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Resumo

Os avancos do Kinect One, um sensor de captura de movimentos de baixo custo sem recurso a
marcadores, e do seu algoritmo de dete¢do de movimentos humanos levou ao desenvolvimento de
aplicacBes nas mais diversas areas, como reabilitacdo clinica e andlise biomecéanica. O algoritmo
estima eficientemente a posicdo tridimensional de vinte-e-cinco pontos no corpo que constituem um
esqueleto humano. Contudo, para a simulacdo de um modelo biomecénico humano, as orientacdes
anatomicas devem ser estimadas com a maxima exactidao. Esta tese propde a implementacédo de
métodos computacionais baseados na técnica de ortogonalizacao vectorial para obter orientacdes mais
correctas a partir de apenas dois pontos do segmento anatémico. Para validar as orientacdes estimadas
por cada método, um protocolo experimental foi realizado onde um conjunto de dez movimentos foram
registados pelo sensor Kinect One e por um sistema de captura de movimentos baseado em
marcadores. Discrepancias entre as orientagdes estimadas pelo sistema baseado em marcadores e
por cada método usado pelo Kinect One foram graficamente comparadas e avaliadas usando o
coeficiente de correlagdo de Pearson. Os resultados obtidos mostram que os métodos implementados
estimam com boa até muito boa correla¢é@o a orientacdo em torno de um dos eixos de rotacéo ao passo
gue em torno dos outros eixos de rotacdo o padrdo cinemético foi relativamente diferente entre as
diferentes técnicas e movimentos. Estes resultados encorajam o desenvolvimento de um modelo
parametrizado que prevé a orientacao ideal para cada segmento anatomico tendo em conta a posi¢ao

das juntas humanas estimadas pelo sensor Kinect One.

Palavras-chave: Andlise de movimento; Detecdo do esqueleto; Kinect One; Ortogonalizagdo de

vectores; Cinematica; Angulos de Euler.
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Abstract

The recent advances for the Kinect One, a low-cost marker-less motion capture sensor, and its human
motion tracking algorithm have led to the development of applications on the most diversified fields such
as clinical rehabilitation, biomechanical analysis and entertainment. The tracking algorithm estimates
efficiently the three-dimensional position of twenty-five anatomical joints and body extremities which all
together constitute a human skeleton. However, for the correct simulation of a human biomechanical
model, the anatomical orientations must be estimated with the maximum efficiency. This thesis purposes
the implementation of computational methods based on vector orthogonalization technique to obtain
more faithful orientations from only two points of the anatomical segment. To validate the orientations
estimated by each method, twenty-eight subjects performed a set of ten movements that were recorded
by the Kinect One sensor and by a marker-based motion capture system that is considered the
reference. Discrepancies between orientations estimated by the marker-based system and by each
method used on the marker-less system were graphically compared and were evaluated using the
Pear sonds c or ene Tha tesults mbtainedestiofv that the methods implemented estimated
with good to very good correlation the orientation around one axis of rotation while, for the orientations
around the other axes of rotation the kinematic pattern was relatively different among the different
methods and movements. These findings encourage the development of a parametrized model to
predict the optimal orientation of each anatomical segment taking into account the position of the human
joints estimated by the Kinect One sensor.

Keywords: Motion analysis; Skeleton tracking; Kinect One; Vector orthogonalization; Kinematics;
Euler angles.
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1 Introduction

1.1 Motivation

Human motion tracking, the process of recording spatiotemporal information of the human movement,
presents nowadays an importance in the progress of several domains. On the rehabilitation field, for a
patient who suffered a stroke or another pathology that have partially incapacitated his motor function,
the continuously monitoring of the patientos

motions and restore his independence for every daily activity. On the ergonomics field, the evaluation
of the potential risks the workers are subject to at the workplace can also be performed with motion
tracking with further analysis of the postures and movements recorded, which may help to improve the
work conditions and, subsequently, the satisfaction of the workers and the productivity of the company.
The tracking of human movement is also extensively implemented on the analysis of the sports
performance of top-levels athletes in order to improve their results and on the analysis of gait patterns
for clinical purposes. Another research area where the tracking of human motion can be implemented
is in the field of Human Computer Interaction for the improvement of the communication of humans and

machines through the identification of gestures.

Therefore, to achieve the best outcomes on the previous examples it is required a motion tracking
system to be the most accurate as possible. There are several technologies that can be used for the
tracking of movements, each with its own advantages and disadvantages, but the one that provides
better precision and accuracy is the marker-based visual system (Ceseracciu et al.). In this system,
several cameras are used to track reflective markers placed on the body of the person. However, this
motion capture system has some drawbacks (Capozzo et al., 1996): it is expensive; it takes too much
time to set all the markers on the subject; the markers may not be placed in the correct position or they
may move due to the displacements caused by the soft tissue; it lacks portability which makes it

i mpossible, for example, to perform physical t

An alternative that is being explored by the researchers is the implementation of marker-less visual
systems, such as the Kinect One sensor, in which a depth image is created and combined with a color
camera to estimate the position of the centers of several human joints. This device is much less
expensive than the marker-based system, it does not require the placement of markers on the body and
it is much easier to carry it to different places. Several studies have been performed in order to
investigate the accuracy and reliability of the Kinect sensor on the estimation of the join t gosition and
the kinematic parameters that result from those (Clark et al., 2013; Bonnechére et al., 2014). The results

found are promising for the implementation of this sensor on the different applications.

However, the Kinect sensor presents one major drawback which is the estimation of the jointsd
orientation from the j o i posit®r The software produced for the sensor has a built-in algorithm that
provides those orientations but, due to their difficult interpretation and lack of documentation about how

to use them, they are not reliable. Although several investigators had analyzed the main joint angle

movemen
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performed on a given task, for example, the angle between the forearm and the arm for elbow flexion
motion, they did not look for the three possible rotations that some joints can perform. This drawback
leads to a poor representation of the human body model which may induce misleading results on the
computations of several kinematic parameters. Besides, this problem would also affect the visual
feedback of the human body motions which is vital on several domains that need motor learning, such

as rehabilitation.

Hence, this research work will address different ways to estimate the orientations of some anatomical
segments that constitute the human body from the | o i posit®ord estimated by the Kinect sensor in

order to obtain virtual movements more faithfully to the real movements.

1.2 Literature Review

1.2.1 Human Motion Analysis

The study of human motion dates to the primordial years of human history with a text about motion
patterns of animals and humans published by Aristotle, 384-322 BC, (2015). With the course of time,
the progress on several fields such as medicine, mathematics or arts allowed the understanding of the
anatomy and motion of the human body. Klette and Tee (2008) made a comprehensive review of the
people and the contributions through the course of History that lead to the current understandings of the
human motion. With the introduction of the first computers in the 1950s, the disciplines of computer
graphics and computer vision had emerged and, due to its progress, the advances in motion capture of

human movements have been evolved in a remarkable way.

There are several methods to capture and track the human movements which may be applied to different
applications. Zhou and Hu (2008) performed a survey to review the main technologies used for human
motion tracking with application in the rehabilitation field. They classify those technologies in three
categories: non-visual tracking, visual-tracking and robot-aided tracking. For the purpose of this thesis,
only the first two categories will be described since robot-aided tracking, although it has been important
for the development in the rehabilitation domain (Hesse and Uhlenbrock, 2000; Perry et al, 2007), is out
of the scope of this work since one is interested in the general estimation of positions and orientations

for the representation of a human model.

Non-visual tracking systems track the human movements by using sensors that are attached directly on
the human body to collect motion data. Among these systems, inertial, magnetic and mechanical
sensors stand out for most of the studies and applications. In general, all of these sensors have the
advantage of recording data without taking into account the presence of external devices such as
cameras (Zhou and Hu, 2008) but, on the other hand, they are cumbersome to use and to be applied to
real situations (Li and Buckle, 1999). However, a brief description of the non-visual tracking systems

mentioned is introduced, as well with some studies of their implementation in motion tracking.



Inertial sensors, such as accelerometers and gyroscopes, can be used to estimate the positions and
orientations from the accelerations and angular velocities measured over time. These sensors can
accurately assess the human pose and movement (Bernmark and Wiktorin, 2002; Hansson et al., 2001,
Zhou et al., 2006) and, in the biomedical field, it was shown that they can predict the falls of elderly
subjects which was an important step for the ambulatory monitoring of those people (Najafi et al., 2002).
The main disadvantage of the inertial sensors is the integration drift that may occur, due to fluctuations
on the offsets or measur e me n thépositions and @ientatiwhsicamiputed
(Zhou and Hu, 2008).

Magnetic sensors can measure six degrees of freedom of each joint, corresponding to its position and
orientation in the three-dimensional space, from a magnetic field that is created between a transmitter
and each sensor. Hindle et al. (1990) found that these sensors can be used to compare the kinematic
pattern of the backs of normal subjects with the kinematic pattern of clinical patients. Molet et al. (1996)
proposed a real-time method to convert the measurements made by the magnetic sensors into human
anatomical rotations instead of the traditional editing software. Although these sensors do not present
problems of occlusion, the presence of ferromagnetic objects may cause perturbations in the magnetic

fields which cause the presence of jitter in the measurements (Lenz, 1990).

Mechanical systems make use of several sensors such as potentiometers which, as a whole, form an
exoskeleton that the subject has to wear (Vlasic et al., 2007). These sensors provide directly the
orientations on each joint but do not estimate its position. For that reason, to solve that problem these
sensors usually are combined with other systems such as inertial or magnetic sensors. Smutz et al
(1994) have used these sensors to measure the wrist position and angle for the development of a system
to evaluate the effectiveness of a new keyboard design. The exoskeleton presents the advantages of
having a wide range of motion to record and not suffering from occlusion, but it is uncomfortable and
cumbersome to use and do not account for all the rotations such complex human joints can perform
(Menache, 2000).

Visual-tracking systems resort to optical sensors, such as cameras, to estimate the pose of the subject.
Moeslund et al. (2006), who have done a survey about the advances in computer vision for the human
motion capture, stated that for an application point-of-view the visual systems present a more attractive
solution than other methods. Visual-tracking systems can be classified in two sub-categories: marker-
based system and marker-less system either if markers are placed on the body or not (Zhou and Hu,
2008).

The research of Johansson (1973), in which he attached flashlight bulbs on the main joints of the human
body to be tracked by a camera, is considered the pioneering work for the marker-based human motion
tracking. In these systems, the cameras estimate the three-dimensional position of each marker by
combining the information from the two-dimensional images captured by each camera (Menache, 2000).
The markers may generate infrared light which is acquired by the cameras (active marker-based system)
or may only reflect the infrared light generated by the sensors (passive marker-based system). Since
these markers can be placed approximately upon the human joints then it makes possible to obtain

directly a representation of the human skeleton and reproduce accurately the human movements.
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Capozzo et al. (1995) have contributed to define the standard bony landmarks where the markers should
be placed and the anatomical reference systems to state the position and orientation of the anatomical
segments. Marker-based systems have been extensively used for the estimation of the anatomical
segmeartisdnt ati ons, jeianhdcpotatds bhoghetsodureiahg
1991; Charlton et al., 2004) which are quantities that may be used to detect pathologic gait patterns
(Kadaba et al., 1990). Due to its high accuracy on estimating the position of each marker, the visual
marker-based system is considered the standard system for analyzing the human motion and has been
used as a ground truth to evaluate other methodologies of human motion tracking (Ceseracciu et al.,
2014).

Although the marker-based system is mainly applied to several domains, specifically, on the diagnosis
of orthopedic patients and on the improvement of the performance of top-athletes, it presents some
disadvantages that prevent its implementation on other applications (Capozzo et al., 1996). Due to the

complexity of its setup and the preparation of the environment to acquire high-quality data, it is difficult

to carry and i mplement the system into different

home (Best and Begg, 2006). Besides, these systems are relatively expensive and require some time
for the placement of the markers on the subject (Bonnechére et al., 2014). Other drawbacks arise from
the use of the markers: the wrong identification of the bony landmarks to place the marker may originate
wrong rotations for movements occurring in a single plane (Della Croce et al., 2005); soft tissue artifacts,
which corresponds to the skin deformation and displacement, can cause the relative motion of the
markers or even their fall which leads to a propagation of the error on the computations of kinematic
parameters (Fuller et al., 1997; Leardini et al., 2005); the presence of the markers on the body may

cause discomfort and impede some types of motions (Corazza et al., 2006).

The advances in the fields of computer vision and computer graphics had allowed the development of
tracking the human movements with cameras, similar to the marker-based system, but without the
placement of markers on the body. The marker-less system constitutes the most non-invasive technique
for the human motion tracking and for that reason it corresponds to the solution most appellative for real
situations (Moeslund et al., 2006). Surveys that identified several works for the analysis of human
movement have categorized the methods implemented by the dimensionality approach and the type of
model used (Aggarwal and Cai, 1997; Gavrila, 1999; Zhou and Hu, 2008).

Regarding the two-dimensional approaches, the human tracking can be performed with an explicit shape
model, in which the previous knowledge of the shape of the human body or the shape of body segments

are used to detect and track the subject, or without the shape model (Gavrila, 1999). Ju et al. (1996)

he g
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defined a parametrized model i n sewmthd by Iplanar tp&ches tibbj ect 6 s

recognize the human gait. Wren et al. (1997) developed a method to track the human body in real-time
by using a spatial and color statistical model that describes the human body as a set of different regions.
The 2-D tracking without explicit shape models resorts to the extraction of low-level features from the
images (Zhou and Hu, 2008). Segen (1996) implemented a method that tracked in real-time moving
subjects by using overlapping feature-paths representative of each subject. Oren et al. (1997) developed

a method, invariant to color and texture, to detect pedestrians using wavelet coefficients as features.
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Fablet and Black (2002) resorted to the optical flow patterns of pedestrians to automatically track their

movement in a sequence of images.

The three-dimensional approaches for human tracking normally consist of the implementation of a
human model to predict the movements (Zhou and Hu, 2008). These models can include a stick figure
that corresponds to the skeletal structure of the subject formed by different joints and segments, and a
volumetric flesh surrounding the stick figure to appr
and Badler (1980) defined a human model with 24 segments and 25 joints with a chain of constraints,
such as |limits on jointds angles, based on the kinema
in several images. Holt et al. (1994) applied a constraint chain scheme into a stick human model to

describe the motion of a human gait.

Sinthanayothin et al. (2012) have summarized some advances of the human body and human skeleton
tracking during the 200006s presenting asetav€00F) t heir
proposed a method to track the articulated human motion in real time by learning a dynamic model with
a nonlinear dimensionality reduction technique. Junxia et al. (2008) presented an adaptive patrticle filter
for the tracking of each body segment which allowed the full body tracking of rapid movements at
different points of view. Lee and Nevatia (2009) implemented a multi-level state representation for the
estimation of a structured human pose and were able to track subjects for different type of movements

and without problems of occlusion of the subject itself or by other subjects.

Actually, one of the main methods to track in real-time the human pose and movements was
implemented by Shotton et al. (2011). From a single depth image and without temporal information, their
method can accurately predict the position of several human joints. This algorithm was implemented on
a commercial motionless system camera called Kinect which was launched by Microsoft for
entertainment purposes (Kinect, Microsoft Corp., Redmond, WA, USA). This sensor is constituted by a
color camera, a depth sensor, which includes an infrared (IR) emitter and an IR sensor, and an array of
four-microphones, which respectively provide RGB images, depth images and audio signals. The depth
image is obtained from an IR speckle pattern projected by the IR emitter and the consequent capture of
reflected speckles by the IR sensor. A few years later, Microsoft launched a second version of the Kinect,
the Kinect One, whose technology to obtain the depth image changed: instead of the triangulation
method between the IR emitter and IR sensor, a time-of-flight (TOF) method was implemented which is
based on the time that IR light takes from the IR emitter to the IR sensor after being reflected on the
target. In general, the Kinect One presents better precision and accuracy in the 3-D scene reconstruction
than the first version as analyzed by Gonzalez-Jorge et al. (2015) who performed a metrological

comparison between both sensors.

The | ow <cost of t he Ki n e chandlisgeand portabilityt theeimptementedor 6 s e a
technology to obtain depth images and the open-source software to develop applications (Microsoft
SDK, Microsoft Corp., Redmond, WA, USA) allowed the expansion of this device for other applications
besides the entertainment industry, especially to the rehabilitation field (Han et al., 2013). Chang et al.
(2011) created a rehabilitation application using the Kinect and applied it on two subjects with motor

impairments, which reacted enthusiastically to the intervention method and performed a higher number
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of corrected movements in relation to standard rehabilitation methods. Several researchers evaluated
the accuracy and reliability of the ki ne mtal(R042)
studied the accuracy of thej o i posit®roand the robustness of pose estimation in the context of elderly
assistance. The accuracy of ] oi nt s 6 wap alsoievaluated on the analysis of the upper limbs
reachable workspace (Kurillo et al., 2013a; Kurillo et al., 2013b). Both studies have found that the Kinect
is capable of estimatingthe | o i positrowith sufficient robustness for clinical evaluation in comparison
withthe markerr-b ased moti on capture system. The jointé
j ointsobtwegalsosubjgconof study for the evalwuation of-
Baena et al. (2012) and Bonnechére et al. (2014) studied the range of motion for upper-body and lower-
body movements; Huber et al. (2015) focused only on the shoulder joint orientations; Clark et al. (2012)
validated the assessment of postural control. They concluded that the data were comparable with the
findings on the highly-accurate marker-based system giving then proof of the applicability of the sensor
in the clinical setting. Finally, the Kinect sensor presented also good potential for the measurement of
spatiotemporal and kinematic variables during the gait movement (Clark et al., 2013; Auvinet et al.,
2015; Mentiplay et al., 2015).

Despite the pot entlétantrackonf algorithen, ithiesemrscsonte siravebécks that need
attention. Clark et al. (2012) mentioned that some parameters present proportional biases which may
justify some differences between the standard marker-based system and the Kinect sensor
measurements. Although for some domains, such as entertainment, these differences do not affect the
general interaction, for clinical situations, the precision and accuracy of the sensor are crucial. In fact,

the skeleton model estimated by the algorithm does not reproduce exactly the anthropometric human
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model due to the var i abelta, 268 .dHoberrettald(2019) feundjthahthe joithdu m

orientations are less accurate for movements in the sagittal plane than in the frontal plane which may
be explained by the self-occlusion by some anatomical segments. Regarding the movements in the
transversal plane, such as internal and external rotations of the forearm, Clark et al. (2012) stated that
the Kinect sensor has a limitation on the assess of the orientations relative to those movements. For the
improvement on the estimation of anatomical segments orientations, Destelle et al. (2014) proposed a
hybrid system that combines the marker-less Kinect sensor with non-visual inertial sensors. This system
obtained jointsbangles more accurately than the Kinect sensor by itself although the presence of the

inertial sensors may cause discomfort and be cumbersome for the subject.

1.2.2 Vector Orthogonalization

Vector orthogonalization corresponds to a linear algebraic problem whose purpose is to find a set of
linear independent orthogonal vectors, which form a basis for a vector space, from only one of the basis
vectors. It may be used in different engineering applications, namely, contact mechanics to track the

evolution of the position and velocity of the contact point (Lopes et al., 2013).

The first vector orthogonalization method to present correspond to a series of successive cross-products

until the set of orthogonal vectors are formed. One first cross-product is performed between the first



basis vector, which will be the input vector, and a vector non-collinear to the basis vector. This operation
outputs a vector that is orthogonal to the input vector, constituting then the second basis vector. With a
second cross-product between these two basis vectors, the third and final basis vector (considering the
three-dimensional vector space) is formed and a set of basis vectors is created. This method can be
applied by different ways: Eberly (2010) computes the orthonormal set by applying the cross-product of
the input vector with the i-dudcompohentcamesponds todhe entyol umn w
with smallest absolute value of the input vector; Lopes et al. (2010) implemented a method based on a
square-plate mechanism in which two non-collinear vectors to the input vector are, at least, determined

and the cross-product is computed between the input vector and one of those non-collinear vectors.

A second approach for vector orthogonalization corresponds to the rotation of one of the basis vectors
of a predetermined orthogonal matrix in order to be collinear with the input vector. When the matrix is
rotated in order to align one of its basis vectors with the input vector, since the matrix is already
orthogonal, a set of basis vectors is formed. This approach can be performed with a projection matrix
and the identity matrix as the predetermined orthogonal matrix. A projection matrix that projects any
vector to the straight line collinear to the input vector is computed. Then it is chosen the column vector
of the identity matrix, that makes a sufficiently large angle with the input vector, and the projection matrix
is applied on this column vector to align it to the input vector (Lopes et al., 2013). The other two basis

vector are obtained by applying the rotation that occurred to align the two vectors.

Another vector orthogonalization method that can be used is the first step of the QR decomposition, an
algorithm in which a given matrix is decomposed into an orthogonal matrix "Eand an upper triangular
matrix ). That first step can be performed either by using Householder reflections or Givens rotations,
with preference for the first due to its lower computational cost (Lopes et al., 2013). The Householder
reflection corresponds to a linear transformation that picks a vector in the vector space and reflects it

about a (hyper)plane.

A fourth approach to obtain an orthogonal set of basis vectors corresponds to the implementation of
spherical coordinates. These coordinates intend to describe positions on a spheroid: a point is defined
by the radial distance to the reference frameds origi
A set of basis vectors can be formed from the input vector, in which, the basis vector corresponding to
the radial direction is aligned with the direction of the input vector and two orthogonal vectors

corresponding to the zenith and azimuthal directions are computed (Weisstein).

1.3 Scopes and Objectives

The main objective of this thesis is to study the implementation of different vector orthogonalization
methods for the estimation of the relative orientations of the anatomical body segments from only two
points for each anatomical segment. Within this objective, it is intended to obtain anatomical rotations

of the virtual model that correspond more faithfully to the real rotations performed by the human body,



providing then a more realistic human motion tracking system and verifying that it is possible to improve

the tracking capability of the Kinect One sensor with a computational system.

For this purpose, an experimental protocol to be applied on several subjects was planned. A
biomechanical representation of the human body is defined in which each anatomical segment is
represented by a rigid body. The biomechanical model is composed of 11 independent rigid bodies

arranged in an open-loop kinematic chain but with no kinematic constraints associated.

The validation of the orientations estimated by the vector orthogonalization algorithms implemented on
thej oi nt s Odatp fmomithe Kireect sensor is assessed by comparing the results obtained with the

orientations estimated by a highly-accurate marker-based motion capture system.

1.4 Contributions

The contributions of this thesis are transversal for every field where human motion tracking can be

applied, such as biomechanical analysis or rehabilitation, and include:

1 The computational implementation of different vector orthogonalization techniques for the
estimation of the anatomical segmentsdorientations using information from the Kinect One,
which may reproduce more authentically the rotations in relation with the real anatomical
rotations.

1 The application for the first time of several vector orthogonalization techniques on the human
pose estimation and motion tracking fields.

1 The improvement on the estimation of the orientations on a marker-less system which is non-
invasive and most appreciated to implement on real-world applications.

1 The formulation of a biomechanical model composed of 11 rigid bodies with a different definition
for the anatomical reference frames, in order, for the rotations that occur on each model defined

on the marker-less and marker-based systems be more similar.

1.5 Thesis Organization

In this thesis, it was pretended to assess the validation of the orientations estimated by different vector
orthogonalization approaches and, for that purpose, an experimental protocol was elaborated. This
thesis is organized in six chapters that go through the fundamentals concepts needed to understand
motion kinematics, the definition of the biomechanical model and the laboratory setup to the
achievement of the results and conclusions of the work. In Chapters 2, 3, 4 and 5, a conclusion summary
is presented in order to gather the main concepts of the respective chapter and create a follow up for

the next chapter.



Chapter 1 corresponds to the current introduction where the motivation, objectives and contributions of
this thesis are presented. It contains a review of the state-of-the-art about the technologies used for
tracking human movement with a special focus on the application of the Kinect and about different

methods to find an orthogonal set of basis vectors.

Chapter 2 presents some concepts for kinematic analysis that are needed to understand some notions
and methodologies implemented through the thesis. This chapter introduces the terminology of human
movements and how to describe the different motions, presents the concept of rigid body and how to
define a multibody system, and explains how to obtain the orientations between two orthogonal

reference frames through the implementation of rotation matrices and Euler angles.

In Chapter 3, the biomechanical model to represent the physical system of the human body is revealed,
showing the reconstruction of the reference frames of each anatomical segment for both the marker-
based and the marker-less systems. On the second part of this chapter, it is shown the laboratory setup

where it is explained the different technologies used to acquire the experimental data.

Chapter 4 contains the computational methods that were used to process the raw data of the j oi nt s &
position for the marker-l ess system and the raw data of -basece mar k el
system. Then, it is demonstrated how the relative orientations between anatomical segments were

retrieved from the experimental data, in which the concepts of rotations matrices are needed to fully

understand the operations performed.

The results and their discussion are presented in Chapter 5. It is shown the orientations pattern for a
given anatomical segment of five movements performed during the acquisition step. The orientations
curves for the marker-based system are introduced first to explain the kinematic pattern of the
movement, and then the orientations estimated by six vector orthogonalization techniques are compared

with the standard orientations.

Finally, in Chapter 6 it is discussed the overall conclusions of this work including possible limitations of
the study and future developments that should be taken into consideration for further researches about

the improvement of the anatomical segmentséorientations estimated by the Kinect One sensor.



2 Fundamentals for Kinematic Analysis

2.1 Concepts of Human Body Motion

In order to study and analyze the human movement on a sports, medicine, ergonomic or in other
scientific or professional field it is important to know the specific terminology used to describe the

different human positions and movements.

The human movement can be described as a general motion resulted from a combination of several
sub-motions, namely translation and angular movements. Translation movements, also called trajectory
movements, consists of the uniform motion of the whole body along a rectilinear or curvilinear trajectory,
as can be seen in Figure 1 (a) and Figure 1 (b) respectively. Angular movements describe the rotation
of the whole body or of several anatomical segments around an imaginary axis called the axis of rotation,
as depicted in Figure 1 (c). Whereas on the first case there is no relative movement between the different
anatomical segments and the body moves as if it were a single component, on the second case a given
anatomical segment can rotate in relation to another anatomical segment around the axis of rotation

that goes through the center of the joint that attaches the two segments (Hall, 2012).
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Figure 1 - Representation of different types of motion: rectilinear translation movement (a), curvilinear translation
movement (b) and angular movement (c) (Hall, 2012).

To describe the relative motion and position between the anatomical segments it is important to define
areference position. That position is called Anatomical Reference Position in which the individual stands
straight, with its feet slightly separately and pointing forward and both arms hanging laterally with the

palms of the hands facing forward (Whittle, 2007). This position is depicted in Figure 2.

There are a set of terms to explain the relative position between two body segments: superior for a
segment closer to the head (the opposite is called inferior); anterior for a segment farther away from the
front (the opposite is called posterior); medial for a segment closer to the body midline which is the line
that divides the body into its right and left halves (the opposite is called lateral); proximal for a segment
closer in proximity to the trunk (the opposite is called distal); and superficial stands for anything closer
to the surface of the body (the opposite is called deep) (Whittle, 2007).
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From the anatomical reference position, the relative motion can be described by setting the three
imaginary and perpendicular anatomical reference planes. Each of these planes divides the human body
into two parts with the single point common to the three planes correspondingtot he bodyb6s cent e
mass. The sagittal plane divides the body into the right and left halves, the frontal plane splits the body
into the anterior and posterior halves and the transverse plane separates into the superior and inferior

halves (Hall, 2012). The three anatomical planes can be observed in Figure 2.

Beyond the anatomical planes, it is also possible to define three anatomical reference axes which are
used to describe the rotation of a body segment relative to other. Each of these anatomical axes is
perpendicularly oriented to one of the three anatomical reference planes: the mediolateral axis is
perpendicular to the sagittal plane, the anteroposterior axis is perpendicular to the frontal plane and the

longitudinal axis is perpendicular to the transverse plane (Hall, 2012).

Sagittal plans
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Figure 2 - Representation of the anatomical reference frame along with the anatomical reference planes and the
directions that correspond to the three anatomical reference axis (Whittle, 2007).

Although most of the human movements do not occur on the cardinal planes, it is possible to describe
primary movements that occur on each plane and rotate around the perpendicular axis of rotation that

goes through the joint where the movement occurs.

The primary movements that occur in the sagittal plane and around the mediolateral axis are flexion,
extension, and hyperextension. The first corresponds to a rotation of the body segments towards the
anterior direction (with the exception of the leg segment which is towards the posterior direction), the
second returns the bent segment to the anatomic reference position and the last one performs a rotation
opposite to the flexion direction. Regarding the feet, those two first movements tend to be called

dorsiflexion and plantar flexion (Hall, 2012). Those primary movements are illustrated in Figure 3.
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Figure 3 - Movements in the sagittal plane of shoulder flexion (a), shoulder extension (b) and shoulder
hyperextension (c) (Hall, 2012).

On the frontal plane and around the anteroposterior axis, the main movements are the abduction, in
which a body segment is moved away from the midline of the body, and adduction, which brings back
the moving body segment to its original position, as can be observed in Figure 4. Besides those motions,
on this plane, there can be also lateral flexion of the trunk, elevation, and depression of the shoulder,

radial and ulnar deviation of the hand and eversion and inversion of the foot (Hall, 2012).

(a) (b)

Figure 4 - Movements in the frontal plane of hip abduction (a) and hip adduction (b). (Hall, 2012).

Concerning the movements that rotate around the longitudinal axis and occur on the transverse plane,
right and left rotation describe the rotation of the head, neck and trunk while medial (or internal) and
lateral (or external) rotation correspond to rotations of the whole arm and leg. On Figure 5 is depicted
the medial and lateral rotation for the hip. Two more important types of movements can be associated
with this class: supination and pronation, which designate the outward and inward rotation of the
forearm, and the horizontally abduction and adduction, which correspond to the rotation of the arm and

thigh when they are flexed at a specific position (Hall, 2012).
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Figure 5 - Movements in the transversal plane of hip internal rotation (a) and hip external rotation (b) (Hall, 2012).

2.2 Multibody Kinematics

Under the study of classical mechanics, field that describes the motion of bodies influenced by a system
of forces with a set of physical laws, two sub-fields may arise: statics and dynamics. While the first is
concerned with a body that is either at rest or moving with a uniform velocity, the second cares about

the presence of acceleration on the movement.

Dynamics can also subdivide into two branches: kinematics and kinetics. Kinematics, created from the
Gr ee k Knemadowhii ch means (Beygsy W83k siudies the movement of systems of
points, bodies or multibodies without considering the forces that actuated on the system. On the other
hand, kinetics takes into account the forces that actuated on the system to produce a given movement
(Hall, 2012). Since this thesis will not take into account the forces that produced the movement but only

the geometry of the motion, the study will be under the field of kinematics and not kinetics.

To analyze the motion of a specific system, the concept of rigid bodies must be introduced. Rigid body
corresponds to a body which, under the effect of forces, does not deform. In other words, the distance

between any two points of the rigid body keeps constant after the application of any kind of force.

In three-dimensions, the position and orientation of a rigid body can be fully specified by six independent
coordinates as shown in Figure 6. These can be obtained from three non-collinear points of the rigid
body or by the position of one point of the rigid body and the orientation (also called angular position or
attitude) of the rigid body in relation to a specific reference frame (Beggs, 1983). Normally, that one point
of the rigid body is its center of mass (or the centroid if the body has uniform density) and the orientation
is represented by a set of three Euler angles (Arovas, 2012). Under the kinematic field, when a rigid
body moves it is said that a change of its position is called a translation while a change of its orientation

is called a rotation.
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Figure 6 - Three-dimensional rigid body represented by its six independent degrees of freedom. Three coordinates
(a@ &) describe the position of the rigid body while the other three coordinates (%e—f ) describe its orientation.

When two or more rigid bodies are assembled together by kinematic joints that allow or restrain the
relative motion between them, then it is said that a multibody system is formed (De Jalon and Bayo,
1994). On Figure 7 it is possible to see a multibody system of four bars composed of three rigid bodies
joined together. The kinematic joints can be characterized in classes based on the allowed number of
degrees of freedom. A class | kinematic joint allows one degree of freedom of relative motion between
the two bodies to which is connected, this is, it allows only one independent relative motion between
them (for example, it could allow only one rotation). Therefore, class Il kinematic joints allow two degrees

of freedom, class Il allow three degrees of freedom and so forth.

Figure 7 - Multibody system of four bars composed of three rigid bodies attached by kinematic joints.

A multibody system formed by rigid bodies constitutes a kinematic chain. This chain can be classified
as an open-chain or a closed-chain, if either the system does not present closed branches (such as a

pendulum) or it presents closed branches such as the example in Figure 7 (De Jalon and Bayo, 1994).

The multibody system can be described by a set of parameters or coordinates that, at any instant,
determine its position, velocity and acceleration. Those parameters can be obtained by a set of
mathematical equations that taken together will constitute a mathematical model that simulates the

motion of the multibody system.

The analysis of a multibody system problem can be made by different ways and it is possible to describe

the same system by a different type of coordinates. Depending on the type of problem, some coordinates
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may be more advantageous than others regarding its simplicity or computational efficiency. The two
main types of coordinates that can be used are independent coordinates or dependent coordinates
(within the dependent coordinates there is also the relative coordinates, reference point or Cartesian
coordinates, and natural or fully Cartesian coordinates). On the first type, the number of coordinates to
use equals the number of degrees of freedom of the multibody system. It has the advantage of giving
directly the position and orientation of each rigid body composing the system and so it requires the
minimal number of coordinates to represent the multibody system. On the other hand, it does not provide
an explicit solution for the state of the whole system. The second type of coordinates uses more
coordinates than the number of degrees of freedom of the system, which can systematize the model
more easily but with the need of constraint equations. In terms of computational efficiency, the
independent coordinates present, usually, higher efficiency than the dependent coordinates since they
do not need to use those constraint equations (De Jalon and Bayo, 1994). This thesis adopts the first

type of coordinates to analyze the different rigid bodies composed of the defined multibody system.

2.3 Three-Dimensional Kinematics: an overview of rotation matrices and
Euler angles

When a biomechanical analysis is performed sometimes it is desired to know the position and orientation
of arigid body in relation to another rigid body. However to find that relationship some algebraic concepts
are needed in order to perform the mathematical computations. The first part of this chapter will address
those concepts and demonstrate how different types of relations can be defined by rotation matrices.
The relations are demonstrated on the two-dimensional vector space for simplicity but they are also
valid for the three-dimensional vector space. On the second part of this chapter, it will be shown how to

compute the Euler angles from a rotation matrix on the 3-D vector space.
Rotation Matrices

Consider the 2-D reference frame presented on the left side of Figure 8 whose set of unit vectors is
constituted by the basis vectors i prmt andl Tip . Then those vectors are rotated by an angle
of —+ as can be observed on the right side of Figure 8. Since the basis vectors are unit vectors (by
definition a unit vector is a vector whose length equals one) through some elementary trigonometry it is
possible to compute the positions of the rotated basis vectors: the vector i maps to the vector i
AT-60 E+ and the vector i maps to the vector Tae O E+A 1 -0 . The rotated vectors are illustrated
on the right side of Figure 8.

Intuitively, it is possible to understand that there was a transformation that moved the vectors to a new

position after the rotation. That transformation, which moves any vector "l located at coordinates @ww

to a new vector "lapositioned at ceexe in the vector space after a rotation by —is applied, is given by
@ A "9 No E_,T' (o @
@ OEF Ao ®
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"lee [l 2
where the matrix fj corresponds to the rotation matrix,

. Ai-0 OEF
T 6ef AT ®

yJL y F 3

sin @

\6

cos @

Y
.

v
L 4

Figure 8 - On the left is depicted the reference frame with its basis vectors ian
is illustrated the application of a rotation by —on the basis vectors of the reference frame. The vectors
mapped respectively to the vectors iaand: ge

Now suppose that the rotated vectors iaand Tambtained before from the basis vectors of the previous
reference frame will constitute a new set of basis vectors for a new reference frame. This is possible
because since the original basis vectors were unitary and orthogonal to constitute the original reference
frame then the rotated ones will also preserve the same properties. Then consider a point P with
coordinates @ @  on the original reference frame A and with coordinates @ @ on the rotated

reference frame B as shown in Figure 9.

Like previously, through some basic trigonometry, it is possible to relate the coordinates of point P on

the original reference frame with the coordinates on the rotated reference frame by the following

expression
® AT-6 OB+ ® @)
® OEF AT-9 o
TR )

where "l and "l are respectively the position vector of point P on the reference frame A and B, and the
matrix j corresponds to the rotation matrix:
Al-© OB+ ©)
OB+ AT-6
Note that the rotation matrix in Equation (3) equals the rotation matrix obtained in Equation (6) although

with different interpretations: while in the first case the rotation matrix moves a given vector to a different
position on the same reference system, in the second case it changes the way the vector is expressed

(Goldstein et al., 1980). This last process is called a change of basis: since a vector is described as a
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linear combination of a set of linearly independent basis vectors that define a reference system, the
same vector can be represented as a linear combination of a different set of basis vectors that will define
a different reference system. On Equation (5), the rotation matrix changes the representation of the point

P on the reference frame B to the reference frame A where the first is rotated by —in relation to the

second.
Ya
P
e .
4 i
Yp !
-5 >
Al | Xa
| XA |

Figure 9 - On the left side is depicted the point P on the original reference frame A. On the right side the point P is
represented by the new reference B which was obtained by
right side).

Consider now the case in which the new reference frame is not only rotated in relation to the original
reference frame but also translated, this is, the point of origin of the new frame will be different from the
point of origin of the original frame. This case is depicted in Figure 10, in which the new reference frame
is rotated by —and also translated to the point Og with coordinates ® ® in relation to the original

reference frame.

Y YB
F 9
P
I .
b
O | & Ewa—
[ x‘g, | XoB

Figure 10 - On the left side is represented the point P on the original reference frame A. On the right side is depicted
the point P represented on the new reference frame B which was obtained from A (depicted by dash lines) with a
translation and a rotation.

In this case, the relationship between the coordinates of the point P on the original reference frame with

the ones on the new reference frame is given by
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o  Ai-0 OBt® © @
6 OEF A0 6 ©

T (8)

where "I and "l are respectively the representation of point P on the reference frame A and B, "l is

the representation of the point Og on reference frame Aand ; corresponds to the rotation matrix. Note
that the columns of the rotation matrix represent again the coordinates of the basis vectors of the original
reference frame rotated by —

Finally, consider the case in which there are two new references frames, rotated and translated in
relation with the original reference frame, and it is pretended to find the rotation matrix that relates those

two new references frames in terms of the original reference frame, as shown in Figure 11.

Vg Yc

ya

*u
*0

Xp

O, X
A X

Figure 11 - On the left is depicted the point P on the original reference frame A. On the middle and on the right
are represented the two new reference frames, B and C, on which the point P can also be defined.

Similarly to the previous cases, the point P can be related between the original reference frame A and
the new reference frames B and C through the following expression

| nool 9
| norool (10)
where "l , "I and”l corresponds to the coordinates of point P on the reference frame A, B and C, 7l

and "l corresponds to the coordinates of the origin of the reference frames B and C on the reference

frame Aand n andr are the rotation matrices that translates the rotation of references frame B and
C in respect to A. The same relationship can be used to associate the coordinates of the point P on

reference frame B with the coordinates on the reference frame C

B I o T (11
where 1| is the rotation matrix that gives the rotation of reference frame C in relation with reference
frame Band | isthecoor di nates of t hEorigineoh the refarenee frhinme Bmeid

possible to determine that rotation matrix in terms of the previous rotation matrices by the help of a
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system of equations. By replacing "I in Equation (9) with the expression on Equation (11), one can

obtain

B I o T ¢ T B ) nnTonRl | (12

nttoaaTtoa Tt v N 13
n nn n n N (14
Equation (14) allows the estimation of the rotation matrix between two references frames (B and C in

this case) by using the known rotation matrices between each reference frame and a reference frame

common to both (in this case the reference frame A).

Euler Angles

On the previously part, it was seen that the orientation of a rotated reference frame in relation to the
original reference frame can be expressed by a rotation matrix. Note that in the rotations matrices shown
there was only one parameter (the angle — since on the 2-D case there is only one degree of freedom.
On 3-D cases, there are three independent degrees of freedom so a more complex rotation matrix is
needed. Besides, on the 3-D vector space, it is possible to represent orientations on more different ways

such as axis-angle formulation, quaternions or Euler angles (Shoemake, 1985).

Due to its simplicity of comprehension and because a 3-D orientation is intuitively better to understand
as a rotation around a given axis of rotation and the amount of rotation it has performed (the angle),
Euler angles will be introduced in this chapter. The Euler angles correspond to a sequence of three

elemental rotations about the axis of a given reference frame.

Consider the 3-D reference frame presented in Figure 12 (a) with basis vectors i pmm 1 TIpTI
and1 Tirtp . Then consider the rotation of %.around the craxis as shown in Figure 12 (b). Note that
this rotation is the equivalent of the first rotation presented on the previous part in Figure 8 but instead
of being on the plane ® dand with an angle —-is on the plane & gwith an angle of %.and with the araxis
coming out of the paper. Therefore, the rotation matrix responsible for that rotation is given by
pom o
N %o m A% OB&k (15)
m OB Al%
Note that since the rotation is about the araxis, the basis vector associated to this axis remains the
same. Similarly, if a rotation of —and[ is performed, respectively, about the wraxis, shown in Figure 12
(c), and about the &-axis, depicted in Figure 12 (d), the rotation matrices responsible for each rotation
are given by
Al-©0 m OB+
n — Toop T (16)
OE+ nm Al-O
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A general rotation matrix fj can be thought of a sequence of three rotations, each about one of the

principal axis of the reference frame. For example, one could first apply a rotation of %.around the &

axis, then —about the @axis and finally [ about the ¢-axis, resulting in the rotation matrix

n N1 —N %

AT-Rir0 OBIOERITO ATWDET ATWDOERITO OBIOET (18)

AT-DET OBAOEIOET ATURAITO ATUDEIOET OBBAITO

OEL OBgAT-O AT%R T -
y zZ
a
Z w y
p y
¢ X X
X
(b) () (d)

Figure 12 - Original reference frame (a). Rotations of approximately 90° about the three axes of reference: waxis
(b), waxis (c) and g-axis (d).

The angles %y —and[ are called the Euler angles which can be computed by comparing a given rotation

matrix with the rotation matrix in Equation (18). Note that since the matrix multiplication is not

commutative, a different sequence of rotation would generate a different expression for the rotation

matrix (Shoemake, 1985). In general, there are twelve different sequences of rotation which can be

divided into two groups: the Tait-Bryan angles (also known as Cardan angles) and the classic Euler

angles (Winter, 2009). The first group represents three rotations on three different axes of the reference

system while the second group represents rotations in one axis, then on another axis and finally on the

first axis again (which was moved to a new orientation after the second rotation). Those sequences are

presented in Table 1.

Table 1 - Different sequences for the Tait-Bryan angles and for the classic Euler angles.

Tait-Bryan Angles Classic Euler Angles
O ® a4 O 0 w
W a o O o o
O ® o a o a&
®w a4 w Qa4 w
a 0w o a o a
0w O a 0 O W
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The choice of the sequence to apply is dependent of the problem in study but usually, the Cardan
sequence presented before is used on biomechanics and the classic Euler sequence & @& d&is used
in mechanical engineering. However, when choosing a sequence one should keep in attention the
gimbal lock problem, which corresponds to the loss of one degree of freedom when the angle of the
second rotation equals 90°. If the angle —is replaced by 90° on expression Equation (18), then the

rotation matrix comes:

n OE% T AT @ T
n n AT % T OE% T (19
[ s s

It becomes impossible to find a unique solution because the system does not depend anymore on [
and %oindividually but on their difference. Therefore it is possible to achieve the same final orientation
but going through different individual rotations. One way to avoid this problem is by choosing an
appropriate sequence of rotation from Table 1 for the given problem where it is known that the second

angle will never be close to 90°.

2.4 Conclusions

In this Section, it was introduced some concepts that are needed to understand the kinematic analysis.
In the first part, the standard terms to describe the position and relative motion between segments was
shown. Some of the motions introduced are going to be referred on the experimental setup since the
subjects had to perform several of those. Then, the concepts of rigid body and multibody system were
explained. The rigid body is fully defined by six independent coordinates that characterizes its position
and orientation. The multibody system, that assembles two or more rigid bodies, can be analyzed by
different types of coordinates. One of those types is the independent coordinates, which are the ones
used to describe the biomechanical model of this thesis, and can directly give the position and
orientation of each rigid body of the multibody system. Finally, it was shown how to compute the rotation
matrices for different cases between two different references frames. It was shown that it is possible to
relate two reference frames with the knowledge of their relation to a common reference frame to both.
This will be used to estimate the orientations between two anatomical segments as will be shown
afterward. In the end, it was shown that it is possible to convert the orientations defined on a rotation
matrix into other formats, namely, the Euler angles which give the amount of rotation performed around

each axis of the reference frame.
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3 Experimental Protocol

3.1 Definition of the Biomechanical Model

In order to formulate a biomechanical problem and proceed to its analysis, it is necessary to create a
biomechanical model representative of the physical system under study. In this work, the physical
system considered corresponds to the full body composed of eleven major anatomical segments: the
head, the chest, the abdomen and the both arms, forearms, thighs and legs. It was decided to formulate
the physical system in this way since it resembles the most the skeleton tracked by marker-less Kinect
sensor, as shown in Figure 13 (a). This system can be represented by a biomechanical model arranged
as an open-loop multibody system composed of several rigid bodies linked together, as shown in Figure
13 (b). Each anatomical segment will correspond to one rigid body and each rigid body will be
represented by a reference frame with its origin located at the center of mass. Thereby, through the
relation between the reference frames of different rigid bodies, it will be possible to compare the position

and orientation of a given anatomical segment in relation with another.

«w

(a) (b)

Figure 131 Skeleton tracked by the Kinect One sensor (a). Multibody system composed of eleven rigid bodies
which represent the physical system of a human body (b).

The reference frames are important because they can relate to the articular movements that occur on
an anatomical plane around a given axis of rotation perpendicular to that plane. It was mentioned in
Section 2.1 that there are movements that occur on the three anatomical reference planes and around
the respective orthogonal axis of reference. These three axes can be set as a reference frame and then
it is possible to relate the rotation around a given axis with one of the movements introduced before. For
example, in Figure 14 is depicted the movement of knee flexion that occurs on the sagittal plane around

the mediolateral axis. In other terms, the rigid body correspondent to the leg rotates around the axis ,

since it is the reference framebs axis orthogonal
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On Figure 14, notet he ori entation of the | egbds reference

comparison with the static position. As the leg moves, the position of its center of mass follows the
movement and its reference frame suffers a rotation. At any time instant, it is possible to compute the
rotation matrix that relates the reference frames of the thigh with the leg and then retrieve the orientations

of the leg as Euler angles explained previously in Section 2.3.

a4
Na

B

Figure 14 - Representation of a knee flexion movement. The global reference frame O is represented by axis, w
axis and g-axis while each local reference frame is represented by , -axis, —axis and —axis. During the knee flexion

movement , the 1 egds r e f e rementcamd rétatea areundftiel, laxdsweading to e newo v
orientation. Thet hi ghés reference frame remains static during

The reference frames represented on the anatomical segments of the thigh and of the leg on Figure 14
are designated by local reference frames , — (Nikravesh, 1988) since they describe the position and
orientation of the respective local rigid bodies. In the anatomical reference position, on all the local
reference frames the , -axis will be aligned with the mediolateral axis, the —axis with the anteroposterior
axis and the —axis with the longitudinal axis. Besides the local reference frames, there is another
reference frame which is fixed during the whole movement. This frame is called global reference frame
and is composed of the araxis, craxis and @¢-axis as shown in Figure 14 (Wu and Cavanagh, 1995).
Normally the axis of both global and local reference systems have the same nomenclature but in this

thesis, it was decided to change it to distinguish easily between the global and local reference frames.

For a biomechanical experimental analysis, the global reference frame is fixed on a point of the
laboratory and the local reference frames of each anatomical segment of the subject are estimated using
information from the first. More specifically, they are estimated through several points on the data
acquisition space which are measured on coordinates from the global reference frame. For the marker-
based system, these points will correspond to several markers that need to be positioned strategically

on the body to cover all the anatomical segments, as illustrated in Figure 15 (a). For the marker-less

frame

the m

system, those points are esti mat puted automaticdiyeby shabj ect 6 s

associated software, as shown in Figure 15 (b). In Appendix A, it is shown a more detailed picture of

Figure 15 with the labels of each marker and joint, as well, their anatomical location.
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(a) (b)

Figure 15 - Points used for the reconstruction of the local reference frames on the marker-based system (a) and on
the marker-less system (b). For the marker-based system, the markers are located on the front and on the back of
the subject.

The reconstruction of the reference frames for each rigid body is based on the ISB guidelines for joint
coordinate systems (Wu et al., 2002; Wu et al., 2005). However these guidelines are in respect to a
marked-based system and for the marker-less system, which is more limited on the number of points in
relation to the other, an adjustment must be prepared in order for the reference frames of the same rigid

body be similar on both systems.

When the reference frames for every rigid body are estimated then the biomechanical model is fully
defined as can be seen in Figure 16. The axes aligned with the anteroposterior axis, the longitudinal
axis and the mediolateral axis are illustrated, respectively, by red, green and blue. There are two global
reference frames since the local reference frames are estimated by two different motion capture
acquisition systems. Note that it is shown the physical system of the human body and not the multibody
model depicted previously in Figure 13 (b) in order for the reader get a better understanding of the

relation between different anatomical segments on the further computations.

The computations for the reconstruction of the local reference frames of each rigid body of the
biomechanical model are presented in the next Sub-Sections for the marker-based system and for the
marker-less system. In the latter, it is possible to reconstruct the local reference frame with the six
different orthogonalization techniques introduced on Section 1.3.2: Three Points (TP), Householder
(HH), Eberly (EB), Square Plate (SP), Spherical (SF) and Projection Matrix (PM). A more detailed
computation will be shown for the first rigid body while for the remaining rigid bodies a brief explanation
will be introduced since the algorithms work similarly for every segment. Besides, for the anatomical

segments that are present on both right and left sides of the body such as the arms or the thighs, only
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the reconstruction for the reference frames of the anatomical segments on the right side will be shown

since the left side is just mirrored of the right side in respect to the sagittal plane.

Figure 16 - Representation of the full body with the local reference frames of each rigid body shown in the respective
anatomical segments. The red, green and blue axis of each local reference frame are associated with —axis, the
—axis and , -axis respectively. Two global reference frames are depicted, each for each system of acquisition: 6
for the marker-based and 6 for the marker-less.

3.1.1 Right Thigh Segment

Marker-Based System

On the marker-based system, the local reference frame can be computed by using three points derived
from the markers: RHJC, LHJC and RKNE. The first two points correspond to the right and left hip joint
center whose coordinates are estimated using a predictive approach proposed by Bell et al. (1990) (see
the computations in Appendix B). The RKNE point corresponds to the right knee joint computed as the
middle point between the RKNEL and RKNEM markers:

ST (20)
C

where "l represents the position of the point RKNE on the global reference frame, and I and

"l correspond to the position of the markers RKNEM and RKNEL on the global reference frame.
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The markers and points used to estimate the local reference frame, as well the three axes that constitute

that frame, are depicted in Figure 17.
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Figure 17 - Local reference frame of the thigh on the marker-based system. The markers are illustrated by black
dots while the points estimated from those by white dots.

The origin of the local reference frame will be positioned on the center of mass of the rigid body which,
since it is considered that the rigid body has uniform density, will be on its centroid. Note that it if it was
considered the density of the anatomical segment the formula for the center of mass would be different.
By definition, the centroid of a finite set of 'Qpoints BRZE D in a s given by:
g @ E O

# 2 (21

Therefore, since in this case it is known that the rigid body is composed of the points RKNE and RHJC,

the origin of the reference frame is given by:

v 1 22
C

The axis of the local reference frame can be computed using two auxiliary vectors, one vector 'l that
goes from the RHJC point to the LHJC point, and other vector ’| that goes from the RHJC point to the

RKNE point. Since the —axis is along the longitudinal axis and points upwards, then:
- 1 (23

The —axis, which is aligned with the anteroposterior axis, is computed by the cross product of the first
auxiliary vector with the basis vector associated with —axis. Since the cross product outputs a vector
orthogonal to the two vectors then it is guaranteed that the —axis will be orthogonal to the —axis. The
third axis , -axis is computed by taking the cross product of the other two principal axes. Then, with the

set of three orthogonal basis vectors, the local reference frame of the thigh is achieved.

-, (24)
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Marker-Less System

On the marker-less system, the local reference system can be reconstructed either with three points, if

the orthogonalization technique is the TP, or with two points if it is one of the other five algorithms.

The TP technique is similar to the method of the marker-based system since it also uses three points
and two auxiliary vectors. The points to use in the case of the right thigh segment are the RH (right hip),
LH (left hip), and RK (right knee). Like on the marker-based system, the origin of the local reference
frame will be positioned on the centroid of the rigid body. Since the rigid body is constituted by the points
RH and RK in this case, then:

w (26)
C

The two auxiliary vectors "I and’l are going from the point RH to, respectively, the points LH and RK.
The computations for the three vectors that will constitute the basis of the local reference frame are

equivalent to the computations on the marker-based system, therefore:
- 27)
- - (28)
- - (29

This technique is shown in Figure 18 (a), and it is possible to see that the illustration is very similar to
the one shown in Figure 17 for the marker-based system. Note that the local reference frame on both
systems has the same directions but the global reference frame is different. This occurs because the
equipment used for the marker-based system is different than the marker-less system which leads to

different positions and orientations between the two global reference frames.
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(a) (b)

Figure 18 - Local reference frame of the thigh on the marker-less system. It can be reconstructed with three points
by the TP technique (a) or with two points with one of the other techniques (b).
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For the other five techniques, the method of analysis is slightly different since they require only the use
of two points, which for the thigh segment will be the RH and RK points. These techniques can estimate
the three basis vectors for the local reference frame with the knowledge of only one vector. This vector
will be the vector T , depicted in Figure 18 (b), which is given as the difference between the points RH
and RK. Then, that vector is normalized in order to be unitary and it is given as an input on the form
i e & ¢ to one of the algorithms of each vector orthogonalization technique. These
algorithms are shown in Appendix C. The outputs for all the algorithms are two vectors, "l and "H
orthogonal to the input vector (Lopes et al., 2013) which are associated to two of the local reference
f r a me 6 $Vithathe énput vector and the two outputs vectors, a set of three basis vectors are formed

and the local reference frame is defined.

3.1.2 Right Leg Segment

On the marker-based system, the three points to use are the RHJC, RKNE and RANK. The first two
points were already presented before. The RANK point is placed between the RANKM and RANKL
markers and is associated with the ankle joint. The origin of the local reference frame will be on the
mean position of the RKNE and RANK points.

The first auxiliary vector *1 represents the difference between the point RHJC and the point RKNE while
the second auxiliary vector | goes from RKNE to RANK. The —axis corresponds to the symmetric of
"l like previously but the order of computation of the other two basis vectors is different. First, the , -axis
is computed as the cross-product of the basis vector associated with the —axis with I and afterward,

the —axis comes as the cross-product of the other two basis vectors, as depicted in Figure 19 (a).

On the marker-less system, for the TP algorithm the points to use are the RH, RK and RA (right ankle)
while on the others algorithms are only the RK and RA. As explained, the computations for TP are similar
to the marker-based system and so it will follow the same steps from the last paragraph. On the
remaining algorithms, the input vector T will be the difference between the RK and RA points, as shown
in Figure 19 (b).

3.1.3 Right Arm Segment

For the marker-based system, the points to use will be the RSHO, RELB and MIDCLAVCY7. The first
corresponds directly to the marker used on the acquisition. The literature suggests an estimation of the
glenohumeral joint position with a regression analysis (Meskers et al., 1998) or a functional approach
(Stokdijk et al., 2000), but due to the complexity of the computations and the impact on the final results
their procedure was not justified. The second is the mid-point between the markers RELBL and RELBM
and the third is the mid-point between the markers CLAV and C7. The origin of the local reference frame
will be on the position between the RSHO and RELB.
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The difference between the MIDCLAVC7 point and the RSHO point leads to the auxiliary vector *I while
the difference between the RELB and the RSHO corresponds to the vector ’l . The basis vector for the
—axis is equal to the symmetric of ’ . The —axis is computed by the cross product of 1 with the —axis
and then the , -axis comes as the cross product of the —axis with the —axis, as depicted in Figure 20

().

On the marker-less system, the points to use are the SS (spine shoulder), RS (right shoulder) and RE
(right elbow) with the exception of the first for the algorithms that require only two points. The procedure
for the TP algorithm is the same for the marker-based system with a direct correspondence of these
points with the points MIDCLAVC7, RSHO and RELB respectively. On the other algorithms, the input

vector | is given by the line segment that goes from RE to RS, as can be observed in Figure 20 (b).
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(a) (b)

Figure 19 - Local reference frame of the right leg on the marker-based system (a) and on the marker-less system

(b).

XMB

(a) (b)

Figure 20 - Local reference frame of the right arm on the marker-based system (a) and on the marker-less system

(b).
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3.1.4 Right Forearm Segment

The three points to use on the marker-based system are the RSHO, RELB and RWR. The first two were
introduced before for the right arm segment. The RWR point corresponds to the middle point between
the markers RWRRandRWRU. The origin of the right forear
the points RELB and RWR.

Regarding the auxiliary vectors, the first vector "I connects the point RELB to the point RSHO and the
second vector | connects the point RELB with the point RWR. Like on the other cases, the —axis will
be the symmetric of the second auxiliary vector. From the —axis, the , -axis is computed by taking the
cross product of the first auxiliary vector with the —axis. Finally, with the cross product of the —axis with

the , -axis, the —axis is obtained, as depicted in Figure 21 (a).

As for the marker-less system, the points needed are RS, RE and RW (right wrist). The algorithms that
require only two points makes only use of the last two mentioned. The input vector | to use on these
techniques is the difference between the RE and RW points, as illustrated in Figure 21 (b). On the other

hand, the TP technique has the same steps as the marker-based system.
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Figure 21 - Local reference frame of the right forearm on the marker-based system (a) and on the marker-less
system (b).

3.1.5 Abdomen

On the marker-based system, this anatomical segment requires two points computed from the
anatomical markers and two of these markers: PELVIS, MIDSTRNT8 and the RASI and LASI. PELVIS
is going to be the average point of the anatomical markers of the superior iliac spine which corresponds
to a point in the middle of the pelvis. MIDSTRNTS8 will be the point between the markers STRN and T8.
The origin of the local reference frame is between the PELVIS point and the MIDSTRNTS8 point.
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The auxiliary vector "l is going to represent the segment from LASI to RASI and the auxiliary vector I
will be from PELVIS to MIDSTRNTS. On this case the —axis is equal to the auxiliary vector’l , the —
axis will be the cross product between the —axis and’l and the , -axis will be the perpendicular vector

to the other two basis vectors pointing for the right lateral direction of the body, as depicted in Figure 22

(a).

As for the marker-less system, the process for the TP technique will be different from the marker-based
system this time since the previous made use of four points. On this case, the points to use will be the
SM (spine mid), SB (spine base) and RH with the auxiliary vector | going from the second point to the
third point and with the other auxiliary vector | going from the second point to the first point. The —axis
is equal to the second auxiliary vector, the —axis is the cross product of that axis with "I and the third
axis , -axis is the cross product of the —axis with the —axis. On the other techniques, the input vector i

equals the vector that goes from SB to SM as depicted in Figure 22 (b).
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Figure 22 - Local reference frame of the abdomen on the marker-based system (a) and on the marker-less
system (b).

3.1.6 Chest

For this anatomical segment, the marker-based system needs the points RSHO, MIDCLAVC?7 and
MIDSTRNTS that were already explained before. The origin is positioned between the MIDSTRNT8 and
MIDCLAVC7 points. The auxiliary vectors will be from MIDCLAVC7 to RSHO for”l and from
MIDCLAVC7 to MIDSTRNTS for’l . The —axis is the symmetric of the last auxiliary vector. The —axis
will be the cross product of the —axis with "1 and the , -axis is the perpendicular axis to the —axis and
the —axis obtained by the cross product of these two. The local reference frame obtained and the points

used for the estimation are presented in Figure 23 (a).

The marker-less system will make use of the points RS, SS and SM for the TP algorithm and the points
SS and SM for the remaining algorithms. On these, the input vectori will be the difference between

those points with the upwards direction, as illustrated in Figure 23 (b). For the TP algorithm, the method
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is the same as for the marker-based system with the points RS, SS and SM being analogous to the
points RSHO, MIDCLAVC7 and MIDSTRNTS.

ZMB, v,
Vs MIPSTRNT8 6’
STRN O

Owus

XMB XmL \

(a) (b)

Figure 23 - Local reference frame of the chest on the marker-based system (a) and on the marker-less system

(b).

3.1.7 Head

For the marker-based, this anatomical segment will need two anatomical markers plus two points
derived from anatomical markers to define the local reference frame. The first two are the markers RFHD
and LFHD while the last two are the points MIDCLAVC? and HEAD. The point HEAD is computed as
the average of the four markers placed on the head. The origin of the local reference frame will be
between the points MIDCLAVC7 and HEAD.

One auxiliary vector " will be from LFHD to RFHD while the other "l will be from MIDCLAVC7 to HEAD.
The —axis will be equal to the second auxiliary vector while the —axis will be the cross product of that
axis with the first auxiliary vector. Then, the , -axis is the cross product of the —axis with the —axis, as

shown in Figure 24 (a).

For the marker-less system, the algorithms that require only two points will use the H (head) and SS
points to define the input vector i which is aligned longitudinally pointing upwards, as depicted in Figure
24 (b). As for the TP technique, it will use the points H, N (neck) and SS, and this time, the computations
are slightly different from the marker-based system. The auxiliary vectors, ’| and’l , will be from the N
to the H and from the SS to the H respectively. The —axis is going to be equal to "l like on the marker-
based system but then the second axis to compute is the , -axis, as the cross product between that first

axis and "l . Finally, the third axis, —axis, comes as the cross product between the —axis and the , -axis.
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Figure 24 - Local reference frame of the head on the marker-based system (a) and on the marker-less system (b).

3.2 Data Acquisition

This study recruited twenty-eight healthy adults (25 ° 9 years old, 170 ° 9 cm height, 61 °© 9 kg weight,
13 women) to participate on the biomechanical analysis. All subjects needed to write the informed
consent provided to them, which is presented in Appendix D, in order to get permission for their
participation with a clear understanding of the implications and consequences of the experiment. The
acquisition was conducted at the Lisbon Biomechanics Laboratory on Instituto Superior Técnico (Lisbon
Biomechanics Laboratory, Lisbon, Portugal) with equipment provided by the laboratory and by INESC-
ID (Instituto de Engenharia de Sistemas e Computadores - Investigacdo e Desenvolvimento, Lisbon,
Portugal).

Before the motion analysis, the subject was requested to wear appropriate clothing, that is, a lycra cap
and lycra shorts for the easier placement of the reflective markers. The male subjects were bare chested
but the female subjects needed a sports bra. Personal information of age, height and weight was
registered for each subject.

Data was collected using two different methodologies simultaneously: marker-based and marker-less,
whose devices used for each will be introduced on the next Sub-Sections. Ten different elementary
movements were performed: shoulder flexion/hyperextension, shoulder abduction/adduction, shoulder
transversal abduction/adduction, shoulder medial/lateral rotation, elbow flexion, forearm
pronation/supination, hip flexion/hyperextension, hip abduction/adduction, knee flexion and hip
medial/lateral rotation. For each type of movement, five repetitions were performed by the subject in
orderto get a subject 6s r e@mreacheepdtiton, the subjectstartednfeomtan
adapted pose of the anatomical reference position and finished on the same position it started.
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