evidence is not corresponding to the Xsensr Wanual, that reports “Once this
Alignment Resdts conducted, both inertial (and magnetic) andrddtion data will be output
with respect to the new S' coordinate frame.” [B4 for Object Reseaind 55 forAlignment
Reselt

However the angular velocity is defined as the odtehange of angular displacement and it is
calculated like the first derivative of the angulaues, so, if angular velocity data were
calculated with respect to the new coordinate sySg and the orientation data about the
axis of the 440 sensor are nulls or constant, tigeilar velocity data abot’ axis should be
null.

To bypass this incongruence, the angular veloaity ére calculated by derivation from the
orientation data in the Matlab software createdrtalyze data. This solution will be explained
in details in Chapter 7.

4.2.5 Gait analysis test

The successive test was executed on May 3rd irBikmechanics Laboratory at the DIM.
The test’'s aims were: to perform motion capturesises of gait analysis using both Xsens
and optoelectronic systems for comparison in otod@onfirm if theAlignment ReseRack is

really the best solution for these applications.

The subject A. P. wore the markers and the MTws ™reviplaced in this mode:

1. Sensor 442> Sacrum
2. Sensor 440~ Thigh
3. Sensor 439- Shank
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4. Sensor 438- Right foot
5. Sensor 436~ Left foot

To obtain comparable results from both systemsag fundamental that each marker forming
the frame and the correspondent MTw™ would to #es movements. This consideration
can be obtained with the three markers (neededriEating a reference frame) placed as
closer as possible to the correspondent MTw™, aittd & perfect coupling in order to
transmit the same motion to both systems. It iglew that this solution is impossible,
because markers must have a minimum distance betessh other to be distinguished by
the optoelectronic system. All of these reasongdetiis solution: the body strip has a plastic
clip to contain the MTw™ and under it there is aa#irslot. Two small aluminium supports
with a “T” shape were created , the longer segmed inserted under the strip’s plastic clip
and, on the three ends, were placed the three nsafkigure 44).

Fig 45: Embedded system obtained

By this way an embedded system was obtained ardNddtv™ and optoelectronic systems
recorded the same motions. Measures however agoit-free because it can be a different
alignment between MTw™ axes and axes reconstrutted markers, moreover Xsens
Technologies said that it can be an error aboubeéfveen real MTw™ position and its

external box.

During this test, the two “T” structures were pmsied under the strap of the sensors attached
to the Thigh and the Shank. Moreover T shaped tstreis were covered by a dark tape to

avoid reflects that could be revealed by video casieThe three markers on the aluminium
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structure formed a so called “technical frame”, d&aese it doesn’t gives directly anatomical

data.

TheAlignment Reset Packas modified because, if sensors haveXiais pointing upwards
during the operation of reset, when tABgnment Reseis performed, the system can't
uniquely identify direction and orientation of thew X’ axis. Therefore, to decide direction
and orientation oKX axis, the pack of MTws™ must have an inclinatiomick identify the
direction that the newX' axis should take. To simplify the reset operatiartotally non-
ferromagnetic horizontal surface was prepared oiclwthe MTws™ were positioned during
the reset. Using this device the reset pack islsingmd, it performed on an horizontal surface
with orthogonal faces, allows to obtain the samerdimate system for all sensors. Moreover
to choose the desired direction of nwaxis is sufficient to tilt the surface and to meas
the angle formed with an inclinometer, callRéset angleKnowing the Reset angle it is
possible to take into account during the data amaltep, obtaining results which refer to the
coordinate system that would be created perforrtiird\lignment Reset Paakn a horizontal
surface. Summarizing, the Alignment Reset Packerfopmed on a horizontal surface tilted
(in the direction chosen for the new X' axis) ofkaown Reset angle thanks to the
inclinometer. The Reset angle will be offset durthg data analysis step, erasing totally the

effect due to surface tilt. The Reset angle of st was -5.7° about the Y’ axis.

In this test, the new sensor coordinate sysséimmposed by thédlignment Reset Packas:

X’ axis on gait direction as ab-adduction axis;

Z’ axis pointing upwards as intra-extra rotation axis

Y’ following the right hand rule as flex-extensionsax

The BTS optoelectronic system has set the defaoltdinate system:
* Xaxis on gait direction as ab-adduction axis;
* Y axis pointing upwards as intra-extra rotation axis

» Zaxis following the right hand rule as flex-extemrsaxis.

In this test, worthwhile underline that Xsens anfiSBhadn’t the same reference coordinate
system: the Xsens had thé axis as flex-extension axis instead the BTS sysisad theZ

axis. The results in this chapter are exposed ésgnt the difference obtained between the
two system with these coordinate systems. The n@thad (exposed on Chapter 5) are

developed to fix the discordance obtained in thests.
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"T" structures

Fig 46: Sensor location Fig 47: BTS coordinate systems Fig 48: Xsens coordinate systems

However to compare the two systems, during the da#dysis, the BTS coordinate system
was modified to obtain the same reference framédtin systems.

The BTS optoelectronic system has been calibrateirong this calibration volume
dimensions:

On X axis direction | 3.85 [m]

Standard deviation 0.308

On Y axis direction | 1.98 [m]

Mean 0.351

On Z axis direction | 1.65 [m]

The subject was then asked to take a standingi@ogitonsidered as the physiological
reference position for gait analysis test) to rdctire Static angles After this, the subject
walked inside the calibrated volume to record thetioms. XsensSegment anglesvere
compared to the BTSegment Anglesnly for the sensors 439 and 440, the only twd the
“T” structure.

Initially, the subject was invited to take thhysiological reference positicand theStatic

anglesreturned are:
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Sensor 436 | Sensor 438 | Sensor 439 | Sensor 440 | Sensor 442

(Left foot) | (Right foot) (Shank) (Thigh) (Sacrum)
Roll (@) [°] -8.5183 2.0316 1.9113 4.4413 -6.0252
Pitch (@) [°] 17.4454 19.7934 -8.4150 -8.5471 14.049]
Yaw (P) [°] 8.6101 -23.4352 -4.1818 0.3331 -6.8127

The subject of this test was healthy with no ordexpc functional limitations, therefore these

Static anglegjive information only about the placement of MTw$d"he subject’s body.

First set of analyzed data were Begment Angle
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Fig 49: Sacrum movement(Segment angles)
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Fig 50:Left foot movement(Segment angles)
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Fig 51: Right foot movement(Segment angles)

In the graph of the sensor 442 it can be
observe the pelvis movements during walk,
with ab-adduction and the flex-extension
components due to the torsion of the trunk
when a leg is carried forward. The graphs of
the sensors 436 and 438 represent the
movements of the right and left foot. In all of
this graphs, between 5.8 and 6 seconds, the
subject performed an inversion of direction
of 180° anticlockwise. This motion is very

visible on the Yaw angle.

The graph below shows theegment anglesomparison, calculated by the Cardan angle

resolution:
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Fig 52: Shank Segment angles comparison
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Fig 53: Thigh Segment angle comparison
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In the previous graphs the differences betweersdgment anglef the optoelectronic system

and theSegment anglef Xsens system is presented, and these diffeseaice amplified in
theSegment to Segment anglas is possible to note in the following graph:
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Fig 54: Knee Segment to Segment angles comparison

The ab-adduction angles are physiologically unjikel a healthy subject, because there are

peaks of 30° of the Shank with respect to the Thiglwever the two others motions results
comparable between the two systems.
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4.2.6 Treadmill test

After the gait analysis test, a treadmill test wasformed with the same sensors and systems
configurations as the previous test. A treadmilthwiour markers at the extremity was

inserted in the calibration volume, and the subyjes invited to run at two different speeds:

e 10 Km/h;

e 14 Km/h.

Fig 55: Subject during treadmill test

Following plots are presented side by side to complae differences between tBegment
anglesduring the treadmill test at 10 km/h and Segment anglest 14 km/I?

® Considering that the ab-adduction angles canfitysiologically correct.
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Run at 10 Km/h

Run at 14 Km/h

Sensor Nr: 442

Roll angles with rispect the fixed coordinate system

20 T T T T T
Em]\ m/v‘] q;\/ﬂf\%v’““ A ) caf) ) o ) ) ) ) o )
L A = W wpd} o N V] V) AW ANV /) AL A A
S A T e P i T
10 I 1 L | / |
0 2 4 6 8 10 12 14
Time [s]
Pitch angles with rispect the fixed coordinate system
30 T T T T T T
E 20!
©
=)
& 101
0 I
0 2 4 6 8 10 12 14
Time [s]
Yaw angles W|th rispect the fixed coordmate system
0
£ 101 /
2 Vet \ /\/\\/
2 M’\/f” W WW L/K\/LM
-30
0 2 4 6 8 10 12 14

Time [s]

Fig 56: Sacrum movement (Segment angles)
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Fig 58: Left foot movement (Segment angles)
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Fig 59: Left foot movement (Segment angles)
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Fig 60: Right foot movement (Segment angles)
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In the figures 61,62,63 and 64 are shown the cosgainfSegment anglesnd in figures 65

and 66 are presented the Shank to Tt8ggment to Segment angleseach of next pages,
the graph on top is referred to the 10 Km/h testthe other one to the 14 Km/h test.
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Fig 63: Thigh Segment angles comparison (14 kngf) te
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Fig 64: Shank Segment angles comparison (10 krath te
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Fig 65: Shank Segment angles comparison (14 krsth te
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Fig 66: Shank to Thigh Segment to Segment angtapadson (10 km/h test)
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Fig 67: Shank to Thigh Segment to Segment anglapaison (14 km/h test)
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In this test the big differences between Xsens @pidelectronic system regarding the two
minor motion axes are evident, the axis with thgda movement are comparable. This test
also shows that the matching is of inverse propodiity than the motions speed, on the other
hand it is necessary to consider the higher pdagibif artefacts, precisely due to motions

speed.

4.2.7 Starting blocks test

This test was carried out after the treadmill tesie to the previous tests, the video cameras
were moved and the BTS calibration was lost, soofhteelectronic data were not analyzed.
To perform this test, starting blocks were fixedthe force plate, into the calibrated volume
and a marker was dropped behind the subject amtasginal. By this way it was possible to
calculate the time between the moment in whichntlaeker touched the floor and the moment

in which the subject started the motion. This esdaction time of subject.

Starting blocks

e plate

Fig 68: Starting block position » Fig 69: Sensor placement

In the test analyzed, the subject had had a remtiiee of 0.183 sec, however, for all test
made, the subject had always had a reaction tirtveelea 0.17 and 0.22 sec, which are typical

values of a healthy subject.

For theSegment angleshe most significant is the sensor 442, becaeserded angles that

allow to reconstruct the position of subject ongtaating blocks:
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Fig 70: Sacrum movement (Segment angles)

Following the Y (Pitch) axis trend, the subject vimshe position shown on the Fig. 65, up to
2.2 seconds, and the sensor noted an angle wiihae® the physiological reference position
of about 28.5°.Then, in the position before thetsthis angle increased up to about 75°.

When the subject started, the posture changeddonie a standing position, and the angles
detected decreased to 0°. However, it must be deredd that the sensor 442 was attached to
the subject with tape (due to the other markersgreon the iliac spines) and it could have

moved due to rider’s power, adding artefacts tosigeal.

The Segment to Segment angbegween Shank and Thigh are show in Fig 67:
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Fig 71: Shank to Thigh Segment to Segment angles

You can see in this chart the speed of movemenishvdillow to extend the leg (Pitch angles
became about 0° with respect to fite/siological reference positipand the start of the gate
(about 5 sec. identified by the Pitch graph). Mesrdhe flex-extension angles around 2.7 sec
should be larger than the 48 degrees returned. iFlisngruence can be due to the

compression of the calf on the Thigh.

4.3  Considerations about the preliminary tests

These tests allowed to understand the problems hef MTws and the necessary
improvements for an efficient method to perform M@Gsessions and motion analysis with
the MTw. They highlighted important differences abthe angles of the two smaller motion
axes (in gait analysis the ab-adduction and intteagotation). These differences were due to
the sequence of basic rotation matrices: indeedlfaf these tests was set (by thiignment
reset packthe frame suggested by the ISB which have X sxtee motion direction, Y axis
pointing upwards and Z axis following the right damile, as sensor coordinate system. Using
these sensor coordinate systems, the Xsens pedaandéferent rotation matrices sequence
to the optoelectronic system, therefore the fir@htion matrices returned from the two
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systems were not equal, and, inevitably, the angésilated were not the same. The method
found to obtain the same angles between the twtersgsis explained in the following
chapter.
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CHAPTER 5

Validation tests

5.1 Reset method

A final method for using the MTws™ reset is foultds the Alignment Reset Paclkhich is

performed with the horizontal device describedha previous chapter. The first step is to
identify the desired coordinate system and, al&nws™ must be properly positioned for the
reset. To obtain the same new sensor coordinatensyshe position on the subject’'s body
where MTw™ should shall be evaluated. So, followimayv the Alignment Reset works, the

correct reset position for each MTw™ can be found.

As explained in the 4.2.5 paragraph, applying #eet in the horizontal tilted device, it is
possible to choose the direction of the X axis amging an inclinometer, it's possible to
measure the reset angle. Regarding the analysisstigt, a particular “physiological rotation
sequence” is required: first, the axis around witéehger movement is performed, second, the
axis around which intermediate movement is perfainthird, the remaining axis. Every
MTw™ returns the Euler “aerospace” angles measubgd a fixed rotation axis
Rywz; = R,R/Ry (as explained in the 2.4 paragraph).
To perform the correct rotation sequence as defiphgsiological rotation sequence”, there
are two possibilities:

1. Modify the rotation sequence;

2. Set the axes to perform the right sequence.

The first point can’t be applied because the Xsetexutes a defauk-Y-Zsequence, indeed

the output modes are: quaternion, Euler “aerospaigles or rotation matrix terms.

The second approach can obtained by performindiliggment Reset Paclas explained in
the previous chapter. If the reset is performedh e horizontal device tilted in the larger
motion’s direction, theX axis will have this direction and orientation, theaxis will point

upward and th& axis will be oriented according to the right hankb.
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Fig 72: Alignment Reset pack

This approach use the reset to set the sensoricatgdsystem, in the way that the Xsens

sequence rotation becomes equal to the “physidbgequence rotations”.

This method is fundamental for the comparison betwésens and optoelectronic system and
its features will be explained in details in thesessive paragraph.

5.2  Comparison between Xsens and optoelectronic system

The software of BTS optoelectronic system provithesusers with multiple options for data

analysis, including the ability of creating the odioate systems and the ability to rotate the
default laboratory reference system. When the iiesginducted following the method above

mentioned, Xsens and optoelectronic system furtiere different reference coordinate

system, but, using BTS software, it's possibleharnge the BTS coordinate system to obtain
the same reference frame for both systems.

Once the same reference coordinate system ancnhe sensor/marker coordinate frame are
obtained for both systems, the Xsens return angldsulated according to the Euler
“aerospace” approach (XYZ sequence), whereas tt& &/8tem return angles in according to
the Cardan representation. The different approaciraiculate angles doesn't affect the
determination of the final position of the coordmaystem, because it must be the same, but
the intermediate rotations are different. Indeed #émgles returned are different, because
Xsens performs rotations about fixed axes, whettea8TS performs rotation around moving
axes. According to theory, when both systems reféhe same reference coordinate system
performing the same movements and the same seqoémogations the resulting rotation
matrices must be equal. During the tests, the eater frame are modified to be the same for

both systems and the rotation must be:

Ry, = Ry (#)R,.(6)R,. () for the Cardan angles of the BTS system;

y

Ry, = R, (HJ)RY (G))RX (CD) for the Euler “aerospace” angles of Xsens.
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Numerically, the two rotation matrices are equiagéréfore applying the resolutive formulas
of Cardan angles to the matrix obtained from Xséms,angles in the Cardan representation
are obtained:

1 0 0 cosd 0 sin@d|cosy -sing O
Ry =Ry (#)R,(O)R,.(¢)=|0 cosp -sing| 0 1 0 |sing cosy O
0 sing cos¢g ||-sind 0 cosé 0 0 1

cosdcosy —cosgsiny sind

=| cosgsiny +cogysingsingd cospcoxy —singsindsing —cosgsing
singsing —cosgcogysingd cogysing +cosgsindsing  cosg cosd

The angles,p andy can be obtained with following formulas:

¢ = —arcta{%} g = arcsir(RlS) Y= —arcta{%J

3 1

On the contrary the following formulas will be ajgol to the Xsens rotation matrix:

Ryz=R(¥R (OR (@)=

cosWcos® -sinWcosd +cosWsin®Osin®d sinWsin® + cosWsin®cosd
=|sinWYcos® cosWcosP +sin¥WsinOsin® -—cos¥sin® +sinWsin®cosd
-sin® cosOsind cos©cosP

With this method it's possible to perform a compan between the two systems and angles
returned are theoretically the same.

Using the terms of the rotation matrices it's pbkesito calculate th&egment to Segment

anglesusing the properties of the rotation matrix: edhw™ returns theSegment angles

which are calculated from the rotation matrix widspect to the fixed coordinate fram%s'.i.

Having the matrices of each sensors, it's posslmlculate the rotation matrix with respect
to another sensor coordinate system, e.g. a s@soed on the Shank of a subject and a
second sensor placed on the Thigh of the same cdulbiging the composition of rotation
matrices it is possible to change the referencéesysand to calculate the angles between
them, defining one sensor coordinate system hke¢ference coordinate system. The angles

obtained with this method are call8dgment to Segment angles
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This is the rotation matrix which transform This is the rotation matrix which transforn
the coordinate system of the Shank sensor the coordinate system of the Thigh sensor
with respect to the coordinate frame of the with respect to the coordinate frame of the

Thigh sensor. The angles returned will be: Shank sensor. The angles returned will be:

RI = (RFJ'RE R =(RE) R

D, O71s, P15 OF Ors, O1S, YTS Dsr, OsT, PsT0r dsT, QsT, WsT

5.3

Matlab software to perform comparison

To perform the analysis data step was developedaM software which is composed by

these functions:

Import data functionimports the data returned from the MTws™, which exported
on .txt file using the MT Manager software. All data imfgal are saved in .aatfiles
which will be automatically loaded by the successiunctions which elaborate of
data. Thus the data importation step is performdg for the first time, with lower
computational load to the elaboration data fun&idn this program data are exported
in the matrix rotation terms mode because, applifiegproperty of rotation matrix (as
explained in the 2.1.3 paragraph) it's possiblealzulate, in addition to thBegment
angles theSegment to Segment anglas defined in the 3.4 paragraph);

Matrices rotation sequences functioaiows to choose what is the resolution to be
applied to theR,, = R, (W)R, ()R, (®) or the Ry = R« (¢)Ry.(6?)RZ..(w) final
matrix ;

The Reset angle functiorasks to the user if a Reset angle was used aisdartbles

can be erased from data of the correspondent axis;

Elaboration data functionsexecute the data elaboration. The matrix's termes a
inserted in a cell structure, but the matrix is re@onstructed on variables because the
computational load would be too high. Formulas axm@d in the previous chapters

are used to calculate tis®gment anglesequired terms are contained in cells.

The software automatically performs a data momtprierasing the Not-a-Number
forms and fixing the problem of clipping data doetlhe mathematical singularity of

both Euler “aerospace” and Cardan angles types.

The Segment angles are shown for each sensor inARich and Yaw representation.

The software also allows to calculate 8egment to Segment anglessng the rotation
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matrix property explained in the previous chapiere first sensor inserted on the
import data function, is taken as the references@eand, even for these angles a data
monitoring is performed. For all sensors inserextiuding the reference sensor) the

Segment to Segment anghes calculated;

« Physiological reference position functioalows to calculate th8tatic anglesand the
user can decide whether to delete these anglésd@ubsequent processing;

« Gait analysis comparison functioexecutes the comparison between Segment angles
or/and Segment to Segment angles given from BT8ebgattronic system and Xsens
systems. In this function an algorithm that synaimes data (because during the tests
there wasn’t a trigger signal to set the same tohetart) it's implemented. This
algorithm calculates the range of time in which dfpgoelectronic system has recorded
the gait and it finds the maximum value. Moreovas icalculated the maximum peak
of Xsens data in the same range of time of the edpttronic and the graph is
synchronized on the maximum value of the largerionst axis. This algorithm

performs the comparison both egment angleendSegment to Segment angles

* Graphs save functiorcreates a folder in the original data’s folder évery types of

angles calculated and, in it, the software autaralyi saves all sensors' angles graphs.

54 Validation tests

These tests were performed to validate the methediqusly exposed and to perform

comparison between BTS optoelectronic system amah3system.

5.4.1 Electrogoniometer test

In this test an electrogoniometer was used onlgtagture to execute the test. This device
was chosen because it's formed by two stems joiyed pivot, so it allows only one degree
of freedom. To place the sensors, it was tracedribéial axis of each stems and both Xsens
and markers was placed in these positions:

1. “Fixed” marker on the joint 1. Xsens 440 on the superior stem’s medial
2. “Moving” marker on the superior stem’s axis

medial axis 2. Xsens 442 on the inferior stem’s medial
3. “Tip fixed” marker on the inferior axis

stem’s medial axis
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~“Tip fixed

Markers and Xsens were fixed on the stems medias ath a perfect alignment between

them.

The electrogoniometer with markers and Xsens wasepl on an horizontal surface (89.9°

measured with an inclinometer) and both Xsens weset with an Alignment Reset. This

reset was required to set the Z axis perfectlyagoimal to the surface (the orthogonality is
always influenced by the accuracy of the MTws™).

Each movement was done with the electrogoniomel@red on the horizontal surface.

Initially, preliminary tests were done to find thest method to perform the tests and it was
decided to use the following procedure:

* The acquisition starts when markers and Xsens|igeed

* The first movement is to open the electrogoniomieyea small angle, because when it
is in alignment configuration, the optoelectronystem doesn't recognize two markers
on the tips (one on the superior and the othehenriferior one);

* The second movement is to open by a casual angfle {bsts was performed) and this
position is maintained for a few seconds (to recgihis phase during the analysis
data step);

* The third movement is to open by a ~180° angle éthge of the horizontal surface is
taken as a reference) and this position is maiethiar a few seconds;

* The fourth movement is similar to the second buipposite direction;

» The last movement returns the electrogoniometaligmment configuration.
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Fig 74: Example of a motion

The graph below represents the angles obtainedgltiis test:
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Yaw angles with rispect the reference sensor
¥ 3248 :
: F : Y. 1783 : : Fsens Yaw
: _ : 326 : :
ABO = reerremssininianurnns Ll ELC S LCL LV L Grrvannnanfias --------;- TSRS peae] Lo B R ST T T TR R R R .
1405 :
........ e b ....){:452:....
i ¥ 522
s T i
b o B :
E1] 0 1]
Time [5] > < '
Ag As
Fig 75: Segment angle of the electrogoniometer test

The angles are absolutely comparable to each dibermver, in this test, the angles returned
from optoelectronic system are always larger thenXsens angles. Differences recognized
are:
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A1 A, As
3.25° 3.46° 3.8°

This test was repeated with comparable resultsefinee an angle included between |3° + 4°|
could be taken as the error between the BTS optinetec system and the Xsens MTws™

system.

5.4.2 2" gait analysis test

The gait analysis test was a further validatioh pesformed and it was executed following
the method explained previously. The subject wasskd with 5 MTws™ arranged in the

following way:
» Sensor 436 on left Shank;
* Sensor 438 on right Shank;
» Sensor 439 on right Thigh;
» Sensor 440 on left Thigh;

e Sensor 442 on sacrum.

One of the two “T” structures was placed on thétrigg to create the marker’s technical
frame (as presented in the 4.2.5 paragraph).

The optoelectronic calibration system had repotftesivolume features:

On X axis direction 2.97 [m]

Standard deviation 0.297

On Y axis direction 2.09 [m]
Mean 0.345

On Z axis direction 4.40 [m]

TheAlignment Reset Paakas performed with 10° d®eset anglaround theY axis, and it
had set this coordinate system:

« X axis as the Flex-Extension axis;
e Y axis as the Ab-Adduction axis;

e Z axis as the Intra-Extra rotation axis.
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Initially, the subject was invited to take thBysiological reference positicand theStatic

anglesreturned are:

Sensor 436 Sensor 438 Sensor 439 Sensor 440 | Sensor 442

(Left Shank) | (Right Shank) | (Right Thigh) (Left Thigh) (Sacrum)
Roll (@) [°] -4.3940 -5.7050 -5.7000 -7.1091 -5.7690
Pitch (@) [] -6.7397 7.8326 7.3349 -9.6506 -1.5315
Yaw (¥) [°] -13.6629 6.5644 -3.9286 12.6196 7.6297

The subject of this test is healthy with no orthexgtia functional limitations, therefore these

Static anglegjive information only about the placement of MTw®'the subject’s body.

The subject walked for 3 times in the calibrateturee while both systems were recording

the motions. The comparison between the two systeassperformed only for the 438 and

439 sensors, because “T” structure with markerewkaced only behind these sensors.

First data analyzed were tBegment Anglef the first gait test:
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Fig 76: Sacrum movement (Segment angles)
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Fig 77:Left Thigh movement (Segment angles)
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Sensor Nr: 436
Roll angles with rispect the fixed coordinate system
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Fig 78: Left Shank movement (Segment angles)

The first graph represents sacrum’s movement dusiall: the sensor 442 was placed too
high, indicatively to L4-level because in the ®dbjs iliac crests were placed markers. For
this reason the movements recorded were not asctexpeOther two graph reported the
movements of the left Thigh and the left Shank.oBehre inserted 438 and 439 sensors’
graphs with, in black, the BTSegment anglesand theSegment to Segment angée shown
on the figure 76:
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Fig 79: Thigh Segment angles comparison
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Sensor Nr:; 438
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Fig 80: Right Shank Segment angles comparison
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Fig 81: Shank to Thigh Segment to Segment anghapaison
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How it can see in the previous graphs, the angleengboth from Xsens and the
optoelectronic system are comparable to each oftieéhe Y (Pitch) axis were not removed,
from the plots, the Static angles weren’t elimidaéad the subject may have followed a non
perfectly linear trajectory during the walk (onlgr fthe Segment anglgsDue to this reasons

the Xsens angles are shifted with respect to theetgrtronic angles.

The Segment to Segment angée physiologically more interesting than 8egment angles
because they give information about motions of @ylsegment with respect to another body
segment; therefore, for the other two gait analyssformed, it will be presented only

Segment to Segment angles

Following, respectively the gait analysis of them®l and third gait test:
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Fig 82: Shank to Thigh Segment to Segment anghlapaxison
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Sensor Nr: 438
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Fig 83: Shank to Thigh Segment to Segment anghlapaxison

As a conclusion, after analyzing the data in thgsgph, the optoelectronic flex-extension
angles result a generally about 10° larger tharctimeesponding Xsens angles. Regarding the
ab-adduction angles, they are generally more diffierfrom the others; however the
difference, considering graphs are shifted duee&sons explained in the first gait test of this
paragraph, is lower than 10°. Finally, intra-extrgation angles are widely shifted, but in the
Segment to Segment angigés not considered the motion trajectory effethis difference
could be given due to disturbance or magnetic dieldowever, the angles amplitude is

comparable, with a difference lower than 10°.

5.4.3 Test of intensive care bed

MTws™ portability is one of the most important feas of the Xsens, and it allowed to

perform a test session, in an intensive care room.

The test described in this chapter was executeshantensive care room at the Padua’s
Hospital, to record the movements transmitted fmagent, when the intensive care bed, in
which he was lying, was mobilized by the hospita¢@tors, the patient’s role was recited by

a volunteer workmate. Indeed, resulted some moveEmehich not to be transmitted in the
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correctly to the patient, first of all the motioimswhich the patient’s body is influenced from
the gravity force without the support needed, thg.trunk in sit position. Another problem is
the slip of the patient when a tilt movement isf@ened. Every movement which is not
correctly transmitted, may worsen the patient’sdittons. The test was performed with 5
MTws™ and 3 optical markers in order to evaluatthlwsientations and displacements of the

subject during bed's movements.

An Alignment reset pack with a tilt of 11.5° on tieaxis was performed on the 5 MTws™
and, this operation set the same sensor coordgatem to all sensors, formed by:

» Xparallel to the sagittal plane;
* Zpointing upwards;
» Y following the right hand rule.

Subsequently the Xsens were placed on the sulgkmiving this scheme:

Sensor Position
436 Left Shank
438 Left Thigh
439 Sacrum
440 Left shoulder
442 Head (forehead)

Also the reflective markers were placed on thres@nical landmarks:
1. Left acromion;
2. Left greater trochanter,

3. Lateral epycondile of the left leg.

All the movements took take place in tK& plane, because all motions were aroundYhe
axis, therefore to make simpler the data analysesRoll and Yaw angles can be considered
negligible with respect to the real motions perfedaround the Y axis.

Initially the subject was invited to stand in tpleysiological reference positicemd, to verify
the correctness of the reset, the subject alsedasthorizontal position on the bed was taken

as a secondhysiological reference positioriThis means that for this test there are two
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collections ofStatic anglesone referred on the standing position and therskceferred to

the horizontal position.

Fig 84: Sensor placement
(frontal view)

Fig 85: Sensor placemen
(side view)

44(

t Fig 86: Sensor placement (back

view)

Sensor

Static angles returned during vertical position
Sensor 436| Sensor438 Sensor439 Sensor 440  Se#4pr
Pitch (@)
37.22 23.54 2.27 4.27 31.14
[Deg]
Static angles returned during horizontal position
Sensor 436| Sensor 438 Sensor 439 Sensor 440 Sef4ddr
Pitch (@)
90.44 88.20 -72.16 -66.82 -68.39
[Deg]
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These data shown immediately an incongruence bedsus of five sensors had returned a
positive Pitch angles. When the subject was inZooitial position on the bed, axis rotation
was about -90 degrees with respect to the verphgsiological reference position, if thé
axis was in the expected direction. These discaekmoan be due only to problems resetting
being performed: later on it was found that in bwtom part of the bed there were two
permanent magnets. The magnetic fields producetthdynagnets, may have been the cause
of these three sensors wrong reset. However,rtbanvenience was fixed during the analysis

data step and the trend of the graph can be coesids more correct.

The most interesting movements done, were:

0° trunk 30° trunk 45° trunk 30° trunk 30° trunk 0° trunk
and and and and and and
0°leg 0° leg 0°leg 0° leg 10° leg 0° leg

In the following table there is a summary of avexagfStatic angleseturned from MTws™

which represent the subject movements in accoritige intensive care bed movements:

442 440 439 438 436
(Head) | (Left shoulder) | (Sacrum) | (Left Thigh) | (Left Shank)

Trusnoif, at 259 30,89 28,31 6.13 213
Tr“gi at -40,8 38,38 31,33 4.47 4.64
Trunk at

30°andleg| -31,9 23,46 18,73 2.88 6,74

at 10°

Trunk and 46 2 85 3.7 3,85 -3.47

leg at 0

In the next page are reported the graphs of arajlees returned by MTws™ with a graphical

representation of the bed movements.
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Fig 87: Comparison between subject and bed movement
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The values found show initially that movements s$raitted to the subject are generally lower
than the bed’s movements. This result was expemédlly because the mattress can not
transmit the total bed’s movements to the subjadt, also because some parts of motion are
lost due to the subject’s movements on the bedlipffect. Moreover the data show a link

between trunk and leg movements, even if these merits were performed separately.

Test like this can allow to design intensive caeglfomore and more comfortable for the
patient, focusing attention on the patient and wataig the real effect on patient of bed's

movements which, like shown in this test, are restertly coincident.
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CHAPTER 6

Joint anatomical axes

6.1 Joint anatomical axes method

As previously in paragraph 3.3, Xsens system meddaoit Segment anglesr Segment to
Segment anglesnstead the optoelectronic system measuresJaisw angles The MTws™

are not placed on specified points and they aexsdtl by skin and muscle artifacts, therefore
the Segment to Segment angledculated by Xsens, are different with respecthi real
angles described by the bones movement. The optomi& system, using anthropometric
data and the specific markers placement, can racmhsingles, called Joint angles, with low
level of artefacts due to skin and muscle effe@tsviously, in clinical application of motion
analysis, the data must have the lower componeattefacts as possible. Due to this reasons,
it was developed a method to calculate the Joiglean or angles which can give more
significant information than th8egment to Segment angl€e obtain angles described by the

anatomical movements it's necessary to create @t joaference system composed by
anatomical rotation axes, with respect to whicltualte angles to be determined.

It is possible to create a coordinate systems gdlame proximal and distal segments or
coordinate frames placed on joints. Regarding tisenX, the system can return also the
angular velocity data that can be represented kgctor characterised from direction and
orientation, indeed the three vector's compongn¥andZ are given in output. The angular
velocity vector direction is perpendicular to tHare of rotation with orientation that follows
the right hand rule. By definition, the directiof angular velocity vector is equal to the
rotation axis direction, therefore, applying thefidition to distal motions with respect to a
proximal body segment, using angular velocity vedtacan be found the anatomical axis
around which motions are performed. Distal and pnak motions are considered with

respect to the joint.

The joint coordinate system is composed by anaiaimotation axes and with this method, it

is possible to calculate it. For a casual movemémsrotation axis don't gives important
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biomechanical information, but if the subject pemis uni-axial motions around the
physiological axes (e.g. flex-extension, intra-axttation etc.), the angular velocity vector’s
direction must be equal to the corresponding anatmaxis direction of the motion

performed. To obtain the knee coordinate systentoviahg this method, necessary
independent motions are flex-extension, intra-esdtation and ab-adduction. At this point, to
obtain significant data, movements must be as nmugcte uni-axial as possible. Due to this
reason, two solution were adopted: creating a mmecalkdevice which forced the movements
only around the axis to find or to define specifiotions to perform in particular positions
minimizing unwanted movement3he use of mechanical device was discarded bedhisse

a more complex approach (and it could require g kime), but if the precision required are
very high, with such devices, the movements muspdréectly uni-axial. In the other hand
this approach would force the subject’'s motions @&weéntually disorders wouldn't be

identified.

The second solution, based on physiological, wélexplained in the following paragraph.

6.1.1 Basic movements

The subject performed specific mono-axial movemem#imizing unwanted ones as
previously explained. Positions are defined acecwydd the joint motions, e.g. to find the

knee coordinate system,designed positions are:
» Sit on a table to perform the flex-extension ardittira-extra motions;

« Standing position to perform the ab-adduction moeis?

Data acquired during tests were affected by artefdige to thigh's muscles activation, so the
calculated subject’s joint rotation axes aren’taguo anatomical ones. Due to this, calulated
axes are not quoted here.

The standing position is the designed positiofinid the hip coordinate system.

® Precisely, the ab-adduction knee's motions shieellperformed with the subject in prone positiort,this aim
wasn't improved, and the tests were mainly perfattaeverify the method
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Fig 91: Hip flex-extension Fig 92:Hip intra-extra rot.

Fig 90: Hip ab-adduction

Basic movements defined upward are necessary tdectbe joint coordinate system, and
they are defined according to the joint’s motioDge to this reason they could change from

joint to joint.

6.2 Matlab software to calculate rotation axes

Even for this aim a Matlab software which allowsattalyze data was created. Thanks to the
modularity of the software created for the compmarjsome functions exposed before are still

used for this application and the angles returnedtlae input of the new functions which

calculate the rotation axis:

e Time resize functiorallows to redefine the length of the signal, &@fprm analysis on
the selected motion. This function is fundamental the correct operation of the
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motion axis function and to obtain less data to pot®, because for every sample is

defined an angular velocity vector;

* Angular velocity functionwas inserted due to the incongruence between atient
data and angular velocity data (explained in tt#44paragraph). In this function is
calculated (following the definition) the angulaelecity data starting from the
Segment to Segment angldsta. The algorithm which perform the derivativasw

created with this scheme:

0 The discrete derivative of the firsn£1) sample is calculated using the
definition (the first forward difference):

@) = P(n+1) - ¢(n)((”+f_1i‘”J 7

o For the data between second to second-last santipéedjscrete derivative is
calculated with this resolution:

O(n+1) = (n+2) —cp(n)(%y*

O The discrete derivative of the last{ength@)) sample is calculated using the
definition (the first forward difference):

®(n) = d(n) - P(n —1)(%] o

This resolution allows to obtain the angular vepaillata expressed in the right
coordinate system: the comparison with the anguédocity given in output from

Xsens has revealed slight differences, mainly dubé data filtering done by Xsens;

* Motion axis functionperforms a comparison between ¥eY andZ components of
the angular velocity vectors and the highest onesekected. The comparison is
performed by calculating the average of absoluteesof each component, and by
taking the axis of higher value of angular velocag the rotation axis. This
assumption may be correct considering two paramsietperforming the basic
movements, the angular velocity of the motion atisuld be much higher than the
other two components and it is fundamental, ushegtime resize function, to erase
each signal's segment that doesn’t contain infaomatbout the motions ( e.g. initial

subject's positioning or other movements not rexgl)ir

"89fsis the sampling frequency and the anflis taken as example.
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* Threshold functionapplies a threshold, selected by the user, to tigellar velocity
data. To increase the threshold effect it is appti® the vector's module and the
values included between [+threshold + -threshotd]erased. Indeed the low angular
velocity data, refers to slower motions mainly eféel by errors. Lastly, the same
samples erased in the vector's module are erasettheinaxis of higher motion,

recognized with thdotion axis function;

* Rotation axis functioncalculates the rotation axis from the angular \igjoeectors.
The rotation axis can be considered as the aveshg# angular velocity vectors of
the axis recognized with th®lotion axis function.To find the average of these
vectors, the averages XfY andZ components of every vectors are calculated, amd th
rotation axis, which is equal to the anatomicahtion axis, should be identified by the
three coordinates found. The anatomical rotatiors daund is expressed in the
coordinate system of the sensor taken as referéngeto calculate the flex-extension
rotation axis of the knee, the subject must bete@avio perform the flex-extension
movements, trying to limit others motions, and #mgular velocity vector must be
calculated from Shank to Thighegment to Segment angles that the direction of

the angular velocity vectors are coincident with kimee flex-extension axis.

6.3 Validation test

The electrogoniometer test can be used as validagéist for the method used to find the
rotation axis: indeed for all test the electrogoméder had performed movements around the Z

axis, because all motions were performed on thedital surface. Analyzing data steps are:

Angular welocity of X axis Angular wslocity of ¥ axis Angular welocity of Z axis

100

100

100

50 F a S0 =l a0k o

-50 | 0k . -0k .

Angular Yelocity [s]
Angular Yelocity [/s]
Angular Velocity [*fs]

-100 N -100 - ol -100 - o

-150 a -180 =l -180 o

| | | I I | | | |
o 20 40 60 0 20 40 B0 o 20 40 ED
Time [5] Time [s] Time [s]

Fig 93: Angular velocity diagram
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This graph show the angular velocity data returfnrech the angular velocity function. The

figure below highlight the correspondence betwegentation and angular velocity data:

Yaw angles with rispect the reference sensor
200 T

T I T T T
= 1 /—/ \L =
]
=4
£ U m
400 | | | | | |
0 10 20 30 40 50 B0 70
Time [s]
= Angular velocity of Z axis
i
= 100 T T m T T T T
=
= o JI M-n v o
= Lﬂ
o
= qmf- \V =
=
=
= 00 | | | | | |
=L 0 10 20 30 40 50 B0 70
Time [s]

Fig 94: Correspondence between orientation and #rgeelocity data

To erase the small peak at 8.23 secondsTittne resize functiors used and the signal up to

10 seconds is cut. The graph below represent ta@arnvelocity vectors:

Angular velocity vectors

150

100

50

150

-100
v 150150

-100

Fig 95: Angular velocity vectors
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It is possible to notice that most of vectors arghe Z axis direction, but there are some
lower vectors in the other directions. To maintaimly the higher vectors, a threshold was
inserted by the user. A 40% of the peak value Huolglswas inserted in this example:

Componet X of angular velocity
100 T T T T T T

-100 |- -
| | | | | |

il 10 20 30 40 a0 B0
Componet ¥ of angular welocity

100 T T T T T T

-100 —
1 1 1 1 1 1

0 10 20 30 40 50 B0
Componet £ of angular welocity

100 T T T T T T
= JI m f‘ﬂ\«,_ —
Y]

| | | | | |

0 10 20 30 40 50 B0

Angular velocity data after applied threshold

100 T T | M T m T T T
D ) —
-100 W L -

| | | | | |

0 10 20 30 40 50 0

Fig 96: Component of angular velocity vectors ahne threshold applied

Angular velocity vectors
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Fig 97: Angular velocity vectors of threshold data

87



All vectors lower than the threshold are erased, asing the rotation axis function the

rotation axis i

s calculated:

180

100

a0

-100

Anatomical rotation axis calculated

with respect ®,¥.Z coordinate frame

180 L I | | L L
-150 -100 -50 0 50 100 150
*
Fig 98: Rotation axis founded (XZ plane view)

Anatomical rotation axis calculated with respect XY Z coordinate frame
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Fig 99: Rotation axis founded (YZ plane view)

The rotation axis calculated, as is can see iptaeous graphs, is not perfectly coincident to

the Z axis, because the superior electrogonionsesteim was flexed due to the weight of the

MTw™ placed on the tip. Considering this error dgrthe test, the rotation axis calculated

coincides with the one expected, therefore thishtad confirmed the correctness of the

method used
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CHAPTER 7

Conclusion

7.1 Conclusions

Inertial sensors, like the Xsens MTw™ used forgasiade, are having rapid diffusion in
several application areas, from biomechanics fteldentertainment. Both portability and

easiness of use are the main features behindaghid commercial expansion.

The methodologies developed during this work, based particular reset approach and a
specific angles sequence resolution, allows tooperfcomparison between Xsens MTw™

product and BTS optoelectronic system.

The analysis of test demonstrates that the twesysthave a comparable accuracy, with a
difference of about 3 degrees calculated duringnizaxial test. Regarding 3D tests, as gait
analysis, the Flex-Extension’s graph generally bansuperimposed with an almost perfect
matching and, in the Ab-Adduction and Intra-Extrav@ments, the error remains lower than
10 degrees. Generally, to estimate an healthy moto range of angles is considered
physiological. This range changes with differenttioms, but it may vary depending on

movement’s phases. In figures below the range gfeanconsidered physiologically healthy

for knee motions is represented:

Abduction

Flexion

=
o
o
o

Angle (degrees)

2 3 ~10.04 Adduction

000 10 20 30 40 50 60 70 8 9 100 000 10 2 30 40 5 e 70 80 80 1
% of Gait cycle % Gait cycle

Fig 100: Knee flex-extension Fig 101: Knee Ab-Adduction
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External rotation
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-104 Internal rotation

0 10 20 30 40 50 60 70 80 90 100
% Gait cycle

Fig 102: Knee Intra-Extra rotation

As it can be seen, in the Flex-Extension's graghréimge of physiological angles is set of
about 5+10 degrees.

This consideration ensures that, considering futdegelopments of the Xsens MTw™
technologies, it may be even possible to perfoimaal trials. Anyway the MTw™ are rather
used when the movement naturalness is consideregl important than the accuracy, indeed
it allows to record ordinary motions performed e teveryday environment. However, the
method developed during this work may be diffictdt apply to movements that have
comparable motions in each axes. In this casenibeadifficult to identify a principal motion
axis and then the correct direction to set Xhaxis during the reset. If this problem should
arise, the motion analysis can still be performgplyng this method, but the movement must

be decomposed and analyzed separately for each axis

Nowadays, the Xsens MTw™ can’t create joint anataincoordinate systems and can't
calculate the corresponding angles. Probably thithé main difference between the two
systems. Finally, it shall be interesting to parican overall comparison between the inertial

Xsens MTw™ product and the BTS optoelectronic syste

Xsens BTS

Features _ Note
MTw Optoelectronic

The tests made using the method
Accuracy 4 5 developed, gave comparable

results

The number of markers is
_ . generally larger than MTw, the
Subject preparation 3 1 _ _
placement requires anatomical

knowledge
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The optoelectronic system needs

—

SiX Or more cameras, acquisitio

Portability 5 1 _
systems and pc and it produces a

small calibration volume

The BTS system calibration

Ease of us@ 3 2 _ _
requires some time

The Xsens, nowadays, can’t giv

D

Anatomical anatomical information with the
information ° same accuracy of the

optoelectronic

In the previous table the range of evaluation wefindd between 1 and% Main features of
the optoelectronic system remain the accuracy badahatomical data information: on the
contrary the Xsens main advantages are the patyabiid the subject preparation. However
results of this work have highlighted that the Xseaccuracy is comparable to the
optoelectronic system’s accuracy, therefore thiampater encouraging the use of Xséms
the biomechanical applications. Anyway, the MTw™uldochange the way to perform

Motion Capture recreating the laboratory in thdydide.

7.2  Future developments

Regarding the technical data, a future developmesy the use of the quaternion Xsens'
output mode as an orientation representation. Thgementation shouldn't suffer from

mathematical singularity due to the Euler “aerogpangles definition.

Concerning the Matlab software developed durings thiork, it might shall become

standalone, to allow its use independently of Meglprogramming environment. Moreover it
should be improved with an user friendly graphiteiface which makes simpler and more
intuitive performing the data analysis with thidta@re. Finally, adding the data returned by
Xsens to the subject’s anthropometric data, it Wl possible to reconstruct a 2D model of

subject and revise the subject’'s movements usgrghical 3D environment.

® This term of comparison regarding only the Mot@apture step

° In this term of comparison is considered the gbilf a system to give in output data as possildser than the
real anatomical movements

19 Evaluation is based on the experience acquireidgtinis work
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Another next step which can be done regarding thenX use, is to get access to all data and

configurations of each MTw, developing a softwdrat fully utilizes the SDK’s capabilities.

The most clinically interesting future developmerduld be to create a method for defining
joint coordinate systems using the Xsens MTw™ pebdilihe method explained in Chapter
6, may be the starting point because the joint dioate system must be formed by
anatomical rotation axes. The main problem regardivis system is it has not orthogonal
axes, but, once defined, the rotations about tless are anatomically meaningful. This
approach, in addition to being an important stepdens motion analysis applications, might
decrease the larger difference of diffusion betweXsens inertial sensor and

stereophotogrammetric system.
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