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RESUME

L’optimisation de la posture d’un cycliste peut améliorer les performances et réduire la trainée
aérodynamique. Les cyclistes visent a améliorer leurs performances en réduisant le temps et
Ieffort que leur demande la course cycliste. Toute modification de la position du cycliste
pour améliorer la performance globale exige une compréhension fondamentale de ses carac-
téristiques, notamment aérodynamiques, physiologiques et biomécaniques, ce qui constitue la
principale préoccupation de la recherche sur le cyclisme. Les méthodes actuelles font appel
a des techniques cofiteuses et compliquées, d’ou la nécessité d’une approche fonctionnelle
et abordable qui tienne compte de tous les parametres concernés. Cette recherche vise a
développer une application fonctionnelle permettant d’évaluer l'effet de la position et du

guidon sur 'aérodynamique et les performances d’un cycliste.

La premiere partie de cette these porte sur le développement et la validation d'un ensemble
d’outils paramétrés permettant de modéliser un mannequin numérique 3D représentant un
cycliste professionnel a l'aide d’un systéme de capture de mouvement sans marqueur. De
plus, la méthodologie développée a été appliquée pour analyser numériquement la trainée
aérodynamique de différentes positions statiques de cyclisme en utilisant la dynamique des
fluides numérique (CFD). Les résultats montrent que le systéme sans marqueur convient
parfaitement a la modélisation et a I’étude de la dynamique des fluides numérique. Le cadre
de modélisation paramétré combiné a la CFD s’avere un outil précieux pour évaluer avec

précision la trainée associée aux différentes positions du cycliste.

La deuxieme partie de cette these examine les effets de la modification de la position du
guidon aérodynamique sur le schéma d’activation musculaire des extrémités inférieures et
sur les variables cinématiques, attendu que tout ajustement de la position de cyclisme induit
un changement dans la relation entre la posture du corps et la géométrie de la bicyclette,
affectant la performance physique. L’électromyographie de surface et la cinématique articu-
laire du membre inférieur droit pendant le pédalage sur ergometre ont été mesurées pour les
cyclistes et triathletes de compétition. Les expériences portent sur différentes positions du
cycliste au cours d’épreuves contre-la-montre, dans le but de déterminer 'effet de la modifi-
cation de la position de I’aéro-guidon lors de six exercices a charge constante sous-maximale.
L’abaissement de la hauteur du guidon aérodynamique a révélé une amélioration des perfor-
mances cyclistes grace a la contribution plus importante de I'extenseur de la hanche et de

I’angle d’extension de la hanche.

La méthodologie développée permet d’étudier les réponses physiologiques du cycliste et
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d’effectuer une analyse aérodynamique détaillée lors de la modification de la position du
guidon en contexte d’épreuves contre-la-montre, compte tenu de la contribution du cycliste a
I’essentiel de la force de trainée du systeme cycliste-vélo. Les résultats suggerent que par rap-
port a la position préférée lors du contre-la-montre, la zone frontale, le coefficient de trainée
et la zone de trainée ont été réduits lors de I'abaissement de la position du guidon alors que

toutes les variables physiologiques sont restées inchangées.

Cette these présente une approche unique permettant d’étudier la contribution des modifica-
tions d’ajustement du guidon sur les performances aérodynamiques et biomécaniques du vélo.
Ce systeme de capture du mouvement sans marqueur, peu cotiteux, congu pour mesurer et
analyser la cinématique du vélo, peut fournir des données fiables et applicables a une analyse

aérodynamique et biomécanique plus poussée.
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ABSTRACT

Optimizing the posture of a cyclist can ameliorate performance and reduce the aerodynamic
drag. Cyclists aim to enhance performance decreasing the time and effort during the cycling
race. Any modification of the cycling position to improve the overall performance demands a
fundamental understanding of its characteristics, including aerodynamics, physiological and
biomechanical features, which is the primary concern of cycling research. Current methods
require costly and complicated techniques, and therefore, the necessity of a functional and
affordable approach that considers all the involved parameters is apparent. This research
aims to develop a feasible application for evaluating the effect of cycling position and aero

handlebar on the aerodynamics and performance of a cyclist.

The first part of this thesis focuses on developing and validating a set of parameterized tools
to model a 3D digital manikin of professional cyclists using a markerless motion capture
system. Furthermore, the developed methodology has applied to numerically analyze the
aerodynamic drag of different static cycling positions using computational fluid dynamics
(CFD). Results show that the markerless system is fully capable of modeling and providing
the requirement of CFD investigation. The parameterized modeling framework combined
with CFD is found to be a valuable tool to accurately evaluate the drag of different cyclist

positions.

The second part of this thesis explores changing the aero handlebar position on the lower
extremities” muscle activation pattern and kinematic variables since any adjustment in the
cycling position induces a change in the relation between body posture and bicycle geometry,
affecting physical performance. The surface electromyography and joint-level kinematics of
the right lower limb during cycling on an ergometer were measured for competitive road
cyclists and triathletes. The experiments cover different time trial positions of the cyclist
intending to determine the effect of alteration of aero handlebar position in six submaxi-
mal constant load exercises. Lowering the aero handlebar height showed improved cycling

performance due to the more significant hip extensor contribution and extended hip angle.

The developed methodology is applied to investigate the cyclist’s physiological responses and
detailed aerodynamic analysis when altering the time trial handlebar position, considering
the rider contributes most of the rider-bicycle system’s drag force. Findings suggest that
compared to the preferred time trial position, the frontal area, drag coefficient and drag
area were reduced when lowering the handlebar position while all the physiological variables

remained unchanged.
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This thesis presents a unique approach to investigate the contribution of handlebar alterations
on cycling aerodynamics and biomechanical performance. This low-cost markerless motion
capture system for measuring and analyzing cycling kinematics can provide reliable and

applicable data for further aerodynamics and biomechanical analysis.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Recent years have witnessed a remarkable expansion in the knowledge and application of
biomedical and biomechanical concepts to cycling. Cycling is continuously pushing the
bounds of new technology and researching every feasible method to increase speed, effi-
ciency and performance. Therefore, new findings often prove to be invaluable to enhance
cycling performance. For improvement of cycling performance, different aspects including
the type of bicycle, the cyclist’s training method and cycling techniques have changed sub-
stantially, to accommodate different uses such as commuting or racing. In order to provide
resources for the potential improvements in the performance of cyclists, an assessment of
various characteristics is critical (Coyle et al., 1991). Investigating the effects of each of these
factors can shed light on the interaction of different involved variables and can be used as a
valuable adjunct in predicting performance and quantifying other unknown or unmeasurable

characteristics of the performance.

Chief among those parameters is aerodynamic analysis. It is well-known that approximately
90% of total resistance forces in cycling at speeds greater than 54 km/h (34 mph) influencing
cycling performances is aerodynamic resistance (Belluye & Cid, 2001; Debraux et al., 2011;
Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a; Lukes et al., 2004; J. C. Martin
et al., 2006), which is called aerodynamic drag. Researchers, coaches and cyclists have
recognized the significance of decreasing aerodynamic drag in cycling for many years (Barry
et al., 2015b; Blocken et al., 2013; Lukes et al., 2005). The accurate understanding of cycling
aerodynamics, as well as the use of this understanding in the reduction of aerodynamic drag,
could be adopted to maximize the cyclist’s ability. Concerning the effects of aerodynamic
drag, cycling race jersey (Chowdhury et al., 2010; Oggiano et al., 2009), bicycle design and
shape including the wheels’ (mainly the front wheels) aerodynamic resistance, bicycle frame
and other components (Dal Monte et al., 1987), cyclist’s helmet (M. Abdullah et al., 2017;
Alam et al., 2014; Brownlie et al., 2010; Mustary et al., 2014) and cyclist’s riding position
(Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a; Garcia-Lopez et al., 2008; Grappe
et al., 1997; Jeukendrup & Martin, 2001; Jobson et al., 2008; Oggiano et al., 2009) have been
investigated. The cyclist’s riding position has been vastly investigated, and wind-tunnel
based studies reveal that the majority of aerodynamic drag is due to rider and rider’s posture
(Alam et al., 2014; Chowdhury et al., 2010; C. Kyle & Weaver, 2004). Adjustments of cyclist

postures are frequently used to enhance the position-related aerodynamics and, therefore,



the performance of professional cyclists (Barry et al., 2015b). Consequently, developing a
conceivable, low-cost and efficient framework for evaluating and decreasing aerodynamic drag
of different cyclist positions is crucial. Any attempt to discuss the aerodynamic analysis in
the matter of assessing cycling performance should obtain affordable, reliable and repeatable

high-resolution data.

To reduce aerodynamic drag, professional cyclists adopt different positions using different
handlebar extensions (Oggiano et al., 2008). The alternation of posture results in changes in
the sagittal torso angle (Chabroux et al., 2012; Oggiano et al., 2008), which is defined as the
angle between the torso and the ground. Garcia-Lépez et al. (2008) showed that decreasing
the torso angle position can drop the aerodynamic drag. Although reducing the torso angle
decreases the aerodynamic drag effectively, it negatively affects the peak power output (PPO)
(Jobson et al., 2008). This effect may be related to the fact that the cyclist’s muscles are
not working in their optimal range. In addition, studies have reported more significant
muscular fatigue caused by the increased pressure on shoulder girdle, neck and arms, and
increased value of activation of hip muscles (Gnehm et al., 1997; Grappe et al., 1997; Jobson
et al., 2008). Therefore, previous investigations have emphasized the need to incorporate
electromyography (EMG) of muscle activation in the cycling performance evaluation during
posture adjustments (Amarantini & Martin, 2004). However, the relationship between EMG
parameters and changes in the cyclist position during cycling is less clear (Davidson et al.,
2016).

Determining how individual muscles contribute to observed motions is difficult because a
muscle can accelerate joints that it does not span and body segments to which it does not at-
tach (Seth et al., 2011). Hence, a detailed evaluation of kinematics of lower extremities, which
influences the performance, must be examined during the cyclist position manipulations. Al-
though various attempts have been made to measure kinematic parameters, synthesizing a
detailed description of the elements of the kinematics of a cyclist while recording his move-
ments in different positions are inconclusive. Furthermore, due to the very slight possibility
of feasible and affordable measurements of aerodynamics, muscle activity and kinematics si-
multaneously, muscle pattern and kinematics evaluation of different cyclist position remains

a major challenge.

1.2 Objectives of research

A thorough investigation into the interaction of aerodynamic and biomechanic parameters

is needed for achieving a comprehensive understanding of cycling performance in different



cyclist positions. However, a significant difficulty associated with this evaluation is related
to the availability, affordability and accuracy of the approach for this procedure. More
particularly, the general research questions of this doctoral project are “How to develop a
more applicable and affordable method for the evaluation of performance analysis of cyclist
position?” and “ What are the outputs of the core muscles activities, joint level kinematics

and aerodynamic analysis of the investigated cycling positions?”

Answering these questions will enlighten the effect of various features on the performance
while pedaling in different positions. In this context, we will need to establish a set of tools
for data acquisition, simulation and data analysis. Consequently, the specific objectives and

hypotheses underlying this project are:

1. Propose and validate a system for modeling cyclists in different positions. The assump-
tion is that applying this method would ease the process of modeling and aerodynamic

analysis by addressing the variability of changes in cycling positions.

2. Evaluate the muscle activation patterns of lower limb and joint kinematics of numerous

positions. Thus, it is hypothesized that different positions will have distinct influences.

3. Develop and present an aerodynamic analysis of investigated cycling positions and

compare them, which is relevant to the overall effort of improving the performance.

In this work, we present an approach that examines the altered cycling positions while mea-
suring kinematics, muscle activation and aerodynamics. Outcomes will develop the quanti-
tative knowledge of the biomechanical and aerodynamic limits of the cyclist, and the rela-

tionships between these parameters.

1.3 Overview of thesis

Following this introductory chapter, chapter 2 will present a critical review of the literature on
the reported studies of cycling performance and the main concepts necessary to understand
the project. The next three chapters are devoted to the original contributions of this thesis
and correspond to the three articles. The developed method for modeling cyclists is presented
in chapter 3. The technical features and materials of this technique are described here, in the
first article. Chapter 4 includes the second article, which describes in detail the protocol and
procedure of each experiment carried out and evaluates the muscle activation patterns and
kinematic results of investigated cyclist positions. Chapter 5, the third article, contains the

aerodynamic analysis of each position. Finally, Chapter 6 proposes a critical discussion of



the results obtained with the methods developed during this doctoral project. To conclude,
this chapter presents the limitations of this research, possible improvement and prospectives

for future work.



CHAPTER 2 LITERATURE REVIEW

This chapter presents a critical review of the literature related to the different methods we
applied in this project. Section 2.1 covers an overview of the processes and procedures for
modeling the cyclist concerning the performance and aerodynamic analysis, and the involved
technical approaches. Section 2.2 follows on investigating the various cyclist’s positions and
cause-effect relationships of biomechanical parameters, including muscle activities and kine-
matics of lower extremity that affect the performance of the cyclist. Finally, section 2.3
offers a brief review of aerodynamic drag calculations for the specific investigated cyclist’s

positions.

2.1 Aerodynamic performance of cycling

Different methods, including field tests, wind-tunnel measurements and computational or
numerical modeling, can be used to assess aerodynamic drag under actual conditions or
in the laboratory (Barber et al., 2009; Blocken, 2014; Blocken & Toparlar, 2015). However,
measurements of the flow field are less straightforward and more time-consuming compared to
drag measurements. The drag coefficient (Cp) of cyclist, which is used to describe the overall
shape, position and flow conditions related to the cyclist, can be connected to aerodynamic
drag force (Fp) and the frontal area of cyclist (A) (Davies, 1980):

1
Fp= 5pACDUQ (2.1)
Where p is the air density (kg/m?) and (U) is the displacement velocity of cyclist (m/s). The
density of air can be affected by air humidity but this effect is small and can be neglected
(P. E. Di Prampero, 2000).

In general, there are substantial differences between these methods of evaluation for a given
position since the anthropometric data of cyclists and experiment setup affect the measure-
ments. Although field tests (linear regression analysis models, deceleration methods and
traction resistance measurement methods) could be more practical with the possibility of
applying various equipment, the reliability, sensitivity and accuracy of these methods are
debatable (Candau et al., 1999; Capelli et al., 1993; Garcia-Lopez et al., 2008). Moreover,
it is challenging to conduct measurement for various cyclist’s positions since cyclists should

keep the exact position during multiple laps and different speeds.



As a result, full scale and scaled-down wind-tunnel testing would be an alternative for the
field tests, which allow a unique opportunity for the cyclists to provide instant feedback
for aerodynamic drag decline. Nevertheless, wind-tunnel measurements are costly (Rutberg,
2008). Setting up the new field tests and remeasuring the parameters involved are often time-
consuming and quite complicated (Crouch et al., 2014; Zaidi et al., 2010). Moreover, this
method has extensive limitations regarding the flow around the bicycle setup while pedaling
(Candau et al., 1999) caused by the complex nature of cycling aerodynamics and technical
expertise required. Usually, the spatial resolution is also too limited to represent the complex

flow field around the cyclist in detail, such as the locations of boundary-layer separation.

In addition to empirical examinations, numerical modeling is a relatively recent method to
investigating aerodynamics in sports sciences (Gardan et al., 2017). Computational fluid
dynamics (CFD) is one such method. CFD has been deemed to be a powerful and effec-
tive tool for simulating the aerodynamic analysis and complex flow field in different sports
disciplines, such as swimming (Bixler et al., 2007; Bixler & Riewald, 2002; Gardano & Dab-
nichki, 2006; Lecrivain et al., 2008; Rouboa et al., 2006), bobsleighing (Barber et al., 2009),
ski jumping (Dabnichki & Avital, 2006; Meile et al., 2006) and cycling aerodynamic inves-
tigations (Blocken et al., 2013; Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a,
2010b; Hanna et al., 2002; Lukes et al., 2004). Previous areas where numerical analysis has
been used in the aerodynamics of cycling are: the heat transfer of individual body segments
(Blocken et al., 2013), shape of cyclist’s helmet (M. Abdullah et al., 2017; Alam et al., 2014;
Sims & Jenkins, 2011), to study bicycle aerodynamics (Barry et al., 2015b; Lukes et al.,
2005), and performance of cyclist’s riding position (Defraeye, Blocken, Koninckx, Hespel, &
Carmeliet, 2010a; Defraeye et al., 2014; Griffith et al., 2014).

CFD can provide more relevant information with high sensitivity on cyclist position compo-
nents to gain more insight into aerodynamic drag optimization. Conducting CFD simulations
would obtain high-resolution data of the flow field together with drag information on cyclist
posture and its aerodynamics, also allowing for a separate quantification of form drag and
skin-friction drag, and thus, CFD applications have been increasingly proposed and used in
cycling performance studies. Defraeye et al. (2010a) showed that CFD calculations of the
aerodynamic drag are in close agreement with the wind-tunnel measurements. They reported

a 6% difference between CFD results and values of drag by wind-tunnel.

Various CFD models can be applied in cycling analysis, including Reynolds-averaged Navier-
Stokes (RANS) and large eddy simulation (LES). Although LES is a highly accurate simu-
lation technique and is superior in predicting the flow, it is computationally more expensive
with higher complexity than RANS (Blocken, 2018). Therefore, RANS simulation is consid-



ered to be a common and reasonable approach for cycling aerodynamic investigations.

2.2 Body segment measurement

It is well recognized that the accuracy of kinematics and kinetics derived from human motion
data is dependant on the efficiency of estimating accurate body segment parameter (BSP)
data such as segment positions, segment center of mass location and segment moments of
inertia from anatomical reference points. Likewise, an essential step for CFD calculations is
precisely capturing the geometry and constructing a 3D digital manikin model of the cyclist.
Various procedures have been applied to obtain the specific body characteristics, anthro-
pometric data and joints’ positions of the cyclist, namely, mathematical models (Jensen,
1978; Sprigings et al., 1987), using data based on cadavers (Clauser et al., 1969; Dempster,
1955; Dempster & Gaughran, 1967), dual-energy X-ray absorptiometry (DXA) (Durkin et al.,
2002), magnetic resonance imaging (MRI) (P. E. Martin et al., 1989; Pearsall et al., 1994),
gamma-ray scanning (Casper et al., 1971), marker-based methods (Zhang et al., 2004), laser
scanners (Ma et al., 2011) and depth measuring devices (Espitia-Contreras et al., 2014). Us-
ing the 3D laser scanner for different applications of CFD is favorable (Boehnen & Flynn,
2005). There are several technologies available for the 3D scanning of the cyclist’s body
surface. However, generating a single, closed 3D scanning from many different angles or
several linked scanners is indispensable due to the intensive movement sensitivity of scanners
and the time taken to complete multiple separate scans. Thus, a low-cost, user-friendly and

applicable method of acquiring total body and segmental volumes is needed.

One method of obtaining personalized estimates of body segment measurements is the ellip-
tical zone method. This strategy applies a geometric modeling method of estimating body
segment volumes in which diameters of series of ellipses of the body segments are acquired by
digitizing two photographs captured from the sagittal and coronal plane views of the body
(Figure 2.1). Previous studies found that applying the elliptical zone method can provide
the volumes of various segments and the whole body accurately (Sanders et al., 1991; Wicke
& Lopers, 2003). Application of the technique is restricted by the accessibility of digitizing
the body surface outlines as well as distinguishing the anatomical reference points, lines and

joint centers of each segment compatible with the digitizing device.

In the face of challenges mentioned above, the Kinect sensor (Kinect, Microsoft Corp., USA)
provides an opportunity to reconstruct the cyclist’s body geometry, as well as joint motion
kinematics. Kinect is a markerless, depth-measuring device that captures depth and color

images simultaneously at a frame rate of about 30 Hz. This device is entirely operational for



Figure 2.1 Illustration of body devided as ellipses: (Sanders et al., 2015): (a) coronal plane;
(b) sagittal plane.

biomechanics and sports analysis (Berger et al., 2011; Chang et al., 2011; Fern'ndez-Baena
et al., 2012). It could effectively scan the body surface to estimate body segment inertia
parameters (Norton et al., 2002; Sheets et al., 2010), leading to an accurate estimation of
the joint positions and anthropometry due to depth data captured and model the dynamics
of action for motion analysis (Shotton et al., 2013; Ye et al., 2011). Despite marker-based
methods, Kinect does not need a controlled and restricted environment, including lightening
conditions and technical expertise, to obtain high-quality data (Bixler et al., 2007; Bixler &
Riewald, 2002; Blocken & Toparlar, 2015; Defraeye et al., 2014; Garcia-Lopez et al., 2008).
The advantage of using a Kinect sensor is that it allows 3D registration without a complicated
setup of multiple cameras, without the need to attach markers to the subject, and can be
purchased at a much lower cost than a traditional motion capture system. Figure 2.2 shows
a comparison between the 3D scan of the torso segment obtained by a Iser scanner and the

Kinect-based scan.

Since Kinect is a recent development, limited information about the outcome quality and
validity of raw measurement of its data capturing is available (Gabel et al., 2012; Galna
et al., 2014; Taati et al., 2012). Clarkson et al. (Clarkson et al., 2013) conducted an
applicable assessment of a four Kinect scanner system to scan and measure the circumference
of a machined aluminum cylinder, representative of a large body segment. They validated
the results by comparing them to the gold standard measurement, which showed +3.5 mm
differences. Nevertheless, they concluded that Kinect could be used to scan and measure the

human body for biomechanical applications. In another study that evaluated the reliability of



Figure 2.2 The 3D meshes of the scanned torso segment obtained by the Kinect (left) and
the laser scanner (right) (Choppin & Wheat, 2013).

measuring anthropometric variables by Kinect, Katovié¢ et al. (Katovié¢ et al., 2016) measured
the hight, left forearm length and left lower leg length of 25 participants. Based on their
findings, the author concluded that there are no significant differences between the averaged

digitally measured variables and classically measures ones.

2.3 Electromyography of muscle activity

In order to improve the cyclist’s performance, it is significant to gain insight into the func-
tioning of the muscles and muscle chain activation patterns in the lower extremities during
riding. Analyzing the muscle activation patterns could provide details on how to train a
particular muscle chain. Moreover, it has been proven that muscle activation can influence
the physiological responses, plasma metabolic, kinetic and kinematic analyses both during
and after exercise (Deschenes et al., 2000). The simplest and most often used method for
measuring muscle activation is to extract the information from the electrical signal gener-
ated by the activated muscles, which is called electromyography (EMG) technique (Gregor
et al., 1991). This diagnostic method can measure the electrical activity of muscles invasively,
through wires or needles inserted directly into the muscle, or non-invasively, with the aids of
electrodes placed over the skin surface overlying the investigated muscle (Cram, 2003; Mirka,
1991). Surface EMG obtains data from a large mass of muscle tissue through the superficial
fibers, more than deep fibers, leading to the direct correlation to the mechanical outcome
of different activities Frigo and Shiavi, 2004. Therefore, applying the surface EMG is pre-
ferred in healthy sedentary subjects and athletes. The amplitude of EMG signal is commonly
defined with the root mean square value (RMS) (Duc et al., 2008; Laplaud et al., 2006) or in-
tegrated EMG (IEMG) values (Takaishi et al., 1998) from raw signals. However, the absolute
value of EMG signal varies between different muscles and different cyclists caused by differ-

ences in physiological parameters and the inaccuracy associated with using various electrode
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placement sites. To facilitate the quantification of EMG signals, it is necessary to use the
EMG normalization procedures (Hsu et al., 2006). Previous researchers have documented
that the EMG normalization should be reliable and repeatable, as well as being relevant to
the given task (Knutson et al., 1994; J. F. Yang & Winter, 1984). The most prevalent method
for normalization is the relative expression of the recorded EMG activity during the task, to
the previously recorded isometric maximal voluntary contraction (IMVC) (Marsh & Martin,
1995). While pedaling, the extensor muscles of lower extremities are mainly active to extend
the leg during the propulsive phase, whereas the hip flexor muscles become shorter (Brown
et al., 1996; Chapman et al., 2008). The Propulsive phase of cycling stroke is referred to as
the pedal position between 0° known as the top dead center (TDC) to 180°, also known as
the bottom dead center (BDC), as shown in Figure 2.3. Muscle activation of a pedaling cycle
is commonly defined by averaging the signals over several revolutions, as a percentage of the
entire cycle duration. By defining the TDC and BDC, the comparison of cycling in different

cadences is feasible.

o— e—
0° 90° 180° 270° 3@0‘1
DC BDC TDC
[ Propulsive Phase | Recovery Phase ]

Figure 2.3 Pedaling phase during a single crank revolution. TDC: top dead center; BDC:
bottom dead center.

Evaluation of muscle activation patterns during cycling has been carried out in many stud-
ies (M. Abdullah et al., 2017; Dorel et al., 2008; Ericson, 1986; Gregor et al., 1991; Hug,
Decherchi, et al., 2004; Jorge & Hull, 1986). The first to use EMG for recording surface
electromyograms during pedaling were Houtz and Fischer (Houtz & Fischer, 1959), who
investigated all the main muscles of lower extremities, namely, gluteus maximus (GMax),
rectus femoris (RF), vatsus lateralis (VL), vatsus medialis (VM), semimembranosus (SM),

semitendinosus (ST), biceps femoris (BF, long head), gastrocnemius lateralis (GL) and gas-
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trocnemius medialis (GM) and tibialis anterior (TA). Several studies recorded EMG activity
of different cyclist’s riding positions or seat heights (Chapman et al., 2008; Dedieu et al.,
2020; Dorel et al., 2009; Duc et al., 2008; Sanderson & Amoroso, 2009); however, the lower
limb muscle contribution to the cycling performance of alterations of aero handlebar posi-
tion has not been quantified. It has been reported that the hip (GMax) and knee (VL and
VM) monoarticular extensors activates at the beginning of the propulsion phase, while the
knee (RF) biarticular flexor is activated at the end of recovery phase (270° to 360°) (Raasch
& Zajac, 1999). Chapman et al. (2008) studied the EMG patterns of both standard up-
right position and time trial position (TTP) for the novice and elite cyclists as well as elite
triathletes. They found that changing the body position did not affect the main bursts of
muscle activity, although it did cause a more significant impact on muscle recruitment of
triathletes compared to elite cyclists. TTP is used by cyclists to improve their performance
and lower their trunk to reduce aerodynamic drag (Grappe et al., 1997; Lukes et al., 2005).
Adjustments to aero handlebar positions, which may be the most important adjustments
when fitting a bicycle (Lukes et al., 2005; Oggiano et al., 2008), allow this modified position
of the upper body that is intended to decrease the frontal area and accordingly, increase
the aerodynamic efficiency of the cyclist during competition. In another research, Duc et al.
(2008) investigated the muscle activation of lower limb muscles in the standing and seated
posture during the uphill cycling. Their results showed an increase in the mean and peak
EMG activity and the timing of the knee and hip joint muscles, including GMax, VL and
RF in standing pedaling compared to the seated position. Moreover, they observed a decline
in the peak EMG activity of RF when the hand grip position moved from brake levers to
the drops in the standing pedaling, which attributed to the increase of the trunk flexion.
Furthermore, Dorel et al. (2009) related the reduced activation of GMax and increased acti-
vation of hip flexor RF in the positions with more elevated torso angles to the higher peak
force in the propulsive phase. In a recent study, it was found that the changes in the saddle
height influenced the duration and offset of VL, VM, RF and GM (Dedieu et al., 2020).

These results from previous investigations support the hypothesis that alteration of handlebar
position can modify muscle coordination and EMG patterns. Amongst numerous upper body
positions, modification of TTP and the aero handlebar position seems to be missing, though
it would surely be of interest. Currently, no studies investigated the lower limb muscle
contributions to different aero handlebar positions, which could provide more insight into

optimizing the cycling performance.
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2.4 Kinematics of cycling

Cyclist position and the configuration of the bicycle will affect joint kinematics and, therefore,
the cycling performance (Chapman et al., 2008). Consequently, modifications in the riding
position may induce significant changes in pedaling technique and the body segment kine-
matics since the orientation of upper body segments can impact the distal limb movements
(Knox & Hodges, 2005; Massion et al., 2004). Furthermore, alteration of riding configuration
could cause overuse injuries in the lower extremity (Ferrer-Roca et al., 2012). The leg expe-
riences the extension during the propulsion as the pedal is moving from TDC to BDC, and
it goes through flexion during the recovery phase as the pedal moves upward (Burke, 2003).
Accordingly, any attempt to improve the performance of the cycling position should avoid
over flexion and extension of the hip and knee joints. In order to capture the complexity of
the body while pedaling, the consideration of kinematic relationships between segments is
critical (Bartlett et al., 2007).

Previous studies on the correct positioning of the handlebars and the kinematics of the lower
limb are formulated on the comfort of the cyclist and personal perspectives during the non-
pedaling experiments (Silberman et al., 2005). With the advancement of technology, it is
possible to analyze the dynamic bicycle configuration and its kinematic variables, which can
be influenced by the workloads, cyclist’s technique and position (Holliday et al., 2017). The
motion of pedaling and the kinematics of the leg have been studied extensively (R. Bini et al.,
2011; R. R. Bini et al., 2010; Chapman et al., 2008; Dedieu et al., 2020; Garcia-Lopez et al.,
2008; J. C. Martin & Nichols, 2018).

Chapman et al. (2008) compared the leg and foot kinematics (i.e., peak range of motion,
absolute range of motion and variability of movement patterns) between the upright position
and the TTP for the elite and novice cyclists as well as elite triathletes. They did not find any
significant differences between the measured parameters. In contrast, it has been reported
that moving the saddle forward increased the knee and hip flexion angle (R. R. Bini et al.,
2014; R. R. Bini et al., 2013) while the ankle mean angle and range of motion showed no
considerable changes. Increasing the saddle height also affected the range of motion and the
mean angle of the ankle, hip and knee joint significantly (Dedieu et al., 2020). Comparing
the increased saddle height with a position of decreased saddle height, they observed that

the mean angles inclined, whereas the range of motion declined.

Thus, to determine the performance of a cycling position, evaluating muscle recruitment of
cycling without considering joint kinematics is insufficient. Although lower extremity joint

kinematics during pedaling in TTPs has been described, the effect of alteration in handlebar
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position, to produce different body positions during T'TP has not been evaluated.

The kinematic data of body segments during cycling can be recorded using various systems.
Whilst the marker-based systems provide highly accurate data, the expenses and extensive
specialty for the installation make it less preferred to be used in the case of motion capturing
applications (Rodrigues et al., 2019). Moreover, the need for reflective markers confronts an
obstacle and restriction to use for human movement analysis. Using Kinect can facilitate
recording 3D skeleton data using anatomic landmarks, with no movement limitation and
faster set up (Choppin et al., 2014; Sheets et al., 2010).

Authors reported the root mean square errors (RMSEs) of 13.85° and 7.59° in abduction,
21.57° and 12.00° in flexion, and 0.12, 0.14 and 0.08 m for X, Y and Z center of mass
positions, respectively, during the segment tracking of a manikin using Kinect (Choppin &
Wheat, 2013). Figure 2.4 represents the tracking ability of Kinect, compared to a 12-camera
motion analysis system (Choppin & Wheat, 2013). Methods to evaluate the application of
Kinect in cycling kinematics, to enable changes aimed at improving performance, have not

been experimentally assessed.
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Figure 2.4 A comparison between the Kinect shoulder flexion segment angles (solid line) and
a 12-camera system (dashed line) (Choppin & Wheat, 2013).

2.5 Changes in the time trial position

There are three main cycling positions: the upright position, with hands on the brake hoods
of the handlebars; the dropped position, with hands on the drops or curved portion of the

handlebars; the time trial position, with hands on the aero handlebars and elbows resting on
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pads while hands extended to the end of the handlebar. The handlebar is one of the three
points of contact between the rider and bike, along with the saddle and the pedals. Figure
2.5 depicts the three postures tested by Defraeye et al. (2010a). The aerodynamic drag can
be reduced by adopting the riding position from upright to the time trial position. To reduce
aerodynamic drag, cyclists alter their positions as low as possible by crouching forward and
down and reducing the trunk angle, i.e., the angle between the horizontal and the trunk. This
alteration results in adopting the time trial position, which targets to improve the optimal
performance by reducing the frontal area (A) of the cyclist (Burke, 2003; Chabroux et al.,
2012; Garcia-Lopez et al., 2008). However, lowering the position to reduce the aerodynamic
drag could lead to contradicting effects in the biomechanical and physiological performance
(Jeukendrup & Martin, 2001; Lukes et al., 2005). Table 2.1 shows a non-exhaustive summary
of the reported drag area and the methodological details of previous studies for various

positions.

Consequently, reduction in aerodynamic drag requires a vast significant understanding of
the cycling position and its drag area (ACp), which is the product of the drag coefficient
(Cp) and the frontal area (A) (Chabroux et al., 2012). Despite numerous studies devoted to
the aerodynamic performance of rider’s position, limited information is available about the
aerodynamics of realistic changes in the time trial position. Therefore, a detailed analysis

considering the specific effects of different time trial positions is lacking.

Figure 2.5 Three cyclist’s positions tested by Defraeye et al. (Defraeye, Blocken, Koninckx,
Hespel, & Carmeliet, 2010a): (a) upright position; (b) dropped position; (c¢) time trial posi-
tion (TTP).

Jobson et al. (2008) tested nine competitive cyclists to evaluate the time trial position

during laboratory cycling. Although they reported a significant difference between the power
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output of different time trial positions, they concluded that body position does influence the
ecological validity of laboratory-based pedaling. In an attempt of wind-tunnel experiments to
provide aerodynamic reference values of cyclists with and without a helmet and for the time
trial positions, authors showed that drag area increased 14% after lowering the handlebars
and advancing the pads (Garcia-Lopez et al., 2008). They also reported that wearing the
aero helmet did not change the aerodynamic drag. Therefore, a detailed analysis of various

time trial positions and related modifications is necessary.

Table 2.1 Comparison of drag area measurements and other research details from previous
studies of cyclist position.

Studies Method Wind speed | UP DP TTP
U (m/s) (m?) | (m?) | (m?)
di Prampero et al. (1979) Field test 5-15 0.318
Davies (1980) Wind-tunnel | 5-13 0.280
Kyle and Burke (1984) Wind-tunnel | 9-15.5 0.320
Dal Monte et al. (1987) Wind-tunnel | 15 0.246
Kyle (1991) Wind-tunnel | 13.3 0.221
Capelli et al. (1993) Field test 8.6-14.5 0.255
Zdravkovic et al. (1996)” Wind-tunnel | 8.2 0.260 | 0.230 | 0.170
Grappe et al. (1997) Field test 5-13 0.299 | 0.276 | 0.262
Martin et al. (1998) Wind-tunnel | 13.4 0.269
Candau et al. (1999) Field test 2.5-12.8 0.0.355 0.262
Padilla et al. (2000) Wind-tunnel | 13.9 0.244
Jeukendrup and Martin (2001) | Wind-tunnel | 12.5 0.358 | 0.307 | 0.249
Martin et al. (2006) Field test 7-12 0.258
Gibertini and Grassi (2008) Wind-tunnel | 13.9 0.282 | 0.275 | 0.223
Garcia-Lopez (2008) Wind-tunnel | 15 0.260
Defraeye et al. (2010a)” Wind-tunnel | 10 0.193 | 0.167 | 0.134
Defraeye et al. (2010a)” CFD 10 0.219 | 0.172 | 0.142
Underwood et al. (2011) Wind-tunnel | 11.1 0.226
Blocken et al. (2013)¢ Wind-tunnel | 15 0.193 | 0.167 | 0.134
Blocken et al. (2013)¢ CFD 15 0.213 | 0.173 | 0.135
Barry et al. (2015b) Wind-tunnel | 13.9 0.244
Barry et al. (2015a) Wind-tunnel | 18 0.214
Beaumont et al. (2018)* CFD 15 0.138
Blocken et al. (2019) CFD 15 0.277 | 0.236

UP, upright position; DP, dropped position; TTP, time trial position.
¢ Drag area for cyclist without bicycle.
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CHAPTER 3 ARTICLE 1: FULLY PARAMETERIZED BODY
ANTHROPOMETRY FOR THE AERODYNAMIC ANALYSIS OF CYCLIST
POSITION USING THE CFD METHOD

This manuscript presents the development and validation of a framework for the aerody-
namic analysis and performance evaluation of cyclists’ positions. The parameterized elliptical
zone method provided a comprehensive, feasible and affordable tool for modeling the cyclist
manikin. This development consists of implementing the elliptical zone method for body
segmentation, adopting the markerless motion capture system to acquire multiple anthropo-
metric data and joint positions, generating the fully parameterized 3D body surface of cyclists
as well as validation of the method and conducting CFD simulations. This manuscript is an

essential contribution to this project as it establishes answers to its first objective.

My contribution to this manuscript included the development of the markerless motion cap-
ture system (70%), the development of the 3D generated digital manikin model (60%) and
performing the CFD simulations of different cycling positions (80%). My contribution to the

article includes the design of the paper and its redaction process.

This manuscript, "Fully parameterized body anthropometry for the aerodynamic analysis
of cyclist position using the cfd method", has been submitted in Part P: Journal of Sports
Engineering and Technology, manuscript number: JSET-20-0035, in April 2020 (Ghasemi,
Curnier, Trépanier, et al., 2020).
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3.1 Abstract

The reduction in aerodynamic drag improves cycling performance. This reduction requires a
considerable understanding of cyclist’s characteristics and aerodynamics. However, current
common methods require costly, time-consuming and complicated techniques. The aim of
this study was to develop and validate a set of fully parameterized numerical tools allowing
the investigation of the aerodynamic drag of the cyclist position. For this purpose, the body
surface of professional cyclists was modeled using a markerless motion capture system (Mi-
crosoft KinectTM) and the elliptical zone method. The computational fluid dynamics (CFD)
was conducted to provide a clear demonstration of this method. For CFD simulations, the
virtual body surface of one cyclist was placed in the domain. The drag area of the cyclist
was calculated. For the upright position (UP), dropped position (DP) and time trial position
(TTP), the drag area was 0.197 m?, 0.167 m? and 0.138 m?, respectively. In addition, for
the flat torso angle position (FTAP), the drag area was obtained 0.108 m?. The comparison
shows a close agreement with the previous studies. This study has shown that this marker-
less motion capture system combined with the fully parameterized modeling framework has

a great potential for various biomechanical and sports-related research.

Keywords: CFD, parameterization, cycling, aerodynamics, body position
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3.2 Introduction

Approximately 80-90% of the total resistive forces influencing cycling performances are aero-
dynamic resistances (Belluye & Cid, 2001; Candau et al., 1999; Debraux et al., 2011; Defra-
eye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a; P. E. Di Prampero, 2000; Grappe et al.,
1997; C. R. Kyle & Burke, 1984; C. Kyle & Weaver, 2004; Lukes et al., 2004; J. C. Martin
et al., 2006; Millet & Candau, 2002; Padilla et al., 2000), called aerodynamic drag. Reduc-
tion in aerodynamic drag leads to improvement in cyclist’s performance for the same power
output. For instance, the power output required for the cyclist-bicycle system to overcome
the aerodynamic drag is a third-order polynomial of the system velocity, so it is necessary
to double the pedaling power for an increment of cycling velocity from 32.4 to 43.2 km/h
(Grappe et al., 1997). Among these aerodynamic drag forces, about 60-70% appertains to
the cyclist’s body position (Gross et al., 1983; C. R. Kyle & Burke, 1984; C. Kyle & Weaver,
2004). Modifications of the cyclist positions are frequently used to ameliorate the position
of professional cyclists (Barry et al., 2015a). Accordingly, reduction in aerodynamic drag
requires a vast and significant understanding of the position of the cyclist’s characteristics
and its drag area (ACp), which is the product of the drag coefficient (Cp) and the frontal
area (A).

Aerodynamic drag could be inquired using field tests, wind-tunnel measurements, the particle
image velocimetry (PIV) technique and computational fluid dynamics (CFD) approaches
(Barber et al., 2009; Blocken, 2014; Blocken & Toparlar, 2015; Jux et al., 2018; Scarano et
al., 2019; Spoelstra et al., 2019; Terra et al., 2016; Terra et al., 2018). CFD approaches can
provide more appropriate details regarding cyclist position components (Blocken et al., 2013;
Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a, 2010b, 2011; Lukes et al., 2004)
leading to more insights in terms of aerodynamic drag optimization due to certain reasons: (1)
although the field test is more practical for the most appropriate conditions and equipment,
its flow field are less adjustable and time-efficient as compared to CED approaches; (2) full-
size athlete wind-tunnel tests face some serious limitations caused by the complex nature of
cycling aerodynamics, their extensive costs and the technical expertise required; (3) changing
the flow field circumstances, setting up the new field tests and remeasuring the parameters
involved are often time-consuming and quite complicated (Crouch et al., 2014; Defraeye,
Blocken, Koninckx, Hespel, & Carmeliet, 2010a; Zaidi et al., 2010). Despite the promising
potentials and prospects of CFD simulation, the adopted calculation always contains some
uncertainties associated with the boundary conditions, turbulence modeling and geometry
simplifications (Casey & Wintergerste, 2000). Hence, the CFD technique is an appropriate

tool for investigating the cyclist position and its parametric optimization studies, which
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must be carefully applied (Blocken & Toparlar, 2015; Defraeye, Blocken, Koninckx, Hespel,
& Carmeliet, 2010a).

Conducting CFD simulation requires a digital manikin model of the cyclist for every obtained
position. This digital model requires an accurate estimation of body segments parameters.
Several methods have been developed to obtain the body segments parameters and joints’ po-
sitions (Durkin et al., 2002; Ma et al., 2011; Pearsall et al., 1994). One technique of capturing
individual estimates of these characteristics cost-effectively and non-invasively is modeling
the segments as a series of ellipses of known depths and diameters (Jensen, 1978). This
method, called the elliptical zone method, assumes that the body is composed of elliptical
zones representing body shapes and segment densities. The reliability of the measurements
depends on the accuracy of tracing the body surface outlines as well as distinguishing the

anatomical reference points, lines and joint centers that define each body segment.

Using the markerless motion capture system (Kinect, Microsoft Corp., USA) is one of the
best data collection methods that contains all the criteria relating to availability, expense,
accuracy, flexibility and time-efficiency (Berger et al., 2011; Chang et al., 2011; Fern'ndez-
Baena et al., 2012), and can be used to acquire the data required in the elliptical zone
method. Kinect is a depth-measuring device that simultaneously captures color and depth
data of thousands of points in a scene at 30 Hz. Kinect is entirely operational for biomechanics
and sports analysis (Berger et al., 2011; Chang et al., 2011; Fern'ndez-Baena et al., 2012). It
could effectively scan the body surface to estimate body segment inertial parameters (Norton
et al., 2002; Sheets et al., 2010), leading to an accurate estimation of the joint positions and
anthropometry due to the depth data captured (Shotton et al., 2013; Ye et al., 2011). For
instance, the sagittal and frontal plane joint angles captured by the marker-based and Kinect-
based motion capture system demonstrated a close agreement with each other by < 0.5° for
a jig tool (Schmitz et al., 2014). Kinect is preferable compared to other methods, including
marker-based methods due to some particular reasons: (1) Kinect does not influence the
subject’s position and movements caused by markers or other devices attached to the subjects;
(2) Kinect reduces the cost and data collection time enormously (J. Han et al., 2013; Smisek
et al., 2013), resulting in realistically accurate estimations of the extremities trajectories; (3)
it prevents the displacement of joints and reference points caused by soft tissue movement in
relation to the underlying bones and joints which could cause an alteration in the position
of markers placed on the skin (Alexander & Andriacchi, 2001; Leardini et al., 2005). Kinect

provides parameterizations for the effective modeling of plausible poses.

Therefore, this study aimed to develop and validate a set of tools, which are fully parameter-

ized to body anthropometry and the position of the cyclist, allowing researchers to investigate
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the aerodynamic drag of any cyclist position using the elliptical zone method with segment
endpoints and body surface outlines being captured by a Kinect sensor. Our hypothesis is
that applying this technique would enable us to conduct aerodynamic analysis by addressing

the variability of different cyclist positions in reducing aerodynamic drag.

3.3 Methods

Five professional cyclists (age: 38.8 + 6.2 years, height: 177.2 4+ 5.8 ¢cm, mass: 68.4 + 5.6
kg) volunteered to participate (2 females, 3 males) and freely signed an informed consent
form after the purpose and procedure of the study were clearly described to them. All
participants were free of any musculoskeletal disorders, deformities and recent injuries. The

host institution’s ethical committee approved the study.

Participants were asked to stand still during the 1-minute acquisition. Photographs were
taken from the front and right-side views where the Kinect was respectively perpendicular to
the coronal and sagittal plane. Each participant’s acquisition was made separately without
altering the Kinect position or its distance from the participants. The Kinect was set on
tripods at the height of 1.2 m with its axes parallel to the horizontal floor surface and at a
distance of 2 m from where the participants were positioned. The integrated sensor software
development toolkit (SDK, Microsoft Corp.) was used to detect the location of the joints of
the participants. A circle of 12 ¢m in diameter was placed at the same depth as the subject
to evaluate the value of the pixel to meter conversion factor. The segment measurement was
conducted using the aforementioned calibration in the vertical and horizontal directions. The
length and width of the segments were determined due to data processing (MATLAB, Math
Works, USA). The obtained data were smoothed using the Sobel filter (cut-off frequency 10
Hz) to distinguish the segments’ edges more accurately. The continuation of the segmen-
tation and elimination of surrounding noise was conducted by dilatating the segmentation
and smoothing body detection, respectively. Twenty coordinate points were determined to

represent the whole-body segments (Figure 3.1).

The 3D body surfaces were modeled in CAD software (CATIA V5, Dassault-Systems, France)
for all participants using the data collected from the Kinect. The cyclist model was divided
into two parts. The first part is an adaptable skeleton model based on the size, length
and angles of the desired position. The second part is the body surface that represents the

corpulence of the participants.

Only the degrees of freedom related to a conventional cyclist position movement were modeled
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Figure 3.1 a) 20 points stick figure model and b) example of skeleton modeling for a single
participant.

to avoid excessive complexity in the process of skeleton modeling. Therefore, all the lateral
postures of the trunk and legs were fixed to keep body symmetry. Arm postures were identical
for the same reason. A final angle was considered to model the inclination of the entire model
in the sagittal plane. Six lengths (shank, thigh, forearm, arm, trunk, head) and two widths
(hip, shoulder) were used to fully define the skeleton.

The surface of body segments around the skeleton was created using the elliptical zone
method. The width of each segment was measured on the Kinect images (Table 3.1). A
multi-section surface was created from the ellipses of each segment. The thigh and shank
were constrained in a plane parallel to the sagittal plane and offset by the hip’s width. The
arm and forearm were constrained within the arm rotation plane that was defined by two
intermediate planes representing the rotation degree of freedom of the shoulder joint. The
arm was defined by its length and the 3 degrees of freedom of the shoulder (flexion, lateral
rotation and abduction). The forearm was defined by its length and the elbow flexion angle.
The trunk, neck and head were represented using the elliptical zone method. A cutting
surface was assembled considering a 20 mm gap at the junction between the lower limbs and
trunk, and a 10 mm gap between the shoulders and arms and also between arm and forearm
to ensure continuity in the tangency of the entire surface (Figure 3.2). A fully parametrized

cyclist surface is then obtained.

For the accuracy purpose, the surface of all participants was scanned using a non-contact laser
scanner (InSpeck Inc., Canada) consisting of four optical 3D digitizers, a frame grabber for
video signal acquisition and conversion, and a computer for data processing. The upper and

lower geometries of each participant were required. Continuity was corrected in the presence



22

Table 3.1 Location of width measurement.

Segment Arm | Forearm | Hand | Thigh | Shank | Trunk
50 33.33 50 30 15 50
Percentage of measuring (%) | 100 100 - 60 33.33 | 100
- - - 90 90 -

The percentage represents the location of the measurement where 0% and 100% indicates the
proximal and the distal end of segments respectively.

of strong color gradient on the subject by using InSpeck fringe acquisition and processing
software (FAPS). Once the acquisitions of the four scanners were processed, the four point
clouds were merged to build the surface model. Subsequently, the differences between the
resulted parameterized model, which was created using the elliptical zone method, and the
scanned surface model, which were in an identical position, were calculated using CAD

software.

=

Figure 3.2 Defining the geometry of cyclist indicated for the (a) cycling position and (b)
standing position.

The CFD simulations were performed with the ANSYS Fluent 16.1© to obtain the drag area
of a cyclist in four different positions; namely, the upright position (UP), dropped position
(DP), time trial position (TTP) and flat (0°) torso angle position (FTAP). These positions,
which are categorized based on the torso angle relative to the ground and shoulder angle, are
generally adopted by cyclists in different types of competitions to improve their performance
as much as possible. The dimensionless coefficient Cp can be related to drag force Fp (N)
and the frontal area A (m?) as demonstrated below, where p is the density of air (kg/m?)

and U is the approach-flow wind velocity (m/s) (Equation 3.1).
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Reporting the drag area (ACp) is preferable to Cp since it does not require a precise deter-
mination of the frontal area (A). A virtual body surface of an individual cyclist was placed
in a trapezoid-shaped domain (Figure 3.3). This form allowed a unique flow condition to be
applied. In addition, each of the faces was not parallel to the flow direction, which improved
the computing performance. Note that to minimize computation time, only the cyclist’s
body has been considered without including the bicycle (Blocken et al.; 2013). The rough-
ness of the cyclist’s surface caused by the participants’ jersey has not been considered. The
distance between the virtual cyclist and the outlet of the domain was 11 m. The sides and
upper surfaces of the field were defined as symmetric walls. No-slip boundary conditions
were applied on the ground. The inlet and outlet boundary conditions were imposed as inlet
velocity (a uniform velocity of 10 m/s) and free outflow condition (ambient static pressure),

respectively. In this study, no-wind conditions were considered.

Qutlet surface

Inlet surface

Figure 3.3 Computational domain of CFD simulations; Simulations were performed with a
uniform velocity of 10 m/s.

The simulation of the non-pedaling (static-legs) cyclist model was conducted with the as-
sumption that the flow topology of a cyclist is consistent across a static leg and rotating
leg at the related phase of leg rotation. Crouch et al. (2016) showed a slight variation in
the wake flow structure and the aerodynamic performance of a pedaling cyclist as compared

to a non-pedaling cyclist with the pedals in the same position, confirming our assumption
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regarding the non-pedaling cyclist.

For the CFD simulations, a steady Reynolds-averaged Navier-Stokes (RANS) with the stan-
dard k-e turbulence model was chosen. This model is extensively considered to perform well
due to computational stability reasons related to the large size of the computational domain
and is often applied in sports science studies in case of a fully turbulent flow in the whole

fluid domain such as swimming and cycling studies (Blocken et al., 2013; Fintelman et al.,
2014; Zaidi et al., 2010).

We compared our obtained drag area against other studies (Blocken et al., 2013; Defraeye,
Blocken, Koninckx, Hespel, & Carmeliet, 2010a; Gibertini & Grassi, 2008). Given almost
the same computational domain and initial conditions, the values were compared to assess
the accuracy and reliability of our results. The simulated cyclist positions were also modeled

with the same condition and torso angle.

3.4 Results

The comparison between the Kinect-based model and the InSpeck-based model for the five
participants showed that the maximum difference in upper and lower extremities was 36.4
+ 10.4 mm and 30.2 £+ 7.8 mm, respectively. These differences ranged between 2.1% and
1.7% when reported relative to participants’ height, which was considered insignificant. The

largest maximum difference was in the chest, shoulder and knee (Figure 3.4).

AR IO

f

Figure 3.4 The overlapped (mm) between CAD modeled surface coverage and Inspeck non-
contact laser scanner.

The CFD results were presented along with data from other studies (Blocken et al., 2013;
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Fintelman et al., 2014; Zaidi et al., 2010) (Table 3.2). The drag areas of the cyclist obtained
from our CFD simulations are in good agreement with their results for a cyclist without
bicycle. The results showed that the drag area of UP is higher than in other positions (Table
3.2). As compared to UP, the drag area decreased -15.2% in DP, -29.9% in TTP and -45.2%
in FTAP. This decline is in agreement with the experimental results (-13.5% in DP vs UP;
-30.6% in TTP vs UP) and CFD calculation (-18.3% in DP vs UP; -31.5% in TTP vs UP)
of reference research (Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a). Moreover,
it can be seen that the frontal area of UP is higher than the frontal area of other positions
(+18.0% vs DP; +35.3% vs TTP; +70.4% vs FTAP). The frontal areas were slightly higher
in our study, caused by differences in the anthropometric data of participants (0.46 m?, 0.39
m? and 0.34 m? for the UP, DP and TTP against 0.41 m?, 0.37 m? and 0.34 m? obtained by
Defraeye et al. (2010a)). The FTAP had the least frontal area (0.27 m?), contributing to the

minimization of the aerodynamic drag forces and the least drag area (0.108 m?).

For UP, DP and TTP, a relatively low drag area was calculated compared to the values in
a previous study (Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a). FTAP showed
the least value of drag area conforming to the frontal area. The drag area for UP was less
than twice the drag area of FTAP.

The contour patterns colored by velocity for UP, DP, TTP and FTAP positions (Figure
3.5) showed that the flow behavior is different for each cyclist position. Comparing the flow
pattern reveals that increasing the torso angle could induce a higher drag force as expected.
In addition, changing the arm angle (angle between arm and forearm) and its position affects

the drag area and flow pattern enormously.

3.5 Discussion

We have presented a fully parameterized and low-cost framework to generate a 3D virtual
human body based on anthropometric data. Parameterized modeling provides a possible
and efficient solution to generate different size models at runtime and post-processing. An
established set of parameterized models has high applicable value for the CFD simulations
and other analysis on segments of the body. Using the Kinect sensor to capture the an-
thropometric data of cyclists combined with the CAD software parametric surface modeling
provided the opportunity to conduct CFD simulations to determine the drag area in different
cyclist positions. This method affords enough scope to define the proper and accurate edges

of body surface modeling. In addition, the implementation of many movements and postures
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Table 3.2 Drag area ACp (m?) deduced from CFD (RANS) at 10 m/s and frontal area A
(m?) of cyclist position for the UP, DP, TTP and FTAP.

Studies UP DP TTP FTAP
ACp | A ACp | A ACp | A ACp | A
() | (02) | m2) | (w?) | (w?) | () | ()
Defraeye et al. (2010a) (ref.) | 0.193 | 0.41 | 0.167 | 0.37 | 0.134 | 0.34
Wind-tunnel®
Defraeye et al. (2010a) (ref.) | 0.219 | 0.41 | 0.179 | 0.37 | 0.150 | 0.34
CFD*
Gibertini and Grassi (2008) | 0.282 | 0.40 | 0.275 | 0.36 | 0.223 | 0.30
Wind-tunnel®

Blocken et al. (2013) 0.213 0.173 0.135

CFD¢

Current research 0.197 | 0.46 | 0.167 | 0.39 | 0.138 | 0.34 | 0.108 | 0.27
CFD¢

Deviation (%) from (ref.) 2.0 0.0 2.9

Wind-tunnel*

Deviation (%) from (ref.) 11.1 7.2 8.7

CFD*

Abbreviations: ACp, drag area; A, frontal area; UP, upright position; DP, dropped position; TTP,
time trial position; FTAP, flat (0°) torso angle position.
¢ Drag area for the cyclist.
b Drag area for the cyclist with bicycle.
«ACp.rey = 40D 4y,
ACD, Rey

are inconvenient or impossible for the participants of human movements’ experiments, which
could be prevented by using this approach, i.e., measuring the anthropometric data using the
Kinect and modeling the body surface with the specified postures in CAD software using the
elliptical zone method. Since the surface modeling and extraction of numerous human bodies
is time-consuming and costly, this method would ease the process. Accordingly, changing the
position and modeling various positions in CFD simulations requires only a re-generation
of the mesh. It should be noted that the absolute results of CFD simulation were not our
primary objective. It was conducted to provide a clear demonstration of the elliptical zone
method and outline the potentials of the markerless motion capture system. The marker-
less motion capture system combined with the fully parameterized modeling framework can

contribute to the conclusive and comparable relative comparison of various cycling positions.

The drag area increased by increasing the torso angle and the frontal area accordingly. The
reason for the consideration of the UP, DP and TTP positions was to depict an adequate

image for the effect of the torso angle on the obtained position and its drag area. Moreover,
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Figure 3.5 Contour pattern colored by velocity (m/s) for the individual cyclist at the speed
of 10 m/s and for UP, DP, TTP and FTAP positions.

these investigated positions were used in previous studies (Defraeye, Blocken, Koninckx,
Hespel, & Carmeliet, 2010a, 2010b). Because of different methodological approaches and
experiment features in the literature, such as the various anthropometric characteristics,
the comparison of the findings of the literature to our results was difficult. However, the
comparison between our results and the ones obtained by Defraeye et al. (2010a) with the
same uniform inlet velocity (10 m/s) showed a close agreement. Although our model was a
simplification of the cyclist, it has reflected the critical aspect of different cyclist positions.
Nevertheless, wind-tunnel experiments on a full-scale cyclist should be executed in terms of

proper validation and verifications.

The deviations could be related to the body geometry (i.e., anthropometric parameters)
of the 3D parameterized model used in our simulations that does not precisely match the
model and geometry used in their numerical model, including the frontal area. We did not
represent the aero helmet for the created model, while they considered the aero-helmet in
both experimental setups and CFD simulations. Several studies were carried out on the effect
of the aero-helmet, which confirmed the reduction trace in comparison to no helmet (M. N.
Abdullah et al., 2015; Alam et al., 2010; Chowdhury & Alam, 2014; Mustary et al., 2014).
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Alam et al. (2010) and Chowdhury et al. (2014) have shown that using the aero helmet
contributes about 2-8% of the aerodynamic drag for velocities more than 30 km/h. For all
the cyclists’ riding positions, we have modeled the head position in the head-down position,
while Defraeye et al. (2010a) have tested the head in the head-up position (the helmet is
aligned laterally and level with the torso). In the head-down position, cyclists frequently look
down toward their gears to rest their necks. This position, which is adopted by elite cyclists,
helps cyclists to reduce their frontal profile and drag area as much as possible (Beaumont et
al., 2018). Using CAD software to create the body surface would include some construction
constraints mainly on straight lines and ellipses in different parts of the body such as the
abdomen, chest and hands. These constraints caused the largest deviation percentage in
TTP, where the position and exact shape of hands with their distance from each other on
the handlebar are vital (Chabroux et al., 2012).

The FTAP position and its frontal area also confirmed the effect of torso angle on drag area.
Garcia-Lopez et al. (2008) also reported a significant positive correlation indicating the
decrease of drag area by a decline in torso angle, which is similar to our results. Considering
the aerodynamic aspects, an individual could conclude that this position is the most effective
cyclist position. However, the power output, physiological responses and metabolic variables
are impaired at the small torso angle (Dorel et al., 2009; Gnehm et al., 1997) that depicts

the importance of a trade-off for the cyclist position.

Regarding the Kinect acquisition accuracy, the differences between the Kinect-based model
and the InSpeck-based model are acceptable considering the length and width of body seg-
ments (Yu et al., 2003; Yu et al., 2010). One should consider that the first generation of
Kinect has been used in this research, while using the second version will improve the ac-
curacy and resolution (Xu & McGorry, 2015; L. Yang et al., 2015). Previous studies have
revealed that using more than one Kinect simultaneously can improve the accuracy through
specific approaches, such as the multi-Kinect trilateration approach (L. Yang et al., 2015).
Furthermore, applying various algorithms to reduce the noise of depth data and captured
photos would simplify the reconstruction, allowing surfaces to converge quicker and with
more details (Chen et al., 2016; Nguyen et al., 2012).

CFD simulations can be improved using a more accurate method. The RANS modeling
technique is the most common and appropriate method for the investigation of aerodynam-
ics regarding the time and cost of calculation. However, the RANS model cannot model
the actual flow conditions completely analogously. It still models and simplifies the actual

turbulent flow conditions.

Improving the segmentation algorithm as well as the integration of the Kinect-based captur-
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ing measures with kinetics and kinematics could provide profound details regarding output
performances of the core muscles of the body and joint mechanics levels, leading to valuable
details about improving the manufacturing procedures, cyclists’ training and cycling perfor-
mances. [t is recommended to conduct further more detailed CFD analysis to explain the
wake structure and flow patterns around the cyclist in different cycling positions so that this
approach’s potential is more thoroughly explored. Moreover, modeling different positions and
comparing their aerodynamic results coupled with the metabolic variables and physiological
responses of cycling during those positions will enable us to identify the most applicable

optimized position.

3.6 Acknowledgments

None.



30

CHAPTER 4 ARTICLE 2: THE EFFECT OF DIFFERENT AERO
HANDLEBAR POSITIONS ON MUSCLE ACTIVITY AND KINEMATICS
OF LOWER LIMB

This manuscript is allocated to developing an application of the Kinect-based motion capture
method to determine the influence of changing the time trial handlebar position on the
lower extremities’ kinematic variables in conjunction with the lower limb muscle functioning
and physiological responses of competitive time trial cyclists and triathletes in submaximal
constant load exercises. The foundation of this manuscript, coupled with chapter 3, is a

substantial contribution as it fulfills this study’s second objective.

My contribution to this article included the design and development of experimental ap-
proaches and protocols (80%), carrying out the experiments (80%), collecting the muscle
activation and kinematic data and physiological parameters (90%), analyzing the data and

its statistical interpreting (100%), the design and redaction of the manuscript.

This manuscript, "The effect of different aero handlebar positions on muscle activity and
kinematics of lower limb", has been submitted in the Journal of Sports Sciences in October
2020 (Ghasemi, Curnier, Caru, Pageaux, et al., 2020).
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4.1 Abstract

Using aero handlebars allows cyclists to adopt a decreased aerodynamic resistance position
optimized for time trial competition. This study deals with the effects on muscle activity
and kinematic variables when altering the aero handlebar position. Seven male participants
cycled at 75% gas exchange threshold using six different aero handlebar positions: handlebar
at the preferred time trial position (TTP), TTP 30° up, TTP 30° and 5 cm up, TTP 5 cm
down, TTP 5 cm up and TTP 5 cm forward. Electromyography and kinematic data were
continuously collected. The data showed a significant increase (P < 0.01) in gluteus maximus
and decrease (P < 0.05) in vastus lateralis activity level in TTP 5 ¢cm down as compared
to TTP 5 cm up. The peak of ankle and knee angles of TTP 5 cm up and preferred TTP
were higher (P < 0.05), compared to TTP 5 cm down, whereas the peak value of the hip
angle of TTP 5 cm down was higher (P < 0.05) than TTP 5 ¢cm up. Future studies should
test whether lowering the handlebar position and associated changes in lower limbs muscle

activation and kinematics could positively impact cycling time trial performance.

Keywords: movement analysis, electromyography, body position, performance, cycling



4.2 Abbreviations

ANOVA
CPET
EMG
GET
GMax
MVC
RF
RMS
ROM
SD
SDK
TTP
VCO,
VE

VL

VM
VOapear

Analysis of variance
Cardiopulmonary exercise test
Electromyography

Gas exchange threshold
Gluteus maximus

Maximum voluntary contraction
Rectus femoris

Root mean square

Range of motion

Standard deviation

Software development toolkit
Time trial position

CO4 Consumption

Minute ventilation of breathing
Vastus lateralis

Vastus medialis

Maximal oxygen consumption

32
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4.3 Introduction

Reduction in aerodynamic drag, which is the dominant resistive force influencing the perfor-
mance and efficiency of competitive cyclists and triathletes (Debraux et al., 2011; C. Kyle &
Weaver, 2004; J. C. Martin et al., 2006), is closely related to the cyclist’s body position. To
minimize drag, the cyclist position should be as low as possible while simultaneously keeping
the physiological responses and metabolic variables unimpaired during cycling (Fintelman
et al., 2014). The time trial position (TTP) is adopted by cyclists to improve their optimal
performance and lower their torso angle to reduce the frontal area (Grappe et al., 1997; Lukes
et al., 2005). Adjustments to aero handlebar positions, which may be the most important
adjustments when fitting a bicycle (C. Kyle, 1989; Lukes et al., 2005; Oggiano et al., 2008),
allow this modified position of the upper body that is intended to decrease the frontal area
and accordingly, increase the aerodynamic efficiency of the cyclist during competition. For
instance, applying wind tunnel tests, Oggiano et al. (2008) found that changes in handlebar

position had a greater reduction in aerodynamic drag compared to changes in seat position.

A number of studies have been carried out to compare the electromyography (EMG) and
kinematics of standard cycling positions such as the dropped, upright and aero positions. It
has been reported that the riding posture affects the quadriceps femoris muscle activation
during cycle exercise (Hug & Dorel, 2009). Savelberg et al. (2003) showed that a 20° forward
and backward trunk angle position influenced the EMG patterns compared to a vertical
upright cycling position. Dorel et al. (2009) showed that riding in TTP notably affected the
EMG activity of lower limb muscles crossing hip and knee joints. They reported expanded
muscle activation in the gluteus maximus (GMax) in TTP compared to upright and dropped
positions. Fintelman et al. (2016) examined the muscle activation of trained cyclists in a
TTP at different torso angles and observed that the vastus lateralis (VL) and GMax were
affected by torso angle altering while the rectus femoris (RF) remained unchanged. Chapman
et al. (2008) found no leg kinematics changes when cycling in a dropped position compared
with an upright position. However, Heil et al. (1997) observed an increase in the ankle, knee

and hip kinematic parameters during cycling at different seat angles.

Thus, although riding in TTP has been shown to affect muscle activation, no information
is available about the effect of aero handlebar position changes during TTP on muscle re-
cruitment and joint kinematics. To the best knowledge of the authors, no published study
has investigated the alteration of aero handlebar positions in TTPs and its effects on muscle

activation and joint kinematics, simultaneously.

In this study, we (1) describe the muscle activation patterns of lower limb muscles and joint



34

kinematics, corresponding to alterations of aero handlebar positioning during TTP cycling
and (2)investigate whether an aero handlebar position has advantages over others. This
information has the potential to profoundly affect the assessment technique for performance
optimisation and coaching perspectives. It was hypothesised that altering the handlebar

position influences the lower limb joint kinematics and muscle activity.

4.4 Methods

4.4.1 Participants

Seven male competitive but non-elite cyclists and triathletes voluntarily participated in this
investigation, and all were free of any recent or previous musculoskeletal disorders, defor-
mities as well as known respiratory, cardiovascular and metabolic disease. Characteristics
of participants are fully described in Table 4.2. Briefly, the participants can be included
in the performance level 3-4 in the classification of subject groups in sport science research
(de Pauw et al., 2013).

The experimental protocols, including any possible risks, discomforts and benefits associated
with the study, were clearly explained and written informed consent was obtained from all
participants before participation. The study was approved by the Ethical Committee of
Polytechnique Montréal on human research (reference no CER-1819-30) and conducted in

line with the Declaration of Helsinki.

4.4.2 Experimental protocols

The testing protocol consisted of two sessions conducted in the following order: (1) collecting
data on the anthropometric measurements and incremental cardiopulmonary exercise test on
ergocycle performed until exhaustion to establish the individual exercise intensities used in
the tests performed in the subsequent visit; (2) experimental session of cycling in constant
load exercise tests in six random TTPs while the kinematic and surface EMG were contin-
uously measured during this protocol. Participants were instructed to refrain from caffeine
and alcohol consumption, smoking and high-intensity training (> 7.5 METS or anaerobic
intervals or strength training) for the week before and between testing. All the experiments
were conducted at ~ 25°C. Aero handlebars were mounted on the ergometer during both

sessions.
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4.4.3 Cardiopulmonary exercise test

During the first session, participants were asked to configure their preferred TTP and adjust
the handlebar height, stem length and vertical and horizontal saddle positions on the cycle
ergometer — this was referred to as their “preferred” position. The preferred settings were
recorded and replicated during subsequent testing sessions using a goniometer to measure
all the angles and video recording to check the exact participants’ preferred settings. Each
participant performed a maximal cardiopulmonary exercise test (CPET) on a cycle ergometer
(Excalibur Sport, Lode BV, Groningen, Netherlands) in order to assess their peak oxygen
consumption (Vngeak). Vngeak measurements were computed with a breath-by-breath
system (Ultima CardiO2®, MGC Diagnostics, Saint Paul, MN, USA). The gas analyzers
were calibrated with calibration gas (25% Os and balance Ny and 16% Os, 5% CO5 and

balance Ny) and air volume [3 L syringe (Roxon)] at the beginning of each session.

The protocol began with a five minute unloaded warm-up. After a two minute resting period
on the cycle ergometer, a standard incremental procedure at a pedaling cadence of 60-90
rpm was started at 75 W for three minutes. The ramp increase was 20 W/min until the
participant’s voluntary exhaustion, despite strong verbal encouragement. The participants
had to reach two out of four of the following criteria in order to establish the VOQPeak: (1)
A plateau in Vngeak despite an increased workload; (2) a respiratory exchange ratio value
> 1.15; (3) a rated perceived exertion > 7 (Borg Scale CR10, (Borg, 1998)); and (4) heart
rate > 85% of the predicted value using the equation (208-[0.7xage]) as indicated by Tanaka
et al. (2001). The participants were then monitored for an additional 6 minutes of passive

recovery.

4.4.4 Submaximal constant load exercise tests

In the second session, six submaximal constant-load exercise conditions at 75% of the deter-
mined gas exchange threshold (GET) were investigated. This intensity-duration was chosen
close to that reported in previous investigations (Grappe et al., 1998; Origenes et al., 1993),
without the risk of early fatigue (Blake et al., 2012; Tordi et al., 2003). To obtain the
moderate-intensity workloads (75% of GET), the GET was visually determined by two of
the laboratory team members as the point during incremental exercises at which (VE/VO,)
ratio increased without any change in the ventilatory equivalent for CO, (V E/VCO,). The
protocol of constant load exercise tests consisted of six blocks of six minutes at a power
corresponding to 75% of GET. Participants were tested in a randomized order, under six

time trial body positions: (1) handlebar 30° up from the preferred position (TTP 30° up);
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(2) handlebar 30° and 5 cm up from the preferred position (TTP 30° and 5 cm up); (3)
handlebar 5 cm down from the preferred position (TTP 5 cm down); (4) handlebar 5 cm up
from the preferred position (TTP 5 cm up); (5) preferred TTP; (6) handlebar 5 cm forward
from the preferred position (TTP 5 cm forward), as shown in Figure 4.1. The angle between
the upper arms and the torso was constant across all trials and based on the participants’
preferred TTPs. Participants performed a five-minute warm-up at a preferred pedaling rate.
Each position was tested for six minutes followed by six minutes of passive recovery to avoid
fatigue throughout the session. Participants were asked to maintain the constant preferred
pedaling rates, chosen at the end of the warm-up period, throughout the session, while the
kinematic variables and surface EMG were collected continuously during each ride. This
sequence was followed until all six conditions were tested. All the adjustments to the aero

handlebars was performed during the rest, and the angles were measured using a goniometer.

4.4.5 Electromyography (EMG)

Surface EMG activity during cycling was continuously recorded for the following four muscles
of the right lower limb: gluteus maximus (GMax), rectus femoris (RF), vastus medialis
(VM) and vastus lateralis (VL). These lower limb muscles were selected based on their major
contribution to produce pedaling movement and power generation in cycling (Chin et al.,
2011; Hug, Bendahan, et al., 2004; Li, 2004; MacIntosh et al., 2000) and their possible
differences among different racing body positions (Dorel et al., 2009). Four disposable bipolar
EMG electrodes (Covidien Kendall) were positioned longitudinally over each muscle belly,
according to the recommendations by Surface EMG for Non-Invasive Assessment of Muscles
(SENIAM) (Hermens et al., 2000), with an interelectrode distance of 20 mm. The reference
electrode was placed at the knee. Before electrode application, all sites were prepared by
shaving, abrading and cleaning the skin with alcohol swabs to minimize impedance. The
wires connected to the electrodes were well-secured to the leg with adhesive tape to minimize

any movement artifacts during the exercise.

Raw EMG signals were recorded by an eight-channel PowerLab (ADInstruments, Australia)
running LabChart 8 software (ADInstruments), with a bandpass filter at 6-500 Hz and a
sampling rate of 2000 Hz. To diminish movement artifacts, a high-pass filter (5th order
zero-phase lag Butterworth) at 10 Hz was further applied on the EMG. Maximum voluntary
contraction (MVC) of each muscle group was performed before each participant commenced
the pedaling trials. MVCs were performed against gravity and manual resistance in stan-
dardised testing positions, using a short-seated position for RF, VM and VL and a prone

position with the knee flexed for GMax. Participants performed three repetitions of five
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tors . 3. Elbow angle,
5 Hlp angle, 6. Knee angle, 7. Ankle angle

Position 1: handiebar 30° up from the Position 2: handlebar 30° and 5§ cm up from Position 3: handlebar § cm down from the
preferred TTP 4- 9 - the preferred TTP 1 8 preferred TTP

Position 4: handlebar § cm up from the Position 5: preferred TTP Position 6: Handlebar 5 cm forward from
preferred TTP 1 2 the preferred TTP

Figure 4.1 The six cyclist positions with definition and values (mean 4+ SD) of (1) sagittal
torso angle; (2) shoulder angle; (3) elbow angle; (4) forearm angle; (5) hip angle; (6) knee
angle; (7) ankle angle. Position 1, time trial position (TTP) 30° up; Position 2, TTP 30°
and 5 cm up; Position 3, TTP 5 cm down; Position 4, TTP 5 cm up; Position 5, preferred
TTP; Position 6, TTP 5 cm forward.

seconds for each assessment, with at least 30 seconds of rest between repetitions to reduce
the likelihood of fatigue. The maximum EMG root mean square (RMS) value of each muscle
was determined as the average of the three highest values from the MVC trials. These values

were then used to normalize subsequent EMG data.

Using the rectified and smoothed data, the timing of EMG onset and offset thresholds were
determined as 20% of the maximum EMG value obtained in each trial (Li & Caldwell, 1998).
Raw EMG data of every muscle of every participant was rectified, and RMS envelope with a
window of 25 ms was applied. The RMS value of each muscle was normalized to the maximum
values of the MVC trials. The processed RMS signals were then analysed by creating the

ensemble averages over 10 consecutive crank revolutions during the last two minutes of each
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effort, to provide a reasonable and enough interval for an individual to reach a steady state.
The RMS of all participants was plotted against the crank angle as it rotated from the highest
pedal position, top dead center, to the lowest, bottom dead center and then back to top dead

center to complete a 360° crank cycle.

4.4.6 Kinematic evaluation

Right lower limb kinematics were measured using the markerless motion capture system
(Kinect, Microsoft Corp., USA) during submaximal cycling. Data were collected at 30 Hz
from the right-side view where the Kinect was perpendicular to the sagittal plane. The kine-
matic and EMG data were synchronized using signals sent via the ADInstruments software
(LabChart 8, Australia). The acquisition of each participant was done separately, without
altering the Kinect position or its distance from the cycle ergometer. The position of the
Kinect and cycle ergometer was marked on the floor with taped to secure reproducibility
between sessions. The Kinect was set on tripods at a height of 1.2 m with its axes parallel to
the horizontal floor surface, at a distance of 2 m from where the ergometer was positioned.
The integrated sensor software development toolkit (SDK, Microsoft Corp.) was used to
detect the location of the joints of the participants. Data were smoothed using the Sobel
filter, with a cut-off frequency at 10 Hz. The positions of lower limb joints at each frame
were determined through data processing (MATLAB, Math Works, USA).

The positions of the hip, knee, ankle and toe (fifth metatarsal head) were derived from the
Kinect measurements. The joint positions were used to calculate the ankle, knee and hip
joint angles and joint angular velocity, after which the mean joint angle, angular velocity and
range of motion at the hip, knee and ankle were computed. Mean joint angles and angular
velocities were an average over 10 consecutive crank revolutions during the last two minutes
of each effort, and the range of motion was defined as the difference between maximum
and minimum joint angle displacement values. These parameters were used to illustrate the

overall excursion of the right leg throughout a complete cycling pattern.

4.4.7 Statistical analysis

Statistical analyses were conducted using the statistical package SPSS Version 26.0 (SPSS
Inc., Chicago, IL). All variables were reported as mean + standard deviation (SD). To con-
firm the assumption of normally distributed data sets and sphericity, the Shapiro-Wilk and
Mauchly tests were conducted, respectively. The Greenhouse-Geisser correction factor was

applied when sphericity was violated. Repeated measures of analyses of variance (ANOVA)
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were performed on all kinematic and muscle activation parameters to test the effect of the
six TTPs. In the case of a significant main effect, Bonferroni post-hoc tests were used to
determine the sources. Statistical significance was set at P < 0.05. The effect size is re-
ported as partial eta squared (77]3) and Cohen’s d for pairwise comparisons where d > 0.80

was considered large (Lakens, 2013).

4.5 Results

4.5.1 Participants

A total of seven male competitive cyclists and triathletes whose characteristics are provided
in Table 4.2, were included in our study. All participants who were included in our analyses
had completed the maximal CPET.

Table 4.2 Characteristics of participants (mean + SD, N = 7).

Variables Mean + SD
Age (years) 29.6 £ 7.5
Body mass (kg) 73.6 £ 4.6
Stature (cm) 182.9 + 7.4
Peak oxygen consumption (mL.kg™t.min~!) 61.4 + 11.3
Peak power output (W) 357.9 £ 53.5
Oxygen consumption at GET (mL.kg~!.min1) 474 £ 7.3
Power output at GET (W) 246.4 £+ 36.3
Power output at 75% of GET (W) 184.6 £+ 27.2
Peak respiratory exchange ratio 1.42 + 0.1
Rating of perceived exertion at CPET exhaustion | 10.0 + 0.0
Peak heart rate (bpm) 183.6 + 124
Average weekly cycling distance (km/week) 286 + 74
Years of racing (years) 5.6 + 2.4

4.5.2 Electromyography (EMG)

Figure 4.2 presents muscle activity patterns of all the six trial conditions (seven participants
per condition), with ensemble linear envelopes of the RMS EMG data for each of the four

investigated muscles.

The mean normalized RMS EMG measured during the entire crank rotation for each indi-
vidual, as well as all the muscles (sum RMS EMG), are represented in Figure 4.3. There

was a significant interaction between the handlebar positions and GMax activation (P =
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Figure 4.2 Ensemble curves of normalized electromyography (EMG) root mean square (RMS)
linear envelope across 10 consecutive pedaling cycles for gluteus maximus (GMax), rectus
femoris (RF), vastus lateralis (VL) and vastus medialis (VM) for all time trial body positions.
Position 1, time trial position (TTP) 30° up; Position 2, TTP 30° and 5 cm up; Position 3,
TTP 5 cm down; Position 4, TTP 5 cm up; Position 5, preferred TTP; Position 6, TTP 5 cm
forward. Pedaling cycle rotated from the highest pedal position TDC (top dead center, 0°)
to the lowest pedal position BDC (bottom dead center, 180°) and back to TDC to complete
a 360° crank cycle.

0.004, nﬁ = 0.370), RF activation (P = 0.041, 775 = 0.221) and VL activation (P = 0.012, 7]12,
= 0.322). There was no significant interaction between the handlebar positions and muscle
activity for VM (P = 0.294, 772 = 0.151). TTP 5 cm down, Preferred TTP and TTP 5 cm
forward induced greater (P = 0.011, d =0.846; P = 0.042, d = 0.698; P = 0.013, d = 1.377,
respectively) muscle activity than TTP 30° and 5 ¢cm up for GMax. Furthermore, GMax
activity was significantly greater (P = 0.007, d = 1.011) for TTP 5 cm down as compared
to TTP 5 cm up, and the mean value of the RMS EMG of RF was greater (P = 0.032, d
= 0.973) in preferred TTP, as compared to TTP 30° and 5 cm up. A significantly greater
mean value of RMS EMG was observed in TTP 5 ¢cm up than TTP 5 cm down (P = 0.035,
d = 0.880) for VL. No significant difference in VM was found between the six TTPs. The
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sum RMS EMG mean values was greater in positions preferred TTP and TTP 5 cm down,
compared to other positions. However, the only significant change was that it was higher (P
= 0.019, d = 0.823) in preferred TTP than TTP 30° and 5 cm up.
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Figure 4.3 Mean (£SD) values of the normalized RMS muscle activity of individual muscles
and cumulative summation (sum) of muscle activity for the complete cycle (0 to 360°) for
the six body positions. *P < 0.05 and **P < 0.01 significant difference between conditions.
GMax, gluteus maximus; RF, rectus femoris; VL, vastus lateralis; VM, vastus medialis.
Position 1, time trial position (TTP) 30° up; Position 2, TTP 30° and 5 ¢cm up; Position 3,
TTP 5 cm down; Position 4, TTP 5 ¢m up; Position 5, preferred TTP; Position 6, TTP 5
cm forward.

Figure 4.4 depicts the mean values of the onsets, offsets and duration of the EMG burst.
Regarding onset, there was a significant interaction in GMax (P = 0.006, 77; = 0.492), and
a non-significant interaction in RF (P = 0.446, n; = 0.138), VL (P = 0.459, i} = 0.140)
and VM (P = 0.625, 2 = 0.119). The onset of the GMax burst appeared significantly later
during the pedal cycle when lowering the handlebar. The onset in TTP 5 ¢cm down occurred
significantly later, compared to the TTP 5 cm up and TTP 30° and 5 cm up (P = 0.003, d
= 0.922; P = 0.033, d = 0.711, respectively). Moreover, the onset in TTP 5 c¢m forward (P
= 0.036, d = 0.676) occurred significantly later, compared to TTP 5 cm up. Additionally,
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significant differences in offset between the handlebar positions were observed for VL (P =
0.008, 72 = 0.421) and VM (P = 0.042, n7 = 0.234). The offset of VL and VM activation
occurred later in TTP 5 cm down (P = 0.005, d = 1.242; P = 0.046, d = 0.650, respectively),
compared to TTP 5 cm up. However, no significant interaction was detected in GMax (P =
0.310, 72 = 0.142) and RF (P = 0.157, 2 = 0.181).

Results showed that the duration of the GMax muscle activation was significantly shorter
(P =0.038, d = 0.963) in TTP 5 cm down than TTP 5 cm up. No statistically significant
interaction between the cycling conditions and duration of muscle activity in RF (P = 0.492,
7)5 = 0.154), VL (P = 0.224, 772 = 0.154) and VM (P = 0.324, 7]]2) = 0.126).

D Position 1

. Position 2 :

[ position 3 Y

Position 4 VM

D Position 3

Position 6

T T T R Y
FE— :I: VL

RF
GMax

-180 -120 240 300 360

Crank angle (°)

Figure 4.4 Mean onset, offset and duration (mean 4+ SD) of EMG linear envelopes, based upon
crank angle from top dead center (TDC) among the different cycling positions. *P < 0.05 and
“*P < 0.01 significant difference between conditions. GMax, gluteus maximus; RF, rectus
femoris; VL, vastus lateralis; VM, vastus medialis. Position 1, time trial position (TTP) 30°
up; Position 2, TTP 30° and 5 cm up; Position 3, TTP 5 cm down; Position 4, TTP 5 cm
up; Position 5, preferred TTP; Position 6, TTP 5 cm forward.



43

4.5.3 Kinematics

The markerless motion capture system performed very well during the submaximal tests. A
sample size of 18 angle and ROM values, with three joint measurements per handlebar po-
sition, allows estimating the differences of kinematic parameters. The Bland-Altman graphs
in Figure 4.5 show that the plotted differences lie within the 95% confidence interval, which

indicates a good agreement between the measurements of all the positions.
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Figure 4.5 Bland-Altman plots for selected kinematic parameters: angle (deg); and range of
motion. The upper and lower dashed lines represent the 95% confidence interval, while the
solid line represents the mean difference between positions.

Joint kinematics were compared for the six TTPs using the peak values of angles and angular
velocities and the range of motion (ROM) for each lower joint (Table 2). Statistically signif-
icant differences in the joint peak angle between handlebar positions were observed for the
ankle (P = 0.039, 7]]2) = 0.247), knee (P = 0.044, T]IQ) = 0.164) and hip (P = 0.021, 7]12) = 0.346).
Further analysis showed that the peak angle of the ankle in TTP 5 cm up and preferred TTP
were higher (P = 0.016, d = 1.892; P = 0.017, d = 1.232, respectively), compared to TTP
5 cm down. Knee peak angle was significantly increased at TTP 5 cm up compared to TTP
5 ¢cm down (P = 0.047, d = 0.888). A higher range of hip peak angle value was observed in
TTP 302 up, TTP 5 ¢cm down and TTP 5 c¢cm forward (P =0.031, d = 0.717; P = 0.018, d
= 0.910; P = 0.014, d = 1.289, respectively) than in TTP 5 cm up.

Significant differences between the joint ROM were only found for the ankle (P =0.028, 7]12,
= 0.252). Ankle ROM in TTP 5 cm up was higher than in TTP 30° up (P = 0.035, d =
0.844) and TTP 5 cm down (P = 0.026, d = 1.071). No significant differences were observed
in ROM for the knee (P =0.495, 57 = 0.111 ) and hip (P =0.469, n; = 0.115).

There was a significant difference in the peak angular velocity for the ankle (P =0.027, 772
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= 0.189) and hip (P =0.024, 17 = 0.292) between cycling conditions, whereas no significant
results were observed for the knee (P =0.408, 'r]i = 0.127). The ankle and hip showed a
significantly higher angular velocity (P = 0.043, d = 0.825; P = 0.015, d = 1.245) in TTP
5 cm up compared to TTP 5 ecm down and TTP 5 cm forward. Additionally, Figure 4.6
represents ensemble mean joint angles and joint velocities for the ankle, knee and hip. Joint
angle and angular velocity values displayed clear extension and flexion phases within each

crank cycle.

4.6 Discussion

This study demonstrated the effect of different aero handlebar positions on lower limb muscle
activation patterns and kinematic variables under submaximal intensity. Our study was ded-
icated to alterations in handlebar positions while keeping the participants’ preferred saddle
time trial positions constant. Compared to other positions, the aero handlebar with the low-
est height resulted in more GMax activity and hip extension angle. These findings supported
our hypothesis that altering the aero handlebar position would affect the lower limb joint
kinematics and muscle activity. Alterations of aero handlebar positions, which are the most
critical adjustments when fitting a bicycle (Chiu et al., 2013), allows a cyclist to find the

perfect T'TP that is aerodynamically optimized during competitions.

4.6.1 Electromyography (EMG)

The results showed that the normalized intensity and timing of lower extremity EMG activity
were significantly influenced by changing the handlebar position. Lowering the handlebars
in TTP 5 cm down and TTP 5 c¢m forward resulted in lowering the sagittal torso angle as
compared to TTP 5 cm up (41% and 35%, respectively), and therefore caused a significant
alteration of the EMG patterns, compared to the elevated handlebars in TTP 30° and 5
cm and TTP 5 cm up. TTP 30° and 5 cm up showed the least GMax activity, while
TTP 5 cm down with the lowest sagittal torso angle resulted in the greatest GMax activity.
The normalized RMS EMG values tended to be lower for biarticular RF compared to the
monoarticular muscle GMax for all the six positions. These findings are in close agreement
with the previous findings of increasing the GMax activity in the time trial condition (Elmer
et al., 2010; J. C. Martin & Brown, 2009). Moreover, the only significant difference in the
biarticular muscle RF was for the preferred TTP versus TTP 30° and 5 cm. This can be
related to the synergistic activation of RF as the hip extensor with other hip extensors as a

single muscle group in the preferred TTP position. The corresponding changes for the VL
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Figure 4.6 Mean curves of joint angles (left) and joint angular velocities (right). Hip and
knee angles are 0 at full extension, and ankle angle is 0 in standard anatomical position (90°
included angle). The positive direction was set for hip flexion, knee flexion and dorsiflexion
for the ankle. Position 1, time trial position (TTP) 30° up; Position 2, TTP 30° and 5 cm up;
Position 3, TTP 5 cm down; Position 4, TTP 5 ¢m up; Position 5, preferred TTP; Position
6, TTP 5 cm forward.
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were of smaller magnitude for TTP 5 cm down versus TTP 5 cm up. Although the VM
activity for TTP 5 cm down were generally lower than TTP 5 cm up, this difference was not
consistent across all participants. The monoarticular knee extensors (VM, VL) may need
help from the biarticular RF muscle to forcefully extend the knee joint. RF crosses the knee
and hip joints to extend the knee and flex the hip simultaneously (Gregor et al., 1991). The
sum RMS EMG of the four lower limb muscles was significantly decreased by 14.2% for TTP
30° and 5 cm up versus preferred TTP. The increased sum RMS EMG could be explained by
the changes in the hip extensor RF. While the EMG activation of GMax is directly related
to the sagittal torso angle, there is no such direct relationship for the RF. It has been seen in
previous studies that the monoarticular muscles show a greater effect in muscle activity when
changing position (Li & Caldwell, 1998), and therefore preferred TTP was less affected by
changing the handlebar positions. While no other comparative study is available in the field
of handlebar position alteration in TTPs, a few studies have been conducted on the effect of
lowering the sagittal torso angle on the lower extremity muscle activity patterns, reporting
increased muscle activation by lowering the sagittal torso angle (Dorel et al., 2009; Duc et al.,
2008; Fintelman et al., 2016; Savelberg et al., 2003), which is consistent with our results for
muscle activation patterns. However, since we altered the handlebar position and applied it
during the TTPs, we cannot directly compare our results with those of the aforementioned

studies.

Although the EMG timing patterns are similar among the six TTPs, changes in the handlebar
position led to a later onset for GMax activation (Figure 4.4). In TTP 5 cm down and TTP
5 cm forward, the onset of GMax activation shifted later in the crank cycle, which may
suggest that the cyclists changed their pedaling technique through the hip extension during
the first (0° to 90°) and second (90° to 180°) quadrants, by lowering and moving forward
the handlebar, respectively. Previous literature has shown that the greatest activity for
GMax occurs from the beginning of pedaling the cycle through the second quadrant, while
the hip is extending (Dorel et al., 2009; Gregor et al., 1991). Similarly, in this study, the
GMax was activated from the middle of the first quadrant to a crank angle of about 120°
during the second quadrant (Figure 4.2). Although GMax showed a greater normalized RMS
EMG activity for TTP 5 cm down as compared to TTP 5 cm up, the EMG timing revealed
a significant reduction in the burst duration of GMax for TTP 5 cm down. EMG offset
occurred significantly later for VL and VM in TTP 5 cm down as compared to TTP 5 cm
up, whereas the biarticular knee flexor RF appeared unchanged. The VL and VM were
both activated from the middle of the fourth quadrant (270° to 360°) to the middle of the
second quadrant, while the RF was active between approximately 300° until the end of the

first quadrant. Later GMax onset on one side, and lower RF activity and unchanged onset
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on the other side, suggest that the relative contribution of the hip and knee extensors to
power production during the second quadrant in TTP 5 cm down changed in favour of hip
extensors. These findings agree reasonably well with the previously reported effects of cyclist
position changes on the onset and offset patterns of EMG timing (da Silva et al., 2016; Dorel
et al., 2009; Fintelman et al., 2016). Our results confirmed the results of Fintelman et al.
(2016), who reported that alterations in the torso angle would only affect the monoarticular
muscles. Despite the changes of EMG activity, the effect of these changes on force production
cannot be quantified, and therefore precisely predicting the joint moment changes associated
with alteration in handlebar position remains difficult. Future studies using prediction of
the force produced from the EMG activity (Olney & Winter, 1985; Pedersen et al., 1987;
Redfield & Hull, 1986) may be of interest to provide additional information on the impact of

manipulating handlebars position.

4.6.2 Kinematics

The kinematic assessments of different handlebar positions illustrate the importance of the
characteristics of the lower limbs during cycling in different TTPs, and avoiding positions
previously associated with injury. Moreover, optimizing handlebar position by matching the
joint flexion angle to the optimal for power production is beneficial for cycling efficiency
(Savelberg et al., 2003). To the best of our knowledge, this is the first study to evaluate
the kinematic variables of the lower limb in different aero handlebar positions. Our results
showed that the changes in the handlebar position highlighted a difference of 11.2°, 11.7° and
31.1° in the peak angle of ankle, knee and hip joints, respectively. There was a significant
increase in peak values of angle and angular velocity of the ankle and the peak of the knee
(Table 4.3), by moving the handlebar upwards, from TTP 5 cm down to TTP 5 cm up, while
the ROM of both the ankle and knee decreased. Similar results were obtained by Heil et al.
(1997); they reported the increase in kinematic variables in ankle, knee during pedaling with
torso angle in the range of 20° to 30°. Sanderson et al. (2006) showed that changes in joint
angles may cause muscles to operate in a more productive portion of length-tension curves.
The increase of the peak knee angle and reduction of ROM with the upward movement of
handlebars from TTP 5 cm down to TTP 5 cm up illustrate an increased extensor muscle
VL and VM’s length and reduced range of lengthening, respectively. These changes in the
muscle length can be associated with the enlargement of muscle activity (Sanderson et al.,
2006), which was confirmed by our EMG results. For the hip joint, the greater GMax activity
in TTP 5 cm down could also be related to changes in joint kinematics, since the hip joint

showed the higher peak hip flexion, which is estimated to be 31.1° between TTP 5 ¢m down
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and TTP 5 cm up. We did not observe differences in hip joint ROM, which could be explained
by the function of the biarticular RF muscle. The decline in the hip angle, which is caused
by the increase of the sagittal torso angle, can affect the hip flexor RF, and therefore the hip
ROM.

Our findings suggest that altering the handlebar positions affects the muscles’ activity, kine-
matics of leg movements and their association. We observed that lowering the handlebar
height during the first and second quadrants increased hip extensor muscle (GMax) acti-
vation. However, moving the handlebar in TTP 5 c¢m forward stretched the GMax (hip
extensor) slightly and shortened the RF (hip flexor) effectively by this forward tilt, becoming
less effective. Our results showed that although the long-term adaptation to the preferred
TTP can be the optimal cycling position, hip extensors’ increased contribution in TTP 5
cm down might outweigh a reduced contribution from hip flexor. Furthermore, changing the
handlebar position forward and down increased the hip’s peak angle, caused a deeper pedal-
ing, and allowed the foot to pass over top dead center, leading to retaining the power drop.
Cyclists could increase the pedal stroke’s power, leading to greater pedaling efficiency when
moving the aero handlebar downward since the power phase occurs when the hip extends
(Baum & Li, 2003; Bijker et al., 2002). Therefore, it is believed that the TTP 5 cm down is
the most beneficial performance-related positions among the investigated ones. All the tests
were conducted under racing conditions, i.e., use of clip pedals, time trial posture and work-
load, which caused no joint over-flexion and over-extension. Using our results, researchers

and bike fitters can avoid the excessively lower handlebar height.

4.7 Limits

The effects of handlebar position on EMG activity and kinematics can be more widely ap-
plied if both trained and novice cyclists are investigated. In addition, the effect of variation
of pedaling cadence, which influences the EMG activity and kinematics variables (Baum &
Li, 2003; Sanderson et al., 2006), has not been included. The alternations in the handlebar
position were tested without changing the saddle height and orientation. This could impose
a practical limitation on our results since cyclists and triathletes commonly modify the han-
dlebar position and saddle height at the same level so that they maintain a relatively similar
torso angle when handlebar position is changed. Although the markerless motion capture
system was expected to perform reasonably well during the submaximal tests (Bonnechere
et al., 2014; Choppin et al., 2014; Dutta, 2012), some limitations might be present. For
instance, the Kinect might lose its reference point due to unknown reasons and therefore

translate a slight accuracy error into incorrect joint center calculations. Thus, the markerless
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system has yet to be further validated against the cycling kinematic gold standard data of a

marker-based motion capture system.

The EMG activity was only collected from the right leg. Therefore, future research should
record EMG from both lower limbs as well as the effective pedal force, which represents
cyclists’ pedaling technique (Menard et al., 2016; Mornieux et al., 2008), at varying aero
handlebar adjustments. In addition, it is unclear if the lower limb joint kinematics is affected
by the workload level. Further analysis of EMG and kinematic data, across a range of
pedaling cadences and workload is essential to thoroughly assess the biomechanical responses

of different handlebar positions.

4.8 Conclusion

This study investigated the lower limb kinematics and muscle activities during submaximal
pedaling in various aero handlebar positions, using a markerless motion capture system.
Results demonstrated that altering the aero handlebar position affected the pattern and
timing of muscles crossing the hip (GMax, RF) and knee joints (VL and VM)) significantly.
Lowering the handlebar down in TTP 5 ¢m modified EMG activity (increase GMax and
decrease VL) and EMG timing (shifted onset for GMax and shifted offset for VL and VM)
compared to the positions with the elevated handlebar. These modifications are strongly
related to the changes of hip extension angle during the first and second quadrants, whereas
the hip had the highest peak of angles and angular velocity when lowering the handlebar,
caused an increase in the pedal stroke’s power. It is not straightforward to establish whether
an individual handlebar position is optimal; however, from the results, adapting to the TTP
5 cm down might likely improve the cycling performance with the greater contribution of

GMax and extended hip angle.

4.9 Perspectives

This research indicated that altering the aero handlebar position during cycling influenced
muscle activity and joint level kinematics, contributing to more insight into biomechanical
adjustments of cyclist body position to altered cycling configurations. The present outcomes
provide practical understanding to researchers, clinicians and coaches in search of an optimal
handlebar position regarding the changes of muscle recruitment and kinematic parameters
in different TTPs. Our investigation stands out from others due to our use of a feasible,
applicable and affordable markerless motion capture system to examine the biomechanical

performance of handlebar setup. Our study highlights the significance and potential of de-
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tailed analysis of the handlebar position since we identified that lowering the handlebar height
could improve the biomechanical cycling performance. Nevertheless, from an optimization
perspective, considering the metabolic responses and aerodynamic aspects of handlebar al-
teration remains of primary importance to improve cycling performance during submaximal
exercise and for a considerably longer period, which has a more pronounced effect on neuro-
muscular responses and performance parameters such as time to exhaustion and work-to-rest

ratio.
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CHAPTER 5 ARTICLE 3: THE EFFECT OF DIFFERENT AERO
HANDLEBAR POSITIONS ON AERODYNAMIC AND GAS EXCHANGE
VARIABLES

This article represents a detailed aerodynamic analysis and metabolic functions of altering the
time trial handlebar position. This analytical investigation on the existing modifications of

the handlebar position proposes an overall optimized improvement to the cyclist performance.

My contribution to this study included the conceiving, planning the experiments (80%), along
with performing the exercise bouts (90%), designing the model, developing the computational
framework and the numerical simulations, analyzing the data (100%), writing the manuscript

and its redaction.

This manuscript, "The effect of different aero handlebar positions on aerodynamic and phys-
iological variables", has been submitted in the Journal of Biomechanics in October 2020
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5.1 Abstract

Adopting the time trial position (TTP) represents a notable improvement for cycling aero-
dynamic performance. Aero handlebars are designed to enable the cyclist to adopt a more
aerodynamic TTP. However, it is unclear to what realistic extent the aero handlebar con-
figuration affects the aerodynamics and physiological functioning. Thus this study aimed
to investigate the effect of aero handlebar alterations on physiological parameters and aero-
dynamics of TTP. Seven male competitive cyclists and triathletes performed submaximal
tests on a cycle ergometer at six different TTPs. Oxygen uptake, respiratory exchange ratio,
minute ventilation and tidal volume were collected. Using the computational fluid dynam-
ics (CFD) method, the detailed airflow patterns around the cyclist were investigated. The
results were analyzed in terms of drag area, velocity and pressure distributions around the
cyclist, surface pressure coefficient and surface wall shear stress. It was revealed that varying
the aero handlebar position significantly influences the aerodynamic performance, while max-
imal values of all the physiological variables remained unchanged. Compared to the cyclist’s
preferred TTP, the frontal area, drag coefficient and drag area were reduced by 4.1%, 4.6%
and 8.5%, respectively, when lowering the handlebar position by 5 ¢cm, which overcomes the

metabolic costs.

Keywords: Computational Fluid Dynamics (CFD), aero handlebar, Cycling position, Aero-

dynamic drag
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5.2 Introduction

Aerodynamic drag is the most considerable resistive force cyclists experience, and its re-
duction is critical to improving cycling performance. At racing speeds of 54 km/h, the
aerodynamic drag is approximately 90% of the total resistance (Debraux et al., 2011; P. E.
Di Prampero, 2000; C. Kyle & Weaver, 2004; Lukes et al., 2004; J. C. Martin et al., 2006;
Millet & Candau, 2002; Padilla et al., 2000). Many studies have been conducted to decrease
the aerodynamic drag (M. N. Abdullah et al., 2015; Alam et al., 2014; Barry et al., 2015b;
Chowdhury et al., 2010; Garcia-Lopez et al., 2008; Jobson et al., 2008; Mustary et al., 2014;
Oggiano et al., 2009). Among these aerodynamic drag forces, the cyclist’s body position ac-
counts for about 70% (Alam et al., 2014; Defraeye, Blocken, Koninckx, Hespel, & Carmeliet,
2010a), highlighting the significance of body position when attempting to improve perfor-
mance. Consequently, the decrement of aerodynamic drag requires a vast understanding of
the cyclist’s position and its drag area (ACp), which is the product of the drag coefficient
(Cp) and the frontal area (A).

Time trial position (TTP) is adopted by cyclists to improve their optimal performance,
where the torso held very low to reduce the frontal area. Various studies have investigated
the aerodynamic drag of the time trial position using the wind-tunnel tests (Garcia-Lopez
et al., 2008; Grappe et al., 1997; Jobson et al., 2008; Lukes et al., 2005). However, few studies
exist for the effect of aero handlebars, which may be essential adjustments when fitting a
bicycle (C. Kyle, 1989; Lukes et al., 2005; Oggiano et al., 2008; Oggiano et al., 2009). Garcia-
Lopez et al. (2008) reported a significant reduction in aerodynamic drag of about 14% when
the height of the aero handlebars was lowered during riding in a TTP. Oggiano et al. (2008)
found that changes in handlebar position (about 20 mm) reduced the aerodynamic drag more

significantly compared to changes in seat position.

Although changing the cyclist position improved the aerodynamics, it affects the physiological
responses and the peak power output (PPO) inconclusively (Dorel et al., 2009; Jobson et
al., 2008). Previous investigations usually examine the physiological functioning of TTP as
compared to other common positions with various torso angles, i.e., upright position and
dropped position (Dorel et al., 2009; Fintelman et al., 2015; Origenes et al., 1993). An
increase in oxygen consumption (VO,) and heart rate in the cyclist’s preferred time trial
position has been reported compared to the upright position and dropped position under
submaximal conditions (Evangelisti et al., 1995; Gnehm et al., 1997; Richardson & Johnson,
1994). Such responses to the lower torso angle positions indicated an increased metabolic cost

associated with such positions (Candau et al., 1999; Jobson et al., 2008). On the contrary,
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recent literature has concluded that there is no effect of the torso angle on the VO, and
heart rate (Dorel et al., 2009). Nevertheless, the metabolic and physiological functioning of
different aero handlebar positions with small differences in torso angle has not been examined

in previous studies.

In addition to field tests and wind-tunnel measurements, the numerical simulation by com-
putational fluid dynamics (CFD) could also be inquired to investigate aerodynamic drag
(Barber et al., 2009; Blocken, 2014; Blocken & Toparlar, 2015; Crouch et al., 2017; Gardan
et al., 2017; Mannion et al., 2018). CFD approaches have been demonstrated to be a pow-
erful tool in sports aerodynamics, providing high-resolution data on the complex flow field.
Changing the flow circumstances and the parameters involved in a time-efficient manner
makes CFD a more feasible option for the parametric analysis of cycling aerodynamics. CFD
simulations have been used extensively for investigating cyclists in different race positions or
TTPs (Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a; Defraeye et al., 2014; Grif-
fith et al., 2014). However, to the best of our knowledge, a detailed analysis of altering the
aero handlebar position effects on aerodynamics by either CFD simulations or wind-tunnel
tests has not yet been published. Moreover, despite prior research examining the influences
of different cycling position on physiological and aerodynamic variables, there are somewhat
little studies investigating the influence of alteration of the aero handlebar on such parame-
ters. Therefore, this paper aims to contribute to the understanding of the aerodynamics of
different aero handlebar positions using CFD simulations, secondly to determine the effect
of such positions on physiological parameters. Simulations were performed using a uniform
velocity of 15 m/s, corresponding to the relative air movement due to cycling during time

trial competition.

5.3 Methods

5.3.1 Experimental design

Seven male competitive time trial cyclists and triathletes volunteered to participate in the
study. Participants reported to ride on average 286 + 74 km a week and had used aero
handlebars for 5.6 + 2.4 years. The participant’s physical characteristics were: age, 29.6 +
7.5 years; height, 182.9 + 7.4 cm; body mass, 73.6 £+ 4.6; peak power output (PPO), 357.9 +
53.5 W; peak oxygen consumption (VOapear), 61.4 & 11.3 mL.kg~!.min~"; heart rate, 183.6
4+ 12.4 bpm. They had no physical, respiratory and cardiovascular impairment preventing
them from a competitive cycling exercise. The study was approved by the Ethical Committee

of Polytechnique Montreal on human research (reference no CER-1819-30) and conducted in
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line with the Declaration of Helsinki, and all participants gave written informed consent at
the beginning of the study. The tests were carried out with a cycle ergometer (Corival 906
900, LODE Medical Technology BV, Groningen, the Netherlands) equipped with an aero
handlebar. Each participant visited the laboratory on two separate occasions. During the
first session, participants completed an incremental cycling test to determine their VOgpeqr,
using a breath-by-breath system (Ultima CardiOs, 790705-006, 12 lead ECG Test CPX,
MedGraphics Cardiorespiratory Diagnostics, St. Paul, MI). The LODE ergometer and gas
analyzer were calibrated before each test according to the manufacturers’ recommendations.
The test started with a 5-min unloaded warm-up. Then an incremental procedure started at
75 W for 3 min, and the load was increased every minute by 20 W until the participant was
no longer able to maintain the cadence above 60 rpm. During the session, the PPO, V02peak,
heart rate, power output at the ventilatory threshold and peak respiratory exchange ratio
were constantly recorded. The second visit consisted of six submaximal cycling exercises
in different handlebar positions randomly. Aero handlebar positions were: (1) handlebar
30° up from the preferred position (TTP 30° up); (2) handlebar 30° and 5 cm up from the
preferred position (TTP 30° and 5 ¢cm up); (3) handlebar 5 cm down from the preferred
position (TTP 5 ¢cm down); (4) handlebar 5 cm up from the preferred position (TTP 5 cm
up); (5) preferred TTP; (6) handlebar 5 cm forward from the preferred position (TTP 5 cm
forward), as shown in Figure 5.1. All the bouts were at 75% of the determined gas exchange
threshold (GET) with a duration of six minutes, followed by six minutes of passive recovery.
All gas-exchange variables, i.e., oxygen uptake (Vngeak), respiratory exchange ratio (RER),
minute ventilation (VE) and tidal volume (VT), were measured under similar environmental
conditions (~ 25°C) and by one instructor to ensure repeatability and that the same method
was applied, using the same measurement equipment. The detailed method can be found in

(Ghasemi, Curnier, Caru, Pageaux, et al., 2020).

5.3.2 Geometry, computational domain and grid

The geometrical parameters of the cyclist were obtained by using the elliptical zone method,
which divides the body into elliptical zones representative of body shapes and segment den-
sities (Jensen, 1978). The segment measurement and acquisition of its length and width were

conducted using the markerless motion capture system (Kinect, Microsoft Corp., USA).

The 3D body surfaces of the six desired TTPs were modeled in CAD software (CATIA
V5, Dassault-Systéems, France), applying all the specific body characteristics of the cyclist
collected from the Kinect. Obtaining a well-defined and controlled CAD model allows the

geometry and its features to be readily defined, adjusted, and moved within a fully parame-
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Figure 5.1 A sketch of the six aero handlebar positions: position 1, TTP 30° up; position 2,
TTP 30° and 5 cm up; position 3, TTP 5 cm down; position 4, TTP 5 ¢m up; position 5,
preferred TTP; position 6, TTP 5 cm forward. Dashed lines are depicted to provide a more
visual presence of differences between the positions.

terized CAD model to test the effect of aero handlebar alternations, compared to a 3D scan.
More detailed information on the geometry is available from Ghasemi et al. (2020). The
cyclist had a height of 1.89 m and a weight of 70.3 kg. The cyclist geometry was simpli-
fied, specifically concerning the abdomen, chest and hands. The six TTPs were analyzed to

provide a more comprehensive aerodynamic comparison.

The full-scale cyclist was then placed in a computational domain with size according to best
practice guidelines (Zaidi et al., 2010). To minimize computation time, only the cyclist’s
body has been considered without including the bicycle. The size of the computational
domain and the imposed boundary conditions are specified in Figure 5.1. The upstream,
downstream and lateral distance of the domain faces to the model were 3.5 m, 11 m and 2.7
m, respectively. This resulted in a blockage ratio of approximately 2%. The grid generation
was based on grid-generation guidelines for cycling aerodynamics (Tominaga et al., 2008).
To evaluate the CFD model’s numerical uncertainties and determine the adequate grid size,
a grid convergence study was conducted using three different meshes, i.e., coarse (2.6 x 10°
cells), medium (6.8 x 10° cells) and fine (16.2 x 10° cells) grids. The drag coefficient of the
preferred TTP was determined as the target variable. Based on the method suggested by
Roache (1994, 1997), the grid convergence index (GCI) can be defined as
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Figure 5.2 Computational domain, geometry and boundary conditions.

(5.1)

Where Fj is the safety factor, € the relative error between the fine and medium mesh, r the
grid refinement ratio and p the order of accuracy. The safety factor is set to 1.25. GCI values
of 0.96% and 0.11% were obtained for the medium and fine grids, respectively. The GCI value
of medium mesh suggests that the resolution of the medium mesh is sufficient to predict the
flow correctly, and hence no further mesh refinement is required. The grids used to produce
the results contained 6.8 x 10% cells. An unstructured mixed grid was used, featuring very
small prismatic cells within the boundary layer region of cyclist with the first layer height
only 30 um, and an average dimensionless wall unit y* lower than 1 was generally attained
in the boundary layer region. Based on the dimensionless wall unit y*, this high-resolution
grid was needed to fully resolve the thin boundary layer down to the viscous sublayer since
the viscous sublayer at the surface is very thin. Note that the parameter y* is used instead
of y* to specify grid resolution requirements for cycling aerodynamic applications (Blocken
& Toparlar, 2015; Defraeye, Blocken, & Carmeliet, 2010). Tetrahedral cells with an average

cell size of about 0.04 m further away from the surface were used in other regions.

5.3.3 Boundary conditions

At the inlet of the fluid domain, a uniform velocity of 15 m/s was imposed, representing the
average velocity during a no-wind time trial competition for an elite cyclist. Air turbulence
intensity of 0.02% was considered. The simulation of the non-pedaling (static-legs) cyclist

model was assumed with the assumption that the flow topology of a cyclist is consistent
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across a static leg and rotating leg at the related phase of leg rotation (Crouch et al., 2016).
For the ground, sides and upper surfaces of the field, a slip-wall boundary (symmetry) was
applied. At the computational domain outlet, the free outflow condition (ambient static
pressure) was imposed. A no-slip boundary condition with zero roughness was used on the

cyclist surface.

5.3.4 Aerodynamic drag

Aerodynamic drag Fp (N) relates to the dimensionless drag coefficient Cp and the frontal
area A (m?), as demonstrated below, where p is the density of air (kg/m?®) and U is the

approach flow wind velocity (m/s).

1

Aerodynamic drag in cycling is often quantified by the drag area (ACp), which is preferable
to drag coefficient (Cp) since it does not require a precise determination of the frontal area

(A).

5.3.5 CFD simulation

The CEFD code ANSYS Fluent 18.1© was used to perform simulations for the six TTPs.
The transition shear stress transport (SST) k& — w model was opted to solve the 3D steady
Reynolds averaged Navier-Stokes equations (3D RANS), which is extensively considered to
have the best overall performance and accuracy in previous studies for the aerodynamics
of a single cyclist (Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010b; Langtry &
Menter, 2009). The semi implicit method for pressure linked equations (SIMPLE) algorithm
was used for pressure-velocity coupling with second-order discretization schemes. Pressure
interpolation was second order. Gradients were computed with the least-squares cell-based
method (Defraeye, Blocken, Koninckx, Hespel, & Carmeliet, 2010a). The governing equations
were solved iteratively, while convergence was monitored. Convergence was obtained when

residuals reached less than 107,

5.3.6 Statistical analyses

A one-way repeated measures analysis of variance (IBM SPSS Statistics 26.0, Chicago, IL)
was performed to compare all considered physiological parameters among the six TTPs. Prior

to the test, the data were checked for normality and sphericity. When sphericity could not be
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assumed, a Greenhouse—Geisser correction was applied. Post-hoc testing was performed with
Bonferroni adjustments to detect the differences. The significance level was set at P = 0.05

and all the physiological data are presented as mean values £ SD.

5.4 Results

5.4.1 Physiological measures

Figure 5.3 shows the peak responses of VOy, RER, VE and VT for the six submaximal
positions. Although the differences were not significantly different between positions, VOq
and VE were increased by 5.1% and 4.0% respectively, in TTP 5 cm down compared to the
preferred TTP, while RER and VT remained unchanged. In addition, VO5, VE and VT in
TTP 5 cm forward were lower by 3.4%, 1.8% and 2.0%, respectively compared to TTP 5 cm
down. Furthermore, VO,, RER and VE showed an increase when participants pedalled at
lower handlebar positions (TTP 5 cm down and TTP 5 cm forward).
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Figure 5.3 The peak responses of gas-exchange variables at different aero handlebar positions:
position 1, TTP 30° up; position 2, TTP 30° and 5 cm up; position 3, TTP 5 cm down;
position 4, TTP 5 cm up; position 5, preferred TTP; position 6, TTP 5 cm forward. (a)
VO,, oxygen uptake; (b) RER, respiratory exchange ratio; (c¢) VE, minute ventilation; (d)
VT, tidal volume.
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5.4.2 Modeling validation

The CFD results were compared with experimental and numerical results from Beaumont
et al. (2018), Blocken et al. (2013) and Defraeye et al. (2010a) to validate the numerical
procedure. Table 5.1 represents the drag area values along with data used for comparison.
The drag area of the cyclist obtained from our CFD simulations are in close agreement with
Beaumont et al. (2018) and Blocken et al. (2013) for a single cyclist without bicycle in TTP.
Moreover, our results showed good consistency with values of wind-tunnel experiments and
CFD obtained by Defraeye et al. (2010a), albeit a different inlet velocity of 10 m/s.

Table 5.1 Drag area of CFD simulations and wind-tunnel experiments (Experimental) for
comparison with the current study.

Studies ACp (m?) | Deviation (%)
Defraeye et al. (2010a) - CFD 0.142 0.0

Defraeye et al. (2010a) - Experimental | 0.134 5.6

Blocken et al. (2013) - CFD 0.135 4.9

Blocken et al. (2013) - Experimental | 0.134 5.6

Beaumont et al. (2018) - CFD 0.138 2.8

Current study - Preferred TTP 0.142
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Table 5.2 illustrates the drag area ACp, drag coefficient Cp and the frontal area A, deduced
from CAD software, for a cyclist without bicycle for the six different aero handlebar positions.
The frontal area was smallest for TTP 5 cm down (0.329 m?) and largest for TTP 30° and
5 cm up (0.361 m?). Compared to preferred TTP, TTP 30° and 5 cm up and TTP 5 cm up
showed larger frontal areas (5.0% and 2.2%, respectively), while the frontal areas of TTP 30°
up, TTP 5 cm down and TTP 5 cm forward were smaller (0.3%, 4.1% and 0.9%, respectively)
than preferred TTP. The drag coefficient was highest for TTP 30° up, followed by preferred
TTP, and lowest for position TTP 5 cm down. The reduction of drag area in TTP 5 cm
down was 8.5% as compared to preferred TTP. The drag area of TTP 30° and 5 cm up, which
showed the largest frontal area, was the highest, and the drag area for TTP 5 ¢cm down was
the lowest. Compared to the preferred TTP, TTP 30° up, TTP 30° and 5 cm up and TTP
5 cm up showed a higher drag area (1.4%, 3.4% and 0.7%, respectively). It can be seen that
the drag area for TTP 30° up was higher than TTP 5 cm up and preferred TTP, although
it had a slightly lower frontal area. Lowering the frontal area could result in minimising the
resistance force. Still, a decrease in a frontal area alone does not necessarily lead to a lower

drag area.

Table 5.2 Drag area ACp (m?, drag coefficient Cp and frontal area A (m?) for the six aero
handlebar positions.

Positions ACp (m?) | Cp | A (m?)
TTP 30° up 0.144 0.421 | 0.342
TTP 30° and 5 cm up | 0.147 0.407 | 0.361
TTP 5 cm down 0.130 0.395 | 0.329
TTP 5 cm up 0.143 0.405 | 0.353
Preferred TTP 0.142 0.414 | 0.343
TTP 5 cm forward 0.140 0.412 | 0.340

5.4.3 Analysis of velocity and pressure fields, surface pressure and wall shear

stress

Figure 5.4 and 5.5 depict the velocity contours and the pressure coefficient C,, respectively,
in the vertical centerplane for all the six investigated positions. The legend in Figure 5.5 has
been limited to the interval [~ 0.5, 0.5] to highlight the pressure field changes better. It is
evident that changes in handlebar position notably influenced both airstream and pressure
distribution around the cyclist. The impact of aero handlebar alterations and the interactions

between the vorticities generated by the arms and the cyclist’s upper body is demonstrated.
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Figure 5.4 Contours of velocity in the vertica center plane for a cyclist in the six aero han-
dlebar positions (cycling speed is 15 m/s): (a) TTP 30° up; (b) TTP 30° and 5 cm up; (c)
TTP 5 cm down; (d) TTP 5 cm up; (e) preferred TTP; (f) TTP 5 cm forward.
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Figure 5.4c indicates that the flow pattern is a lesser disturbance since a smaller wake was
created. It is evident from Figure 5.5 that the low-pressure regions behind the cyclist resulted
in high local velocities and an increase in total drag (Figure 5.4). The low-pressure regions

(blue color) are regions where the flow is detached.
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Figure 5.5 Contours of pressure coefficient C, in the vertica center plane for a cyclist in the
six aero handlebar positions (cycling speed is 15 m/s): (a) TTP 30° up; (b) TTP 30° and 5
cm up; (¢) TTP 5 em down; (d) TTP 5 cm up; (e) preferred TTP; (f) TTP 5 cm forward.

Figure 5.6 and Figure 5.7 represent the front, side and top views of the pressure coefficient C,),
and the wall shear stress distribution on the cyclist body for the six positions, respectively. It
can be seen that the surface pressure coefficients are maximized at the zones perpendicular
to the direct main flow and minimized at the areas that are not subject to direct flow

impingement, i.e., the sides of arms, the bottom of the cyclist’s torso, the shoulders and legs.
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Lowering the handlebar in TTP 5 cm down relatively reduces the wall shear stresses in the
back of the rider, as seen in Figure 5.7¢, while TTP 30° and 5 cm up (5.7b) with the elevated

handlebar resulted in maximizing the shear stresses.

5.5 Discussion

To the authors’ best knowledge, a detailed aerodynamic analysis and monitoring the phys-
iological responses of different aero handlebar positions have not yet been published. CFD
analysis offers a very efficient platform to obtain higher resolution modeling of flow patterns,
which provides greater insight into the sources of aerodynamic resistance forces. We con-
duct a detailed aerodynamic analysis of altering the time trial handlebar position, and the
gas-exchange variables were collected continuously. The results are evaluated for the drag
area and frontal area of the cyclist, the velocity and pressure fields, surface pressure and wall
shear stress on the cyclist’s body. A maximum deviation of 4.9% indicates a good agreement
for the preferred TTP as compared to previous CFD investigations (Blocken et al., 2013).
This deviation could be due to various CFD techniques and numerical simulations, different
geometry and computational domain and diverse 3D model of cyclists that have been used

for CFD calculations.

Manipulation of the handlebar position affected the physiological parameters insignificantly.
In particular, lowering the aero handlebar in TTP 5 cm down did not limit the physiological
functioning, which would suggest the aerodynamic gains of pedaling at the lowered handlebar.
Our finding supports and complements previous observations that lowering the handlebar
height leading to lowering the torso angle would not impair the physiological performances
(Dorel et al., 2009; Franke et al., 1994; Heil et al., 1997). This trend of relatively unaffected
physiological performances when changing the aero handlebar position could result from the
limited range of torso angles applied during submaximal bouts. Berry et al. (1994) revealed

that the lung volume, VE and VT are not significantly influenced by cyclist body position.

We found that the frontal area, drag coefficient and drag area of TTP can decrease by 8.9%,
2.9% and 11.6%, respectively, for lowering the aero handlebar height and orientation from
TTP 30° and 5 cm up to TTP 5 cm down. The drag coefficients of TTP 30° and 5 cm up
and TTP 5 ¢cm up were closely similar. However, the frontal area of TTP 30° and 5 cm
up was more significant than TTP 5 cm up and accordingly, the drag area of position TTP
30° and 5 ¢m up was higher than TTP 5 cm up. TTP 5 cm down and TTP 5 cm forward
showed the least drag area as well as the frontal area. This confirms the earlier findings of the

reduction of aerodynamic drag caused by decreasing the frontal area and, thus, a decrease in
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Figure 5.6 Front, sides and top views of the surface pressure coefficient C, on the cyclist’s
body for the six aero handlebar positions. (a) TTP 30° up; (b) TTP 30° and 5 cm up; (c)
TTP 5 cm down; (d) TTP 5 cm up; (e) preferred TTP; (f) TTP 5 cm forward.
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Figure 5.7 Front, sides and top views of the surface shear stress distribution on the cyclist’s
body for the six aero handlebar positions. (a) TTP 30° up; (b) TTP 30° and 5 cm up; (c)
TTP 5 cm down; (d) TTP 5 cm up; (e) preferred TTP; (f) TTP 5 cm forward.
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the torso angle (Blocken et al., 2013; Garcia-Lopez et al., 2008).Therefore, one can conclude
that lowering the handlebar position reduces the drag area and is more effective than moving
the handlebar forward. Compared to the preferred TTP, the drag area for TTP 30° up was
1.4% higher than preferred TTP, while TTP 5 cm up showed an increase of 0.7% in the drag
area. This more significant increase is related to the increment of drag coefficient (0.414 vs
0.421 for TTP 30° up and 0.405 for TTP 5 cm up) since the growth in the frontal area of
the cyclist in TTP 30° up was lower than for TTP 5 ¢cm up, as compared to preferred TTP
(0.343 m? vs 0.342 m? for TTP 30° up and 0.353 m? for TTP 5 cm up). This confirms the
Beaumont et al. (2018) finding that lowering the frontal area alone may not necessarily lead

to a reduction in aerodynamic drag.

For all the aero handlebar positions, the distribution of high-pressure areas is discovered on
the front side of the cyclist, leading to the positive pressure coefficient (C,) values. The
low-pressure areas at the shoulders and bottom of the cyclist body are more noticeable for
TTP 30° up and TTP 30° and 5 cm up, while in TTP 5 cm down, pressure gradients on
the back of the cyclist are more limited. Large vortices often developed from these areas
result in an increment in the drag area. Further, the areas with the increased wall shear
stress correspond to zones where the flow separations appear (Beaumont et al., 2018), and
therefore, in the areas in which low-pressure zones are generated (i.e., the areas with negative
pressure gradients), the drag forces increase. In particular, the back of the cyclist in TTP
30° and 5 cm up and TTP 5 ¢cm up (Figure 5.6b and 5.6d, respectively) may be observed
as the areas with the increased drag forces in regions such as head, shoulders and bottom of
the cyclist body. Moreover, comparing the distribution of shear stress shown in Figure 5.7
and the total drag force (17.9 N and 20.3 N for TTP 5 cm down and TTP 30° and 5 cm up,
respectively) revealed that the force caused by pressure is much greater than caused by shear

stress. Thus, the primary resistive force is the pressure force acting on the cyclist.

It is expected that the findings of the present study and its trends are independent of the
anthropometric data of the investigated cyclist. However, future studies should consider less
trained male cyclists and potentially female cyclists to assess the full extent of anthropometric
parameters. Regarding the overall effort for performance evaluation and its optimization of
pedaling in different aero handlebar positions, the joint level power, crank torque and pedal
force of the cyclists associated with riding in various positions should be taken into account.
Future studies should address the potential effects of different TTPs on all the involved

parameters.
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5.6 Conclusion

The present study focused on the physiological responses and aerodynamics of different aero
handlebar positions using the CFD method. The aerodynamic drag of a cyclist with six
different aero handlebar positions has been analyzed, while the shoulder angle and position
of the hands were kept constant. We observed significant differences in aerodynamic drag and
cyclist’s frontal area when the handlebar position is altered. The low drag cases correspond to
the position where the aero handlebar moved down and forward. TTP 5 cm down exhibited
the least value of the drag area. This reduction, which was the combined result of a decrease
in both the frontal area and drag coefficient, will likely outweigh the insignificant increase in
metabolic costs at the investigated cycling intensity. Analysis of pressure distribution on and
around the cyclist and the surface wall shear contours was used to highlight the aerodynamic
effects of variations in the handlebar positions along with the location and the extent of
vortices and flow separation zones. Results indicated that in the positions with the elevated
handlebar, the low-pressure areas at the shoulders and bottom of the cyclist body are more

significant, leading to higher Cp.
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CHAPTER 6 GENERAL DISCUSSION

The present dissertation addresses the performance and aerodynamic evaluation of the cy-
clist’s position with a primary focus on the time trial position and its variations. The overall
objective of this project was to establish and develop a set of tools for the performance eval-
uation of cyclist’s positions. It consists of three parts. In the first part, we proposed and
validated a parameterized quantitative technique for modeling cyclists in different positions
using a markerless system. An evaluation was then performed to determine the influence
of changing the time trial handlebar position on the physiological responses and kinematic
variables of the lower extremities in six different positions while recording the muscle acti-
vation patterns of the lower limb. Finally, in the last part, a detailed CFD aerodynamic
analysis of altering the time trial handlebar position was conducted to determine whether
these alterations could induce cyclist performance. In this chapter, the significant outcomes
of experiments and numerical simulations of the present dissertation are summarized with an

emphasis on the limitations of these approaches and suggested prospects of future studies.

6.1 Summary of Works

One of the main contributions of the thesis is the development and validation of a set of
parameterized tools to model a 3D digital manikin of professional cyclists at a static crank
angle by using a markerless motion capture system. We have presented a fully parameterized
and a low-cost framework to provide a 3D body surface leading to an efficient solution for
modeling various positions and conditions of cyclists with different anthropometric measure-
ments. This is in line with the first objective of the study and its hypothesis, i.e., to establish
and progress an applicable system for conducting the aerodynamic analysis of cyclists in

various cycling positions.

The parameterized Kinect-based technique can define the 3D generated model accurately.
The comparison between our Kinect-based model and the scanner-based model showed a
relatively small difference, which was insignificant, given the anthropometric data variations.
Applying the markerless acquisition (Microsoft Kinect) sensor, particularly for capturing
the cyclists’ anthropometric data, combined with the elliptical zone method of a computer-
aided design software, parametric surface modeling provided the opportunity to conduct
CFD simulations. The reduced aerodynamic drag reflected the positive effect of lowering the

sagittal torso angle. Moreover, The results demonstrated that the simulated and measured
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drag areas were in close agreement with the previous studies.

It is now reasonably certain from the results presented that the parameterized modeling
framework combined with CFD, which has proven to be one of the most useful and widely
employed aerodynamic performance evaluation methods, is a valuable tool to evaluate the
drag of different cyclist’s positions. A substantial advantage of this method is that detailed
information is obtained inexpensively and without complicated setup and technical exper-
tise. Changing the position and modeling various body composition and cycling positions in
CFD simulations require a re-generation of the mesh and time-efficiently adapted numerical
calculation parameters. Therefore, the markerless motion capture system can provide the

conclusive and comparable relative comparison of various cycling positions.

The use of the Kinect-based motion capture method, which acquires the motion data of
the lower limb joints movement along with monitoring muscle recruitment and recording
the physiological responses during pedaling enabled us to properly determine the influence of
changing the time trial handlebar position on lower limb muscle activation patterns and kine-
matic variables under submaximal intensity. In general, the motion capture systems, includ-
ing Kinect, contain errors through inaccuracies of tracking, digitizing, and post-processing of
spatial, positional and orientational data. Limited evaluation of the 3D marker-based systems
in the high-velocity motion, such as cycling, showed that errors due to soft tissue artifacts
and errors in predicting lower joints’ center locations are approximately 2 cm and 5°-10°,
respectively (Bell et al., 1989; Fiorentino et al., 2017). Therefore, the inaccuracy of the 2D
Kinect capturing while recording the sagittal plane is acceptable accuracy since it is similar
to the accuracy of the 3D marker-based systems (Benoit et al., 2006). Moreover, previous
studies showed that markerless motion tracking accuracy could be improved by decreasing
the distance from the object and combining sensor data with fixed anatomy and range of
motion (S. Han et al., 2013; Napoli et al., 2017), like the pedaling motion of a cyclist.

The angle, angular velocity, and range of motion (ROM) of the ankle, knee, and hip joint
of the right lower limb were calculated. Results showed a significant increase in the peak
of ankle and knee angles of TTP 5 cm up compared with TTP 5 cm down, while the peak
value of the hip angle of TTP 5 cm down was greater than TTP 5 cm up. Although ankle
ROM in TTP 5 c¢cm up was greater than TTP 5 cm down, no significant differences were
observed in the knee and hip ROM. The variability of joint ROM could be related to the
cyclists’” anthropometric, and therefore, the recommendations for alterations of cyclist’s po-
sition, including the handlebar, should be applied using individual preferred TTP as we have
addressed in our adjustments. These findings illustrate the emphasis of kinematic evaluation

and its adjustment given that the excessive joint angles are related to injury risk and cycling
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performance (R. Bini et al., 2011), and avoid positions previously associated with injury risk.

One goal of this study was to clarify whether the handlebar position would alter the lower
limb muscle patterns. Investigating, comparing, and analyzing the cause-effect relationships
of biomechanical parameters of the lower extremity that affect the performance of the cyclist
were performed. Our results suggest that altering the handlebar position affects the activity of
muscles, kinematics of leg movement, and the association between them. This relates closely
with lowering the handlebar and the change of pedaling technique through the hip and knee
extension. These findings are of importance because of prevalent bike fitting approaches,

which can reflect changes in cyclist kinematics during cycling at a given position.

From the results, it is concluded that a cyclist may activate the muscles and move more effec-
tively when the handlebars are lower or move forward since hip flexor and extensor changes
are expected given the increase in hip flexion angle. Moving forward is less efficient since
the GMax slightly stretched and RF effectively shortened by this forward tilt, becoming less
effective. The GMax and RF are two dominant muscles that produce the most considerable
amount of torque in cycling. Furthermore, changing the handlebar position forward and
down increased the hip ROM, leading to a deeper pedaling and allowing the foot to pass over
TDC. The latter can prevent the hip from lateral movement from side to side and therefore
retain the drop in power. The higher the handlebar, the less flexion the hip will have at
TDC. That is why the position with the handlebar 5 cm down from the preferred position
is considered the most beneficial performance-related time trial position among the investi-
gated ones. Hence, our second objective, which was investigating the muscle functionality

and kinematics of lower limbs during pedaling in different time trial positions, is achieved.

Finally, we conducted a detailed aerodynamic analysis of altering the time trial handlebar
position while collecting the gas-exchange variables. The drag area TTP 5 ¢m down was
the least value while TTP 30° and 5 cm up showed the largest one. Although moving the
handlebar upward increased the frontal area, results indicated that this increment of the

frontal area might not necessarily increase the drag area due to the drag coefficient changes.

For the TTP 30° up and TTP 30° and 5 cm up, the drag area increased by the low-pressure
regions observed at the shoulders and bottom of the cyclist body and the increased wall
shear stress caused by the zones where the flow separations appear. CFD results have also
shown that in terms of drag area, lowering the handlebar position is more effective than
moving it forward, which is relative to the attempt for the overall improvement of cycling
performance as well as the third objective of this project. Altering the handlebar position
did not affect physiological responses including oxygen uptake, respiratory exchange ratio,

minute ventilation and tidal volume, suggesting that the aerodynamic gains of pedaling at
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the lowered handlebar outweigh the metabolic costs.

The complexity of cycling performance evaluation provides continuing challenges and oppor-
tunities in various aspects. The markerless motion capture system combined with the ellipti-
cal zone method proved to be very applicable, feasible, effective and affordable, resulted in an
accurate enough 3D manikin for the aerodynamic analysis. This study has shown that CFD
holds extensive leverages, which can lead to whole-flow field data and, therefore, produce
enormous detailed insight into the cyclist position’s aerodynamic behavior and performance.
Analyzing different time trial handlebar positions has shown that although moving the han-
dlebar down have not affected the physiological performances significantly, it could reduce
the drag area and improve the produced power through the increased GMax activity and hip

extension angle while pedaling.

6.2 Limitations and future research

Although the accuracy of the acquisition of the markerless sensor was evaluated and con-
sidered to be acceptable, it has been shown that capturing the motions using more than
one Kinect simultaneously can improve accuracy through specific approaches, such as the
multi-Kinect trilateration approach (L. Yang et al., 2015). Furthermore, emphasis on more
sophisticated algorithms for reducing the noise of depth data and captured sequences would

simplify the reconstruction, allowing surfaces to converge higher resolution data quicker.

The focus of this investigation was directed towards the performance of muscle activities,
kinematics and aerodynamics in trained cyclists. We did not analyze the performance of
novice cyclists, which could provide more extensive insight into the involved parameters. A
further limitation relates to the effect of pedaling cadence manipulation during cycling in
different positions that have not been considered. Although cadence was not interrupted
due to concerns regarding its interference with the biomechanical performance, cyclists were
instructed to maintain the predetermined cadence using a visual display mounted in front
of them. However, previous studies indicated that the lower limb muscle activation patterns
and contractions could vary with cadence variations (Baum & Li, 2003; Marsh & Martin,
1995; Sanderson et al., 2006). Therefore, the covariate effect of various range of pedaling
cadences on different handlebar positions’ biomechanical performance could be beneficial in
future studies. Also, it is suggested to collect EMG of both right and left legs while recording

the kinetic data, including the effective force on the seat and handlebar, as well as kinematics.

Although collecting the high-resolution pedal force data provides a means of directly eval-

uating each lower segment’s force production, pedal forces were not recorded in this study.
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The 2D and 3D pedal forces can be measured using strain gauges or piezoelectric elements
implemented in the pedal (Broker & Gregor, 1990). However, the shoe clip is restricted to
the built-on pedal system that restricted the use of standard pedal cleats commonly used in
cycling, forcing participants to change their pedal-shoe interface and readjust the foot posi-
tion (Drouet et al., 2008; Wangerin et al., 2007). Therefore, future studies should perform
tests on the ergometer mounted on the force plate to allow the 3D pedal force measurement

while cyclists using their own shoe and pedal system.

Another limitation encountered in practical operation is that the saddle position and incli-
nation were kept constant while altering the handlebar positions to consider the relationship
of different parts of the bike frame. However, cyclists and triathletes commonly modify the
handlebar position and saddle adjustment simultaneously to improve cycling comfort. Fur-
ther research should evaluate the cofounding effect of the handlebar position on the saddle

height and tilt angle and their biomechanical performance interactions.

The CFD simulations applied for different time trial handlebar positions were based on the
same cyclist’s parameterized 3D body model. Our intention was to eliminate anthropometric
bias in comparing the various positions. Although the obtained aerodynamic parameters,
i.e., the frontal area, drag coefficient and drag area, will vary for individuals, it is expected
that the patterns resulted from the CFD analysis will be consistent between different cyclists.
Finally, the CFD simulations were conducted with the assumption of static legs, which was
based on earlier research that showed the flow topology of a pedaling cyclist, averaged over
one pedaling revolution, is similar to that of the same cyclist with the crank at the related
phase of leg rotation (Crouch et al., 2016). Nevertheless, the effect of high pedaling frequency
is predicted to be similar for all the submaximal tested positions. Future research should pay

more attention to these limitations to improve our numerical model.
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS

To date, a considerable body of research has sought to understand the effects of cyclists’
positioning on cycling performance. However, the biomechanical and aerodynamic outcomes
of altering the handlebar position have not been sufficiently specified. The present work is
designed to be the first to consider the handlebar position effects on the performance exten-
sively. In particular, this thesis was dedicated to examining cyclists’ performance in various
time trial positions using a markerless motion capture system. Although both Kinect sensors
and elliptical zone techniques have been used separately in clinical and biomechanical appli-
cations, this is the first time combining these methods is attempted. This study demonstrates
that the parameterized modeling framework developed and validated as part of this thesis
has the potential to provide reliable, applicable, and affordable data for conducting a further

aerodynamic analysis of cycling position.

The biomechanical evaluation of muscle recruitments in various handlebar positions showed
that changing the aero handlebar position influenced the pattern and timing of monoarticular
muscles of the hip and knee (GMax and VL). Furthermore, the hip extension angle increased
when lowering the handlebar; however, the knee and ankle angles declined. Although we
cannot directly conclude on implications for performance, reducing the handlebar position

seems beneficial.

Finally, from the CFD simulations of six different handlebar positions, it was clearly shown
that there were significant differences in aerodynamic drag and cyclist’s frontal area when the
handlebar position altered. The lowered handlebar position exhibited the least value of the
drag area, which exceed the metabolic cost of respiratory work. This reduction resulted from
a decrease in both frontal area and drag coefficient related to the limited pressure gradients
on the back of the cyclist. Results have also shown that lowering the handlebar position is

more effective than moving it forward in terms of drag area.

The findings provide practical understanding to researchers, clinicians and coaches regarding
muscle recruitment when altering the handlebar. Lowering the handlebar position has proven
to have likely a moderately positive effect on the biomechanical performance as well as gain

aerodynamic benefit.
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