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How does the central nervous system select and coordinate several degrees of
freedom to execute a given movement? The di�culty of this question, formulated
in the middles of the last century [Bernstein 1967], arises because each motion is
the result of a motor control strategy from a redundant and large set of possible
solutions. If some invariants of movement can be identi�ed, it exists however an
important variability that shows that motor control favors rather an envelope of
possible movements than a strong stereotypy. However, the central nervous system
is able to �nd extremely fast solutions to the problem of muscular and kinematic
redundancy by producing safe, optimal, robust, stable and/or precise movements.

This thesis provides an interdisciplinary approach for the treatment of whole-
body human movement through the synergistic utilization of biomechanics, motor
control and robotics. It's originality arises from the case study utilized throughout
the manuscript which is the study of highly dynamic Parkour movements. The
complexity of the study result from its interdisciplinary nature and the complexity
of the analyzed Parkour motions.
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This introductory chapter aims at providing a general overview of the thesis
explaining the motivations behind the realization of this work, synthesizing the
organization of the manuscript and summarizing the principal contributions.

1.1 Main De�nitions and Historical Perspectives

The principal de�nitions and the historical perspective of the three main compo-
nents of this thesis: biomechanics, motor control and robotics, are presented in this
section.

1.1.1 Biomechanics of human movement

Biomechanics studies the structure and functioning of biological systems such as
humans by means of mechanics.

(a) (b)

Figure 1.1: Borellis' drawings from "De Motu Animalium I"(1680).

1.1.1.1 Elements of history

Biomechanics of human motion can be traced back toAristotle (384-322 BC)
who wrote the treatise "About the movement of Animals" (350 BC) and provided
the �rst analysis of gait. Afterwards, Archimedes (287-212 BC) provided for the
�rst time the notion of levers and statics which can be summarized in his famous
phrase "Give me a place to stand on, and I will move the Earth". Later, Galen
(AD 129-201), considered as the �rst "sport physician" explained the di�erence
between motor and sensory nerves, and agonist and antagonists muscles, while he
was the team doctor of the Roman gladiators. From the Renaissance to beyond,



1.1. Main De�nitions and Historical Perspectives 3

Figure 1.2: Successive phases of a jump motion for kinematics study. The image
was taken at 5 [Hz] using chrono-photography on �x plate. The photo appears in
the book "Le MOUVEMENT" by Étienne-Jules Marey, 1984.

we have to mention Leonardo da Vinci (1452-1519) who studied the anatomy
and the mechanical functions of the skeletal system along with the forces that were
applied to it. Alfonso Borelli (1608-1679) who published "De Motu Animalium I "
and "De Motu Animalium II " in 1680 symbolizes the classic historical beginning of
biomechanics. In fact Borelli is considered as the "father of biomechanics". Borelli
brought out the general concepts of center of mass and center of pressure of a body
in contact with the ground. Borelli calculated the forces required for equilibrium
in various joints of the human body well before Newton published"The Laws of
Motion" . Borelli was the �rst to understand that the levers of the musculoskeletal
system magnify motion rather than force, so that muscles must produce much larger
forces than those resisting the motion. (Fig. 1.1).

Modern biomechanics was marked by the research ofÉtienne-Jules Marey
(1830-1904) pioneer of motion analysis technology (MoCap) who invented the
chronophotographic gun (1882). The chronophotographic gun was capable of
recording up to 12 consecutive frames by second (Fig. 1.2). The work of Marey was
inspired in great part by the work of the photographer Muybridge (1830-1904)
who carried out photographic investigation. Marey was also the �rst to correlate
ground reaction forces with movements.

Nevertheless, biomechanics as an established �eld can be considered young. The
�rst specialized journal, the Journal of Biomechanicshas been published since 1968,
the �rst international research seminar took place in 1969 and the International
Society of Biomechanics (ISB) was founded in 1973.

1.1.2 Motor control

Motor control can be de�ned as a �eld that studies how the central nervous system
produces purposeful and coordinated movements considering the interaction within
the human body and with the environment. Two aspects of motor control have been
studied separately. The �rst one relates to the nature of physiological variables used
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Figure 1.3: An example of variability in human movement or "repetition without
repetition" [Bernstein 1967].

by the brain to control muscles. The second one relates to the "problem" of motor
redundancy [Bernstein 1967]. In this thesis, we are mainly focused on the second
aspect.

1.1.2.1 Elements of history

Motor control can also be traced back to Aristotle (384-322 BC) who was the
�rst paying attention to the concept of motion coordination by comparing coor-
dination with harmony. He attributed both to design of creation. For centuries,
the understanding of motion coordination was ignored until a famous experiment
performed by Nicolas Bernstein (1896-1966) on blacksmiths (Fig. 1.3). In that
experiment, blacksmiths were instructed to focus on cutting metal with a chisel and
a hammer. The participants were equipped with electrical bulbs placed on di�erent
body locations for recording the motion kinematics. One of the principal and most
remarkable conclusion was that skilled blacksmiths performed the given task with
variable joint trajectories across repetitions "repetition without repetition" while
the end-e�ector (the hammer) was relatively invariant across repetitions. Repeti-
tion without repetition explains one of the most important characteristic observed
in human motion: variability.

Motor control is also a young established �eld. While Nicolas Bernstein, con-
sidered as the pioneer of motor control, published his �rst work half a century ago,
the journal of Motor Control exists only since 1997. The �rst conference "Progress
in Motor Control " was held at about the same time and the International Society
of Motor Control was established in 2001.
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1.1.3 Humanoid robotics

A humanoid robot is a robot whose body shape and structure is built to resemble
the human body.

1.1.3.1 Elements of history

WABOT-1 (1973) [Kato 1973], built by Waseda University in Japan, was the �rst
humanoid robot in history. It was able to walk, recognize objects and Japanese lan-
guage, to manipulate objects, and to synthesize voice. Its next version,WABOT-2
(1980) [Sugano 1987] was capable of playing the piano and was also able of accom-
panying a person while listening to the person singing. Some other robots were
built during the next years by Honda, but it was not until 2000 that a remarkable
robot was introduced, it was namedASIMO [Hirose 2001]. ASIMO had an impres-
sive design suitable for human interaction and had the ability to recognize objects,
postures, gestures, its surrounding environment, sounds and faces. Japan was the
pioneer in the development of humanoid robots. The Japanese National Institute
of Advanced Industrial Science and Technology (AIST) together with Kawada In-
dustries developed theHumanoid Robotics Project(HRP) launched in 1998 by the
Ministry of Economy, Trade and Industry of Japan. This project led to the creation
of di�erent humanoid robots with outstanding capabilities such as HRP-2 (2004)
[Kaneko 2004].

The development of humanoid robots inspired the creation of the DARPA
Robotics Challenge (DRC) which aimed to develop semi-autonomous ground robots
that could do complex tasks in dangerous, degraded, human-engineered environ-
ments. The DRC led to the creation of new impressive robots such asWALK-
MAN [Tsagarakis 2017] andATLAS robots. So far, Atlas is considered as the
world's most dynamic humanoid robot. In 2017, the Gepetto team at LAAS-CNRS
in France also presented a powerful humanoid robot designed for industrial appli-
cations called Pyrène [Stasse 2017], the �rst of the TALOS series developed by
PAL-Robotics company in Spain. There are many other robots which have been
skipped from this short review which merits to be mentioned such asTORO ,
REEM-C , COMAN , Shaft and Valkyrie (Fig. 1.4).

1.2 Motivations

In this section, the motivations behind the realisation of this thesis are presented.

1.2.1 AnthropoMove project

This PhD thesis was possible thanks to the AnthropoMove project generated by
the University of Toulouse III and the Region Midi-Pyrénées. The AnthropoMove
project is an interdisciplinary project grounded on biomechanics and robotics for
studying the organization of whole-body human movement, for modeling its vari-
ability, and for simulating it. The project was created after the emergence of the
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(a) WABOT1 (b) ASIMO (c) HRP-2 (d) Pyrène

(e) Valkyrie (f) WALK-MAN (g) Shaft (h) ATLAS

Figure 1.4: Examples of humanoid robots.

platform "Biomécanique et Analyse du mouvement" within the Toulouse campus.
The aim of the AnthropoMove project is to better understand the criteria of mo-
tion synthesis in human movement generation and to take inspiration from human
motion to improve the algorithms of motion generation in robotics. By better un-
derstanding some mechanisms of human motion generation, it could be possible to
generate human-like motions with humanoid robots, virtual characters or robotic
devices.

1.2.2 Why generating human-like motion?

During the 1990s, only 9% of the world's population was over the age of 60. Today,
almost 15% is over 60 and this �gure is predicted to increase to almost 20% by 2050
(Fig. 1.5). In Europe there are around 750 million people, from which around 100
million is elderly population and around 50 million people is estimated of having a
disability. This demographic shift in world population will impose a large burden
of care to treat the health risks associated with ageing. Assistive technology such
as robotic solutions will help to tackle these issues and enable the elderly to regain
their independence and maintain an enriching, ful�lling lifestyle [Dellon 2007].

According to the AFNOR NF EN ISO 9999 (2011), assistive robotics design are
all products (including any device, equipment, instrument and software) used by or
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Figure 1.5: Percentage of the population aged 60 years or over, estimated for 1980-
2017 and projected to 2050. Data source:World Population Prospects: the 2017
Revision.

for persons with disabilities. Assistive robotics are geared towards compensating
for disabilities including grasping di�culties, mobility, performing domestic tasks,
monitoring and comprehension. There are many types of rehabilitation robots in-
cluding manipulators, orthosis, exoskeletons, prosthesis, wheel chairs, smart walker,
nursing and cognitive robotics (Fig. 1.6).

(a) Re-Walk (b) Lokomat
(c) Walking As-
sist

(d) ARMEO Power (e) Nao (f) Robear

Figure 1.6: Examples of assistive robots.

Robots such asRe-Walk , Lokomat [Jezernik 2003] andARMEO Power are
used to rehabilitate humans by teaching how to generate motions. Robots such as
Walking Assist are used for augmenting force and facilitating human activities
like carrying heavy loads. Social robots with human robot interaction capabilities
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Figure 1.7: Robots for risking scenarios are developed within the DRC (DARPA
Robotics Challenge).

such asNao are being used to rehabilitate children with autism or to engage young
patients for performing rehabilitation exercises. Robots such asRobear are being
tested at home to help elderly population regain their independence. Rehabilita-
tion robots are designed to provide force/torque ranges compatible with the human
ones and to mimic as possible human kinematics. Moreover these robots aim to
maximize interaction capacity and to exhibit transparency (the robot must be un-
noticeable if the patient is capable of making the movement without assistance).
Social robotics focus on developing robots able to collaborate with humans as their
reliable partners [Breazeal 2003]. Moreover interacting with social robots has to
consider body behaviours because these motions are instinctively used by humans
to communicate [Asada 2009, Di Paolo 2012]. Assistive robots in human environ-
ments need to be adapted to move in places designed for human beings. Thus, it
might be desirable to have robots with anthropomorphism and motion capabilities
similar to humans.

Let us recall the principal motivation behind the DRC (DARPA Robotics Chal-
lenge): "the primary goal of the DRC is to develop human-supervised ground robots
capable of executing complex tasks in dangerous, degraded, human-engineered envi-
ronments"1 (Fig. 1.7).

Sending robots to execute complex tasks in dangerous human environments
might also require that robots could move in a human-like manner. Moreover,
generating motions according to human motor control principles is a way to produce
realistic anthropomorphic motions which are of interest in gaming and animation
industries [Yamane 2003, Multon 1999, Hodgins 1998].

1Source: https://www.darpa.mil/program/darpa-robotics-challenge
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1.2.3 Why is it so di�cult to generate human-like motions with
humanoid robots?

Figure 1.8: Human and HRP-2 humanoid robot. Understanding human motor
control helps improving the algorithms of humanoid motion generation, while using
the robotics formalism help modeling human motor control.

Since its beginnings, humanoid robotics has drawn inspiration from biomechanics.
Despite the e�orts made, humanoid motions are still far from human ones. One
of the main reasons is without doubt, that humans and humanoid robots are very
di�erent anthropomorphic systems whose complexity in their structure, actuation
and sensing capabilities are far from being comparable.

Table 1.1: Comparative table of humans and HRP-2 humanoid robot characteristics.

Human HRP-2
Degrees of freedom > 200 36
Muscles > 600 �
Max torque [N � m] 200 200
Max power [W ] 1500 3000
Max angular velocity [deg� sec� 1 ] 1500 300
Response time [ms] 100 150
Human data is approximate.

As an example, let us roughly compare the HRP-2 robot with a human (Table
1.1). The number of kinematic degrees of freedom in human motion is �ve times
more than in HRP-2. This means that humans are largely more redundant sys-
tems than humanoid robots. In fact human motions are redundant not only at the
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joint level, but also at the level of muscles and neurons, which HRP-2 does not
have. Moreover, human joints are complex and are driven by agonist and antag-
onist muscles while HRP-2 has simple joints that are driven by electrical motors.
Anthropometry is also di�erent because masses are distributed dissimilarly. HRP-2
is composed of rigid bodies while humans include many soft bodies. Mechanical
parameters such as the maximum angular velocity and power are also di�erent (Ta-
ble 1.1) which might prevent HRP-2 from executing highly dynamic motions. It
is expected that future advances of technology in a near future will cope with the
development of new materials and actuators.

Despite their strong di�erences, humans and humanoid robots share the question
of kinematic redundancy which refers to the ability of humans or a robot to execute
a motion in more than a unique way. This question of redundancy is at the heart
of this thesis. While in motor control we would try to answer why a participant of
an experiment chose a particular motor solution from many possible solutions, in
robotics we might try to �gure out which mathematical and computational approach
is needed to generate a unique stable and optimal motion. This thesis presents an
interdisciplinary approach for treating redundancy in humans and robots.

1.2.4 An interdisciplinary approach

Figure 1.9: An interdisciplinary approach can provide a uni�ed framework for bet-
ter understanding human motion and for generating human-inspired motion with
anthropomorphic systems such as humanoid robots, virtual characters or service
robots

Biomechanics and motor control have created a powerful synergy to test hypothe-
ses about the organization of human movement [Scholz 1999]. Biomechanics and
robotics [Popovi¢ 2013] have also been used together to design human-like robots
[Kim 2013] and to generate human-like motion [Khatib 2009]. Motor control and
robotics [Burdet 2013] have lead to brain-inspired algorithms, computational mod-
els of biological neural networks and actual biological systems. In this manuscript
we develop an interdisciplinary approach to treat redundancy in humans and hu-
manoid robots. Our aim is to provide a uni�ed framework for better understanding
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human motion, and for generating human-inspired motion. This synergy is repre-
sented in Fig. 1.9.

1.2.5 On highly dynamic motions

(a) (b)

(c)

Figure 1.10: In (a) Pyrène robot holding two bricks with the grippers. In ( b) Atlas
robot performing a highly dynamic jump and landing. In ( c) a humanoid robot
presented by Waseda University and Mitsubushi Heavy Industries at IROS 2017
(2017 IEEE/RSJ International Conference on Intelligent Robots and Systems)

Humanoid robotics is growing fast towards agile, robust, and powerful robots able
to interact with their environment in which humans might be present [Stasse 2017].
To control these robots, motion generation algorithms are required to increase the
robot stability, robustness, and e�ciency. New generations of humanoid robots such
as Pyrène or Atlas (Fig. 1.10) have powerful motor capabilities. Highly dynamic
motor capabilities are necessary to perform reactive motions and maintain balance.
In this thesis we propose to develop an interdisciplinary approach to investigate
the question of highly dynamic motion generation. The case study of Parkour
motions was selected and used throughout the manuscript. Parkour movements are
fascinating as they are highly dynamic and complex. Moreover, in the scienti�c
literature there is a lack of understanding of these motions and several hypotheses
could be formulated about their generation.
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1.2.6 Parkour, the art of displacement

(a) (b)

(c) (d) (e)

Figure 1.11: In (a), a training center in Reims, France, in 1913. The center was
designated according to the principles of Georges Hébert. In (b)(c)(d)(e), examples
of the natural method applied to jump and landing movements, to vaulting motions,
to muscle-up technique and to climbing technique respectively.

Parkour is a lifestyle sport derived from the military method "methode naturelle"
proposed by Georges Hébert before World War I. Georges Hébert was a French
marine who taught physical education to marines (Fig. 1.11). The development of
the method was inspired by Georges' observation of natural skilled movements per-
formed by indigenous tribes in Africa. Later on, Raymond Belle, a French military
utilized the method to improve his skills and introduced the term "le parcours" to
describe his training. Training techniques included a combination of walking, run-
ning, jumping, landing, vaulting, balancing and quadrupedal techniques. His son,
David Belle, developed further the methods and provided them its actual name of
"Parkour" in collaboration with Hubert Koundé.

The philosophy behind Parkour is devoted to create an harmony between mind
and body, where practitioners can express themselves through the movement they
perform "Overcoming and adapting to mental and emotional obstacles as well as
physical barriers" 2. In terms of sports, Parkour can be considered as a lifestyle
discipline in which practitioners � called "traceurs" � have to overcome obstacles
in the environment in the most e�cient manner and where movements look risky,
highly dynamic and complex [Cazenave 2008, Gilchrist 2011, Kidder 2012]. More-
over, Parkour motions are commonly performed in urban spaces on hard surfaces
and from uncontrolled drop heights Fig. 1.12.

2Belle, Châu; Belle, Williams; Hnautra, Yann and Daniels, Mark (director). Generation Ya-
makasi (TV-Documentary) (in French). France: France 2.
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Figure 1.12: Parkour motions performed in urban spaces. The photo corresponds
to a Parkour expert that was part of this study.

1.3 Thesis Organization

Following this introductory chapter, we introduce in Chapter 2 the mathematical
and computational background needed to study human movement in the context of
biomechanics. Only notions which are linked to the development of the manuscript,
are taken into account. Then, we present a epidemiology study of Parkour practice
in France. Afterwards, the biomechanics of key Parkour techniques are presented.
For this a whole-body musculoskeletal model is built and described. Performance
variables that are representative of the studied Parkour techniques are identi�ed
and a mechanical mean behavior of Parkour practitioners executing each of the
techniques is extracted.Chapter 3 introduces the main concepts of motor control
used in this thesis. Then, the mathematical framework of the uncontrolled manifold
theory (UCM) in human motor control and the task function approach used in
robotics are detailed. After, an extension of the UCM theory to the case of dynamic
motions is presented. At the end of the chapter, this extension is applied to a case
study of the Parkour take-o� and landing motions. Chapter 4 recalls the motion
generation tools of robotics based on the task-space formalism. Then, based on the
performance variables identi�ed in the biomechanics (Chapter 2) and motor control
(Chapter 3) studies, and the presented whole-body model presented in Chapter
2, the robotics framework of motion generation is used to generate whole-body
Parkour motions. At the end, we discuss how our interdisciplinary approach based
on biomechanics, motor control and robotics can be utilized to generate and also
to understand human movement.
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The main goals of this chapter are to present the biomechanics of key Parkour tech-
niques, to build a skeletal model for analyzing and generating Parkour motion, to
identify performance variables that are representative of the studied Parkour tech-
niques and to obtain a mechanical mean behavior of Parkour practitioners execut-
ing each of the techniques. The identi�ed performance variables and the quanti�ed
mean behavior are not presented in the chapter but will be used in Chapter 3 for
generating human inspired motion.

This chapter is organized in the following manner:

� First, we introduce the notions and the mathematical background needed
to study human movements in the context of biomechanics. The presented
biomechancis methods are used for recording, processing and analyzing human
motion.

� Secondly, an epidemiology study of Parkour in France is presented. The epi-
demiological study allows for identifying a set of Parkour motions that are
interesting from a biomechanics and injury prevention perspective. It also
contributes for understanding Parkour practice in France.

� Afterwards, a whole-body musculoskeletal model appropriate for studying
Parkour motion is created based on existing models in the literature. The
created model allows for analyzing (this chapter and Chapter 3) and generat-
ing (Chapter 4) Parkour motions.

� Then, the biomechanics of key parkour techniques identi�ed in the epidemio-
logical analysis is presented in two studies.

� At the end of this chapter, we make a general conclusion of the presented
research and the ongoing work.

2.1 Biomechanics of Human Motion

Biomechanics aims at applying the physical laws of mechanics to study hu-
man motion in order to provide a better understanding of the mechanical
strategy used by the central nervous system (CNS) to coordinate the motion
[Winter 2009, Zatsiorsky 2002]. In fact, biomechanics provides the basis for test-
ing hypothesis about how the brain coordinates a given movement and most
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of motor control theories of human motion are based on biomechanics stud-
ies (e.g. [Feldman 1995, Scholz 1999, Todorov 2002]). Biomechanic informa-
tion can also be used to generate human-inspired motions with humanoid robots
[Du�y 2003, Dasgupta 1999] or anthropomorphic systems such as animation avatars
[Sok 2007, Yamane 2010]. In this section we make a summary of the mathematical
and computational background needed to study the biomechanics of the human
motion.

2.1.1 Motion capture

Motion capture "MoCap" is a technology that allows to record motion online. In
biomechanics, it is used to record the movements of humans and animals for quan-
titative analyses. The motion is tracked using cameras that record the 2D positions
of markers placed on the body. When more than one camera is available, the 3D
marker coordinates can be computed by the MoCap system. Two types of markers
can be used depending on the motion capture system: active and passive mark-
ers. Active systems use infra-red light-emitting diodes placed on markers that are
activated in a prede�ned sequence by a control unit to correctly identify markers.
Passive systems use markers covered by a re�ective tape which are lighted by infra-
red cameras to reconstruct the markers position. Coordinate data are calculated
by the system with respect to a laboratory �xed reference frame. Data are then
processed to obtain kinematic variables describing segment or joint movements.

A motion capture system might also synchronize analog data such as reaction
forces, or muscular activity. External forces are those caused by the human inter-
acting with the environment. Common sensors are force platforms which measure
net ground reaction forces (GRFs) under the feet. Recording external forces al-
low to perform kinetics analysis of human motion and to compute other variables
such as internal joint torques and forces, joint power or joint mechanical energy
[Winter 2009]. The forces produced by the muscles and transmitted through ten-
dons, ligaments, and bones can be measured directly with indwelling force sensors,
or estimated by modeling the musculoskeletal system [Delp 2007]. Moreover, the ac-
tivation patterns of the muscles can be measured through electromyography (EMG)
sensors. Typically, these sensors are placed over the skin of the human body using
surface EMGs [Hermens 2000].

2.1.1.1 Data collection and reporting

In order to communicate motion data, an experimental protocol must be carefully
designed and followed. The recording protocol should take into account recom-
mendations for reporting biomechanic data based on international standards. For
example, kinematic data are collected and reported based on recommendations from
the International Society of Biomechanics (ISB) [Wu 2002, Wu 2005], and surface
muscular activity is recorded and communicated based on the recommendations
from the European project of Surface ElectroMyoGraphy for the Non-Invasive As-
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sessment of Muscles (SENIAM).

2.1.2 Motion reconstruction

Recorded motion data has to be reconstructed and processed. Data reconstruction
consists in labelling marker trajectories recorded by the MoCap system, interpolat-
ing trajectory gaps, and removing noise from the signals.

2.1.2.1 Labelling and interpolating

(a) (b) (c) (d)

Figure 2.1: In (a), a human with passive markers on his body during a static trial
recording. In (b), Vicon Nexus reconstruction of the static trial. In ( c) the labelling
of markers for each body segment. In (d), the linkage of the kinematic chain for
reconstructing motion trials using this model.

2.1.2.2 Filtering

Filtering consists in removing the noise from the recorded signals. The noise nor-
mally appears in higher frequencies than the signals and might arise from di�er-
ent sources as: soft-tissue artifacts (STA), sensors, or white noise. STA is re-
ferred to the movement of the markers placed on the skin with respect to the
underlying bones due to skin deformations. These deformations depend on the
body characteristics, on the location of the markers on the body and the na-
ture of the motion. Particularly, STA a�ects the estimation of joint kinematics
[Dumas 2014, Bonci 2014, Camomilla 2015].

For �ltering raw data coming from cameras (marker positions) and force plat-
forms (GRFs), a 4th order low-pass Butterworth digital �lter applied in a zero-
phase can be implemented at the same cut-o� frequency to avoid inconsistencies
with inverse dynamics computations [Kristianslund 2012, Mccaw 2013]. To select
the optimal cut-o� frequency f c at which a signal is �ltered, two types of anal-
yses are commonly performed: power spectral analysis and/or residual analysis
[Winter 2009].

Power spectral analysis Power spectral analysis is a technique in which the
power of the recorded signals can be studied in the frequency domain. Frequency
analysis is done based on a spectral density plot which displays the power of each
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frequency component against frequency. Power spectral density can be estimated
using the Fast Fourier Transform (FFT). Based on this evaluation, a decision can be
made to determine how much to accept or reject from the raw signals. Commonly,
f c is chosen as the frequency that contains more than 95% of the signal power.

Residual analysis The residual analysis [Winter 2009] allows to evaluate noise
by comparing the di�erence between the un�ltered signals and signals �ltered at
di�erent cut-o� frequencies. Let N f be the number of i sampled frames in a signal,
the residual " at a given cut-o� frequency f c is calculated as follows:

" (f c) =
1

N f

N fX

i =1

�
si � ŝi (f c)

� 2; (2.1)

wheresi is the raw signal, ŝi is the �ltered signal with cut-o� frequency f c. Eq. (2.1)
is calculated recursively for a set of given cut-o� frequencies that is arbitrary but
should be chosen so that the frequencies of the signal can be represented. Residuals
are later displayed as function of these cut-o� frequencies to evaluate the noise and
to select the cut-o� frequency. The criteria to chose the cut-o� frequency based on
residual analysis can be found in [Winter 2009].

2.1.2.3 Center of rotation and axes of rotation

Figure 2.2: Vicon Nexus reconstruction of a trial that allows the computation of
the hip center of rotation.

After data have been �ltered, joint center of rotations can be estimated from
markers. Three methods can be used to this end: virtual models (e.g. in Open-
Sim software [Delp 2007]), regression tables (e.g [Dumas 2007b]) and/or functional
methods (e.g. [Ehrig 2005]). In general, the center of rotation of ball-modeled joints
such as the shoulder and hip are computed using functional methods (2.2). The
SCoRe method provides a good estimation [Ehrig 2005] and can be computed as:

min
c1 ; c2

N fX

i =1

kR1i c1 + t 1i � (R2i c2 + t 2i )k
2 (2.2)
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where c1 2 R3 and c2 2 R3 are the centers of rotation in the body segment
coordinate system,(R1i ; t 1i ) and R2i ; t 2i ) are the transformation matrices of body
1 and body 2 respectively from segment (local) to world (global) coordinates. The
solution to this minimization problem provides two trajectories c1 and c2 for the
same joint and thus the mean value of both can be used as an estimate. Functional
methods can also be used to determine the optimal axes of joints rotations (e.g. for
calculating the knee axes [Ehrig 2007]). Other joint centres can be computed based
on regression tables.

2.1.3 Scaling of human anthropometry

(a) (b)

Figure 2.3: In (a), a virtual skeleton model created based on OpenSim models
which can be used for scaling human anthropometry. In (b), 7 participants which
were scaled with the virtual skeletal model.

The human body is composed by hundreds of muscles and bones. In order to
calculate the kinematics and the dynamics, a physical model representing the skele-
tal or musculosketal system is needed. The model is simpli�ed by the assumption
that the human body can be described by a collection of rigid bodies (segments)
representing bones or a combination of them (for example when modeling the torso
or the foot segments). In spite of this simpli�cation, this model is usually called
skeletal model and we will use the same convention in this manuscript. In the case
of muscle studies, a more complex model of the system is needed: a musculoskeletal
model.

The scaling of anthropometry allows for the estimation of segment properties
of the human body (modeled as rigid segments) such as segment lengths, iner-
tia matrices, and center of mass positions. To estimate human anthropometry,
cadaver studies [Dumas 2007b], mathematical modeling [Havana 1964], scanning
and imaging techniques [Zatsiorsky 1983, Durkin 2002], kinematic measurements
[Hatze 1975], or motion capture and kinetic measurements [Venture 2008], can be
used. Commonly, experimental marker data from a static trial is used to scale the
anthropometry of the recorded participant using the regression equations provided
by cadaver studies or by �tting these data to a virtual skeletal model (Fig. 2.3).
Further details about the virtual musculoskeletal model are given in Section 2.1.3.1
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whereas the data �tting technique is presented later in Subsection 2.1.4.

2.1.3.1 Human musculoskeletal models

A skeletal model is an e�ective tool for visualizing and analyzing human motion.
When building a virtual 3D-model, the following information has to be considered:

� The model contains the description of the kinematic chain including joint
types and joint ranges of motion.

� The segment data gives the speci�cation of the physical characteristics of
the body segments such as the masses, the inertia matrices, and the position
of the centers of mass of each segment.

� The virtual markers contain the positions of the markers placed on the
model according to the experimental protocol. Markers are normally placed
in accordance with the International Society of Biomechanics (ISB) standards
with a minimum of 3 virtual markers per segment for a 3D analysis [Wu 2002,
Wu 2005].

� The visual elements are the 3D meshes that will be displayed, which can be
created using 3D software. This data is useful for visualization purposes but
does not interfere with biomechanics computations.

� The muscle set: contains the information of the muscles used in the model
such as the lever arm, the maximum isometric force that the �bers can gener-
ate, the optimal length of the muscle �bers, the resting length of the tendon,
the angle between tendon and �bers at optimal �ber length, the time constant
for ramping up and down muscle activation, the tendon strain at maximum
isometric force, the passive muscle strain at maximum isometric force and the
maximum normalized lengthening force.

2.1.4 Inverse kinematics of human motion

The inverse kinematics of the human motion consists in converting experimental
marker positions into joint angles by minimizing errors of the reconstructed motion
and soft tissue artifact "STA". STA corresponds to the relative motion of soft tissues
with regard to the underlying bone. Two classes of methods are commonly used in
the literature to calculate 3D angles: segment optimization methods [Chèze 1995]
and global optimization methods [Lu 1999]. In segment optimization methods, a
frame is attached to each segment according to the ISB recommendations. The
axes of the reference frames are also created based on the ISB which allows the
communication of kinematic data. Angles are then calculated from Euler angle
sequences by computing the optimal bone pose from a marker cluster. Global
optimization methods, usually referred to as "Inverse Kinematics", can also be used
to calculate joint angles and constitute a promising methodology [Duprey 2010].
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Using global optimization it is possible to add physically realistic joint constraints
while taking into account the whole kinematic chain structure and joint ranges of
motion. Let n be the total number of DoF of the skeletal system andm the number
of recorded markers. The inverse kinematics problem comes to solves the following
problem:

min
q

NmX

i =1

wi kx exp
i � x i (q)k2

s.t. q � q � q

(2.3)

where Nm is the total number of markers, q are the generalized coordinates,q and
q are minimum and maximum ranges of motion of the joint coordinatesq, x exp

i
is the experimental marker position of the i th marker, x (q) is the corresponding
virtual model marker position, and wi is the marker weight, which speci�es how
strongly the marker error should be minimized.

2.1.4.1 Center of mass

By knowing the anthropometry and the con�guration of the body, its center of
mass position (CoM) can be computed. Denoting byns the number of segments
of the system, msi the mass of thei th segment andc i 2 R3 its CoM position, the
whole-body CoM position c 2 R3 can be computed as follows:

c =
P ns

i =1 msi c iP ns
i =1 msi

(2.4)

2.1.5 Kinetics of human motion

The kinetic study of the human motion consists in determining the external forces
acting on the body and internal forces "or stress" whiting the body that might be
the consequence of external forces application. External forces include gravity force
and any reaction force produced through contact with the environment. Internal
forces are produced by ligaments, muscles and joint articular surfaces.

2.1.5.1 Center of pressure

By knowing the reaction forces, the center of pressure (CoP) can be calculated.
Center of pressure analysis is used to study mechanical stability in human motion.
The CoP can be interpreted as the neuromuscular response to the imbalances of the
body's CoM. The CoP is also used to compute inverse dynamics. Typically GRFs
measurements obtained through force platforms are used. GRFs measurements pro-
vide the net force vector f grf = [ f x f y f z]T and the net moment vector containing
the components about the principal axes of the force platform� grf = [ nx ny nz]T .
The components of the CoP positioncp 2 R2 can be computed as follows:

cpx =
f xdz � ny

f z
; cpy =

f ydz + nx

f z
; (2.5)
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wheredz is the distance from the platform origin to the top surface. These equations
apply to force platforms instrumented with one central pillar that supports an upper
�at plate such as Amti force plates (AMTI, Watertown, MA, USA).

2.1.6 Inverse dynamics of human motion

Inverse dynamics consists in calculating internal forces and torques at the joints that
generate a given motion. To this end, the body model described before (skeletal
model), the movement kinematics and the measured external forces produced in
case of contact with the environment are used. Three formalisms are available
to compute inverse dynamics: Hamiltonian, Euler-Lagrange and Newton-Euler. In
particular, the Newton-Euler formulation expresses dynamic equations for each link
and performs calculations recursively by propagating reaction forces and applying
Newton third law of motion (principle of action and reaction). Euler's �rst and
second equations of motion form the so called Newton-Euler equations. The �rst
equation states that the sum of external forces equals the variation of the linear
momentum:

X
f ext =

d
dt

(mvc) = mac (2.6)

The second equation states that the sum of external torques equals the variation of
the angular momentum at the center of mass:

X
� c;ext =

d
dt

(I ! ) = I _! + ! � I ! (2.7)

Eq. (2.6) and Eq. (2.7) are commonly propagated at each joint using a bottom-up
approach. This method can be computed numerically though the application of
the recursive formulation of the Newton-Euler equations [Kuo 1998]. Four inverse
dynamics methods have been proposed in the literature based on vectors and Euler
angles, wrenches and quaternions, homogeneous matrices, or generalized coordi-
nates and forces [Dumas 2007a].

2.1.7 Energetics of human motion

Energetics in human motion can be analyzed by means of mechanical power and
work. By making the assumption that the human body can be modeled as a poly-
articulated system composed of rigid body segments, and by assuming that joints
are frictionless, net internal forces and torques at the joints computed though in-
verse dynamics can be used to compute joint power and joint mechanical work
[Zatsiorsky 2002].

The mechanical powerP mec (joint mechanical power and work will be expressed
in upper-case for avoiding confusion with the notations of linear momentum and
angular velocity respectively) of the i th joint is calculated as follows:

P mec;i = � i � ! i = � i � (! d � ! p) (2.8)
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where � i is the net joint torque of the i th joint, ! p is the angular velocity of the
proximal segment and ! d is the angular velocity of the distal segment. Thus, ! i

represents the relative angular velocity of the i th joint. Joint mechanical work
Wmec;i can be then calculated as the time integral of the joint power:

Wmec;i =
Z t2

t1
P mec;i dt (2.9)

Note that joint work is positive when joint torque and joint angular velocity are in
the same direction, otherwise it is negative.

2.1.7.1 Mechanical energy expenditure

Because work is computed by means of positive and negative joint power, its sum-
mation in a ploy-articulated system might be close to zero if muscles produced work
and dissipated energy. A more practical measure of the mechanical energy expen-
diture ( MEE ) was proposed in [Aleshinsky 1986b, Aleshinsky 1986a]. TheMEE is
calculated as the time integral of the sum of individual absolute joint powers:

MEE =
Z t2

t1

X

i

jP mec;i; + j dt +
Z t2

t1

X

i

jP mec;i; � j dt (2.10)

The �rst part of the equation represents the work for accelerating the body segment
while the second part of the equation represents the work that decelerate the body
segment [Zatsiorsky 2002]. MEE is a "worklike" measure used to determine the
amount of energy expended for motion.

2.1.8 Linear and angular momenta of human motion

The linear momentum of a poly-articulated system, such as the human body, is
obtained as follows:

p = mbvc (2.11)

where mb is the total mass of the poly-articulated system and _c is the center of
mass velocity. Let S be the number of body segments, the whole-body angular
momentum expressed at its center of mass positionc is calculated as follows:

L c =
SX

s=1

�
(cs � c) � msvs + I s! s

�
(2.12)

where cs is the center of mass position of thesth segment,ms is the mass of the
sth segment,vs is the segment linear velocity,I s is the inertia around the segment
center of mass and! s is the segment angular velocity around the segment center
of mass. Similarly the linear and angular (expressed at the center of mass position)
momenta derivative can be calculated as the time derivative of Eq. (2.11) and Eq.
(2.12) respectively.
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2.2 Epidemiology of Parkour in France

This section presents a descriptive epidemiological study of Parkour practice in
France. This study was done in collaboration with the French Parkour association
LFREP (Laboratoire Français de Recherches et d'Etudes sur le Parkour). It iden-
ti�es potential risk factors associated to Parkour practice in the context of injury
prevention. Moreover, the study will contribute to determine a set of key Parkour
techniques for further biomechanical analysis in the next sections.

2.2.1 Introduction

Before starting the epidemiology study, let us brie�y introduce the main Park-
our techniques. Parkour movements contain a base of techniques that are com-
bined together for adapting to a particular situation or environment. Parkour tech-
niques include principally jump/landing, climbing, swinging, vaulting, running and
quadrupedal movement techniques. In this subsection, jump/landing, vaulting, arm
jump and climbing techniques are presented. Based on this introduction, we will
present the epidemiological study in the next subsections.

2.2.1.1 Parkour jumping and landing techniques

Parkour jump and landing techniques are the foundation of most of the Pakour
movements. They aim at providing practitioners with the necessary strategies to
execute precise and safe motions. The principal techniques are presented bellow:

Precision technique The precision jump/landing technique is used for relative
small drops. It requires practitioners to jump and land with precision on the forefoot
without heel contact with the ground, to bend their lower limbs without any varus-
valgus motion of the knees and to use their arms to counterbalance the movement
and stabilize themselves (Fig. 2.4).

(a) (b)

Figure 2.4: Parkour precision jump (a) and landing (b) techniques performed in
a urban space. The photos were taken at Toulouse (France) and corresponds to a
Parkour expert that was part of the current study.
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Roll technique The roll landing technique is used when landing from greater
heights. It consists in landing over the forefoot without heel contact with the
ground and putting both feet almost parallel, then pushing-o� from the ground
and rolling in the direction of the movement placing both hands on the ground and
rotating the body from one shoulder to the opposite hip across the back along a
diagonal (Fig. 2.5). It might be compared to the judo fall technique of forward
roll (known as Zenpo Kaiten). However, it di�ers from it in the feet and hands
placement.

Figure 2.5: Parkour roll landing technique performed in a urban space. The photos
were taken at Toulouse (France) and corresponds to a Parkour expert that was part
of the current study.
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2.2.1.2 Parkour vaulting techniques

Parkour vaulting techniques are used to overcome obstacles of the environment
quickly and e�ciently.

(a) (b)

Figure 2.6: Safety vault (a) and Kong vault ( b) techniques performed in urban
spaces. The safety vault technique is one of the simplest and often the �rst technique
to be learned in Parkour vaultings. The kong vault is a more complex technique
which goal is to gain power and distance.

2.2.1.3 Parkour arm jump technique

The arm jump is a technique that is used when the distance/height between the
take-o� location and the intended destination is too far to simply jump onto with
the feet. The technique can be performed from a running or standing con�guration.
The principal goal is to land safely on walls. The technique is normally followed by
Parkour landing or climbing techniques.

Figure 2.7: Parkour arm jump technique performed in a urban space.
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2.2.1.4 Parkour climbing techniques

Climbing techniques in Parkour are used by traceurs to move vertically (both up
and down). For example to muscle-up on the top of a wall. These techniques
require high conditioning of the upper body and whole-body coordination. The
conditioning for executing Parkour climbings is to perform close-chain bodyweight
techniques. The most used ones are pull-up and muscle-up.

Figure 2.8: Parkour climbing technique performed in a urban space. The photos
were taken at Toulouse (France) and corresponds to a Parkour expert that was part
of the current study.

2.2.2 Sate of the art

Parkour might be considered a risky discipline because of the nature of the move-
ments which are highly dynamic and complex, and the changing environment which
includes irregular and hard surfaces. In [Cazenave 2008], it was suggested that
traceurs adopt a risk-taking bahavior that contributes for a positive regulation of
their self-esteem. An injury rate of 61.5%, considering the % of traceurs that suf-
fered a musculoskeletal injury while practicing parkour in the last six months, has
been reported in the literature [Da Rocha 2014]. In the same study, 41% of these
injuries prevented traceurs from training for more than four weeks. Moreover, it
was reported that lower-limbs accounted for more than half of the injuries su�ered
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in Parkour practice (57.1%). The authors also suggested that age and practice time
might be linked to injury, that adults might have greater caution in conducting this
type of activity and that training should not be longer than three hours.

In this study, we propose to extend this epidemiological study and to contribute
to the understanding of Parkour practice in France. This study will also serve for
identifying key Parkour techniques which might be of interest from biomechanics
and injury prevention perspectives. Our contribution in this work was to translate,
process and analyze a database containing information related to Parkour practice
in France. This is explained in the sequel.

2.2.3 Methods

Data from a survey of 85 Parkour male practitioners that was collected and pro-
cessed in France. The questionnaire was designed by the members of the French
Parkour association LFREP. The type of questions and how the data was processed
is explained in the following items:

� The expertise in Parkour. In our study, Parkour experts were considered to
be practitioners with more than 5 years of Parkour practice.

� The type of injury su�ered from Parkour practice. The injury type was later
classi�ed into 4 categories by a rehabilitation doctor as follows: ligament,
musculotendinous disorder, fracture and wounds.

� The injury severity level. In this study, injury severity was graded from 1 (low
severity) to 3 (high severity) depending of traceurs feeling of severity.

� Whether traceurs belonged or not to a Parkour association. One of the main
goals of Parkour associations is to train traceurs. So this information might
be linked to performance and injury prevention.

� The technique used when getting injured. The technique was later classi�ed
into 5 categories: landing, vaulting, climbing, arm jump and others. Others
includes mostly free-running techniques, tictac Parkour technique and injuries
su�ered during conditioning.

2.2.4 Results

Ligament was the most su�ered injury accounting for the 53% of cases (Fig. 2.9a).
Across techniques, landing (41%) was the most prone to induce injuries (Fig. 2.9b).
Ligament was the most frequent injury independently of expertise or technique
(Fig. 2.10a and Fig. 2.10b). Musculotendinous disorder was the second most
su�ered injury in climbing (33%)(Fig. 2.10b). In landing and vaulting techniques,
musculotendinous disorder, fracture and wound were similarly su�ered (Fig. 2.10b).
In arm jump, there was an important prevalence of ligament injuries (76%) (Fig.
2.10b). The injury with highest severity score was fracture (60% of the total injuries
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(a) (b)

Figure 2.9: The most frequent injuries (a) , and the most used techniques when
getting injured (b) . Most of the traceurs su�ered from a ligament injury and most
of the injuries where su�ered when performing Parkour landing techniques.

(a) (b)

Figure 2.10: Percentage of injury type according to Parkour expertise(a) and
technique(b) . Ligament was the most su�ered injury independently of the expertise
or technique used.

with score equal to 3) while the other injury types reported a low severity score
(Fig. 2.11a). Severity score was low in all techniques (Fig. 2.11b) and increased
with expertise (In Fig. 2.11c low severity decreased while high severity increased).
Finally, the data also shown that 75 % of traceurs belonged to a Parkour association
and only 25% of traceurs had more than 5 years of Parkour practice.

2.2.5 Discussion

Ligament injury is the most common

Although the severity level of ligament injuries was low, the frequency of ligament
injuries appear to be high across Parkour techniques. Particularly, it seems that
ligament injuries are very frequent in the arm jump technique (76%). This result is
not surprising if we consider that in sports like gymnastics, were athletes perform
highly dynamic motions such as in Parkour, the ankle and wrist are commonly
prone to ligament injuries [Caine 2005].
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(a) (b)

(c)

Figure 2.11: Severity level as percentage according to injury type(a) , technique
(b) and expertise (c) . In the legends of the �gure, low severity is labeled "s1",
medium severity is labeled "s2" and high severity is labeled "s3".

Landing techniques are the most prone to injury

Parkour landings are the techniques in which injuries happen most frequently (41%
of total injuries). This makes sense because landing techniques are highly utilized
during Parkour practice as they are part of most of the Parkour motions. This result
is also in accordance with the literature of related sports like gymnastics. A de-
scriptive epidemiology of collegiate women's gymnastics injuries has shown that the
majority of competition injuries (approximately 70%) resulted from either landings
in �oor exercises or dismounts [Marshall 2007]. This result is also in accordance
with a recent study of Parkour injuries in United States where most of the Parkour
injuries were reportedly caused by landings [Rossheim 2017].

Severity of the injuries

In all techniques, the reported score of injury severity showed to be low. This
result contradicts the results of [Da Rocha 2014] where 41% of the injuries were
relatively severe. In our study, only fracture reported a high score of severity which
is not surprising due to the nature of the injury type. The score of severity increased
with practice. Experts (practitioners with more than 5 years expertise in this study)
appear to su�er from more dangerous injuries. This result is in accordance with the
literature of similar sports, where it has been demonstrated that expertise increases
the injury risk [Zetaruk 2005]. Moreover, it is reasonable to think that traceurs'
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risk-taking behavior might increase with expertise.
The previous paragraph should be only used as guide. In fact, results of severity

in this study are very subjective. A better way to analyze severity of injury is to use
standardized methods such as the Injury Severity Score (ISS) [Baker 1974]. Such
an analysis was not possible in this study because the questionnaire did not include
information about the exact location of the injury.

2.2.6 Conclusion

The most critical Parkour techniques for the purpose of injury prevention appear
to be landing, vaulting, arm jump and climbing, as injuries are more frequent when
using these techniques. Despite the risking nature of Parkour practice, most of the
reported injuries are of relative low severity. Although Parkour is a young discipline,
which is not yet considered as an o�cial sport, most of the traceurs trained with
a Parkour association in France. When training and practicing Parkour, special
e�ort should be put to avoid injuries furing landing phases. For example, to improve
landing performance with a trainer and to use recommended equipment for Parkour
practice.

In the context of our research, we have identi�ed the Parkour precision landing
technique as the most critical for injury prevention. Moreover, jumps and landing
techniques are of interest for generating highly dynamic motions as future new
generation of robots will allow to cope with the dynamics of these motions (see for
example the snapshots of the Atlas robot while jumping and landing in Chapter 1).
These results encourage us to quantify the performance of Parkour landings and
to generate these movements. In the next sections we will present biomechanics
studies of this technique. Before that, let us start by introducing a whole-body
musculoskeletal model that was built for performing these studies.
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2.3 Selection of a Whole-body Musculoskeletal Model

In order to analyze and generate Parkour motions, a musculoskeletal model (Fig.
2.12) was created. To build the model, the following criteria were considered:

� The model should express the main elementary motions of the studied Parkour
techniques. This implies that the model might be more complicated than a
humanoid robot model, but not as a complex as a real human model.

� The model should be whole-body and three dimensional as Parkour practice
requires whole-body coordination (e.g. for accomplishing complex motions).

� The model should include surface joint stabilizer muscles that favor the study
of muscular activity in highly dynamic motion. For example the agonist-
antagonist muscles that perform abduction-adduction, �exion-extension or
plantar �exion-dorsi�exion.

In the rest of the section we describe the main components of the model.

Figure 2.12: Musculoskeletal model. The visual elements are based on the running
model of Hammer [Hamner 2010].

2.3.1 Joints modeling

A whole-body 3D model including 42 degrees of freedom (Table 2.1) was used to
reconstruct the main elementary movements of the Parkour athlete. The charac-
teristics of the model are listed below:
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� The lower limb, pelvis and upper limb anthropometry are based on the run-
ning model of Hammer et al. [Hamner 2010]. Mass properties of the torso
and head segments (including the neck) are estimated from the regression
equations of ([Dumas 2007b, Dumas 2007c]. Hands anthropomorphic data
are based on regression equations [Leva 1996].

� Each lower extremity has 7 DoF. The hip is modeled as a ball-and-socket joint,
the knee is modeled as a hinge joint, the ankle is modeled as 2D hinge joints
(�exion-extension and inversion-eversion), and the toes are modeled with one
hinge joint at the metatarsals.

� The pelvis joint is modeled as a free-�yer joint to allow the model for trans-
lation and rotation in the 3D space, the lumbar motion is modeled as a ball-
and-socket joint [Anderson 1999] and the neck joint is also modeled as a ball-
and-socket joint.

� Each arm is modeled with 8 DoF. The shoulder is modeled as a ball-and-
socket joint, the elbow and forearm rotations are modeled with hinge joints
to represent �exion-extension and pronation-supination [Holzbaur 2005], the
wrist �exion-extension and radial-ulnar deviations are modeled with hinge
joints, and the hand �ngers are modeled with one hinge joint for all �ngers.

Lower limb joints
Hip Knee Ankle Toes

Type ball and
socket

hinge hinge (� 2) hinge

Upper limb joints
Shoulder Elbow Wrist Fingers

Type ball and
socket

hinge (� 2) hinge (� 2) hinge

Trunk and head joints
Pelvis Lumbar Neck

Type free �yer ball and
socket

ball and
socket

Table 2.1: Synovial joints and free �yer joint of the whole body model.

2.3.2 Muscles modeling

The model contains 48 super�cial muscles (Fig. 2.12) that represent the more
relevant joint stabilizer muscles to study Parkour movements. Muscles are modeled
using hill-type models based on the works described in [Thelen 2003, Schutte 1993]
which are used in OpenSim [Delp 2007]. The muscles and their principal mechanical
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actions in the execution of Parkour movements, are presented in Table 2.2 for the
lower limb muscles, in Table 2.3 for the upper limb muscles and in Table 2.4 for the
trunk, and head muscles.

2.3.2.1 Lower limbs muscles

Twenty three super�cial muscles that stabilize the hip, knee and ankle joints were
selected based on a functional analysis of the muscles mechanical action in the
execution of Parkour jumps and landing techniques (Table 2.2).

Lower limb muscles
Muscle Main Functions
Gluteus medius Abduct an rotate medially the thigh at

the hip.
Sartorius Flex, abduct, and rotate laterally the

thigh at the hip. Flex the leg at the knee.
Tensor fasciae latae Extend the thigh at the hip.
Biceps femoris Flex and rotate the leg laterally at the

knee. Extend the thigh at the hip.
Semitendinoseus Flex and rotate the leg medially at the

knee. Extend the thigh at the hip.
Vastus lateralis Extend the leg at the knee.
Vastus medialis Extend the leg at the knee.
Lateralis gastrocnemius Plantar �ex the foot at the ankle.
Medialis gastrocnemius Plantar �ex the foot at the ankle and �ex

the leg at the knee.
Soleus Plantar �ex the foot at the ankle.
Tibialis posterior Plantar �ex the foot at the ankle. Slight

inversion of the foot at the ankle.
Tibialis anterior Dorsi�ex the foot at the ankle. Slight in-

version of the foot at the ankle.

Table 2.2: Lower body muscles of the whole body model and their mechanical action

2.3.2.2 Upper limbs muscles

Twenty one super�cial muscles that stabilize the shoulder, elbow and wrist joints
were selected based on a functional analysis of the muscles mechanical action in the
execution of climbing techniques (Table 2.3).
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Upper Limbs
Muscle Main Functions
Anterior deltoideus Abduction, �exion and medial rotation of

the forearm at the shoulder joint
Posterior deltoideus Abduction, extension and lateral rotation

of the upper arm at the shoulder joint
Medial deltoideus Abduction of the upper arm at the shoul-

der joint
Pectoralis major Flexion, adduction and medial rotation of

the upper arm at the shoulder joint
Latisimus dorsi Extension, adduction, horizontal abduc-

tion, �exion from an extended position,
and medial rotation of the upper arm at
the shoulder joint

Triceps brachii longus Extension of the forearm at the elbow
joint. Also adducts and may assist in ex-
tension of the shoulder joint.

Triceps brachii lateralis Extension of the forearm at the elbow
joint.

Biceps brachii longus Supination and �exion of the forearm at
the elbow joint.

Brachioradialis Flexion of the forearm at the elbow joint
Carpi radialis �exor Flexion and radial abduction of the hand

at the wrist joint
Carpialis extensor Extension and radial abduction of the

hand at the wrist joint.

Table 2.3: Upper body muscles of the whole body model and their mechanical
action

2.3.2.3 Trunk and head muscles

Trunk
Muscle Main Functions
Erector spinae longissimus Extension of the lumbar spine at the

lumbar joint
Rectus abdominis Flexion of the lumbar spine at the lum-

bar joint
Sternocledomastoid Oblique rotation and �exion of the

head at the neck joint
Trapecius ascendus Scapulae motion and extension of the

head at the neck joint

Table 2.4: Trunk muscles of the whole body model and their mechanical action
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Four super�cial muscles that stabilize the lumbar and neck joints were selected
based on a functional analysis of the muscles mechanical action in the execution
of the Parkour techniques 2.4. The sternocledomastoid and the trapecius ascendus
muscles were used for studying the motion of the head. Nevertheless, the trapecius
ascendus muscle is also important for the scapulae movement in the execution of
climbing techniques.

2.3.3 Marker set

The model includes a whole-body marker set with 48 markers placed on anatomical
bony landmarks (2.13) selected based on the recommendations of the International
Society of Biomechanics (ISB) [Wu 2002, Wu 2005].

Figure 2.13: Marker set depicted on the whole body skeletal model
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2.4 Strategies of Parkour Practitioners for Executing
Soft Precision Landings

In this section we present a biomechanical study of the Parkour precision and roll
landing techniques. To this end, biomechanical methods introduced at the begin-
ning of this in chapter are applied (Section 2.1), and the lower limb part of the
skeletal model presented in the previous section is utilized (Section 2.3). In this
part of the research, we made a lower-limb biomechanical study of Parkour preci-
sion landing technique, Parkour roll landing technique and landings performed in
a natural style by untrained participants (recreational athletes). We compare the
landing techniques at two di�erent drop heights. This study allows for quantifying
some performance factors of traceurs executing these movements and to identify
the mechanisms for pain avoidance and injury prevention in Parkour landings. The
results also draw attention to the possibility of using Parkour landing strategies in
other sports such as gymnastics.

2.4.1 Introduction

Various types of analysis are proposed in this study including injury prevention,
energetic performance, postural control and motion smoothness. In what follows
we present the state of the art of these topics in the context of our research.

2.4.1.1 Injury prevention in Parkour landings

Parkour movements look risky, highly dynamic and complex [Kidder 2012,
Gilchrist 2011, Cazenave 2008]. One of the most repeated and risky motion is
landing (see the epidemiological study in Sec. 2.2), which is commonly performed
in urban spaces with hard surfaces and uncontrolled drop heights. Biomechan-
ical studies assessing kinetics of Parkour landings have shown that traceurs can
decrease peak vertical ground reaction forces (GRFs) which, according to spe-
cialists of injury prevention, may be dangerous for the human body when they
are high [Puddle 2013, Standing 2015]. In these studies, only vertical forces
were reported despite the fact that antero-posterior forces may be high when
landing and the stopping abruptly. This movement could induce injuries like
ACL ruptures [Steele 1990]. Moreover, if GRF peaks are lowered and the mo-
tion is smooth, then joint torques, joint angular velocities and joint power peaks
might also be lowered, which is fundamental for injury prevention in landing
[Devita 1992, Bisseling 2007, Bisseling 2008, Rosen 2015]. Thus, a stable, less de-
manding in terms of joint power and torque peaks, and a safer technique for landing
from higher drops, may also be of interest in other highly dynamic and complex
sports such as gymnastics.

The �rst part of this comparative study is based on the previous analysis of
injury prevention and mechanical performance. This drove us to formulate the
hypotheses that will be listed below. In this section of the manuscript, hypotheses
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will be enumerated and preceded by "H " so that we can refer to them in the results
and discussion sections.

� H1 We hypothesized that antero-posterior GRF will be reduced in Parkour
landings as traceurs seem to lower vertical GRF [Standing 2015].

� H2 We hypothesized that the Parkour techniques would induce a reduction of
angular velocity, torque and power, because of the soft landing that traceurs
seem to perform and their ability to lower the vertical GRF.

� H3 We expect that increasing the landing height will induce an increment of
the assessed GRFs, peak angular velocity, joint torques and power.

2.4.1.2 Energetic performance of Parkour landings

Such a dynamic and complex discipline as Parkour requires rigorous training
[Grosprêtre 2016]. In fact, it has been shown that Parkour training induces high
development of muscular capacity [Marchetti 2012]. Therefore performing an ener-
getic study to quantify the contribution of joints in energy dissipation may provide
clues about how lower-limbs should be conditioned for landing. Furthermore, learn-
ing how multi-joint control changes to accommodate to increased landing height
might be of interest for practitioners to know how energy is being dissipated by
their lower-limbs [Yeow 2009].

Following this reasoning, we formulate the following hypotheses:

� H4 We hypothesized that traceurs will extended landing phase duration for
shock absorption and that this would lead to more mechanical energy dissi-
pation.

� H5 We expected that traceurs executing the precision technique would use
especially knee extensors to absorb the energy as it has been demonstrated
by related studies of soft landings [Devita 1992]

2.4.1.3 Postural control in Parkour landings

Postural control consists in maintaining, achieving or restoring a state of balance.
In the literature, it has been associated to injury prevention. For example, it
has been reported that postural control is signi�cantly related to ankle and knee
injuries [Hrysomallis 2007]. Postural control has also been associated to athletic
performance. For example, it has been shown that the more pro�cient athletes
display a best postural control and that, among athletes, gymnasts tend to have
the best balance ability [Hrysomallis 2011].

Gymnasts and traceurs share some similarities. In fact, both athletes are com-
monly exposed to land from important heights. Thus, it seems consistent to think
that as in gymnastics, a key performance factor in Parkour precision landings is
postural control. If postural control in traceurs is not signi�cantly better than pos-
tural control in recreational athletes, then Parkour training must be modi�ed to
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improve stability and prevent injuries. In fact, impacts in Parkour are more consid-
erable than in gymnastics, because Parkour is performed onto hard surfaces while
gymnastics is performed onto soft surfaces.

In order to study postural control during the Parkour precision landing tech-
nique (the roll technique was excluded from this analysis as there is a continua-
tion of the motion without stabilization) the following clinical tests where consid-
ered: Time to stabilization (TTS) [Colby 1999], dynamical postural stability index
(DPSI) [Wikstrom 2005], and con�dence ellipsoid area of the center of pressure
(CoP) displacement [Takagi 1985]. TTS is a dynamic test of postural control that
quanti�es the time it takes for an individual to return to a baseline or stable state
following a jump or drop landing. A longer TTS indicates more di�culty in con-
trolling posture at landing (it might also indicate impaired neuromuscular control
[Brown 2004]). DPSI provides an index of stabilization for antero-posterior (A-P),
medial-lateral (M-L) and vertical (V) anatomical axis. A large DPSI value indicates
that the athlete performed more e�ort to control the stability in a given direction. A
con�dence ellipsoid of the center of pressure contains information about the center
of pressure excursion for postural control. A large value of the con�dence ellipsoid
area is related to di�culties in controlling posture after landing.

Based on the previous analysis and the clinical tests of postural control pre-
sented, we formulate the following hypotheses:

� H6 We hypothesize that Parkour practitioners will have a better dynamical
postural control performance in terms of a lower DPSI value and a lower area
of the center of pressure con�dence ellipsoid than untrained participants.

� H7 We further hypothesize that TTS will be less in traceurs than in recre-
ational athletes because practitioners appear to land in a pose where the
center of mass (CoM) is closer to the center of the support polygon.

� H8 Finally, we hypothesize that the landing height e�ect on stability is not
statistically signi�cant for both populations.

2.4.1.4 Motion smoothness of Parkour landings: �uidity and aesthetics

Freerunning is a derivation of Parkour which objective is to express �uidity and
aesthetics of the motion. While �uidity and aesthetics are not as important as
e�ciency and pain/injury prevention in Parkour, they constitute an interesting
component of the Parkour movements. For example, a Parkour landing where peak
GRFs are lowered and the time duration of the motion is extended might look
smoother than a landing performed by untrained jumpers where peak GRFs are
high and the time duration of the motion is short.

According to the biomechanics literature, a �nal knee �exion of more than 90
degrees from full extension corresponds to a soft landing, otherwise it is classi�ed as
a sti� landing [Devita 1992]. Moreover, it has been proposed that in order to quan-
tify the smoothness of a movement, theminimum-jerk [Hogan 1984, Flash 1985]
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criterion is a good candidate. For example, it has been shown that the application
of this criterion induced smooth end-e�ector (e.g. the hand) trajectories whose
pro�les are bell shaped and seem more natural (human-like). When computing the
minimum-jerk , only the kinematics of the end-e�ector is considered. In order to
generate smooth trajectories considering the dynamics and the joint space (body
joints), the minimum-torque-changecriteria [Uno 1989] can be used. Finally, note
that, although these criteria could be used to formulate hypotheses about how the
brain solves redundancy from a motor control perspective, our interest in this study
is to compare mechanical cost functions related to smoothness in the landings ex-
ecuted by traceurs and untrained participants. The results from this analysis are
intended to enrich the understanding of the strategies used by traceurs when per-
forming Parkour landings.

Based on the previous reasoning and the presented criteria, we formulated our
scienti�c hypotheses as follows:

� H9 We hypothesized that traceurs will perform soft landings and that joint
range of motion (RoM) will increase with drop height.

� H10 We hypothesized that the jerk of the CoM trajectory � J jerk � will be
minimized in Parkour landings.

� H11 We hypothesized that Parkour landings will induce a lower cost value
of the minimum-torque-change"Jtc" than in landings performed by untrained
participants.

2.4.2 Methodology

2.4.2.1 Participants

Twelve healthy untrained male participants (age: 22.3� 3.3 y, height: 1.79� 0.08
m, mass: 71.2� 5.6 kg) and twelve healthy trained male traceurs (age: 22.2� 4.8
y, height: 1.73 � 0.04 m, mass: 66.6� 5.1 kg) volunteered for this study. The
traceurs' experience in Parkour practice was 5.4� 2.1 y. The subject exclusion
criterion was based on history of lower extremity injuries or diseases that might
a�ect landing biomechanics. The experiments were conducted in accordance with
the standards of the Declaration of Helsinki (rev. 2013) and approved by a local
ethics committee.

2.4.2.2 Data acquisition

Kinematic data were collected using 11 infrared cameras sampling at 200 Hz (Vicon,
Oxford Metrics, Oxford, UK) and recording re�ective markers placed on the partic-
ipants (Fig.2.14 and Fig.2.15). As previously remarked, only lower-limbs motions
were considered for this study. Markers were set based on Wu recommendations
[Wu 2002] as follows: the �rst and �fth metatarsal, calcaneus, lateral and inter-
nal malleolus, anterior tibial tuberosity, lateral and medial epicondyles of knee,
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greater trochanter, posterior superior iliac spine and anterior superior iliac spine
(see marker set for the lower limbs in Fig. 2.13 in Subsection 2.3.3). Two force
plates (AMTI, Watertown, MA, USA) embedded into the �oor were used to record
GRF and moments at 2000 Hz for each limb.

2.4.2.3 Experimental protocol

(a)

(b)

(c)

Figure 2.14: Parkour landing techniques studied when landing from 60 cm height.
In (a) the two boxes used for the protocol and the way the distance to the target (50
� 5 cm) was calculated. In(b) , the landing phase of Parkour precision technique.
On the right in (c) , the landing phase of Parkour roll landing technique. On the
left in (c) , the roll strategy that follows the landing phase.

All participants started with 5 min of warming up that was followed by 5 min
of self-stretching. Two boxes of 30 cm height were used to create two landing
heights: 30 cm and 60 cm (Fig. 2.14a). For each height, 2 blocks of 3 successful
trials without randomization were executed as follows: one block of familiarization,
followed by a second one of recording including 30 seconds of rest in between.
Untrained participants' trials were labeled as untrained trials while Parkour trials
were divided into precision and roll trials. All participants were instructed to land
barefoot in a speci�ed target and to avoid jumping up to do not exceed the initial
height. No instruction was provided regarding the use of arms. The target was
set with marker landmarks placed on the landing surface to limit the minimal and
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Figure 2.15: Reconstruction of a landing motion using Vicon Nexus software. In
the image, 11 optoelectronic cameras used for recording the 3D marker trajectories
on the participants' body, 1 digital video camera utilized for verifying the record-
ings, and two force platforms used for recording the ground reaction forces can be
observed.

maximal horizontal landing distance at 50 � 5 cm (Fig. 2.14a). In the untrained
trials, participants were asked to land as they preferred and stabilize themselves
on the force platform. In the precision and the roll trials, traceurs were instructed
to land using the Parkour precision and roll technique (Fig. 2.14b and Fig. 2.14c
respectively).

2.4.2.4 Data analysis

De�nition of the landing phase For untrained and precision trials, the landing
phase was de�ned as the time duration between the initial contact with the ground
�IC� � de�ned as the time instant when the vertical GRF was more than 50 N
[Puddle 2013] � and the maximum knee �exion (100%) [Mccaw 2013] (Fig. 2.16a
and Fig. 2.16b). In the roll trials, the landing phase was de�ned from IC until
the time instant before the roll (100%) that was prior to the antero-posterior dis-
placement of the hip at the beginning of the roll (Fig.2.16c). Note that Fig. 2.14c
does not represent the landing phase duration of the roll landing, as rolling on the
shoulder strategy is not part of the provided de�nition. In fact the roll analysis was
outside the scope of this study.

Kinematics, dynamics and energetics Data were reconstructed using the
Nexus software (Fig. 2.15) from the Vicon motion capture system (Vicon, Oxford
Metrics, Oxford, UK). Reconstructed data were processed using a custom-made
Matlab program. Kinematics and GRFs were �ltered at the same cuto� frequency
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[Kristianslund 2012, Mccaw 2013] with a low-pass Butterworth digital �lter of 4th
order applied in a zero-phase. A cut-o� frequency of 30 Hz was used after a residual
analysis [Winter 2009]. The geometric model was scaled with OpenSim [Delp 2007]
and the scaling parameters were modi�ed according to anthropomorphic tables
[Dumas 2007b]. Inverse kinematics and inverse dynamics were performed using
OpenSim [Delp 2007]. Results were exported to Matlab in order to compute joint
power and mechanical work, evaluate the data and perform the statistical analysis.
Only hip, knee and ankle joints were considered. The assessed variables were: GRF
peaks, time to maximum peak norm of GRF, loading rate of force, hip, joint angu-
lar con�guration at IC, RoM, peak angular velocity, duration of the landing phase,
joint torques, joint power and mechanical work (including total eccentric work, and
positive and negative joint contribution for energy generation and dissipation (Eq
2.10)). Joint power was computed as the product of the joint torque and the joint
angular velocity, and joint mechanical work was calculated by integrating the joint
power along the time of the landing phase. Total eccentric mechanical work was
calculated as the sum of the absolute value of the eccentric mechanical work gener-
ated by the hip, knee and ankle joints [Zatsiorsky 2002]. The work contribution for
energy dissipation was calculated by normalizing each joint eccentric work by the
total eccentric work (100 %). All these calculations are explained at the beginning
of this chapter in Section 2.1. The cost value of theminimum-jerk criterion applied
to the CoM trajectory was calculated as follows:

J jerk =
1
T

Z T

IC
_ac

2 dt (2.13)

where T is the time duration of the landing phase, and _ac is the derivative of the
CoM acceleration. The cost function value of theminimum-torque-changecriterion
applied to the lower-limb joints was calculated as follows:

Jtc =
1
T

Z T

IC
( _� 2

hip + _� 2
knee + _� 2

ankle ) dt (2.14)

where � is the joint torque.

Normalization and data reporting Forces, joint torques, joint power and me-
chanical work were normalized by the subject's body mass. Results were reported
only for the landing phase and for the dominant leg as it has been reported to
provide better conclusions for injury prevention [Niu 2011]. Leg dominance was
de�ned as the most used leg for stabilization by comparing the mean GRF of each
force platform during the landing phase [Niu 2011].

Clinical tests for assessing postural control during landing The time to
stabilization TTS of the A-P component of the GRFs was calculated using sequential
estimation and the "overall series mean� 0.25SD" [Colby 1999] threshold. Details
of the calculation are provided by Algorithm 1 in which Nf is the number of frames.
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Algorithm 1 Calculate the time to stabilization (TTS)

1: �y  mean(grf AP )
2: lowB  �y � 0:25� std(grf AP )
3: uppB  �y + 0 :25� std(grf AP )
4: for n = 1 to N f do

5: ŷ  
P N f

i =1 grf AP;i

n
6: if lowB � ŷ � uppB then
7: TTS  time [n]
8: end if
9: end for

where Nf is the number of recorded frames,grf denotes the ground reaction
force of the antero-posterior (sub-indexAP ), medial-lateral (sub-index M � L)
and vertical (sub-index V ) axes components. The DPSI (dynamic postural control
index) values were calculated as follows:

DPSI M � L =
2
q P N f

i =1
�
0 � grf ML;i

� 2

N f

DPSI A� P =
2
q P N f

i =1
�
0 � grf AP;i

� 2

N f

DPSI V =
2
q P N f

i =1
�
BW � grf V;i

� 2

N f

(2.15)

whereBW is the body weight. Details of the con�dence ellipsoid area of the center
of pressure displacement calculation can be obtained in [Schubert 2014].

2.4.2.5 Statistical analysis

The average of three trials in each recording block was calculated for each partic-
ipant. A threshold level of signi�cance was set (p � :05) and then the Bonferroni
correction was applied. Statistical tests for the height and technique factor were
performed. Three correlated paired t-tests (p=3) were computed to assess the e�ect
of dropping from the 30 and 60 cm heights on the assessed variables (untrained 30
cm vs untrained 60 cm, precision 30 cm vs precision 60 cm, roll 30 cm vs roll 60
cm). Similarly four independent t-tests (p=4) were computed to compare the as-
sessed variables of untrained trials with each of the Parkour trials at the same height
(untrained 30 cm vs precision 30 cm, untrained 30 cm vs roll 30 cm, untrained 60
cm vs precision 60 cm, untrained 60 cm vs roll 60 cm). Then, two independent
paired t-tests (p=2) were executed to compare roll with precision trials at the same
height (precision 30 cm vs roll 30 cm, precision 60 cm vs roll 60 cm).
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2.4.3 Results

2.4.3.1 Ground reaction forces

Technique factor All GRF components were lesser in Parkour landings (H1 )
than in untrained landing. Time to maximum peak GRF was higher in the Parkour
precision-landing technique and the loading rate was lesser in both Parkour tech-
niques. Although not statistically di�erent, at 30 cm height, peak GRF in precision
technique were lesser than in roll technique (p > : 1), but at 60 cm height, peak
GRF in roll technique were lesser than in precision technique (p < : 05) (Table 2.5).

Figure 2.16: Landing phase de�nition for untrained, precision and roll trials. The
schema corresponds to a landing of 60 cm height of an untrained participant execut-
ing a untrained trial ( a), and to a traceur executing the precision (b) and the roll
technique (c) respectively. IC denotes the initial contact with the ground. These
images were obtained using the OpenSim software. Although muscles are displayed
in the model of the �gure, they were not used in this study. On the top of the im-
ages, a representative pro�le of the GRFs during the landing phase for each of the
landing techniques are displayed. Positive values represent vertical, anterior and
medial GRFs induced on the force platform (of the dominant limb) by participants
during the landing phase.
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Height factor All GRFs and loading rate increased with landing height (H3 ) in
all landing conditions (Table 2.5) while the time to maximum peak GRF decreased
with landing height.

Table 2.5: Mean (SD) of force parameters assessed of the dominant leg. The p-
values were corrected with Bonferroni method for the number of hypothesis.

Untrained Precision Roll
30 cm 60 cm 30 cm 60 cm 30 cm 60 cm

Peak force [N � Kg � 1 ]
M-L 1.73(.7)y 2.15(1)z .97(.4) 1.28(.5) 1.51(.7) 1.53(.7)
A-P 3.22(1)y 4.38(1.4)yz 2.07(.5)�� 2.7(.5) 2.91(.6) 3.08(.5)
V 17.79(4.3)yz 22.23(4.7)yz 10.28(1.8)� 13.35(1.6) 11.78(1.7) 11.79(1.7)
N 19.58(4.5)yz 23.98(5.3)yz 10.79(1.81)� 13.97(2.1) 12(1.7) 12.05(1.7)

Time to maximum peak force [ms]
68.9(20) 60.49(12) 106.06(53) 72.93(11) 65.46(46) 62.93(30)

Loading rate [N � Kg � 1 � s� 1 ]
333(160)y 431(162)y 128(50)�� 198(48) 281(188) 264(186)

Note: M-L , medial-lateral force, A-P , antero-posterior force, V vertical force .
� landing from 30 cm signi�cantly di�erent to landing from 60 cm for the same trial ( p � .017).
y untrained trial signi�cantly di�erent to precision trial for the same height ( p � .0125).
z untrained trial signi�cantly di�erent to roll trial for the same height ( p � .0125).
� precision trial signi�cantly di�erent to roll trial for same height ( p � .025).

2.4.3.2 Time and kinematics

Technique factor The landing phase duration was signi�cantly longer in preci-
sion techniques (54.5 % more than untrained landings and 57.7 % more than roll
landings) (H4 ). Joints were more �exed at IC in parkour landings, especially at
the hip joint ( p < : 001 in precision landings andp < : 0001 in roll landings at 60
cm). Peak angular velocities of joints were lesser in Parkour (H2 ), especially in the
ankle joint ( p < : 01 in precision landings andp < : 001 in roll landings).

Height factor The landing phase duration was similar between 30 cm and 60
cm heights for all landings. In the roll technique at 60 cm, traceurs landed with
the hip and knee slightly more extended than when landing from 30 cm height,
while in the precision technique joint angles were less modi�ed at IC (H9 ). Results
show that the hip was only 2.1 degrees more �exed, the knee was 1.6 degrees more
�exed and the ankle was 3.1 degrees more �exed. Peak angular velocities of joints
increased with height (H3 ). The peak angular velocity of the knee did not increase
signi�cantly with height in all techniques (see Fig. 2.16 and Table 2.6).
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Table 2.6: Mean (SD) of kinematic parameters assessed of the dominant leg. The
p-values were corrected with the Bonferroni method for the number of hypothesis.

Untrained Precision Roll
30 cm 60 cm 30 cm 60 cm 30 cm 60 cm

Landing phase duration [s]
Time .15(.03)y .14(.04)y .33(.08)� .33(.09)� .14(.05) .16(.06)

Joint angle at initial contact with the ground [deg]
H-F 2.9(9.2)yz 2.2(11.4)yz 25.6(8.2) 23.5(9.4) 37.6(17.6) 29.5(9.5)
K-F 17.8(3.3)� y z 22.4(3.6)yz 32.1(5.2) 33.7(5.6) 42.2(11.6) 36.6(7.1)
A-PL 19.1(10.7) 21.8(10.2) 21.7(10.8) 24.8(9.1) 9.9(12.9) 17.5(11.3)

Joint range of motion during the landing phase [deg]
H-F 25.2(9.4)�y 42.5(18.9) 48.1(8.6)� 59.0(8.2)� 38.7(13.3) 45.4(10.7)
K-F 47.0(5.8)� y z 61.3(9.4))y 84.1(16.4)� 95.6(13.5)� 67.0(18.4) 77.2(16.6)
A-PL 43.1(3.8)� 50.1(5.0) 48.9(8.9)� 54.4(9.0) 36.7(13.2) 44.8(12.7)
S 64.8 83.7 116.2 129.3 109.2 113.8

Peak joint angular velocity (deg/s)
H-F 531(210)� 782(291)yz 380(66)� 484(68) 462(122) 469(70)
K-F 669(116)z 768(162)z 658(93)� 777(68)� 693(93) 788(100)
A-PL 1174(163)� y z 1514(221)z 927(205)� 1234(226) 813(209)� 1101(237)
Note: H-F , hip �exion; K-F , knee �exion; A-PL ankle plantar�exor; S knee �exion from
anatomical pose.
� landing from 30 cm signi�cantly di�erent to landing from 60 cm for the same trial ( p � .017).
y untrained trial signi�cantly di�erent to precision trial for the same height ( p � .0125).
z untrained trial signi�cantly di�erent to roll trial for the same height ( p � .0125).
� precision trial signi�cantly di�erent to roll trial for same height ( p � .025).

2.4.3.3 Dynamics

Technique factor Peak joint torques and power were also lesser in Parkour land-
ings (H2 ). The knee extensor torque was signi�cantly higher in untrained technique
than in precision technique from both heights (p < : 01 at 30 cm and at 60 cm), and
it was signi�cantly higher than the roll technique at 60 cm ( p < : 01). The ankle
plantar-�exor peak power was signi�cantly lower in the roll technique ( p < : 00001
when comparing with untrained landings and p < : 01 with precision landings at 60
cm) (Table 3 and Figure 3).

Height factor Peak joint torques and power increased with height of landing
(H3 ). More eccentric mechanical work was generated during Parkour landings by
the lower-limbs when the height was increased (p < : 01 in precision landings).
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Figure 2.17: Representative untrained, precision and roll landing pro�les of the
dominant leg joint torques and joint mechanical power. The pro�les correspond
to the mean value of the landing trials performed from a 60 cm drop height by
an untrained participant and by a traceur for the precision and the roll landings.
The rows represent the assessed values and the columns the joints. Positive values
represent �exion for the hip, extension for the knee and dorsi�exion for the an-
kle while negative values represent extension for the hip, �exion for the knee and
plantar-�exion for the ankle.

Table 2.7: Mean (SD) of dynamic parameters assessed of the dominant leg. The
p-values were corrected with the Bonferroni method for the number of hypothesis.

Untrained Precision Roll
30 cm 60 cm 30 cm 60 cm 30 cm 60 cm

Peak joint torque (N � m � Kg � 1)
H-F 1.73(0.4)z 2.24(0.8) 1.33(0.7) 1.60(0.6) 1.14(0.5) 2.05(1.4)
H-E 2.18(0.4)yz 2.45(0.7) 1.61(0.5) 1.82(0.4) 1.58(0.5) 1.88(0.9)
K-E 1.84(0.3)�y 2.41(0.5)yz 1.50(0.2)� 1.90(0.3) 1.43(0.4)� 1.80(0.3)
A-PL 1.61(0.3)�z 1.98(0.3)z 1.31(0.2)� 1.67(0.3) 1.21(0.2) 1.31(0.5)

Peak joint power (W � Kg � 1)
H-F 10.2(5.3)� 21.3(10.4)y 5.9(3.4) 8.5(4.1) 6.0(3.3)� 11.8(8.3)
H-E 12.4(5.0) 16.7(10.2) 8.3(3.3)� 12.4(4.5) 9.3(5.1) 13.1(6.4)
K-E 15.4(5.9)� 27.4(11.6) 11.8(3.2)� 19.5(4.0) 12.3(3.7)� 18.5(4.1)
A-PL 24.6(6.0)� y z 36.8(7.2)yz 12.9(5.6) 23.4(7.0)� 8.4(3.4)� 13.3(6.2)
Note: H-F , hip �exor; H-E , hip extensor; K-E , knee extensor;A-PL ankle plantar�exor.
� 30 cm signi�cantly di�erent to 60 cm ( p � 0.025).
y untrained signi�cantly di�erent to precision ( p � .0125).
z untrained signi�cantly di�erent to roll ( p � 0.0125).
� precision trial signi�cantly di�erent to roll trial ( p � .025).
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2.4.3.4 Energetics

Technique factor The ankle and knee only worked in eccentric mode while the
hip worked in concentric and in eccentric mode. Hip concentric work was signif-
icantly higher in untrained landing than in precision technique (p < : 005). More
eccentric mechanical work was generated during Parkour landings by the lower-limbs
especially in the precision technique. The knee was always the most important con-
tributor (around twice the contribution of the hip or the ankle) ( H5 ) while the hip
and ankle shared similarly the rest of the total energy dissipated by the lower-limbs
(Table 2.8 and Fig. 2.18).

Height factor Mechanical work contribution per joint of Parkour techniques did
not change signi�cantly with height. From 30 cm, untrained participants dissipated
energy principally through their ankle plantar-�exors (47 % of the total eccentric
mechanical work) while from 60 cm they dissipated energy principally through the
knee extensors (48 % of the total eccentric mechanical work). Similarly in untrained
landings, the work contribution of the ankle was signi�cantly lesser at 60 cm than
at 30 cm of landing (Table 4 and Figure 4).

Table 2.8: Means (SD) of energetic parameters assessed of the dominant leg. The
p-values were corrected with Bonferroni method for the number of hypothesis.

Untrained Precision Roll
30 cm 60 cm 30 cm 60 cm 30 cm 60 cm

Mechanical work (J � Kg � 1)
H-C 0.16(0.1)y 0.27(0.2)y 0.07(0.1) 0.10(0.1) 0.11(0.1) 0.27(0.3)
H-E 0.23(0.1)y 0.32(0.3)y 0.53(0.2)� 0.83(0.3)� 0.42(0.3) 0.44(0.2)
K-E 0.72(0.2)�y 1.12(0.4)y 1.26(0.5)� 1.99(0.7) 0.88(0.4) 1.39(0.8)
A-E 0.85(0.2)yz 0.88(0.3) 0.61(0.1)�� 0.96(0.3)� 0.39(0.2) 0.56(0.3)
T-E 1.79(04) 2.32(0.8)y 2.41(0.7) 3.79(1.1)� 1.69(0.7)� 2.41(0.9)

Work contribution to energy dissipation per joint ( %)
H 12.17(4.9)y 13.10(8.6) 22.93(7.4) 22.44(7.6) 24.22(12.7) 23.14(17.4)
K 40.41(9.3) 48.05(11.6) 51.23(9.0) 52.45(7.2) 50.90(10.9) 53.95(15.2)
A 47.42(9.1)� y z 38.85(7.4)yz 25.84(4.9) 25.11(4.2) 24.88(8.2) 22.91(12.2)
Note: H-C , hip concentric; H-E , hip eccentric; K-E , knee eccentric; A-E ankle eccentric;
T-E , total eccentric; H hip; K kneel; A , ankle.
� 30 cm signi�cantly di�erent to 60 cm ( p � 0.025).
y untrained signi�cantly di�erent to precision ( p � 0.0125).
z untrained signi�cantly di�erent to roll ( p � 0.0125).
� precision trial signi�cantly di�erent to roll trial ( p � 0.025).
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Figure 2.18: Representative untrained, precision and roll landing mechanical work
pro�les of the dominant leg. The pro�les correspond to the mean value of the
landing trials performed from a 60 cm height drop by an untrained participant and
by a traceur for the precision and the roll landings. The rows represent di�erent
joints. Negative mechanical work represent the work performed for energy absorp-
tion through eccentric muscles of lower limbs, while positive mechanical work of the
hip accounts for the stabilization of the upper trunk through the concentric mus-
cles of the hip. Because positive and negative mechanical work cancel each other at
the begging of the landing phase, the hip mechanical work is illustrated using the
absolute value of positive and negative joint power (See Eq. 2.10).

2.4.3.5 Postural control

Table 2.9: Assessment parameters Postural control of Parkour precision landing
technique and untrained trials. DPSI and con�dence ellipse area are normalized
with the values of untrained population.

Untrained Precision
30 cm 60 cm 30 cm 60 cm

A-P Time to stabilization [s] .42 .45 .45 .41
M-L dynamic postural stability index 1 1 .90 .81
A-P dynamic postural stability index 1 1 .54 .59
V dynamic postural stability index 1 1 .94 .93
Con�dence ellipsoid area 1 1 .06 .05
Note: M-L , Medial-Lateral; A-P , Antero-Posterior; V , Vertical

Technique factor Con�dence ellipsoid areas were signi�cantly lower in Parkour
precision landing (p < : 0001) (H6 ). In medial lateral (M�L) axis, there is no
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signi�cant di�erence of the CoP displacement, while in the A�P axis, the CoP of
parkour practitioners is less displaced (Fig.2.19). Trial population did not a�ect
the TTS ( H7 ). A�P DPSI changes depending on the population (Table 2.9).

Height factor Trial height did not a�ect signi�cantly the CoP area, the TTS
and the DPSI value (H8 ).

(a) (b) (c)

Figure 2.19: In (a) representative pro�les of the GRFs of an untrained landing from
60 cm. In (b) representative pro�les of the GRFs of a Parkour precision landing
from 60 cm. In (c) the CoP con�dence ellipsoids of the untrained and precision
landings at both heights: 30 cm and 60 cm.

2.4.3.6 Smoothness

Technique factor Parkour traceurs landed using a soft technique(H9 ). The knee
joint was �exed to 116 degrees (30 cm) and to 129 degrees (60 cm) in the precision
technique, and to 109 degrees and to 114 degrees respectively in the roll technique.
Untrained participants landed sti�y with 65 degrees and 84 degrees of knee �exion
respectively (Table 2.6). The jerk of the CoM trajectory and the cost value of the
minimum-torque-change criterion were signi�cantly di�erent with the population
factor. These criteria were minimized in Parkour landings (H10 and H11 ) (Table
2.10).

Height factor In spite that knee �exion increased with height in all trials ( H9 ),
untrained participants performed a sti� landing technique (84 degrees) at 60 cm.
The jerk of the CoM trajectory was not signi�cantly di�erent with the height factor
in untrained and roll landing trials. The cost value of the minimum-torque-change
criterion was signi�cantly di�erent with the height factor in all trial types.
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Table 2.10: Smoothness expressed in terms of maximum knee �exion and studied
optimization criteria normalized with the cost values of the untrained population.

Untrained Precision Roll
30 cm 60 cm 30 cm 60 cm 30 cm 60 cm

K-F 0[deg] 64.8 83.7 116.2 129.3 109.2 113.8
J jerk 1yz 1yz .35� .44 .36 .37
J tc 1y z � 1yz 0.22� 0.22 0.56� 0.56
Note. K-F' , knee �exion from anatomical pose;
J jerk minimum-jerk ; J tc , minimum-torque-change.
� 30 cm signi�cantly di�erent to 60 cm ( p � 0.025).
y untrained signi�cantly di�erent to precision ( p � 0.0125).
z untrained signi�cantly di�erent to roll ( p � 0.0125).

2.4.4 Discussion

When landing and stabilizing, as in the precision technique, �exing more the lower
extremity joints and extending the landing phase duration seems to help traceurs
land smoothly, stably and to reduce the peaks of all GRF, the joint angular veloci-
ties, the joint torques and the joint power. The increase of the landing phase dura-
tion and a considerable �exion of the lower-limbs may allow traceurs to distribute
torques along the landing phase in order to reduce the associated peak demands
and damp the impact force. Also, it induces more mechanical energy generation for
energy dissipation. When rolling after landing, traceurs preserve the softness of the
technique but without extending the landing phase duration. Rather, they change
the lower extremity joint con�guration at IC and control the hip �exion later, to
continue dissipating the energy of the impact with the roll that follows the landing.

2.4.4.1 Kinematics in Parkour landings

At IC, traceurs landed with the hip and knee more �exed than untrained par-
ticipants who landed straighter (H9 ). It has been reported [Cortes 2007] that
when untrained participants land on their forefoot only (the heel does not touch
the ground as in precision technique), they show signi�cantly lower knee and hip
�exion compared with landings that include heel contact. Moreover, in the same
study, it was suggested that the forefoot technique requires the participants to have
a straighter position at initial ground contact to stabilize themselves. However for
traceurs executing precision landing, stability was signi�cantly higher compared to
untrained participants (see later Subsection 2.4.4.6 for the discussion about postural
control) suggesting that a straight pose does not necessarily mean better stability.
We suggest that in the case of precision landing, the body con�guration at IC al-
lowed traceurs to land with their center of mass closer to the center of the base
of suppor. Moreover, landing on their forefoot and with the body more �exed,
allowed traceurs to progressively �ex their lower-joints in order to damp the im-
pact and control their balance using eccentric loading. In the case of roll landing,
traceurs landed also more �exed at IC but with the body tilted forward, to damp
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the impact and to facilitate the impulse with the knee extensors afterwards. In the
roll technique, we also observed that at 60 cm traceurs landed with the hip and
knee slightly more extended than when landing from 30 cm height, while in the
precision technique, the joint angles seemed to be less modi�ed. This suggests that
the precision technique remains more constant at IC when the height is changed,
while the roll technique seems to be adjusted with the height by controlling the
knee and hip extension to simplify the roll that follows the landing.

When increasing the height from 30 cm to 60 cm, precision and untrained tech-
niques induced signi�cantly more range of motion (RoM) of the hip, knee and ankle
joints. The reason may be due to the initial landing velocity which is higher at 60
cm, which may have induced more �exion of the joints after contacting the ground.
For untrained landing at 60 cm, ranges of motion and initial joint angles reported
in the literature [Decker 2003] are similar to the results presented here. Moreover,
only the hip and ankle angular velocities increased signi�cantly with height in the
untrained and precision landings, probably because the knee had more time to re-
duce the initial velocity to zero due to its higher RoM. Moreover, more mechanical
work of the knee extensor muscles may allow to reduce the joint peak velocity. This
was not the case for the roll technique (especially for the hip joint), because this
technique does not require stabilization after landing, but rather rolling. Thus the
hip angular velocity was not required to be zero at the end of the landing phase.

2.4.4.2 Kinetics in Parkour landings

Peak GRF of untrained and Parkour landings were similar to those reported in
the literature [Puddle 2013, Standing 2015, Devita 1992, McNitt-Gray 1993], con-
�rming that Parkour landings reduce the impact GRF and the loading rate ( H1 ).
Moreover, we showed that Parkour techniques allow for decreasing antero-posterior
and medial-lateral forces (H1 ) which could help to avoid injuries like ACL ruptures
[Steele 1990]. This may also help traceurs to land softly (H8 ) and control their
balance without signi�cantly deviating their center of mass (H6, H8 ). For the roll
technique, it is suggested that traceurs do not dissipate all the energy in the landing
phase, but also during the roll that follows the landing. This continuation of the
motion into rolling could explain why roll landing requested signi�cantly lower peak
joint torques at the ankles plantar-�exors than untrained landing. Moreover, not
contacting the heel with the ground in Parkour landings increases the lever arm
between GRF and ankle joint center but does not imply higher torques than those
generated at the ankle joint by untrained participants to counteract the induced
rotational motion around the ankle. However, if the height increases signi�cantly
and traceurs cannot continue rotating their lower extremity joints, higher torques
might be necessary to counteract the motion.

2.4.4.3 Dynamics in Parkour landings

Considering inverse dynamics in the untrained landings, our results are consistent
with those in the literature [Devita 1992, Mccaw 2013, McNitt-Gray 1993]. The
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reason why knee and ankle plantar-�exors torques increased signi�cantly from 30
cm to 60 cm landings (H3 ), may be that both joints require more extension torques
than the hip for damping the landing, while the hip �exion and extension torques
are more involved in the stabilization of the upper trunk. It has also been suggested
[Devita 1992] that the hip eccentric mode is used to absorb the impact whereas the
hip concentric mode to keep the upper body aligned over the legs. In the present
study, upper trunk stability was achieved by both eccentric and concentric modes
because �exors and extensors were used to maintain balance (landing from a hori-
zontal distance of 50 cm). This phenomenon was principally observed in untrained
landings. In the precision technique, the concentric mode was signi�cantly less used
than in untrained landings, presumably because the landing was more stable due
to a better postural control (See discussion in Subsection 2.4.4.6 about postural
control and refer to H6 ).

It has been shown that traceurs can develop high eccentric joint torques
in the knees when performing long jumps compared to other power athletes
[Grosprêtre 2016]. In the present stduy, knee extensor torque was signi�cantly
higher in the untrained technique than in the precision technique when landing
(H2 ). One reason might be that extending the landing phase duration allows
traceurs to redistribute torques along the time and thus decrease the peak joint
torques and peak joint power demands (H2, H4 ). Moreover, traceurs are able to
reduce the GRF peak more signi�cantly than untrained participants ( H1 ) which
in�uence the joint torque calculation.

2.4.4.4 Mechanical power in Parkour landings

The ankle plantar-�exor peak power was signi�cantly higher in untrained landing
(H2 ) probably because of the heel contact with the ground. Because of this, the
impact force may have induced higher peak angular velocity of the ankle (note
that the GRF were higher during untrained landings (H1 )). Moreover plantar-
�exor power in precision technique was signi�cantly higher than in roll technique
when the height increased to 60 cm (H3 ). This may imply that for greater heights
and when it is feasible to roll, traceurs should avoid landing with the precision
technique and use instead a di�erent strategy such as the roll technique. Using
the roll technique might prevent traceurs to experience an imbalance of the impact
load with the ability of the musculoskeletal system to respond to the stress induced
by this loading. Furthermore, it has been shown [Grosprêtre 2016] that eccentric
torque capability was greater in traceurs than in power athletes and gymnasts. In
the present study we observed that regardless of this capability, Parkour techniques
induced lesser peak torques and power at the joints (H2 ) than untrained landing.

2.4.4.5 Energetic performance in Parkour landings

Mechanical work increased with height (H4 ), as reported in literature, essentially
because of the increase in potential energy to be dissipated [Yeow 2009]. Total
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eccentric work was signi�cantly higher in precision technique than in roll and un-
trained landings (H4 ), because the landing phase duration is extended and the joint
RoM increases with precision landing. Thus, precision technique induces more ac-
tive energy dissipation with less e�ciency in terms of energy transformation, and
requires more conditioning of extensor muscles. We showed that in untrained tech-
nique, ankle plantar-�exors and knee extensors were the main mechanisms of en-
ergy dissipation through negative mechanical work, which is similar to previous
results reported in the literature for sti� landing [Devita 1992, Zhang 2000]. Par-
ticularly, untrained participants performed more mechanical work with the ankle
than traceurs from 30 cm, probably because they paid more attention to the sta-
bility and used their ankles to stabilize themselves. Also, untrained participants
performed more eccentric work with the knee when landing from 60 cm. This ob-
served change in strategy may be explained by the fact that when height increases,
untrained participants use more their knee extensor muscles to dissipate energy. It
is also interesting to see the way traceurs shared the mechanical work across lower-
limbs, which was similar for the precision and the roll technique. In this allocation,
the knee accounted for half of the mechanical work needed for energy dissipation
(H5 ) while the hip and ankle uniformly shared the rest of the energy dissipated
with the lower-limbs. This highlights the importance of the knee joint for energy
dissipation, and an interesting compromise for sharing the loads with the hip and
ankle joints in Parkour landings.

2.4.4.6 Postural control in Parkour precision landing

Parkour practitioners showed a signi�cantly better dynamic postural control perfor-
mance than untrained people when executing precision landings (H6 ), specially in
the A-P direction (Fig. 2.19c). From the representative force pro�les in Fig. 2.19a
and b, it can be observed that there is more regulation of the force in the A-P axis
during untrained trials. In fact, the area of the con�dence ellipsoid of the CoP was
sigini�cantly higher in untrained landings (Table 2.9). This result is also re�ected
in the A-P DPSI (which depends on the A-P force) that is signi�cantly di�erent
in the A-P direction. In terms of TTS, there were not signi�cant di�erences ( H7 ).
In one hand, untrained participants landed sti� to get stable faster inducing as a
consequence a short landing phase duration (see also the representative force pro�le
in Fig. 2.19a). In the other hand, traceurs landed in a pose where the CoM is closer
to the center of the support polygon (see Fig. 2.14) which improves stability (in
spite of the induced longer duration of the landing phase in precision landings).
Note that muscle-preactivation strategy, which is modulated with practice, a�ects
the landing performance [Yeadon 2010].

2.4.4.7 Motion smoothness in Parkour landings

Traceurs landed using a soft landing in precision and roll landing techniques (H9 ).
This might allow traceurs to reduce the impact forces at landing (H1 ) [Devita 1992],
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a highly important parameter in injury prevention. Moreover, executing a soft
landing allow traceurs to perform aesthetic landings, for example, by minimizing
torque change in the joints (H11 ). The smoothness of Parkour motion is also
re�ected by the jerk trajectory of the CoM ( H10 ) which is related to the global
body motion and the interaction with external forces (Newton's laws of motion).
These results show that augmenting knee �exion allows traceurs to decrease the
impact forces and provide a good performance indicator of aesthetic motions (such
as those performed in freerunning).

2.4.4.8 On Parkour training and injury prevention

It has been reported that sti�er landing [Devita 1992] could manifest to patellar
tendinopathy as peak joint velocities and torques increase [Bisseling 2008]. There-
fore, Parkour coaches should closely monitor the landing strategy and the joint
load frequency to reduce the patellar tendon loading and the risk of injury. Hip
�exion at IC and not contact of the heel with the ground seem to help traceurs
execute soft landings [Devita 1992] by increasing the lower-joints �exion. However,
high impact pressure concentrated in metatarsal bones and high vertical reaction
forces may cause metatarsal fractures [Kavanaugh 1978]. Therefore, traceurs are
encouraged to avoid using the precision technique when the height is important.
Moreover, when the landing height is increased, ankle taping could be helpful to
enhance peak plantar-�exion strength [Hopper 2014]. In the Parkour community,
an unwritten rule imposing a maximum knee �exion of 90 degrees in landings is
commonly used. In this study, traceurs exceeded 90 degrees with both techniques
and this strategy was bene�cial compared to landings performed with less than 90
degrees because it helped to smooth the landing impact lowering the GRF. For
an optimal performance (considering the eccentric force-velocity relationship of
the muscles) during landing, extensor muscles should be properly warmed up and
intense fatigue should be prevented. This may help to enhance and maintain the
capacity of developing the required eccentric torques [De Ruiter 2001]. Extensor
muscles should be well conditioned for executing Parkour landings, taking into
account that in both techniques, the knee accounted for half of the energy absorbed
by the lower-limbs.

2.4.5 Conclusion

Parkour techniques appear to be optimal to reduce impact forces, peak joint torques,
peak angular velocities and peak power in the lower joints, and to improve postural
control and motion aesthetics because of the soft landing that traceurs perform.
Recommendations about how to avoid injuries and how to condition the lower limbs
were provided, which are of special interest in Parkour landings that turns out to
be the most risking Parkour technique (see Section 2.2). Moreover, this study can
be used to improve Parkour training and performance. It can also be of interest for
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other sports where landing dynamics is high such as gymnastics.
In this study, GRFs, kinematics, dynamics, energetics, postural control and mo-

tion smoothness of Parkour landings were presented for the �rst time. For a better
understanding of the rolling technique, landings with higher horizontal speeds and
an analysis of the roll phase are needed. A limitation of this research is that traceurs
were recorded inside a laboratory and at limited heights (because of untrained par-
ticipants), which di�ers from natural Parkour practice. Moreover, this study did
not consider upper-limbs which might also be of interest when studying Parkour
motions. The next study will consider full body motion and higher heights.
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2.5 Regulation of Angular Momentum in Parkour Pre-
cision Landing Technique

So far, our Parkour motion analysis has been limited to the biomechanics of lower-
limbs and the study has only considered landings from low heights. In this last
section, we consider the whole-body model introduced in Section 2.3 and analyze
higher jumps from higher heights. From the previous study, several mechanical
variables were computed and presented. However, key performance variables that
could account for whole-body dynamics and that might be useful for generating
Parkour landing motions have not been yet clearly identi�ed. The objective of
this study was to analyze whole-body motion. In particular, we studied angular
momentum regulation in Parkour precision landing.

2.5.1 Introduction

Angular momentum was shown to be regulated during daily life activities such
as walking [Herr 2008] or during more complex motions (also observed in Parkour
and freerunning) like somersaults and twists [Frohlich 1979]. In [Herr 2008] it was
suggested that during gait, segment-to-segment angular momentum cancellations
regulate the total angular momentum expressed at the CoM position and that active
generation of angular momentum is a key strategy for bipedal manoeuvrability
and stability. According to Euler's second law of motion, the derivative of the
angular momentum (DAM ) expressed at the CoM position is equal to the sum
of the external net torques applied to the body. This sum can be regulated by
humans when contacting the ground at landing to maintain equilibrium and avoid
tipping motions [Sardain 2004]. In relative recent studies, information from angular
momentum observed in human movements has been transferred to anthropomorphic
avatars [Hofmann 2009] and to bipedal robots [Yun 2011, Goswami 2004] control.

Motivated by these studies, we proposed to conduct a whole-body biomechanics
study by analyzing the DAM expressed at the CoM in Parkour precision landings
performed by experts. We hypothesized that traceurs regulate theDAM among the
three principal axis of rotation to achieve such a dynamic motion as precision land-
ing. To extend our analysis, we also studied postural control strategies by looking
into segmental contributions to the total DAM expressed at the CoM position.

2.5.2 Methodology

2.5.2.1 Experimental protocol

Five healthy trained male traceurs (age: 22.2� 4.8 y, height: 1.73 � 0.04 m,
mass: 66.6� 5.1 kg) volunteered for the study. The traceurs' experience in Park-
our practice was 5.4 � 2.1 years. The subject exclusion criterion was based on
history of lower extremity injuries or diseases that might a�ect jump and landing
biomechanics. The experiments were conducted in accordance with the standards
of the Declaration of Helsinki (rev. 2013) and approved by a local ethics committee.
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Figure 2.20: 3D modeling of the adapted tubular structure utilized for accomplish-
ing the experimental protocol.

(a) (b)

Figure 2.21: Parkour precision jump (a) and landing (b) techniques performed
inside a motion capture laboratory.

Participants performed a warming up session followed by a familiarization period
during which the protocol instructions were provided to them, and during which
they familiarized with the lab environment. The landing protocol was designed to
include a jump height of 75 % of the height of the participant and a landmark placed
at a distance equals to the square of the jump height. For setting-up the protocol, a
tubular structure used for Parkour training was modi�ed and assembled according
to the design shown in Fig. 2.20. During the recording protocol, participants were
asked to land on the target speci�ed by a landmark on each force plate using the
Parkour precision technique as shown in Fig. 2.21.

2.5.2.2 Data acquisition

A total of 8 successful repetitions per participant was recorded. 3D whole-body
kinematic data were collected using 14 infra-red cameras sampling at 400 Hz (Vicon,
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Oxford Metrics, Oxford, UK) and recording 48 re�ective markers placed on the
participant's body. Note that in comparison with the previous study, in this research
we used two more cameras (14 instead of 12), full body motion (considering upper
limbs, trunk and neck), and we use the double of the sample frequency because
the recorded motion was more dynamic (in the previous study we sampled at 200
Hz). Markers were located on the participants' body based on Wu and Dumas
recommendations [Dumas 2007b, Dumas 2007c, Wu 2002, Wu 2005] as follows: the
�rst, and �fth metatarsal, second toe tip, calcaneus, lateral and internal malleolus,
anterior tibial tuberosity, lateral and medial epicondyles of knee, greater trochanter,
posterior superior iliac spine and anterior superior iliac spine, procesuss xiphoideus,
incisura jugularis, seventh cervicale, tenth thoracic vertebra, acromioclaviculare,
medial and lateral epicondyle, ulnar and radial styloid, second and �fth metacarpal
heads, second �ngertip, sellion, occiput, right and left temporal (See Fig. 2.13 for
more details). Two force plates (AMTI, Watertown, MA, USA) embedded into the
�oor in order to record landing GRFs and two rigid handle bar sensors (SENSIX,
Poitiers,Vienne, France) with a diameter of 63 mm placed on a Parkour tubular
structure to record take-o� GRFs, were used sampling at 2000 Hz (see Fig. 2.20).
Force data were used to de�ne the onsets used to divide the Parkour motion into
phases.

2.5.2.3 Data analysis

Kinematics and kinetics were processed with the same cut-o� frequency
[Kristianslund 2012] using a low-pass Butterworth digital �lter of 4th order ap-
plied in a zero-phase. A cut-o� frequency of 35 Hz was used after a residual anal-
ysis [Winter 2009]. The score method was used to better estimate the center of
hip and shoulder joints [Ehrig 2005]. Inverse kinematics was solved by minimizing
the squared distance between recorded and virtual markers (global optimization
method [Lu 1999]) using OpenSim software with the model introduced in Section
2.3. All momenta computations were performed using a custom made program with
a whole-body model and a physics engine [Carpentier 2015]. The landing phase was
de�ned in the same way as in Subsection 2.4.2.4.DAM expressed at the CoM was
computed based on the equations provided in Section 2.1.8.DAM was normalized
by the height and the body weight of each participant.

2.5.3 Results

Regulation to zero of the 3 components of theDAM was observed (Fig. 2.23). A
recurrent segment cancellation strategy is revealed (Fig. 2.22). It appears that
at the beginning of the landing phase, pelvis, torso and head are not used for
stabilization while upper and lower limbs work together to regulate the DAM of
angular momentum. Small adjustments of total DAM at the CoM were observed
in the end of the motion by upper limbs at the frontal and transversal planes.
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Figure 2.22: Segment groups contribution to total angular momenta derivative
expressed at the CoM about the medial-lateral (A ), antero-posterior(B ) and the
vertical axis (C). Angular momentum derivative is normalized by the height and
body weight. The time is normalized from 0% to 100%
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Figure 2.23: Mean (� std) of the DAM around A-P (A , red), vertical ( A , green)
and M-L ( B , blue) axes. In the top, snapshots of representative con�gurations
extracted from the inverse kinematics computation, of a participant executing the
precision landing technique.

2.5.4 Discussion

The derivative of angular momentum (DAM ) appears to be minimized by the me-
chanical actions of whole-body segments during Parkour precision landing (Fig.
2.23B). This make sense as theDAM expressed at the CoM is directly linked to
the body's angular acceleration, according to Newton's law. Our study also reveals
complex strategies of traceurs such as opposed segment cancellations and temporal
organization of the motion.

2.5.4.1 Frontal torque around A-P axis at CoM �FTC�

FTC is regulated around zero with small variations (� 0:01Nm � BW � 1 � H � 1).
A strategy of right and left segments cancellation is observed (Fig. 2.22) which
contributes to minimize the FTC. In the beginning of the landing phase (up to
40 %), the control comes from lower limbs contribution especially. This might be
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a strategy of the jumper to prevent injuries such as ACL or sprains by avoiding
excessive varus-valgus motions. Furthermore, an important segment cancellation
of the arms at the end of the motion phase is observed. It seems that this is a
potential error correction strategy that insures the �nal regulation to zero of the
FTC. This might be linked to the fact that the traceur has almost reached the lower
limbs' joint limits and therefore needs another strategy to control FTC. This is why
the traceur choses to use the arms which are free to move to compensate the small
deviation.

2.5.4.2 Sagittal torque around M-L axis at CoM �STC�

Fig. 2.23 reveals a perturbation rejection pro�le of the STC (up to 40% of the
movement) where the lower limbs contribution at the beginning of the landing
phase is considerable. This is not surprising as the main tipping e�ects occur in the
sagittal plane after a standing long jump.

2.5.4.3 Transversal torque around V axis at CoM TTC

TTC is regulated around zero with small variations (� 0:02Nm � BW � 1 � H � 1). The
same segment cancellation strategy as in FTC is used to minimize theDAM in the
transversal plane. The upper limbs segment cancellation is important at the end of
the phase and the same reasoning as for FTC applies.

2.5.4.4 Segment cancellation interpretation

At �rst glance, inter-segment cancellation does not contribute to DAM of angular
momentum. We interpret it in terms of an energy storing strategy for potential
mechanical action to control stability. Potential, because if the motion stays sym-
metrical, the contribution is null, otherwise, the inter-segment di�erence generates
the required torque at the CoM. In this way, the mechanical action can be generated
precisely and instantaneously (by making pro�t of the motion dynamics) instead of
producing it from scratch.

2.5.5 Conclusions

In this study, a whole-body analysis of angular momentum during Parkour preci-
sion landing was presented. It is interesting to highlight that whole-body dynamic
strategies to regulate the DAM at the CoM to zero were observed. This might
serve as a starting point to test if performance variables linked to angular momen-
tum are being controlled steadily by the brain. This study provides also a basis
for controlling dynamic landing performances and for generating such motion using
the robotic framework (human-inspired motion).
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2.6 Additional Movements

During this work, an extensive database of Parkour movements were collected and
processed. The database includes jumps, landings, vaultings and climbing motions
that were not further analyzed during this thesis. The database contains more than
700 trials divided as follows:

� 108 motions were processed for the lower limb motion study of Parkour land-
ings.

� 56 motions including take-o�, �ight and landing motions were processed for
the whole-body motion study of Parkour landings.

� 176 Parkour vaulting motions including the safety vault and kong vault tech-
niques were processed and not yet reported (Fig. 2.24).

� 88 motions of techniques used to train for Parkour climbings including the
pull-up and muscle-up techniques were processed and not yet reported (Fig.
2.25).

� More than 110 motions of a fatigue protocol of muscle-up technique were
recorded and partially processed.

(a) Safety vault

(b) Kong vault

Figure 2.24: Vaulting techniques
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(a) Pull-up

(b) Muscle-up

Figure 2.25: Climbing techniques

(a) (b)

Figure 2.26: Wireless EMG sensors placed on the upper limbs (a) and lower limbs
(b) of a recorded participant. EMG recording included also the trunk and neck
muscles.

In this manuscript, only jump and landing strategies have been presented to
illustrate the interdisciplinary approach proposed in this thesis. Unfortunately, the
biomechanical analysis of the remaining movements was not exploited in this thesis
because of the lack of time. Moreover, as described in this chapter, a whole-body
model including the principal stabilizer muscles for executing the Parkour motions
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was built. During our recording sessions, we also collected muscular activity of
lower limbs, upper limbs, trunk and neck muscles through super�cial EMG sensors
as shown in Fig. 2.26. These studies will be done in a near future.

2.7 Conclusion and Perspectives

In this chapter, an epidemiological study of Parkour in France, a musculoskeletal
model for analyzing and generating Parkour movements and several biomechanical
studies of the Parkour precision landing technique were presented. For the con-
tinuation of our research, the key information extracted from this chapter can be
summarized as follows:

� Whole-body strategies were observed when regulating the derivative of angu-
lar momentum expressed at the CoM in Parkour landings.

� Ground reaction forces, joint torques and joint mechanical power are lowered
by Parkour practitioners.

� Time and energy expenditure is increased in Parkour landings.

� Motion is smooth and stable.

From these conclusions, we decide to chose the derivative of angular momentum
expressed at the CoM and the control of net GRFs (which corresponds to the
derivative of linear momentum according to Newton-Euler laws of motion) as per-
formance variables of the motion. In the next chapter, this discussion is extended
and a method to test whether these variables are being controlled steadily by the
brain is presented.

Finally, it is important to recall that thought the biomechanics methodology
provides an e�cient tool for analyzing human movement, it is known to have some
limitations. Sources of errors are the simpli�cations made when modeling the hu-
man body (e.g. modeling segments as rigid bodies, number of degrees of freedom
of the model, or simpli�cations when modeling complex human articulations), the
estimation of anthropomorphic parameters and the data processing (e.g. motion
reconstruction, �ltering of the noise, soft tissue artifacts). Future works might
be oriented to assess the additional movements presented in the previous chapter.
Moreover, more rigorous epidemiological studies are needed including longitudi-
nal studies. In this direction it will be interesting to consider other factors such
as biological, sociological and psychological ones to better understand the injuries
mechanisms in Parkour.
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Performance task variables extracted from the previous biomechanical study al-
lowed for describing the mechanical behavior of traceurs executing Parkour landing
motions. Particularly, in the whole-body study of the Parkour precision landing
technique, strategies that contribute to regulate angular momentum at the CoM
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were observed. In this chapter, we extend this observation and propose hypotheses
about how the brain coordinates this motion. To this end, we base our analysis
on the uncontrolled manifold theory (UCM) to assess if key hypothetical perfor-
mance variables (tasks) are being controlled steadily [Hasan 2005] by the brain. In
this chapter, we will use the de�nition of motor task stability as reduced variabil-
ity of hypothetical performance variable across repetitions as it is used in control
motor community [Latash 2016]. The term mechanical stability will be used when
analyzing the motion in the context of robotics or biomechanics [Sardain 2004].

The chapter is organized as follows:

� First, the most relevant theories of motor control in the context of this the-
sis are presented. At the end of this section, we present the mathematical
framework of the UCM theory.

� Secondly, a mathematical framework derived from robotics to formulate motor
tasks in human motions is introduced.

� Afterwards, we propose an extension of the UCM theory for studying human
dynamic motions.

� At the end, we show a case study of the Parkour take-o� and landing tech-
niques where the task formulation and the extension of the UCM theory are
applied.

3.1 Motor Control

Motor control aims at investigating how the CNS produces coordinate movements
in a purposeful manner. To this end, hypotheses about precise variables of physical
and physiological processes that are involved in the generation of human movement
have been formally proposed as theories for motor control. These theories are split
into two principal approaches: computational and physiological. Common to both
approaches is the concept of redundancy in human motion. In this section, the
question of redundancy in human motion science is brie�y introduced. Then, a
brief review of computational and physiological approaches to study redundancy in
human motion are presented. The notion of synergies, the Uncontrolled Manifold
theory (UCM) and the equilibrium point theory (E-P) are then introduced.

3.1.1 Redundancy in human motion

The problem of motor redundancy [Bernstein 1967] is related to the fact that more
degrees of freedom than the minimum needed for generating a given movement, are
available to the central nervous system (CNS). This implies that a movement can
be realized through di�erent combinations of motor-neurons, muscles and joints
activity patterns. Consider for example the upper limbs of the human body. If
we model the upper limb motion with 3 degrees of freedom at the shoulder joint
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(or glenohumeral joint), 2 degrees of freedom at the elbow joint and 2 degrees of
freedom at the writs joint, we have at least 7 seven degrees of freedom available.
Note that in order to describe the position and orientation of a solid in the 3D space,
6 degrees of freedom are necessary. Thus, in our example, there will be at least one
kinematic degree of freedom redundant in the execution of a given geometric task
with the upper limbs. This is a simpli�ed case. In fact, redundancy in human
motion increases if we model whole-body joints, if we consider the organization of
the motion at the level of muscles (many muscles for one joint and bi-articulated
muscles) and at the level of motor units (number of muscular �bers innervated by an
neuron axon). Redundancy in human motion is investigated to better understand
how the CNS chooses a particular strategy from many possible ones in order to
achieve a given motion objective. Theories of motor control addressing redundancy
can be split into principal approaches: a computational and a physiological one,
which are brie�y described below.

3.1.2 Computational approaches in motor control

Computational approaches provide a theoretical framework for studying motor con-
trol as they specify the desired states and the outputs of the system with a com-
putational process for a given task goal. The solution is unique and relies on the
assumption that the CNS models interactions between body segments and between
the body and the environment. These approaches are principally based on motor
primitives [Tresch 2006, Flash 2005] and optimization [Nelson 1983, Todorov 2002].

3.1.3 Physiological approaches in motor control

Physiological approaches provide a theoretical framework for studying motor control
as a physiological process linked to the physics of the system. These approaches con-
sider redundancy not as a problem, but rather as a bene�t for the CNS [Gera 2010].
According to the motor abundance principle [Gelfand 1998], redundant degrees of
freedom improve the capacity of the central nervous system "CNS" to �nd a stable
motor task solution. In motor control, stability is de�ned in terms of reduced inter-
trial variability of a task across repetitions. This problem is not solved by �nding
a unique optimal solution, but by facilitating families of solutions that are capable
of solving the task. This is achieved by co-varying elemental variables (e.g. joint
patterns or muscular activity) in such a way that the overall output remains close
to a required value (Uncontrolled Manifold Theory [Scholz 1999]). Apart from ex-
plaining redundancy, physiological approaches provide a framework to describe how
physiological variables might be used by the brain to control muscles (Equilibrium-
Point Theory [Feldman 1966]).

3.1.4 Motor synergies

Synergies in human motion have been studied to analyze the synergetic action of
elements of the motor system such as joints, muscles, or motor units, in order to
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generate motion. According to the de�nition in human motion, a synergy means
that elements of the motor system work together to accomplish a goal.

In the literature, three types of motor synergies have been proposed:

� Synergies where parallel changes in activity are observed, even if no obvious
tasks is being accomplished. These synergies can be observed for example in
clinical cases, where patients show stereotypical muscle activation patterns.

� Synergies where parallel changes in activity are linked to a task. Studies of this
type of synergies are based on matrix factorization techniques such as principal
component analysis (PCA), independent component analysis (ICA) and non-
negative matrix factorization (NNMF) [Tresch 2006]. Motor primitives are an
example of these synergies.

� Synergies where parallel changes in activity are linked to the stabilization of
a task. The Uncontrolled Manifold theory, which is introduced in the next
subsection, is an approach to study this synergy type.

3.1.5 Uncontrolled manifold theory

The uncontrolled manifold theory (UCM) [Scholz 1999] is a task-based approach
that studies the variability between two vectors that are orthogonal to each other,
to identify tasks that are being controlled steadily by the CNS. The deviation of
elemental variables (e.g. joints con�guration) from a mean behaviour (e.g. the
mean joint con�guration) across repetitions is projected onto the null space of the
task Jacobian. Any variation in this null space does not a�ects the task execution
while any variation in its orthogonal space a�ects it. The UCM theory states that
when the variability of the deviation projected in the null space (UCM) is greater
than the variability of its orthogonal space, the motor task is being controlled stably
by the CNS.

The UCM theory is one of the most used approaches to explain one of the
most important characteristics of human motion: variability (or "repetition without
repetition" [Bernstein 1967] as it was pointed out half a century ago by Nicolas
Bernstein when describing the process of practice in human motion). The UCM
theory assess the variability of the space of performance variables compared to
the space of elemental variables (e.g. joints, muscles) that are coordinated for the
execution of the movement. Motor tasks can be de�ned as performance variables
used by the CNS to plan, time and control the movement execution. The UCM
theory is linked to the principle of motor abundance [Latash 2000] that considers
motor redundancy as a positive bene�t for the CNS rather than being treated
as a problem. More speci�cally, motor abundance principle allows for di�erent
combinations of joint and muscle coordinated strategies to purposefully achieve a
given task performance. In this sense, multiple motor solutions might exist rather
than a single optimal solution, and reduction of degrees of freedom is not a requisite
to explain human motion (Subsection 3.1.6). In the context of the UCM theory, it
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implies that degrees of freedom (DoF) are purposely used by the brain for providing
motor task solutions that are stable across repetitions, and thus guaranteeing the
achievement of the task, and that there are other DoF which are not controlled
steadily by the brain that can be utilized in case of external (e.g. forces) or internal
(e.g. muscle fatigue) perturbations.

The UCM theory has been applied to study the control of a variety of motor tasks
through the coordination of muscles, �nger forces and joints. Postural tasks have
been studied through muscles modes [Danna-dos Santos 2007] and multijoint coor-
dination [Hsu 2007]. Force production tasks have been investigated considering �n-
ger forces coordination [Latash 2001, Scholz 2002, Shapkova 2008, Shinohara 2004].
Other functional tasks such as pointing [Domkin 2005], reaching and grasping
[Fan 2006], sit-to-stand [Scholz 2001], and drawing [Tseng 2006] have also been
studied in the literature. So far, only quasi-static motor tasks have been inves-
tigated within the UCM framework although most of human movements are inher-
ently dynamic. In this chapter, we will propose an extension of the UCM theory to
dynamic movements that requires to consider higher order derivatives of the joints
variables (Section 3.3).

3.1.6 Hierarchies of Motor Tasks

The principle of motor abundance is linked to a hierarchical organization of motor
tasks. Redundancy is then purposely used to execute more than one task at the
same time. A hierarchical structure of motor tasks allows for executing secondary
tasks without interfering with the execution of a more important task. For example,
let us imagine that we try to open a door while holding a cup �lled of co�ee. At
least, there are two tasks which are likely controlled steadily by the CNS: turn the
handle of the door and not spilling the co�ee (Fig. 3.1). In this case, it will be
necessary to open the door (secondary task) only if the co�ee is not spilled out
(primary task). To deal with multiple tasks at the same time, it has been proposed
that the human brain could favour a hierarchical organization of motor tasks which
are used to accomplish the motion purpose. In fact, it has been suggested that
hierarchical organization not only exists at the neuromotor level [Latash 2008], but
also at the level of the tasks execution [Todorov 2005, Gera 2010]. Hierarchies in
human movement have been supported by studies of motor synergies. As it has been
mentioned in the introduction of this chapter, the de�nition of the UCM theory is
linked to the notion of a purposely stabilizing synergy [Latash 2010]. From this, it
could be said that a synergy is based on the inequalityVucm > Vucm ? that implies
that there must be more good variability than bad variability to suggest that a
tasks is being controlled stably by the brain. From this inequality, we can deduce
that a large amount of good synergy is important. However, why should the CNS
facilitate large good variability, which does not a�ect variance of the performance?

In fact, it has been suggested that good variability is not irrelevant because it
favours the CNS to perform di�erent tasks simultaneously (Fig. 3.1) and to deal
with unexpected perturbations (e.g. external forces a�ecting the accomplishment
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(a) (b)

Figure 3.1: Two tasks executed in parallel: holding the �lled co�ee cup while
avoiding to spill out the co�ee and opening the door.

of the task). For example, in [Zhang 2008], participants were asked to produce
several levels of the total force by pressing with the four �ngers on force sensors
under stable and unstable conditions. In the unstable condition, moment of force
was needed because of the experimental conditions. Results shown that moment
of force stabilization was accomplished by participants without adversely a�ecting
the total force stabilization task. These observations show that participants con-
verge on similar solutions when an additional constraint is introduced. The authors
suggested that the use of variable solutions allows for avoiding a loss in accuracy
of performance when the same elements get involved in another task. Similarly, in
[Gera 2010], it was suggested that that a major advantage of motor abundance is
that it facilitates simultaneous solutions of multiple task constraints, with minimal
interference among tasks or among components of a given task. This study was
conducted examining the e�ect of manipulating one task constraint on the stability
of another. Moreover, notice that there might be tasks which need to be more
stabilized than others. In the example shown in Fig. 3.1 it might be possible that
not spilling out the co�ee is a more important task than opening the door as the
co�ee might be hot and can burn the skin.

3.1.7 Equilibrium-Point hypothesis

Before �nishing with the theoretical framework of this section, let us introduce
the equilibrium point hypothesis (EP) [Feldman 1966] which supports the UCM
theory. The (EP) hypothesis is formulated in terms of position control of reference
con�gurations (RC) [Feldman 1995]. Reference con�gurations can be observed at
the level of the task (e.g. the placement of the hand in the space), at the level
of joint (desired joint con�guration), at the level of muscles ( � ), at the level of
motor units and even deeper. Each of these levels is abundant (redundant) and a
transformation is needed to go from one level to the other.

In the EP hypothesis, RC of muscles are reached through neural control sig-
nals that are supposed to shift the equilibrium state of the motor system. This
means that muscle activations and hence the force, vary through tonic stretch re-
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�exes (� ) in relation to the di�erence between the actual and the threshold muscle
lengths, the rate of the muscle length change and the external load. The variation
of muscular actions describe an equilibrium trajectory (virtual trajectory) gener-
ated by the CNS (as a descending command to muscles) and no complex inverse
dynamics calculation is needed. The EP hypothesis has been shown to be adapted
for explaining the neurophysiological mechanisms of di�erent movements including
multi-joint arm motion [Feldman 1990], eye movement [Feldman 1981], human jaw
movement during speech [Flanagan 1990] or arm movement in impaired motor con-
trol [Levin 1994]. The EP hypothesis is related to the UCM theory which is at the
heart of this chapter if we consider that muscle control is hypothesized to stabilize
�nal equilibrium states of muscles by using referent con�gurations. In consequence,
EP hypothesis is related to synergies stabilizing task-speci�c variables.

In the next section, we start presenting our contributions. To this end, we begin
by introducing a generalized framework that can be used for expressing dynamic
motor tasks of other anthropomorphic systems such as humans.
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3.2 Tasks Function Formalism in Robotics and the
UCM Theory

The task function formalism [Samson 1991] in robotics [Nakamura 1991] can be ap-
plied to express motor tasks of anthropomorphic systems. We start this subsection
by introducing the task function approach and by drawing the link with the UCM
theory.

3.2.1 Task function approach

Let n = k + 6 be the total number of degrees of freedom �DoF� of the body, and
Q the con�guration space formed by k elemental variables describing the values
of the joints plus 6 parameters describing the pose (position and orientation) of a
reference frame usually called root frame. The spaceQ is a n� dimensional manifold
which can be locally identi�ed to Rn . In order to express behaviors of humans at
the kinematic level, motor tasks can be expressed in terms of positioning speci�c
body segments. Let us denote byq(t) 2 Q a con�guration of the body at time
t. For notational convenience we will omit to express the dependence ont, except
when necessary. LetM be the space of the task and let us denote bye(q) 2 M
a task function. M is a m� dimensional manifold which can be locally identi�ed
to Rm . A task function comes down to an output error function whose regulation
to zero corresponds to the execution of the task. For instance, a pointing task can
be de�ned by the task function e(q) = hand(q) � handtarget , which describes the
gap between the current hand positionhand(q) when the body is at con�guration
q and the expected hand positionhandtarget . In order to compute how the task
function varies with respect to the body con�guration, roboticists use the so called
task Jacobian Je = de

dq. It is a m by n matrix whose entries are de�ned as:

8i 2 1; � � � ; m 8j 2 1; � � � ; n Je(q) =
@ei
@qj

(3.1)

This leads to the UCM theory formulation developed in [Scholz 1999] that is brie�y
recalled in the sequel.

3.2.2 Mathematical formulation of the UCM theory

Consider that N r repetitions of a studied movement have been recorded with one
participant. For r = 1 ; :::; N r , let us de�ne by qr (t) and e(qr (t)) the joint con�g-
uration trajectory and a task function trajectory of the r th repetition respectively.
Let us denote by �q(t) the mean value of the joints con�guration trajectory across
the N r repetitions. At each time t, given the de�nition of the task Jacobian, the
�rst order Taylor expansion of a task e(q) around the mean con�guration �q yields:

8r = 1 ; :::; N r ; e(qr ) � e( �q) = Je( �q)(qr � �q) + " (qr ) (3.2)
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where " (qr ) contains higher order terms of the expansion and it is known as a
residual. Considering the residual as negligible, one can compute for each repetition
r the deviation of the joint con�guration qr � �q projected onto the nulls pace of the
Jacobian matrix Je( �q) and the deviation in its orthogonal space at each timet as:

ucm r = Pe(qr � �q) (3.3a)

ucm ? r = ( qr � �q) � ucm r (3.3b)

whereucm r and ucm ? r 2 Rn are the two projections of the deviation from the
reference behavior.Pe = 1 � J #

e Je is the projector onto the null space ofJe (i.e.
PeJe = 0 and PePe = Pe). The inter-trial variance of ucmr =1 ;:::;N r and ucm? r =1 ;:::;N r

respectively denoted byVucm 2 R and Vucm ? 2 R , are then normalized by the
dimension of each space withNUCM = dim( Q) � dim(M ) and NUCM ? = dim( M ).
Note that for reporting the variability of ucm r and ucm ? r independently, one
should also normalize by the number of repetitions. Then, an index of motor task
control � ITC � can be calculated as the ratio between both variances:

Vucm =
N rX

r =1

1
n

jjucm r jj2
2 (3.4)

Vucm ? =
N rX

r =1

1
n

jjucm ? r jj2
2 (3.5)

ITC = ln

 
VUCM � NUCM ?

VUCM ? � NUCM

!

(3.6)

According to the UCM theory, when the ITC is greater than 0, the motor task
is considered to be steadily controlled by the CNS [Nisky 2014, Scholz 1999]. In
its current form, the UCM theory proposes to deduce, from the variability of task-
relevant variables, which geometrical tasks are steadily controlled by the brain. To
this end, the considered task functioner (q) is expressed as joint position error be-
tween the current trial con�guration of the joints and a mean reference behavior. In
order to extend this approach to dynamic motions, we propose to consider candidate
task functions that depend on higher order derivatives of the elemental variables.
In the next section, we introduce the generalized framework for expressing dynamic
motor tasks.
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3.3 Extending the UCM Theory to Dynamic Tasks

The task Jacobian (Eq. (3.1)) is also the linear mapping between the time derivative
of the task and the velocity of the elemental variables :

_e(q; _q) = Je(q) _q (3.7)

In turn, _e(q; _q) can be viewed as a new task function depending onq but also
on _q. This task function is well suited for describing di�erential behaviors as speed
tracking tasks for instance. This representation of motion is still decoupled from
the dynamics of the system and thus does not take into account inertial e�ects that
are essential for analyzing most mechanical motions. Now, if one wants to express
the motion at the level of the dynamics, task functions need to be related to higher
order derivative of the con�guration variables. Indeed, it is well-known that rigid
body dynamics is expressed as a function of the second order derivative of the joints
variables [Saab 2011]. In order to express the system dynamics in the task space,
Eq. (4.5) must be di�erentiated with respect to time:

•e(q; _q; •q) = _Je(q; _q) _q + Je(q)•q (3.8)

where _J (q; _q) _q can be viewed as a dynamic drift of the task corresponding to
non-linear e�ects.

In the sequel, we propose to extend the UCM theory to task functions of the
form of Eq. (4.5) and Eq. (4.6). As expressed in Eq. (4.5),_e is a function of q and
_q. We can write down an approximation of _e around a particular mean behavior
of the participant across trials ( �q; �_q), by computing a �rst order Taylor expansion
as in Eq. (3.2). To this end, the partial derivatives of _e need to be computed with
respect to q and _q:

@_e
@_q

�
�
�
�
q= �q

=̂ A( �q; _q) (3.9a)

@_e
@q

�
�
�
�

_q= �_q
=̂ B (q; �_q) (3.9b)

It is straightforward that A( �q; _q) does not depend on�_q: A( �q; _q) = Je( �q). The
calculation details for B are given in Appendix A.1:

B ij =
nX

k=0

@(Je(q)) ik

@qj
�_qk (3.10)

This leads to the �rst order Taylor expansion of _e around ( �q; �_q):
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_e(q; _q) � _e( �q; �_q) =

"

B (�q; �_q) A( �q; �_q)

#

| {z }
J _e

"
q � �q
_q � �_q

#

+ " (q; _q) (3.11)

Similarly, •e is a function of q, _q and •q (Eq. (4.6)). To express its �rst order
Taylor expansion around the mean behavior of the participant (�q, �_q, �•q), the partial
derivatives of •e need to be computed with respect toq, _q and •q:

@•e
@•q

�
�
�
�q= �q

_q= �_q

=̂ C( �q; �_q; •q) (3.12a)

@•e
@_q

�
�
�
�q= �q
•q= �•q

=̂ D ( �q; _q; �•q) (3.12b)

@•e
@q

�
�
�
� _q= �_q
•q= �•q

=̂ E (q; �_q; �•q) (3.12c)

It is straightforward that C( �q; �_q; •q) does not depend neither on�_q nor on •q:
C( �q; �_q; •q) = Je( �q). The calculation details for D and E are given in Appendices
A.2.1 and A.2.2.

D ij =
nX

k=0

@( _Je( �q; _q)) ik

@_qj
_qk + � jk ( _Je( �q; _q)) ik (3.13)

E ij =
nX

k=0

@( _Je(q; �_q)) ik

@qj
�_qk +

nX

k=0

@(Je(q)) ik

@qj
�•qk (3.14)

with � , the Kronecker delta. This leads to the �rst order Taylor expansion of •e
around �q, �_q and �•q:

•e(q; _q; •q) � •e( �q; �_q; �•q) =
"

E(�q; �_q; �•q) D ( �q; �_q; �•q) C( �q; �_q; �•q)

#

| {z }
J •e

" q � �q
_q � �_q
•q � �•q

#

+ " (q; _q; •q) (3.15)

From these matrix formulations of the �rst order Taylor expansions of _e and
•e (Eqs. (3.11) and (3.15)), one can directly apply the UCM approach previously
recalled, by computing the nulls pace ofJ _e and J •e respectively. Then, by projecting
the variation of elemental variables with regard to the mean reference behavior
onto the null space and its orthogonal, one can computeucm r and ucm ? r , as in
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Eqs. (3.3a) and (3.3b). The computation of the ITC is then performed to conclude
whether the task under study is steadily controlled by the participant or not.

3.3.1 Using the extension of the UCM with dynamic motor tasks

The described formalism can be directly applied to placement tasks. Without loss
of generality, the same approach as before can be applied to formulate other tasks.
In robotics, this expression was used to formulate CoM trajectory tasks (Mansard,
Kathib & Kheddar, 2009), visual servoing tasks (Chaumette & Hutchinson, 2006)
or momentum tasks [Orin 2013]. In the sequel we show how to express dynamic
tasks in terms of CoM, vision and momentum.

Center of mass (CoM) task

For writing a motor task in terms of the CoM trajectory, the position of the CoM
(see Chapter 2) and the di�erential mapping Jc that relates joints velocities _q to
the center of mass velocity_c(q; _q) need to be computed. In this way, the CoM task
can be expressed in the form of Eq. (4.5) or Eq. (4.6). Moreover, the application
of the UCM extension to CoM tasks is similar to placement tasks.

Gazing task

To model a gazing task, a motion objective could be to move the head in such
a way that the gaze is focused at a certain pointp i 2 R3 during motion. This
point is projected from 3D space to a certain positionp i 2 R2 in a 2D image.
The task Jacobian is given byJgaze = L J vis , where L represents the interaction
matrix [Chaumette 2006] which describes the relation between the velocity of the
visual frame and the velocity of the 2D image point, andJvis is the Jacobian of the
kinematic chain linking the visual frame so:

_e(q; _q) = Jgaze(q) _q (3.16)

which can be di�erentiated and mapped directly to the generic formulation of dy-
namic tasks Eq. 4.6 as:

•e = Jgaze•q + _Jgaze(t) _q; (3.17)

The application of the UCM extension to gaze tasks is similar to placement and
center of mass tasks.

Linear and angular momenta tasks

Dynamic tasks can also be expressed in terms of momenta which allows for consid-
ering the inertial e�ects in the movement. Momenta tasks can be computed based
on the centroidal dynamics: the dynamics computed at the CoM of the system
[Orin 2013]. A momenta task can be formulated by using the centroidal momen-
tum matrix Ac(q) which is the product of the inertia matrix of the system and the
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Jacobian matrix of the system (Ac(q) = X c I sys Jsys) with X c a matrix which ex-
presses the momenta at the center of mass of the system, as de�ned in [Orin 2008].
The centroidal momenta matrix maps the joint velocities _q to the the centroidal
momenta hc as follows:

hc = Ac(q) _q (3.18)

This relation has the form of Eq. (4.5). Moreover Eq. (3.18) can be di�erentiated
with respect to time as:

_hc = Ac(q)•q + _Ac(q; _q) _q (3.19)

where _hc =
h

_p _L c

i T
represents the derivative of the centroidal momenta expressed

at the CoM position. This notation is a compact formulation that embeds the three
components of the linear momentum derivative (LMD(x), LMD(y) and LMD(z))
and the three components of the angular momentum derivative (AMD(x), AMD(y)
and AMD(z)).

Note that Eq. (4.14) which matches the pattern of Eq. (4.6) and thus can be
used as a task function under the presented formalism. Hence, the application of
the UCM theory to Eq. (4.14) requires to compute its partial di�erentiations which
are really similar to the ones of Eq. (4.6) (Eqs. (3.12a), (3.12b) and (3.12c)) and
that are developed in Appendix A.2.3. Note also that the previously de�nedITC , or
the ratio between good and bad variability, could be used to quantify a hierarchical
structure of motor tasks according to their apparent importance in the generation
of human movement (Subsection 3.1.6). This implies that a larger value ofITC
might implies that one motor task is more important for the brain than other with
a lower ITC value [Latash 2008]. In the following, a direct application to linear and
angular momenta derivative task functions is presented, for investigating the control
of these quantities by the CNS during jumping and landing motions in Parkour.
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3.4 Application to Take-o� and Landing Motions in
Parkour

In this section, we show how the described and proposed formalisms can be applied
to the study of a dynamic movement. For this purpose, we develop a practical
case of application to highly dynamic and complex Parkour motions, referred to as
precision jump and precision landing techniques (Introduced in Chapter 2).

3.4.1 Hypothesized steadily controlled tasks

Hypothesized tasks of the Parkour technique were chosen according to the literature
and the observation of recorded pre-tests. In this context, we expressed motor
tasks in terms of linear and angular momenta. Besides testing whether these tasks
are steadily controlled by the brain or not, we also check for the existence of a
hierarchical structure of tasks that could describe the motion organization. This
hypothesis is motivated by the fact that in the execution of these motions, the
brain might has to organize several motor tasks simultaneously to guarantee the
achievement of the motion goal (e.g. perform a precise landing without tipping over
or breaking a bone).

3.4.1.1 Motion slicing into sub-motions

The motion is divided into three sub-motions: take-o�, �ight and landing. As
our goal was to focus on momenta tasks, which are conserved quantities during the
�ight, we decided to exclude the �ight motion from our analysis. The take-o� phase
is de�ned between the time at which the vertical position of the CoM is minimal
and the last foot contact instant. The �ying phase was de�ned between the end
of the take-o� phase and the initial contact with the ground �IC", de�ned as the
time at which the vertical ground reaction force reaches 50 [N]. The landing phase
was de�ned between IC and the time at which the vertical position of the CoM
becomes minimal. The phases were normalized by time duration from 0% to 100%
(Fig. 3.2).

3.4.1.2 Motor tasks during take-o�

Research on the standing long jump motion, which is similar to the Parkour motion
in this study, have shown that during takeo�, the impulse pro�le which modi-
�es the takeo� velocity of the CoM constitutes the principal performance factor
[Wakai 2005]. In order to produce the desired impulse pro�le, the jumper has to
generate the necessary forces against the ground which provide the CoM ballis-
tic motion. Moreover, it has been shown that arms swing contributes to increase
the impulsion, and therefore the CoM velocity, through joint torque augmenta-
tion [Cheng 2008, Hara 2006]. It has also been demonstrated that arm swinging
improves the performance by alleviating excessive forward rotation [Ashby 2002]
and contributing to position the body segments properly for landing [Ashby 2006].
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Figure 3.2: Parkour motion analysis. (A) The �rst two skeletons illustrate the
beginning and the end of the takeo� motion while the last two skeletons show the
beginning and the end of the landing. In(B) , the center of mass vertical trajectory.
In (C) the vertical reaction force pro�le. The CoM kinematics and the ground
reaction forces allow for slicing the Parkour technique into three sub-motions: take-
o�, �ight and landing.

Controlling the ground reaction forces and the arms swing during impulse, appears
to be the most relevant action for generating an optimal ballistic motion of the
CoM. On the other hand, momenta derivatives expressed at the CoM are equal to
net external forces and torques according to Newton-Euler equations. Accordingly,
we suggest that linear and angular momentum derivatives expressed at the CoM
should be steadily controlled by the brain during the take-o� motion through the
following tasks:

� �LMD(y,z)�: A task that re�ects the control of the forces to generate the
required CoM velocity expressed in terms of the antero-posterior (A-P) and
vertical components of the linear momentum derivative �LMD�.

� �AMD(y)�: A task that enhances the jumper's performance when jumping,
and that contributes to prepare the body posture for landing in terms of the
A-P component of the angular momentum derivative �AMD� expressed at
the CoM.
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3.4.1.3 Motor tasks during landing

During landing, reducing the vertical ground reaction forces "GRF" (which is the
same as reducing the vertical linear momentum derivative) and lowering the loading
rate (which is equivalent to control the time to the vertical GRF peak) contribute
to prevent pain and injury [Gittoes 2012]. It has been shown that traceurs are
able to reduce these quantities [Standing 2015]. Moreover, traceurs are able not
only to land safer but also to better control they posture. A study of the center of
pressure �CoP� control through the modulation of A-P and medial-lateral (M-L)
components of the GRFs provided this evidence [Maldonado 2015](See also Chapter
2). Lastly, during our pre-tests, we noticed a rapid swing of the arms in the three
dimensions during landing that could regulate the CoM trajectory. This observation
was veri�ed by calculating the contribution of each body segment to the total AMD
during landing expressed at the CoM (See previous chapter).

Based on these elements, we made the following hypotheses regarding the tasks
that are likely to be controlled by the CNS during landing:

� �LMD(z)�: A task that re�ects a strategy to guaranty a safe landing execution
by lowering the vertical reaction forces and the loading rate. This task is
expressed in terms of the vertical component of the LMD.

� �LMD(x,y)�: A task that re�ects a strategy of postural control in terms of
the medial-lateral and antero-posterior components of the LMD.

� �AMD(x,y,z)�: A task that re�ects a falling-down avoidance strategy through
rotational motions around the body principal axes expressed in terms of the
AMD. This task might also re�ect an injury prevention strategy by decreasing
the varus-valgus motion of the knees.

Before contact with the ground, participants pre-activate their muscles in prepa-
ration for landing [Yeadon 2010] and pre-programmed stretch re�exes are likely to
happen at initial contact with the ground [Kamibayashi 2006]. Thus, landing was
analyzed from 4% of the motion to ensure consistency of our interpretations.

3.4.2 Methodology

3.4.2.1 Participants, experimental protocol and data treatment

The same participants, experimental protocol and data acquisition methods ex-
plained in Chapter 2 for the whole-body angular momentum study was used (in-
cluding the whole-body model) to record and process biomechanics data. Results
were used to apply the proposed extension of the UCM later. For this, computa-
tions were performed using a custom made program with the described whole-body
model and a physics engine developed in the Gepetto team [Carpentier 2015].
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3.4.3 Statistical analysis

Individual statistical studies were conducted for the take-o� and landing techniques.
All data are presented as the mean� the con�dence interval. The normality of the
data was assessed thanks to the Shapiro�Wilk test. Thep� value for determining
statistical signi�cance of hypotheses wasp = :05. To statistically verify if motor
tasks are steadily controlled by the CNS, unpairedt� tests comparing variability of
normalized orthogonal spaces (Vucm vs Vucm? ) were performed. To investigate if
task hierarchies can be identi�ed in the organization of the motion and to assess
the temporal evolution of tasks during each motion, a repeated measures ANOVA
(task � phase) with the phases as within-subjects factors, and the task as between-
subjects factor was performed. Pairedt� tests with the Bonferroni correction were
then carried out to assess main e�ects. Finally, the eta-squared method was used
to test the e�ect size on the measures and the power of the statistics. All statistics
were computed using R [R Development Core Team 2008].

3.4.4 Results

3.4.4.1 Takeo�

Each of the two hypothesized tasks turned out to be signi�cantly controlled at each
motion phase (p < : 001). A repeated measures analysis of variance of theITC
emphasized a main e�ect for the task factor (F (1; 6) = 36:77; p < : 001; � 2 =
:86; f = 2 :47). No signi�cant e�ect was observed for the phase factor (F (3; 18) =
2:74; p = :071; � 2 = :31; f = 2 :47). Post-hoc comparisons using paired t-tests
with the Bonferroni correction ( p=4) indicated that tasks ITC s were signi�cantly
di�erent at the the beginning ( p = :005), at 40% (p = :002) and at 100% of the
motion (p = 0 :042). The AMD(y) ITC was statistically more important than
LMD(y,z)'s one (Fig. 3.3 and Table 3.1).

Table 3.1: Hierarchical organization of the take-o� motion in terms of tasks.

Phases
1% 40% 70% 100%

1 AMD(y) � AMD(y) � AMD(y) AMD(y) �
2 LMD(y,z) LMD(y,z) LMD(y,z) LMD(y,z)
Note. � , signi�cantly di�erent from LMD(y,z);

3.4.4.2 Landing

Again, each of the hypothesized tasks were signi�cantly controlled steadily at each
motion phase (p < : 001). A repeated measures analysis of variance of theITC indi-
cated a main e�ect for the task factor (F (2; 12) = 14:23; p < 0:001; � 2 = 0:70; f =
1:54) and for the phase factor (F (4; 24) = 67:4; p < 0:001; � 2 = 0:91; f = 3 :35).
Post-hoc comparisons using paired t-tests with Bonferroni correction corroborated
that tasks (p=15) were signi�cantly di�erent ( p < 0:001) and that ITC values of the
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Figure 3.3: On bottom: snapshots of the reconstructed motion taken at each phase
of the motion (1, 40, 70 and 100%). On top: the corresponding mean (� con�dence
intervals) values of the indexes of motor task control (ITC) during the takeo� motion
for the LMD(y,z) and the AMD(y) task.

phases (p=10) evolved di�erently with time (Table 3.2). A hierarchical organization
of the tasks regarding theITC value was observed (Table 3.3).

Table 3.2: Pairwise comparisons using paired t-tests for the task factor in the
landing phases. Thep� values were adjusted with the Bonferroni correction.

Phases
Task Comparison 4% 13% 20% 40% 97%
LMD(z) & LMD(x,y) 1 1 1 1 1
LMD(x,y) & AMD(x,y,z) 0.94 .59 .044 .0033 <.001
LMD(z) & AMD(x,y,z) 1 .011 .275 .0046 .0042
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Table 3.3: Hierarchical organization of the landing motion in terms of tasks.

Phases
4% 13% 20% 40% 97%

1 LMD(x,y) LMD(z) y AMD(x,y,z) � AMD(x,y,z) �z AMD(x,y,z) �z
2 LMD(z) LMD(x,y) LMD(x,y) LMD(z) LMD(x,y)
3 AMD(x,y,z) AMD(x,y,z) LMD(z) LMD(x,y) LMD(z)
Note. � , signi�cantly di�erent from LMD(x,y); y, signi�cantly di�erent from AMD(x,y,z);

z signi�cantly di�erent from LMD(z).

Table 3.4: Pairwise comparisons using paired t-tests for the phase factor in the
landing phases. Thep� values were adjusted with the Bonferroni correction.

LMD(z) LMD(x,y) AMD(x,y,z)
Phase 4% 13% 20% 40% 4% 13% 20% 40% 4% 13% 20% 40%
13% .674 - - - 1 - - - 1 - - -
20% .284 .092 - - .102 .005 - - 1 .05 - -
40% .007 .001 .592 - .008 <.001 .005 - .064 .002 .065 -
97% .002 <.001 .079 .088 <.001 <.001 <0.0011 .041 .005 <.001 .024 0.067

3.4.5 Discussion

The hypothesized motor tasks in this study were chosen thanks to the physics of
the motion and the literature. Results reveals complex whole-body motion strate-
gies which lead to the stable control of the hypothesized tasks, supporting motor
abundance [Latash 2000]. The time decomposition of the motion phases reveals
that the amount of control dedicated to a task might not only depend on the task
but also on the phase of the motion. This might be interpreted as a strategy of the
CNS to organize motor tasks in terms of temporal and inter-tasks priorities. In the
sequel, we discuss the results obtained by analyzing the proposed extension of the
UCM theory to take-o� and landing motions in Parkour.

3.4.5.1 Take-o�

The ITC of the LMD(y,z) reveals that this task is steadily controlled during the
take-o� motion. This is consistent with the physics of the problem: the traceur has
to induce a certain velocity to his CoM in order to precisely determine the ballistic
motion that the body will be subject to during the �ight phase [Wakai 2005]. This
velocity is obtained by integrating over time the acceleration of the CoM, which is
the result of the forces applied by the participant on the ground (Newton's second
law). The time integration of the forces exerted on the ground must therefore be
precisely controlled at each time step during the take-o�.

The AMD(y,z) task appears to be also steadily controlled by the brain during the
take-o� phase. Its ITC value turns out to be greater throughout the takeo� motion.
This result makes sense with regard to Euler's law of motion and the conservation
of angular momentum in the sense that, after the very moment of contact loss and
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Figure 3.4: On bottom: snapshots of the reconstructed motion taken at each phase
of the motion (4, 13, 20, 40 and 100%). On top: the corresponding mean (�
con�dence intervals) values of the indexes of motor task control (ITC) during the
landing motion for the LMD(z), the LMD(x,y) and the AMD(x,y,z) task.

during the whole �ight, traceurs will not be able to change their angular momentum.
As a consequence, for the type of motions participants were instructed to perform,
excessive rotational motions must be avoided. Another reason for traceurs to control
the AMD(y) before �ying is to ensure they can reach an appropriate posture in
preparation for landing [Ashby 2006]. The leaning forward position of the traceur
(Fig. 3.3) and the gravity force, are used to generate a net torque at the CoM which
has to be counteracted throughout the takeo� in order to reach the desired angular
momentum. To this end, the observed strategy of the arms, pelvis, trunk and
head swings contributes to counterbalance the forward sagittal angular momentum
[Ashby 2002]. This upper body strategy allows lower limbs to be more involved
in the production of the impulsion torques without having to compensate for the
forward momentum [Ashby 2002]. This complex inter-limb coordination highlights
the importance of controlling the AMD(y) task as corroborated by our results.

Task AMD(y,z) appeared to be signi�cantly more controlled at the begging and
end of the takeo�. This might guaranteeing a desired body posture before landing
is more important than generating the desired ballistic trajectory of the CoM. Not
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controlling properly the angular momentum during the take-o� might imply to fall
down and getting injured after landing (in the next chapter there is an example of
how not properly controlling this task might imply falling down).

3.4.5.2 Landing

The LMD(z) task appears to be controlled throughout the landing motion. From
the beginning and up to 20% of the motion, the vertical force is controlled so that
the peak loading rate and the peak forces can be reduced [Standing 2015]. This
contributes to prevent pain and injuries [Gittoes 2012]. During the remaining of
the landing, this task is kept controlled. This is not surprising when considering
that the time integration of this force provides the vertical deceleration of the CoM.

The LMD(x,y) task is also controlled during the whole landing. This is expected
during this process because the resulting GRF direction, which depends on the
amount of medial-lateral and antero-posterior forces with regard to the normal
force must remain inside the friction cones of contact in order to avoid slipping.
Moreover, the LMD(x,y) task a�ects the center of pressure (CoP) position, which
re�ects the neuromuscular postural control. Note that, in order to reach static
equilibrium � which is the �nal goal of the Parkour technique �, the CoP must
�nally coincide with the projection of the CoM on the ground. The LMD(x,y) task
is also linked to the forward deceleration of the CoM.

The AMD(x,y,z) task is also controlled during the landing. Due to the conser-
vation of angular momentum principle, the value of the AMD before the impact
is zero. Right after it, because of external forces and torques, the AMD increases.
One way to compensate this augmentation in order to keep balance, is to limit
the derivative of joint torques during the landing phase. One can note that the
pre-activation of muscles in preparation for landing [Yeadon 2010] contributes to
keep the derivative of joint torques into reasonable bounds. This strategy is also
responsible for the visual smoothness of the motion in terms of compliance and style
(see minimum jerk and torque change in Chapter 2). Furthermore, controlling the
AMD(x,y,z) around the vertical axis contributes to reduce the varus-valgus motion
and can be an injury prevention mechanism.

Two hierarchies of tasks and a temporal evolution of theITC value were ob-
served during the landing phase. At 13% beginning of the motion, traceurs appear
to control more the LMD(z) task. The AMD(x,y,z) task is signi�cantly more con-
trolled throughout the end of landing (from 20% to 100%). Note that after 20% of
the landing, the vertical force is lowered. This control might be used to perform
small postural adjustments thanks to the observed segment cancellation strategy
(Chapter 2).
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3.5 Conclusion and Perspectives

This study proposes a theoretical framework for the identi�cation of motor tasks
based on the task function formalism used in robotics. Then, it presents an exten-
sion of the UCM theory to dynamic tasks, illustrated by the study of a Parkour
motion for which tasks were formulated in terms of the derivative of linear and
angular momenta. A limitation of this work is the inherent errors of biomechanical
methods that we are subject to when analyzing human motion (experimental proto-
col, scaling of anthropomorphic data, inverse kinematics,. . . ). The UCM analysis of
highly dynamic human motions is promising for the study of dynamic motion gener-
ation. By making reasonable assumptions about which physical quantities humans
might control during Parkour precision jump, we were able to provide consistent
computational arguments about which ones could be actually steadily controlled
by the brain during the successive phases of the motion. This study also reveals
that the hypothesis of a hierarchical organization of tasks in human motion control
is consistent. This organization could be useful for the CNS to generate precise,
highly dynamic, stable and injury-free motions. These results would be useful in
the frameworks of computer animation and humanoid robotics to generate human-
inspired motions.
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In this chapter, we recall the motion generation tools in robotics based on the
task-space formalism. Then, based on the performance variables identi�ed in the
biomechanics (Chapter 2) and motor control (Chapter 3) studies, and by using the
whole-body skeletal model introduced in Chapter 2, we consider the problem of
Parkour motion generation. We apply the methodology to generate the Parkour
precision jump and landing technique. At the end of the chapter, we provide a
summary of the method and we discuss how our interdisciplinary approach based on
biomechanics, motor control and robotics can be utilized to generate and understand
human movement.
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4.1 Whole-body Motion Generation of Anthropomor-
phic Systems

Whole-body motion generation of anthropomorphic systems, such as humanoid
robots or skeletal systems, requires to model the system dynamics. To this
end, in this section, the framework of the task function approach [Samson 1991,
Nakamura 1991] and the formalism of poly-articulated systems are recalled. The
inverse kinematics and inverse dynamics formulations for solving the equations of
motion in robotics are brie�y introduced. Finally, a hierarchical task controller
which allows for solving strict hierarchy problems is also reviewed.

4.1.1 Dynamic model

The dynamic model of poly-articulated systems can be written by using the Euler-
Lagrange equation. The robotic system is modeled as an under-actuated kinematic-
tree chain composed of rigid bodies with a free-�oating base (also called root frame)
subject to external contact forces as follows:

M (q)•q + b(q; _q) = ST � int +
KX

k=1

J T
k (q)� k (4.1)

where M (q) is the inertia matrix, b(q; _q) contains gravitational, centrifugal and
Coriolis forces,S =

�
0 n� 6 I n� n

�
is a matrix that selects the internal joint torques

� int of the actuated part of Eq. (4.1), Jk (q) is the Jacobian matrix of the kth

external contact and � k =
�
f ext k

� ext k

� T is the vector of the external forces and
torques induced by thekth contact.

Eq. 4.1 can be split into two parts: the under-actuated dynamics and the
dynamics of the actuated segments as follows:

"
M u(q)
M a(q)

#

•q +

"
bu(q; _q)
ba(q; _q)

#

=

"
0 6

� int

#

+
KX

k=1

"
J T

k;u (q)
J T

k;a (q)

#

� k (4.2)

where the sub-indexu denotes the under-actuated part and the sub-indexa denotes
the actuated part. The �rst 6 rows of Eq. 4.2 represents the dynamics of the free-
�oating base (under-actuated part), also called the centroidal dynamic [Orin 2013]
which coincides with the Newton-Euler equations of motion and links the variation
of the linear momentum and the angular momentum of the whole system expressed
around its CoM to the contact forces. These equations can be rewritten using the
Newton-Euler equations as follows:

_p =
KX

k=1

f k � mg (4.3)
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_L c =
KX

k=1

(kk � c) � f k + � k (4.4)

where _p is the linear momentum derivative, f the external forces, m the mass
of the poly-articulated system, g the gravity vector, _L c the angular momentum
derivative, kk is the position of the kth contact point relative to the inertial frame,
c is a position with respect to the inertial frame which is the center of mass of the
system and� k is the torque at the kth contact point.

4.1.2 Task formalism for motion generation

The task formalism used in robotics, which was presented in the previous chapter
for expressing human motor tasks, can be used to generate motions with robots.
Let us recall the �rst and second order kinematic equations which are written as:

_e(q; _q) = Je(q) _q (4.5)

•e(q; _q; •q) = Je(q)•q + _Je(q; _q) _q (4.6)

As it has been mentioned in the previous chapter, a task function (e.g.e(q),
_e(q; _q) or •e(q; _q; •q)) comes down to an output error function whose regulation
to zero corresponds to the execution of the task. For controlling the convergence
of the task function to zero, a control law can be speci�ed in order to ensure a
reference behavior of the task function (e� , _e� , •e � ). For example, the expected
behavior can be speci�ed with a proportional derivative (PD) control law. The
gains of the proportional derivative task can be tuned to obtain di�erent reference
behaviors such as exponential decays or adaptive gains of the task. Exponential
decays control laws of the form_e� = � � ee are commonly used in robotics to make
the task error converge quickly to a desired value. If reference behaviors can be
extracted from human studies in terms of performance variables (tasks), then it is
possible to set human-inspired reference behaviors. For example, the minimum jerk
criterion observed in human motions [Flash 1985], has been used in the control of
reaching tasks [Ho� 1992].

Note that, apart from tasks introduced in the previous chapter, a task can also
be expressed directly in the con�guration space to control the posture of the robot
(posture task). Instead of the task Jacobian matrix, a selection matrix is used to
select the joints that are aimed to be controlled.

4.1.3 Inverse kinematics control

The inverse kinematics problem consists in �nding the joint kinematics that allows
the robot to accomplish a reference kinematic task behavior. In the next subsections
we show how to control the execution of tasks expressed in terms of velocities (�rst
order kinematics) and accelerations (second order kinematics).
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4.1.3.1 First order kinematics

The �rst order kinematics formulation consists in �nding the joint velocities that
produces the desired task velocity (the time derivative of some task functione(q))
using the relationship obtained in Eq. (4.5). In order to control the task perfor-
mance, a reference task behaviore� is provided as input and the control problem can
be expressed as the solution to the following unconstrained minimization problem:

min
_q�

k _e� � Je(q) _q� k2
2 (4.7)

The solution to this problem provides the control law of the system.

_q� = J #
e (q) _e� + PJe _q2 (4.8)

where f :g# represents the generalized inverse,PJe is the projector onto the null
space ofJe(q), and _q2 is a secondary control input that can be used to exploit the
systems redundancy with respect to the task.

4.1.3.2 Second order kinematics

In the second order kinematics problem, the relationship between task acceleration
and joints acceleration provided by Eq.(4.6) is used. The control problem consists
in �nding the joint accelerations that generates the task reference behavior:

min
•q �



 •e� � Je(q)•q� � _Je(q) _q





2

2
(4.9)

Using the same notation as before, the control law expressed in terms of the joint
accelerations is then written as:

•q� = J #
e (q)

�
•e� � _Je(q) _q

�
+ PJe •q2 (4.10)

4.1.4 Inverse dynamics control

The inverse dynamics problem consists in �nding the joint torques that will generate
a reference task acceleration behavior•e� . By multiplying the actuated part of Eq.
(4.1) with JM � 1 and replacing Eq. (4.6) in Eq. (4.1) we obtain the following
relation:

•e + Je(q)M � 1b � _Je(q; _q) _q = Je(q)M � 1� (4.11)

The inverse dynamics control law can be written as:

� � =
�
Je(q)M � 1� # � •e� + Je(q)M � 1b � _Je(q; _q) _q

�
+ PJeM � 1 � 2 (4.12)

where (PJeM � 1 ) is the projector onto the null space of Je(q)M � 1 and � 2 is an ar-
bitrary vector that can be used to control other tasks. Eq. (4.12) can be extended
to include rigid contact constraints [Saab 2013]. The control of humanoid robots
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interacting with the environment has to take into account external forces. Thus,
the control problem consists in �nding a control law that achieves a desired task be-
havior while respecting the dynamic model of the system and additional constraints
that ensure the feasibility of the motion. This problem can be solved by setting a
minimization problem under equality and inequality constraints as in [Saab 2011]:

min
•q ; � ; �

k•e� � •e(q; _q; •q)k2
N

s:t: M (q)•q + b(q; _q) � g(q) �
KX

k=1

J T
k (q)� k = ST � int

Jk •q + _Jk _q = 0

� ?
k � 0

(4.13)

where Jk is the contact Jacobian associated to thekth contact point. The �rst
equality of Eq. (4.13) ensures the respect of the dynamical model of the system.
The inequality constraint � ?

k � 0 guarantees that the contact forces are correctly
oriented and that there is no interpenetration (rigid contact). In the same manner,
other inequality constraints can be added such as joint limits (q � q � q), torque
limits ( � � � � � ) or other tasks (as given in Subsection 4.1.2).

4.1.5 Hierarchical control

Solutions to problems in the form of Eq. (4.13) can be formulated based on null
space projections or optimization methods. Prioritization schemes are based on
projections onto the null space of higher order priority tasks in the form of Eq. (4.8)
and Eq. (4.10) [Nakamura 1987, Siciliano 1991, Mansard 2009]. On the other hand,
optimization techniques can be used to solve problems of the form of Eq. (4.13)
which can also handle inequality constraints. A typical method is to use Hierarchical
Quadratic Programming (HQP) [Kanoun 2009, Escande 2010, Escande 2014].
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4.2 From Biomechanics and Motor Control to Robotics

4.2.1 Motion generation of Parkour precision jumps and landings

In order to generate the motion, we utilized the model introduced in Chapter 2
for human motion analysis. The robotics framework of hierarchical task control
was also considered. Tasks were set and parameterized based on the biomechan-
ics study made Chapter 2 and Chapter 3. The rigid body dynamics computations
were done using the Pinocchio library developed by the Gepetto team of LAAS-
CNRS [Carpentier 2015]. The motion was generated using the method of null space
projections and second order kinematics previously introduced based on basis mul-
tiplications [Escande 2010] (See Appendix B.1 for computational details).

4.2.1.1 Description of the tasks

As for motion analysis in the whole-body study, the motion generation is divided
into three phases: take-o�, �ight and landing. In order to apply the hierarchical
control framework, tasks are stacked in a hierarchical manner for each motion phase.
The selection of the tasks and their hierarchy are based on the previous biomechan-
ical and motor control study using mainly linear and angular momenta tasks. Only
desired values of momenta tasks were used to set the tasks at key points (beginning
and end of motion phases), and not the whole momenta trajectory. The behaviour
of the tasks was controlled using exponential decay control laws. Additional tasks
for foot placement, CoM position and posture at key points (beginning/end of each
motion phase) were also considered to better specify the motion. The desired values
for parametrizing the controller were deduced from the biomechanical study. The
motion was controlled using joint accelerations according to Eq. (4.14) which was
described in Chapter 3.

_hc = Ac(q)•q + _Ac(q; _q) _q (4.14)

Preparation phase

A preparation phase was added before the take-o� phase. The motion is generated
through the control of a hierarchy of the tasks organized as follows:

� At the highest priority we set a 3D foot placement task. This task was used to
control the 3D position of each forefoot so that contact with the handle-bars is
maintained during the phase. The orientation components of this tasks are not
constrained. The 3D position was set according to the experimental protocol
described in Chapter 2 in the angular momentum study. This includes a jump
height of 75% of the height of the skeletal model.

� At the second level of the hierarchy, we set a task specifying a desired 3D
position of the CoM. The desired position of the CoM was deduced from the
motion analysis.
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� The remaining of degrees of freedom are used to control the whole-body pos-
ture which was also extracted from the motion analysis.

Take-o� phase

The take-o� phase follows the preparation phase. The motion generated during this
phase is organized in terms of tasks as follows:

� At the highest priority level, the 3D foot placement task of the preparation
phase is kept.

� To generate the ballistic trajectory of the CoM, a linear momentum task is
added at the second level of the hierarchy. The antero-posterior and vertical
components provide the modulation of the CoM velocity for generating a
desired ballistic trajectory. The medial-lateral component is regulated to zero
to avoid undesired deviations of the CoM trajectory during the �ight phase.

� In order to control the angular momentum at the CoM, a third task is stacked.
This task imposes zero momentum around the vertical and antero-posterior
(A-P) axes, and a desired angular momentum around the medial-lateral (M-
L) axis. It allows the body model to reach a desired posture before landing
and to avoid somersaults, and might alleviate torques at the lower limbs as
suggested in the literature (see the application case of the previous chapter).

Flight Phase

When the velocity and take-o� angle of the CoM trajectory allow to reach a desired
horizontal distance, the top level task of the foot placement is removed from the
stack of tasks and the �ight phase begins. The desired horizontal distance equals to
the square of the jump height (as speci�ed in the recording protocol with humans).
The horizontal distance df light that the CoM will travel is calculated during the
take-o� phase according to ballistic equations as:

df light =
v cos�

g

 

v sin � +
q

(v sin � )2 + 2gh0

!

(4.15)

where v is the initial speed of the CoM (before the �ight phase begins), � is the
take-o� angle, g is the gravity acceleration and h0 is the initial height of the CoM.
During the �ight phase, the momentum is conserved. A second level task is added
to impose a desired posture before contacting the ground. The desired posture was
extracted from recorded human motions.

Landing Phase

The landing phase starts at the end of the �ight phase and is set as follows:
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� At the highest level of the hierarchy, vertical feet position is regulated to keep
the current contact position with the ground. A desired �exion of the toes
and ankle joints is also imposed.

� At the second level, a 3D linear momentum task is added to decrease the
velocity of the CoM to zero.

� At the third level, a task is added to regulate angular momentum to zero in
order to avoid tipping motions of the model.

� At the forth level of the hierarchy, a task is added to keep the CoM inside the
vertical projection of the support polygon (medial-lateral and antero-posterior
axis) in order to provide a static equilibrium state until the end of the motion.

4.2.2 Temporal sequence of the whole motion and tasks hierarchies

The temporal sequence of tasks stacked during each motion phase with their hier-
archical order is depicted in the following table:

Hierarchy Preparation Take-o� Flight Landing
1 Feet Momenta Feet
2 CoM Linear Mom. Posture Linear Mom.
3 Posture Angular Mom. Angular Mom.
4 CoM

Table 4.1: Hierarchy of tasks used for generating motion in each phase.

4.2.3 Tasks behaviors

The behavior during each task that is de�ned by the decay rate of the task func-
tion were speci�ed through exponential decay control laws. Weighting matrices
multiplying the control input ( •q � ) were tuned for the take-o� and landing phases
by giving higher gains to lower joints when controlling the linear momentum, and
higher gains to upper joints when controlling the angular momentum in accordance
to our biomechanics study. As the trunk segment has a signi�cant mass compared
to the upper limbs, the gain for the lumbar �exion was lowered to avoid undesirable
behaviors of momenta.

4.2.4 Results

The reconstructed human motions and the motions generated based on the task
function approach present interesting similarities, specially when comparing the
motion of the lower body. Fig. 4.1 shows snapshots of the human motion recon-
structed by means of the inverse kinematics method of biomechanics, and snapshots
of the motion generated using the robotic framework of hierarchical task control.
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(a) Take-o� 1% (b) Take-o� 50%

(c) Take-o� 100% (d) Flight 50%

(e) Landing 1% (f) Landing 25%

(g) Landing 50% (h) Landing 100%

Figure 4.1: Snapshots of the take-o� phase (a, b, c ), �ight phase ( d), and landing
phase (e, f, g, h ) at di�erent percentages of the motion phases. The skeleton on the
left of each �gure, represents the result of the inverse kinematics from motion anal-
ysis of a Parkour practitioner. The skeleton on the right of each �gure, represents
the motion generated through hierarchical control.
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The pro�les of the linear and angular momenta of the experimental and gen-
erated motions are shown in Fig. 4.2 and in Fig. 4.3. The momenta pro�les of
humans represent the mean behavior of Parkour experts with the corresponding
standard deviation. Table 4.2 shows the di�erence between the ranges of motion
(RoM) of the human group and the simulation model for the principal segments
during each motion phase.

Take-o�
RoM [deg]

Flight
RoM [deg]

Landing
RoM [deg]

L R L R L R

Neck-head �exion-extension 19 22 15
Trunk �exion-extension -20 -10 -5

Upper arm �exion-extension -1 -1 65 66 -44 -30
Upper arm abduction-adduction 17 33 -2 5 10 9

Upper arm rotation 17 24 44 68 47 54
Forearm �exion-extension -17 -24 -9 -4 -15 3
Thigh �exion-extension -2 -2 16 22 2 0

Thigh adduction-abduction -5 -9 1 -4 2 2
Thigh rotation -6 0 1 9 8 6
Shank �exion 12 12 30 44 20 23

Table 4.2: Di�erence in the ranges of motion (RoM) of the analyzed human motions
and the generated motion. The table shows the most relevant coordinates during
the take-o�, �ight and landing phases of the Parkour precision technique. Negative
values mean that the RoM of the generated motion is higher than the RoM of
the human experts. Main di�erences (RoM � 45) are colored in pink while small
di�erences (RoM � 15) are colored in blue.

4.2.4.1 Take-o�

� At the beginning of the motion, linear momentum values were di�erent be-
tween humans and the model. Throughout the motion, the linear momen-
tum was similar in the medial-lateral component while the antero-posterior
and vertical component of the linear momentum behaved di�erently. More
antero-posterior linear momentum was generated by humans at the end of
the take-o� phase, and more vertical linear momentum was generated by the
model at the end of the motion phase.

� Although at the beginning of the motion angular momentum values were
di�erent, angular momentum behaved similarly in humans and in the model
with time evolution. The angular momentum components around the antero-
posterior and vertical axes were almost zero at the end of the motion phase,
while the angular momentum component around the medial-lateral axis was
not zero at the end of the motion phase.
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Figure 4.2: Momenta pro�les of the human group (� SD), and of the simulation
model during the take-o� phase. The �rst row shows the medial-lateral, antero-
posterior and vertical components of the linear momentum normalized by the body
weight. The second row shows the angular momentum normalized by the body
weight and height, about the the medial-lateral, antero-posterior and vertical axis.

� Fig. 4.1 shows that upper-limbs were coordinated di�erently with the time
evolution and that the trunk and hips were more �exed in humans.

� RoM of all coordinates were similar (Table 4.2). RoM of thigh abduction-
adduction and forearm �exion-extension were slightly higher in the gener-
ated motion, while upper arm abduction-adduction and rotation appear to be
higher in humans.

4.2.4.2 Flight

Momenta were not compared because their components are constant during the
�ight phase according to the momenta conservation principle. Fig. 4.1c and 4.1d
show that the motion looks di�erent at the beginning and at 50 % of the �ight.
RoM were also di�erent, specially in the case of the upper limb movement and the
shank �exion-extension (Table 4.2).

4.2.4.3 Landing

� Linear momentum pro�les of analyzed human movements and generated mo-
tions were globally similar.

� At the beginning of the landing phase, the model generated less angular mo-
mentum around the medial-lateral axis, while higher angular momentum was
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Figure 4.3: Momenta pro�les of the human group (� SD), and of the simulation
model during the landing phase. In the �rst row: medial-lateral, antero-posterior
and vertical components of the linear momentum normalized by the body weight
are displayed. In the second row: angular momentum normalized by the body
weight and height around the the medial-lateral, antero-posterior and vertical axis
are displayed.

observed around the antero-posterior and vertical axis.

� From Fig. 4.1, we can observe that the humans and the model landed with
a similar posture. At 25 % and 50 % of the landing phase, the trunk of the
model is more �exed than the the trunk of humans.

� RoM of the upper arm coordinates appear to di�er slightly while the RoM of
the other coordinates look similar.

4.2.5 Discussion

The analyzed and the generated motion were compared in terms of kinematics and
momenta. The results showed that the kinematics of the human group was similar to
the kinematics of the simulated model, specially of the lower limbs. Time evolution
of momenta was sometimes slightly di�erent during the take-o� phase, while it was
comparable in the landing phase. Whole-body coordination was congruent between
humans and the model, although the upper limbs strategy did not evolve similarly
with the time. In the next subsections we analyze the results per phase.
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4.2.5.1 Take-o�

During the take-o� phase, we observed more antero-posterior linear momentum in
the motions generated with the model. For generating the desired ballistic pro�le,
the simulation model compensated the lack of antero-posterior linear momentum
by increasing the vertical linear momentum. This strategy allowed the model to
reach the initial CoM speed for landing at the requested distance. This increase of
angular momentum with respect to humans might explain why the model jumped
with the trunk more extended than humans (Fig. 4.1c), and why the RoM of the
trunk was higher. The time behavior of the vertical and antero-posterior linear
momentum was di�erent in the model. This might be due to the task reference
behavior which imposes an exponential decay of the error between the actual and
desired value (as explained in Section 4.1).

The pro�les of angular momentum were similar in humans and with the model.
The arms, which contribute to angular momentum, behaved di�erently with time as
shown in Fig. 4.1. The reason might be that upper limbs contributed also to increase
the vertical linear momentum (which behaved di�erently in the model). Note also
that the RoM of the forearm �exion-extension motion was higher in the simulation
model. In spite of this, the model jumped with an angular momentum that allowed
it to prepare properly the body posture for landing (Fig. 4.1e). Controlling the
posture before landing allows for a better control of stability and impact damping
(See Chapter 3).

On angular momentum control during the take-o� phase

(a) Decrease of angular momentum (b) Increase of angular momentum

Figure 4.4: E�ects on posture at landing when modifying the desired angular mo-
mentum during the take-o� phase. The motion was generated by using the same
hierarchical controller. Only the desired values of the angular momentum were
modi�ed during the take-o� phase.

We carried on extra simulations by decreasing and increasing the desired angular
momentum during the take-o� phase. The results showed that when the angular
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momentum is decreased, the model lands with a posture that made the model to
fall down forwards (Fig. 4.4a). Conversely, if the angular momentum is increased,
the model lands with a posture that make it to fall down backwards (Fig. 4.4b).
These results highlight the importance of controlling the angular momentum when
jumping.

4.2.5.2 Flight

The kinematics of the human body and the model were di�erent during the �ight
phase. This might be due to the fact that the �ight motion of the model was gen-
erated without constraining the trunk which has the highest mass. Thus, segments
with small masses might have contributed less importantly to keep momenta con-
stant during �ight. In fact, the RoM of the trunk was higher in the model whereas
the RoM of the upper arm coordinates was higher in humans. Note that the �nal
posture (before landing) does not re�ect the higher excursion of the upper arm co-
ordinates in humans. Instants before landing, arms are swung backwards. Later on,
when contacting the ground, arms have already been swung forwards in preparation
for the landing phase. In the generated model, this swing strategy of the arms was
not considered.

4.2.5.3 Landing

Linear and angular momentum were similar in humans and for the model. Nev-
ertheless, upper-body coordination during the landing phase looks di�erent (Fig.
4.1). The model landed with the trunk more �exed than humans. Thus, upper-
limbs might compensate this strategy by generating a counterbalancing angular
momentum. In fact, the RoM of the upper arm �exion-extension was higher in the
model. It turns out that the considered decay rate and hierarchy of tasks allowed
the model to replicate the evolution of the momenta in humans.
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4.3 Conclusion and Perspectives

In this chapter, we presented an interdisciplinary methodology to generate human
inspired motions with anthropomorphic systems such as robots. The approach
involves robust biomechanics methods to analyze the human movements and the
robotics framework of task hierarchy to generate the motion. We showed that our
approach is able to reproduce highly dynamic and complex motions comparable to
humans. In this �nal section we summarize our methodology, we provide a discus-
sion about the interest of using the proposed methodology, we show the limitations
of the proposed approach, we give some perspectives for the future work, and we
conclude with remarks about the interpretation of our results.

Summary of the method

Important aspects of the proposed motion analysis and generation approach can be
summarized as follows:

� A physical model suitable for analyzing and/or generating the motion of in-
terest is selected/created. The model used for the analysis could be di�erent
from the model used for generating the motion.

� An experimental protocol for motion analysis is designed and the human
movements are recorded by using motion-capture techniques.

� The recorded motion is analyzed using robust biomechanical techniques and
key performance variables of the movement are identi�ed. Performance vari-
ables provide the information needed to create a set of tasks.

� By understanding how the identi�ed performance variables favors the motion
generation in humans, the set of tasks is organized in a hierarchical manner
according to their importance in the execution of the motion. A stack of tasks
is created.

� The robot controller is further parameterized using information from the con-
trol strategies observed in humans by weighting the controller input. Human
control strategy is inferred from biomechanics studies in terms of elemental
variables (e.g. joint con�guration, joint velocities, joint accelerations or joint
torques) that a�ect the performance variables.

� The motion is generated through the robotics framework of hierarchical task
control using the synthesized stack of tasks created and the physical model
for motion generation.

� The human motion and the motion arti�cially generated are compared to-
gether using the same physical model created for analyzing the motion.

There are interesting aspects of this approach that deserve further discussion.
First, our methodology di�ers from conventional task-space approaches, because
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it allows for parameterizing the whole-body robot controllers based on the biome-
chanics of human motion. Quantifying and understanding the mechanics of hu-
man motion o�ers the possibility of parameterizing robotic algorithms based on
human expertise to execute movements. This provides a way to generate more ro-
bust and e�cient motions. Furthermore, generating anthropomorphic motions that
look more human-like is of great interest for human-robot interaction. Second, by
simulating human movement using the advanced motion generation framework of
robotics, comparison of the analyzed human motion and the generated motion is
possible. Thus, our methodology also provides an interesting tool for validating or
inferring hypotheses about the organization of the human movement based on task
hierarchies.

The feasibility of the motion generated can be assessed in terms of joint torque
and joint power by adding inequality constraints (Eq. 4.13). To this end, the
hierarchical controller can be designed using quadratic programming QP as sug-
gested in Subsection 4.1.5. Furthermore, the behavior of the tasks (decay rate of
the task function) can also be modi�ed to generate smoother trajectories (see for
example [Ho� 1992]). A vision task [Chaumette 2006] could also be added to re�ect
the importance of vision in humans when performing this type of motions. Other
approaches can be used to generate highly dynamic and complex motions by con-
sidering the whole trajectory along a �nite time horizon, e.g. optimal control. In
that case hybrid cost functions, usually described as weighted-sums of elementary
criteria, are considered. The di�culty is then to identify the set of weights that
lead to the best replication of the observed human movement.
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This thesis presented an interdisciplinary approach to better understand dy-
namic human movements and to generate whole-body human motions of anthropo-
morphic systems. The proposed approach is based on robust biomechanics methods
of motion analysis, on the uncontrolled manifold approach of motor control for a
hierarchical identi�cation of controlled motor tasks in human motion, and on the op-
erational space formalism of robotics for motion generation. The application of this
approach considered highly dynamic movements of Parkour. Thus, this manuscript
presented also biomechanics and motor control studies of targeted Parkour move-
ments.

5.1 Summary of Contributions per Chapter

In Chapter 2 , an epidemiological study of Parkour practice in France was pre-
sented. This study is important to understand the mechanisms of injury in Park-
our. The Parkour precision landing technique was identi�ed as a critical motion
phase based on injury occurrence. This consideration has motivated our interest
for studying advanced techniques developed by traceurs to improve safety and per-
formance. To this end, the Parkour precision landing and the landing phase of the
Parkour roll landing technique were presented through a lower-limbs biomechanical
study. Several performance variables were identi�ed and recommendations for in-
jury prevention, training and performance optimization were provided. Afterwards,
a whole-body musculoskeletal human model was built for analyzing and generating
Parkour motions. This model could be also utilized in other whole-body studies of
dynamic motion. The model was used for investigating whole-body strategies that
aim to regulate angular momentum during Parkour precision landings.
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In Chapter 3 , a mathematical framework derived from robotics was introduced
to formulate motor tasks in human motion. An extension to the uncontrolled mani-
fold theory, one of the most recognized theories in motor control, was then presented.
This extension allows for analyzing the organization of human motion in terms of
kinematics and dynamics. From this study, it is possible to verify if hypothesized
tasks deduced from biomechanical studies are steadily controlled by the brain. In
particular, we demonstrated that, during take-o� and landing, tasks expressed in
terms of linear and angular momenta seem to be steadily controlled by the CNS.
This study allowed us also to infer a hierarchical organization of controlled motor
tasks considering their variability.

In Chapter 4 , the biomechanics and motor control studies were utilized within
the robotics task function approach to generate whole-body highly dynamic motions
with an anthropomorphic avatar using a hierarchical task controller. The controller
was parametrized according to the tasks, the hierarchical structure and the values
of desired momenta extracted from the biomechanics study of Parkour precision
landing. Mean behaviours from human motion and data from the simulated motion
were compared. The application of this interdisciplinary approach provided a strong
synergy for better understanding and generating human motion.

5.2 Perspectives

5.2.1 On Parkour

In short term, a direct continuation of this research will be to report the unpub-
lished work presented at the end of Chapter 2. In this direction we will analyze
the biomechanics of other Parkour motions including the recorded muscular activ-
ity. The biomechanics analysis will contribute to understand the biomechancis of
Parkour vaultings and climbing techniques which, according to the epidemiological
study of Parkour in France presented in Chapter 2, are classi�ed second and third
rank techniques that generate most injuries in Parkour. Another short term work
will be to study the muscular synergies that control steadily the linear and angular
momenta tasks of the studied motions. This can be performed using a multiple
linear regression approach as described in [de Freitas 2010].

In long term, the biomechanics of the Parkour arm jump technique (see our
epidemiological study) could be anlayzed. For this, a di�erent experimental pro-
tocol including a set-up that allows for recording reaction forces on a wall might
be needed. Furthermore, biomechanics and motor control analysis have to be cor-
related with other types of analysis in the context of pain and injury prevention.
For example, it will be necessary to integrate biological factors (genetic, biochem-
ical, ...), psychological factors (mood, personality, behavior, ...) and social factors
(cultural, familial, socioeconomic, medical, ...) in the loop. This could be done by
using a biopsychosocial model [Penney 2010].
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5.2.2 On modeling the human body

Although in this thesis we built a musculo-skeletal model with more degrees of
freedom than common humanoid robots, we are still very far from approaching
the kinematic redundancy of human movement. Moreover our model included only
simple joints such as ball-and-socket and hinge joints. A short term work could
be oriented to increase the number of kinematic degrees of freedom and to model
complex joints (e.g. [Seth 2010]).

5.2.3 On motion generation

The uni�ed approach proposed in this thesis could be applied to generate other
dynamic motions. A future study could involve a more controlled set-up. In this
direction, the selection of new movements could be oriented for being tested with
a humanoid robot such as HRP-2 or Pyrène.

For generating more human-like motion, it would be interesting to learn from
human motion, models of "good variability". Recalling the notions of motor control,
good variability is thought to be the variability that does not a�ect the performance
of the task (variations in the null-space). In robotics, the nullspace of a task is
sometimes used to inject posture tasks in order to create more realistic movements.
However, a posture task cannot be used to simulate the variability of human mo-
tion. By using the nullspace of a hierarchical task controller with models of "good
variability" in human motion, it might be possible to create movements that look
more natural and less repetitive.

The uni�ed approach proposed in this thesis allows for identifying a hierarchical
structure of tasks. From this, a hierarchical task controller can be implemented to
generate the motion. Moreover, it was shown that an exponential decay behavior,
applied to linear and angular momenta tasks, was useful for simulating some invari-
ants of human motion. In this direction, another future goal could be to learn the
behaviour of human tasks.

By using hierarchical control inverse kinematics/dynamics, the motion is gener-
ated instantaneously. However, it might be desirable to generate motion in a �nite
time horizon. For this, other uni�ed approaches based on optimal control could be
envisaged. Based on this method, inverse optimal control could be used to identify
optimality criteria of biological motions based on measurements and to build a cost
function. Then optimal control formalism of motion generation could be used to
control an anthropomorphic system. A similar approach is used in [Mombaur 2010].
However, only the overall position and orientation of the robot was used. The ex-
tension of that approach will be to generate whole-body motion at the joint level.

5.2.4 On rehabilitation robotics

By using the proposed uni�ed approach, several applications in the context of reha-
bilitation are possible (service robotics, assitive devices, ...). By generating human-
like motion, it is possible to improve human-robot interaction which is highly im-
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portant in service robotics. The perspectives on human-like motion generation were
previously mentioned. In this subsection, we will only focus on assistive devices.

In this context, it will be interesting to analyze the variability structure of
kinematic and dynamic tasks on human motion based on the proposed extension
of the uncontrolled manifold (UCM) theory. Studies support that by exploiting
variability, the CNS is able to improve motor learning [Singh 2016]. This analy-
sis could lead to developments in active exploration using exoskeletons to improve
the learning process. In this direction, our approach could be also oriented toward
exoskeleton control. There are various methods for controlling exoskeletons, for
example, through impedance control [Burdet 2013, Carignan 2008], optimal tra-
jectory generation [Mihelj 2007] and synergies [Crocher 2012]. In [Crocher 2012],
kinematic synergies in terms of joint velocities extracted through principal compo-
nent analysis (PCA) were used to control an exoskeleton on hemiparetic patients
during pointing movements. This type of controller imposes patterns of joint coor-
dination without constraining the end-e�ector during active-assisted exercises. In
[Hoellinger 2017], the ability to impose a speci�c synergy in post-stroke patients
was tested. However results did not performed as expected. One of the drawbacks
of PCA techniques might be that motion is reduced to a set of synergies scaled
in parallel along time without a direct link to the task executed. In the context
of the UCM, synergies are directly linked to the performance of motor tasks as
it was shown. Thus rehabilitation could be more task-speci�c using our proposed
framework.

Moreover, the controller might be designed to induce less variability in the de-
grees of freedom a�ecting the task performance, and variability added to degrees of
freedom in the null space of the task goal. Evidence has shown that the application
of the UCM theory allows for investigating motion in persons with hemiparesis. For
example, it has been shown that these patients bene�t from redundancy to stabilize
performance variables that were important to successfully complete a reaching task
[Reisman 2003]. Within the framework developed in this thesis, it could be inter-
esting to develop a task controller for exoskeletons based on the UCM theory and
its extension to consider more dynamic tasks. This controller should be designed to
exploit the variability structure of the human motion and will allow to rehabilitate
patients for controlling steadily target motor tasks.
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Computation of the UCM
Extension

A.1 Partial derivatives calculation of Eq. (4.5)

B (q; �_q) =
@J(q) �_q

@q
(A.1)

Let us write J (q) �_q component-wise:

(J (q) �_q) i =
nX

k=0

(J (q)) ik �_qk (A.2)

This leads to the component-wise expression ofB :

B ij =
@(J (q) �_q) i

@qj
=

nX

k=0

@(J (q)) ik

@qj
�_qk (A.3)

Note that q contains rotations which are elements ofSO3 (special orthogonal group)
which should be operated properly.

A.2 Partial derivatives calculation of Eq. (4.6)

A.2.1 Calculation of D

D(�q; _q; �•q) =
@( _J ( �q; _q) _q)

@_q
(A.4)

Let us write _J ( �q; _q) _q component-wise:

( _J ( �q; _q) _q) i =
nX

k=0

( _J ( �q; _q)) ik _qk (A.5)

This leads to the component-wise expression ofD :

D ij =
@( _J ( �q; _q) _q) i

@_qj
=

nX

k=0

@(( _J ( �q; _q)) ik _qk )
@_qj

=
nX

k=0

@( _J (�q; _q)) ik

@_qj
_qk + � jk ( _J (�q; _q)) ik

(A.6)
with � the Kronecker delta.
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A.2.2 Calculation of E

E(q; �_q; �•q) =
@( _J (q; �_q)�_q)

@q
+

@(J (q)�•q)
@q

(A.7)

Let us write _J (q; �_q)�_q component-wise:

( _J (q; �_q)�_q) i =
nX

k=0

( _J (q; �_q)) ik �_qk (A.8)

Let us write J (q)�•q component-wise:

(J (q)�•q) i =
nX

k=0

(J (q)) ik �•qk (A.9)

This leads to the component-wise expression ofE :

E ij =
@( _J (q; �_q)�_q) i

@qj
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(A.10a)

E ij =
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@qj
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@(J (q)) ik

@qj
�•qk (A.10b)

A.2.3 Applying the UCM theory to momenta tasks

The similarity between Eq. (4.6) and Eq. (4.14) provides a direct case of application
of our extension of the UCM theory. To this end, we compute the partial derivatives
of _h c(q; _q; •q) around the mean performance of one participant (�q, �_q, �•q):

@_h c

@•q

�
�
�
�q= �q

_q= �_q

= Ac( _q) (A.11a)
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@_q

�
�
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(A.11b)

@_h c

@q

�
�
�
� _q= �_q
•q= �•q

=
@( _Ac(q; �_q)�_q)

@q
+

@(Ac(q)�•q)
@q

(A.11c)

Then we apply the presented framework to the �rst order Taylor expansion of _h c.
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Hierarchical Control

B.1 Basis Multiplication [Escande 2010]

Linear equality constraints of the form Ax = b such as task functions, can be
solved using hierarchical control. Let us consider the case ofL linear constraints
(e.g. tasks) (A1; b1) � � � (A l ; l 1) � � � (AL ; bL ) that have to be satis�ed at best and let
us consider that constraints are con�icting between them. A strict hierarchy of
constraints can be used to solve this problem [Siciliano 1991]. The constrain with
the highest priority (A1; b1) can be solved at best in a least-square sense by the
pseudo-inverse. Then the second constraint(A2; b2) is solved in the null space of
the �rst constraint. The generic solution to solve the p levels of the hierarchy can
be written as:

x �
l =

LX

l=1

(A l Pl � 1)+ (bl � A l x �
l � 1) + ~PL ~x L +1 (B.1)

with P0 = 1, x0 = 0 and ~PL = PL � 1PL is the projector in the null space of
(A l Pl � 1) , x � denotes the solution for the hierarchy of constraints composed ofL
linear constraints, P is a projector on the null space ofA (AP = 0 and PP = 1)
and ~xL +1 is any vector of the con�guration space that can be used to accomplish
another objective. In order to fasten the numerical resolution of Eq. B.1 a basis
multiplication approach has been proposed [Escande 2010, Escande 2014]. Given a
basis Z1 of the null space ofA1 (A1Z1 = 0 ), the projector in the null space of A1

can be written as P1 = Z1Z T
1 . Eq. B.1 can be rewritten as:

x �
l =

LX

l=1

Z l � 1(A l Z l � 1)+ (bl � A l x �
l � 1) + ~ZL ~x L +1 (B.2)

which is more e�cient to compute than B.1 due to the size of the matrices.
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Abstract: This thesis provides an original interdisciplinary approach for the
treatment of whole-body human movement through the synergistic utilization of
biomechanics, motor control and robotics approaches. Robust methods of biome-
chanics are used for recording, processing and analyzing whole-body human motion.
The uncontrolled manifold approach (UCM) of motor control is extended for study-
ing highly dynamic movements, processed in the biomechanics study, in order to
determine if hypothesized dynamic tasks are being controlled stably by the brain
and to infer a hierarchical organization of the controlled motor tasks. The task space
formalism of motion generation in robotics is used for generating whole-body mo-
tion taking into account the hierarchy of tasks extracted in the motor control study.
This approach allows for better understanding human dynamic motion and for gen-
erating whole-body human motion with anthropomorphic systems. A case study of
highly dynamic and complex movements of Parkour, including jumps and landing
techniques, is utilized for illustrating the proposed approach.Keywords: redun-
dancy, whole-body motion, biomechanics, motor control, robotics, human-inspired
motion, task space, Uncontrolled Manifold, parkour, highly dynamic motion.

Résumé : Cette thèse fournit une approche interdisciplinaire originale
pour le traitement du mouvement humain corps-complet grâce à l'utilisation
synergique des approches de la biomécanique, du contrôle moteur et de
la robotique. Des méthodes robustes de biomécanique sont utilisées
pour l'enregistrement, le traitement et l'analyse du mouvement humain.
L'approche "Uncontrolled Manifold" du contrôle moteur est étendue pour
étudier des mouvements très dynamiques, traités dans l'étude biomécanique.
Ceci permet de déterminer si les tâches dynamiques hypothétiques sont con-
trôlées de manière stable par le cerveau et d'inférer une organisation hiérar-
chique des tâches motrices contrôlées. Le formalisme de l'espace des tâches
utilisé en robotique pour la génération de mouvement corps-complet et la
hiérarchie des tâches extraites dans l'étude du contrôle moteur sont utilisés
pour générer mouvement humain très dynamique. Cette approche permet de
mieux comprendre le mouvement humain et de générer du mouvement de ce
dernier avec des systèmes anthropomorphes. Une étude de cas de mouvements
très dynamiques et complexes de Parkour, y compris les sauts et les techniques
d'atterrissage, est utilisée pour illustrer l'approche proposée.

Mots clés : La redondance, mouvement corps-complet, biomécanique,
contrôle moteur, robotique, mouvement inspiré de l'homme, l'espace de tâches,
Uncontrolled Manifold, le parkour, mouvement hautement dynamique.
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