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Abstract

The aim of this thesis was to define a methodology for the posture selection of cyclists, based on
guantitative indices representing the rider's performance and interaction with the bicycle.

A methodology based on an optimization problem was proposed. The methodology seeks to find a
posture that minimizes race time. The race time is computed for each posture considering the
cyclist's power delivery capacity and drag area in the specific posture. The solution is constrained by
thresholds of exposure to vibrations and pressure, which are associated with the race time. For the
computation of the race time, specific race conditions as the distance, road grade, wind speed, and
environment are considered. Methods to characterize the drag area, power delivery capacity,
pressure in contact areas, and vibrations transmitted were defined.

The methodology was employed for the posture selection and optimization of a group of cyclists
riding on aerobars postures. Two postures were defined by the bicycle's fitting window at the upper
and lower limits of the aerobars' height. The posture selection and optimization were performed
for five bicycle-cyclist sets of varied characteristics. For the methodology's implementation, a short
individual time-trial race and various road inclinations and wind speeds were considered.

The results showed that reducing the aerobars' height improved the drag area and deteriorated the
power delivery capacity, pressure on the saddle, and vibrations on the saddle for all the tested
cyclists. It was observed that the vibrations on the saddle imposed the strictest constraint for the
cyclists, limiting the feasible exposure time and, in some cases, modifying the result obtained if the
posture was selected considering only performance. Even though tendencies were observed in the
variables characterized for the group of cyclists, it was found that the optimal posture selection
depends on each cyclist and bicycle's characteristics and the race conditions. Regarding the
characteristics of the cyclist and the bicycle, it was found that the drag area to power delivery
capacity ratio and the saddle vibration of each rider in each posture govern the posture selection
process. Regarding the race conditions, it was found that posture selection depends on the
longitudinal wind speed, the road inclination, and the race distance. It was also found that
intermediate aerobars' heights become optimal solutions only for race scenarios in which the
constraints restrict the selection of posture. It was concluded that the selection of posture is a non-
trivial process that should consider the trade-off between the possible improvements on
aerodynamic drag and the losses in power delivery capacity and comfort on the saddle.

The methodology developed can be used as a tool for the selection and optimization of cyclists'
posture considering objective measurements of performance and interaction variables. A
methodology that simultaneously considered aerodynamics, power delivery capacity, pressure, and
vibration was not previously available.
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Nomenclature and Acronyms

CHAPTER 3:
MEASUREMENT OF AERODYNAMIC DRAG

SYMBOL VARIABLE / PARAMETER UNITS
A Projected frontal area [m?]
a Longitudinal acceleration of the bicycle [m/s?]
b Vector with data of the linear identification problem [-]
Br Bearing resistance [N]
cq Parameter of equivalent bearing resistance [N]
Cy Parameter of equivalent bearing resistance [N.s/m]
Cp Drag coefficient [-]

CpA Drag area [m?]

D Aerodynamic drag [N]
F. Tractive force on the rear wheel [N]
fr Rolling resistance coefficient [-]
Fy f Normal interaction of the road with the front wheel [N]
Fy Normal interaction of the road with the rear wheel [N]
g Gravitational acceleration [m/s?]
Gy Weight component in the longitudinal direction [N]
Gy Weight component in the perpendicular direction [N]

I Rotational inertia [kg.m?]
m Total translational mass kgl
M Matrix of the linear identification problem [-]

M, Equivalent mass kgl

N Number of time intervals used for the identification [-]

P Power delivered by the cyclist (W1
T Effective wheel radius [m]
R Rolling resistance on the front wheel [N]
R, Rolling resistance on the rear wheel [N]
R, Total rolling resistance [N]
vy Bicycle speed [m/s]

Vw /b Speed of the wind relative to the bicycle [m/s]

X Vector of unknowns of the linear identification problem [-]

n Power transmission efficiency [-]

0 Road inclination angle [rad]
p Air density [kg/m3]




Nomenclature and Acronyms

CHAPTER 4:
MEASUREMENT OF POWER DELIVERY CAPACITY

SYMBOL VARIABLE / PARAMETER UNITS
AWC Anaerobic work capacity ]
FTP Functional threshold power [W]
HR Heart rate [bpm]
LT Lactate threshold [mmol/min]
P Power delivered by the cyclist W]
P. Critical power [W]
trot Time / Duration [s]
VO, Oxygen uptake [ml/kg.min]
w' Work above the critical power A
CHAPTER 5:
MEASUREMENT OF PRESSURE IN CONTACT AREAS
SYMBOL VARIABLE / PARAMETER UNITS
Ar Contact area matrix [-]
cop Center of pressure [-]
COPyat time Lateral position of the center of pressure (for each time step) [cm]
S Global longitudinal position of the center of pressure (average [cm]
COPion of COPjyn cycie for total time)
COPoncycle Longitudinal position of the center of pressure (average of [cm]
COPyon time for a pedaling cycle)
COPyon time Longitudinal position of the center of pressure for each time [cm]
step
FTP Functional threshold power [W]
p Pressure of sensor [kPa]
17 Global average pressure (average of pgyg cycie fOr total time) [kPa]
Da Acceptable pressure threshold [kPa]
Pavg,cycle Average pressure (average of pyyg rime for a pedaling cycle) [kPa]
Pavg,sensor Average pressure on each sensor over time [kPa]
Pavg,time Average pressure of the contact area for each time step [kPa]
Ppeak Max. average pressure over time: peak value of pgyg sensor [kPa]
Py Pressure threshold [kPa]
te Exposure duration [h]
ts Time step [s]
tiot Total registered time [s]
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CHAPTER 6:
MEASUREMENT OF VIBRATION TRANSMISSION

SYMBOL VARIABLE / PARAMETER UNITS
a, Acceptable acceleration threshold [m/s?]
Qg seatpost Acceptable acceleration threshold for the seatpost [m/s?]
Agstem Acceptable acceleration threshold for the stem [m/s?]
Arer Reference acceptable acceleration exposure [m/s?]
a, Vibration total value [m/s?]
ay, Weighted acceleration (rms) [m/s?]
Ayiat Weighted rms acceleration on lateral axis [m/s?]
Ayion Weighted rms acceleration on longitudinal axis [m/s?]
Ayver Weighted rms acceleration on vertical axis [m/s?]
[o Weighted rms acceleration on x axis [m/s?]
Ayyy Weighted rms acceleration on y axis [m/s?]
Az Weighted rms acceleration on z axis [m/s?]
Ayt Weighted rms acceleration of exposure 1 [m/s?]
Ao Weighted rms acceleration of exposure 2 [m/s?]
PSD Power spectral density [(m/s?)?/Hz]
rms Root mean square [-]
t Time [s]
te Exposure time [h]
Trer Reference exposure duration [h]
T; Exposure duration 1 [h]
T, Exposure duration 2 [h]
tiot Duration of measurement [s]




Nomenclature and Acronyms

CHAPTER 7:
EFFECT OF POSTURE ON CYCLIST'S PERFORMANCE AND INTERACTION WITH THE BICYCLE

SYMBOL VARIABLE / PARAMETER UNITS
AyaB Vibration total values measured close to the aerobars [m/s?]
Ays Vibration total values measured close to the saddle [m/s%]
C1 Parameter of equivalent bearing resistance [N]

cy Parameter of equivalent bearing resistance [N.s/m]
CpA Drag area [m?]
fr Rolling resistance coefficient [-]

g Gravitational acceleration [m/s?]
Ik Restrictions of the optimization problem [-]
h Height of the aerobars [mm]
H Set of aerobars' heights [-]
hq Lower limit of aerobars' height (posture: ABlow) [mm]
h, Upper limit of aerobars' height (posture: ABhigh) [mm]
m Bicycle-cyclist set mass kgl
p Average power delivery capacity (W]
Dag Global average pressure on the aerobars (elbow pads) [kPa]
DpaB Percentage of pyp respect to piuap [%]
Pps Percentage of ps respect to p;ps [%]
Ds Global average pressure on the saddle [kPa]
DPthaB Pressure threshold on the aerobars (elbow pads) [kPa]
Dihs Pressure threshold on the saddle [kPa]
te Exposure duration [h]
t, Total race time [s]
VB Percentage of a, 45 respect to Vg [%]
Vs Percentage of a,s respect to Vi [%]
Vinag Vibration thresholds on the aerobars [m/s?]
Vins Vibration thresholds on the saddle [m/s?]
vy Bicycle speed [m/s]
Uy Wind speed (positive: headwind) [m/s]
X, Race distance [m]
n Power transmission efficiency [-]
0 Road grade [rad]
p Air density [kg/m3]
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CHAPTER 1. Introduction




Introduction

During cycling, the body adopts a posture different from the habitual (e.g., standing, seated,
reclined), which is determined by the cyclist anthropometry and limited by the bicycle geometry.
The posture of the rider is relevant because it can worsen or improve the riding experience. For this
reason, the modifications of posture in cycling are usually driven by the improvement of
performance and comfort [1].

The interest of cyclists of different levels, from recreational to professional, in performance is clear,
as its improvement is a common general objective when practicing sports. In cycling, performance
is affected by internal and external factors. Internal factors are inherent to the cyclist as the capacity
to deliver power. External factors are related to the interaction with the environment, which are
presented as resistive forces opposing the motion. Examples of resistive forces are the aerodynamic
drag, rolling resistance, and gravity acceleration. The posture of cyclists can influence both their
capacity to deliver power and their aerodynamic drag. Regarding the capacity to deliver power, it
has been reported that humans' muscle fatigue and endurance vary according to the body tilt angle
and the limbs' position relative to the heart [2]. Nevertheless, there is no general agreement about
the effect of body posture variation in power delivery capacity. Some authors have reported
improvement in power output by changing the posture [2]-[8], while others have reported that
there is no relevant effect [9], [10]. Regarding aerodynamic drag, it is related to the bicycle-cyclist
set's drag area. The drag area is the product of the drag coefficient and the projected frontal area.
The drag coefficient considers factors like shape, position, and airflow and depends on the Reynolds
number. The effective frontal area, and hence, the aerodynamic drag, depend on the cyclist's
posture. The improvement of aerodynamic drag due to variations in posture has been reported by
several authors [11]-[16]. It is worth highlighting that the selection of postures in cycling is a non-
trivial process as it considers a trade-off between aerodynamic drag and power delivery capacity
(6], [8].

From a survey performed in this study to 60 recreational-level (37%), amateur (60%), and
professional cyclists (3%), it was found that, when modifying the posture in the bicycle, 63%
prioritized comfort, 12% prioritized performance, and the remaining 25% aimed at a balance
between performance and comfort. The survey results highlight that even though performance is
one of the main goals in cycling, comfort is even more relevant. The reason associated with the
relevance of comfort in cycling is that discomfort can lead to pain and overuse injuries, which can
end up forcing the cyclist to stop practicing the activity temporarily. Discomfort is common in cycling
because of the restrictions that the bicycle imposes on the rider. The main restrictions are that the
rider's whole weight is loaded in three small contact areas (i.e., buttocks-saddle, hand-handlebar,
and feet-pedals), and the trunk is in flexion for the rider to remain in contact with the saddle and
the handlebar. These conditions, combined with riding sessions that can be extended for hours, lead
to scenarios of frequent discomfort and possible overuse injuries (i.e., musculoskeletal disorders,
compression neuropathies, joint pain, and numbness). According to Dettori [17] and Wilber [18],
85% of cyclists report having one or more overuse injuries, of which 35% required medical
intervention.

Comfort is a highly subjective variable that depends on each person's mental and physical state,
background, and expectations [19], [20]. For this reason, its assessment is difficult. As a subjective
variable, it has been registered through visual scales in which the rider selects a level of discomfort
[21]-[23]. Other variables as vibration transmission and pressure in contact areas have been used to
objectively quantify comfort as a consequence of the interaction between the bicycle and the rider.
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These two variables are relevant in cycling because of their potential negative effects on the rider
depend on the time of exposure, which is considerable for cycling activities. In addition, these
variables are influenced by the rider posture, among others, as its anthropometry, and the geometry
and materials of the bicycle components. Regarding pressure, it has been reported that the body
posture affects the pressure between contact areas [24], [25] as the location of the center of mass
and load distribution vary. For example, pressure increases in the saddle and decreases in the
handlebar as the cyclist adopts a vertical posture, increasing the probability of saddle sores [26].
Additionally, the pressure fields at each contact point are of interest. Some studies have addressed
the pressure characteristics in saddle [22], [24], [25], [27]-[30]. To a lesser extent, pressure
characteristics in the handlebar [31] and pedals have been analyzed [32]. Regarding vibration, it has
been reported that hand position and wrist angle have a significant effect on the vibrations induced
to the cyclist [33]. Even though there is not a wide amount of information available, posture is
generally identified as one of the test conditions to control when studying the vibrational behavior
of bicycle-cyclist sets.

The selection and modification of posture for cycling is a common activity. From the 60 cyclists that
replied to the survey, 100% had performed at least one modification to the bicycle geometry
consisting of the saddle's height. There are different methods to fix the bicycle's geometry (i.e.,
perform a bicycle fitting). From the answers of the group of cyclists, it was found that the most
frequent method to fit the bicycle was a commercial fitting in a specialized store (42%). Other
approaches used were a trial and error method while riding (19%), searching on the internet for
suggested measurements according to the body characteristics (14%), using the recommendations
of a friend or acquaintance (13%), or by visual inspection on the store where the bicycle was bought.
These methods used different tools and different information to perform bicycle modifications. In
general terms, these approaches aim at improving performance using aerodynamically efficient
postures (usually by reducing the frontal area) and reducing discomfort (usually by asking the rider
for the perception of comfort). Currently, there are no reports in the literature about the selection
of posture in cycling considering the aerodynamic drag, the power delivery capacity, the vibration
transmission, and the pressure in contact areas simultaneously. Even though there are studies
regarding the effect of posture on performance and interaction, further exploration is needed. The
main reason is that the information available has been obtained with different methodologies and
not for the same body postures. For this reason, the information cannot be directly compared.
Additionally, for the power delivery capacity, there is no general agreement about the effect of
posture. For the aerodynamic resistance, most of the experiments are performed in a wind tunnel,
which requires resources that may not be widely available for research. For the pressure
distribution, there is no available information regarding pressure in all contact points. Finally, for
the vibration transmission to the cyclist, there is no information about the effect of posture variation
beyond hand position and wrist angle.

This project's overall goal is to understand better the relationship between road cyclist's posture,
performance, and interaction with the bicycle so appropriate postures can be suggested depending
on the riding conditions (i.e., rider and bicycle characteristics, road grade, and wind speed). For
performance analysis, the capacity to deliver power and the aerodynamic drag are used to estimate
the total race time, considering a possible trade-off between them. For cyclist-bicycle interaction,
the pressure in contact areas and the vibration transmission to the rider are studied considering
their dependence on exposure time.
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1.1. RESEARCH OBIJECTIVES

The research's general objective is to propose postures for bicycle-cyclist sets under specific riding
conditions (i.e., characteristics of the cyclist, bicycle and road, and cyclist objectives) considering the
relationship between posture, performance, and interaction with the bicycle.

A scheme of the specific objectives is presented in Figure 1.1. The four specific objectives defined
for the research project and the associated hypotheses are described below.

i Aerodyn. Power E

} drag delivery H

e Performance o
Q‘D\"’c o | Objective 4

3 : Identification of
Postural 8 adequate postures
parameters > 5

Yory, .

e 5 Interaction

1

1

i

i Interface  Vibration
1

! pressure transm.
1
i

Figure 1.1. Methodology of the research.

1.1.1. Objective 1

Investigate the relationship between cyclists' body posture and performance regarding
aerodynamic drag and power delivery capacity.

Objective 1 aims at revising the effect that variations of posture have on the performance of a
cyclist. On the one hand, the posture influences the effective frontal area of the cyclist-bicycle set,
which directly impacts the resistive force due to the surrounding air. On the other hand, the power
delivery capacity is affected by posture due to the muscles' biomechanics and the respiratory
function. Given that posture influences aerodynamic drag and power delivery capacity, optimal
postures in cycling represent a compromise between power output and aerodynamics [16].

Experimental tests are performed to estimate the cyclist's capacity to deliver power and estimate
the drag coefficient of the bicycle-cyclist set for the same postures.

It was hypothesized that power delivery capacity and aerodynamic drag vary with the posture. It
was also hypothesized that the direction of improvement is the opposite for power delivery and
aerodynamic drag (i.e., they are competitive).

1.1.2. Objective 2

Investigate the relationship between cyclists' body posture and interaction between cyclists and
bicycles regarding pressure in contact areas and vibration transmission.

10
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Objective 2 aims at studying the effect that variations of posture have on the interaction between
the bicycle and the cyclist in terms of pressure in contact areas and vibration transmission. The
pressure in contact points is affected by the posture due to an effect of load transfer (i.e., the
pressure between contact points) and the segment that is effectively in contact with the bicycle (i.e.,
the pressure in each contact point). The vibration transmission is affected by the cyclist's posture as
its mass is relevant compared with the bicycle's mass, affecting the system's dynamic behavior.

Experimental tests are performed to measure pressure distribution in contact points and to
estimate the vibration transmitted to the rider.

It was hypothesized that pressure in contact points and vibration transmitted to the cyclist vary with
the posture. A trade-off between the interaction indices and performance indices with conflicting
directions of improvement was also hypothesized.

1.1.3. Objective 3
Define regressive models to describe posture-performance and posture-interaction relations.

Objective 3 aims at defining mathematical models that describe the variation of performance and
interaction as a function of postural parameters. The models are constructed from the experimental
data obtained during the development of objectives 1 and 2 for the same body postures.

It was hypothesized that mathematical models could be constructed to represent performance and
interaction as a function of postural parameters.

1.1.4. Objective 4

Propose an optimization model to suggest adequate body postures depending on the riding
conditions and cyclists' objectives.

Objective 4 aims at combining the information gathered on the relationship between road cyclist's
posture, performance, and interaction with the bicycle. An optimization model is proposed to allow
suggesting postures according to the cyclist requirements and constraints on performance and
interaction with the bicycle.

It was hypothesized that for a specific cyclist-bicycle set, it is possible to determine postures
considering performance and interaction indices simultaneously.

1.2. GENERAL METHODOLOGY

The methodology to achieve the general objective is presented in this section divided into four
stages, as presented in Figure 1.2. The stages correspond to the processes to identify adequate
postures for bicycle-cyclist sets. An adequate posture aims at improving bicycle speed while
reducing the probability of overuse injuries due to high pressure or vibration transmission to the
rider.
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Case of study

|

Characterization

!

Regressive models

!

Optimization
(posture selection)

Figure 1.2. General scheme for posture identification.

The process begins with establishing the case of study, which is composed of the cyclist, bicycle,
road, wind speed, and postural parameters to vary. Then, the aerodynamic drag, power delivery
capacity, pressure in contact areas, and vibration transmission are characterized for the bicycle-
cyclist set for the postures defined by the variation of the defined postural parameters. Afterward,
the information of the measured postures is used to approximate the behavior of the aerodynamic
drag, power delivery capacity, pressure in contact points, and vibration transmission of intermediate
postures. Finally, an optimization model is used to select the posture that leads to the best race time
meeting the limits related to interaction constraints. A detailed scheme of the process is presented
in Figure 1.3.

Case of study

‘ !} ] v
Aerodynamic Power delivery Interaction Vibration
drag capacity pressure transmission
¥ ¥ ! {
Regressive model Regressive model Regressive model Regressive model

I |
}

Time to complete
a distance

A y

Restriction Restriction

l

Optimization
(posture selection)

Figure 1.3. Detailed scheme for posture identification.
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1.3. DOCUMENT STRUCTURE

This thesis document is organized following the blocks of the research methodology presented in
Figure 1.3. Chapter 2 describes the case studies analyzed in this project detailing the postures and
bicycle-cyclist sets' characteristics. Chapters 3 to 6 present the methodologies used to characterize
the aerodynamic drag, power delivery capacity, pressure in contact areas, and vibration
transmission, respectively. Each chapter includes a literature review of studies addressing the effect
of posture in the variable addressed and presents the methodology and the results of its
implementation to characterize the bicycle-cyclist sets included in the study. It is verified that each
methodology is able to identify differences due to the variation of posture selected for the cases of
study. In chapter 7, a methodology for selecting and optimizing postures based on the optimization
of race time constrained by the interaction variables is presented. The methodology is implemented
using the data registered in previous chapters for the bicycle-cyclist sets under study. Chapter 8
presents the general conclusions of the project. Finally, chapter 9 contains the references, and
chapter 9, the appendices of the document.
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2.1. ABSTRACT

The methodology proposed in this research to study the effect of posture on performance and
interaction indices was implemented on a group of cyclists riding their own bicycles in two different
postures. The characteristics of the bicycle-cyclist sets and the postures studied are fundamental
for understanding the results obtained in this research's core chapters (i.e., Chapters 3 to 7). This,
because the performance and interaction variables have a strong dependence on the bicycles,
cyclists, and postures assessed. For this reason, the characteristics of the riders, bicycles, and
postures tested in the implementation of the methodology are described in this chapter. It is worth
highlighting that this chapter is purely descriptive.

Five recreational-level cyclists (one woman and four men, mass: 73.8+11.8 kg, height: 1.75 £0.06 m,
age: 35.0+6.7 years) voluntarily participated in the study. The riders participated in the study riding
their own bicycles. Road bicycles of different qualities were included in the study. Bicycle-cyclist sets
with varied characteristics were included to compare the results obtained for different cases.

The postural parameter selected for the implementation of the methodology was the height of the
elbow pads while riding in aerobars. The postures tested were defined from each bicycle's fit
window as the upper and lower limits of the aerobars' height. The difference between aerobars'
height varied between 40 mm and 55 mm for each set.

2.2. BACKGROUND ON THE DEFINITION OF POSTURE IN CYCLING

The posture of a cyclist is defined by the bicycle's geometry and the body's positioning itself.
Regarding the positioning of the body, the cyclist can modify the posture, independently from the
bicycle's geometric configuration, by varying the location and characteristics of the contact points
with the bicycle, the inclination of body segments, or the curvature of the trunk. Regarding the
variation of posture due to the bicycle's geometry, it defines the general location of the contact
points with the rider.

2.2.1. Location and characteristics of the contact points with the bicycle

The contact points are buttocks-saddle, hands-handlebar, and feet-pedals. For example, the
buttocks can be repositioned in the saddle by moving forward or backward or tilting the pelvis. The
hands can also be positioned in different handlebar spots for upright or aerodynamic postures or
better maneuverability. The cyclist can also be positioned in aerobars. In this particular case, the
elbows are also in contact with the bicycle, replacing the hands-handlebar contact point. Finally, the
feet are rarely modified with respect to the pedals as the shoes are fixed to the pedals. The
variations in this point are usually performed by modifying the bicycle. The only modification that
can be performed at this point is the position and orientation of cleats. The variation in these
parameters is exemplified in Figure 2.1.
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Figure 2.1. Variation of posture due to the location of contact points.

2.2.2. Inclination of body segments

The angular position of the forearms, arms, and trunk modify the posture. For example, in upright
postures, the forearm and arm tend to be aligned (i.e., approximately 180 °). The angle of the
head/neck can also be varied, modifying the posture. For aerodynamic postures, cyclists seek to

reduce the frontal area by, for example, lowering the head. The variation in these parameters is
exemplified in Figure 2.2.

&

Figure 2.2. Variation of posture due to body segment orientation. Example: elbow angle. Left: straight arms, Right: bent
arms.

2.2.3. Curvature of the trunk

The trunk curvature is modified by the pelvis and chest rotation, as exemplified in Figure 2.3.

Figure 2.3. Variation of posture due to trunk curvature.
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2.2.4. Bicycle geometry

The size of the frame constraints the range of the position of the contact points, and the
configuration of the saddle, handlebar, and crank arm specify the location in the space. The saddle
can be moved longitudinally (i.e., front, rear) by adjusting the saddle on the seat post and vertically
by adjusting the seat post. The handlebar can be moved longitudinally and vertically with spacers
on the handlebar post and longitudinally by changing the stem. Finally, the longitude of the cranks
can be varied to modify the position of pedals. If the cyclist uses aerobars, the elbows' position can
be modified depending on the aerobars vertically, longitudinally, and laterally. The main parameters
for the geometric configuration of a bicycle are presented in Figure 2.4.

LU

[ e g

Figure 2.4. Variation of posture due to the location of contact points defined by the bicycle geometry.

2.3. POSTURES CONSIDERED FOR THE METHODOLOGY
IMPLEMENTATION

For the implementation of the methodology proposed in this research to study the effect of posture
on performance and interaction indices, one postural parameter was chosen to define the tested
postures. It was defined that the implementation would be performed in aerobars postures
differentiated by the height of the aerobars. This section describes the postures tested and the
reasons for their selection.

2.3.1. Aerobars posture

The use of aerobars' postures is frequent in competitions in which the aerodynamic drag is relevant,
and the danger of collision with other riders is relatively low. Examples of the events are most
triathlon events and specific road cycling events (i.e., road time trials, individual and team pursuit,
and short track time trials [34]). In events as mass-start races, the use of aerobars is not allowed
because of the potential damage to other cyclists in case of an accident. The main advantage of
using aerobars is the possibility of projecting the body forward; this means higher trunk flexion and
knees anterior position [35], leading to lower drag areas. The main disadvantages are lower stability
for steering and control [36].

The aerobars' postures are of particular interest in cycling because of their positive impact on
aerodynamic drag reduction. In a first approach, an aerobars posture is designed to optimize
aerodynamics by narrowing the arms, lowering the chin, and keeping the knees in [37].
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Nevertheless, it has been reported that in aerobars posture, the power delivery capacity is
negatively affected [6], [7], [38]-[42] and that the contact with the saddle area is concentrated in a
smaller area leading to higher pressures in the anterior zone (i.e., compression of the genital area)
[30], [37], [42]. Additionally, the advantages of riding in this posture regarding the time to complete
a distance are significant only if the rider can sustain the posture during the race. For this reason,
the trade-off between performance and other indices related to the interaction with the bicycle
(e.g., pressure in contact points, vibration transmission, and comfort evaluation) is relevant for this
scenario.

Several studies have analyzed the difference in performance when the posture is varied from an
upright posture to an aerobars posture, and some studies have included in the analysis drops
posture as an intermediate posture. The effect of changing from an upright posture to an aerobars
posture has been studied on the capacity of power delivery [6], [7], [39], [41], the aerodynamic drag
[40], and the pressure in the buttocks [30], generally concluding that in aerobars postures the power
delivery capacity decreases, the frontal projected area decreases, and the potential for overuse
injuries in the buttocks-saddle contact increases. Nevertheless, few studies have focused on the
relevance of small modifications among the aerobars' postures. For example, different head/helmet
and torso inclinations and positions of the elbows and saddle have been tested, concluding that
these variables influence the aerodynamic drag while riding in aerobars postures [11], [13].
Similarly, from tests performed with different trunk angles, it was concluded that lower torso angles
reduce the capacity to deliver power [38]. The effect of handlebar height and separation effect on
aerodynamics was studied in [43], concluding that both affect the drag area. Appendix 2.1 presents
further information about studies performed for aerobars postures. In addition, there is a gap in the
guidelines to correctly define aerobars' postures concerning the guidelines for traditional postures.
In the case of aerobars, it has been described for the arms that the upper arm should be
approximately vertical with the elbows slightly ahead of the shoulders [37] forming an elbow angle
close to 90° [44] and that the standard elbow spacing is 120 mm [13]. For the trunk and lower body,
it has been suggested to maintain the hip flexion between 90° and 105° [44], slightly move the
saddle forwards and upwards, and tilt it down when changing from a traditional posture to aerobars
[45]. For this reason, some cyclists select their aerobars posture aiming for an aerodynamically
aggressive posture and limiting it by their estimation of their capacity to sustain the posture (i.e., a
trial and error approach).

2.3.2. Height of aerobars

The postural parameter selected is the height of the aerobars. This parameter was chosen because
of three main reasons. First, the postures in aerobars are strongly defined by the bicycle geometry
as the elbows are in contact with the bicycle, restricting the riders' movement; for this reason,
aerobars postures are more repeatable than traditional postures. Second, the height of the aerobars
can usually be varied in a relatively wide range using spacers. Third, the effect of the positioning of
aerobarsis of interest due to its low aerodynamic drag; nevertheless, aerobars' postures are difficult
to sustain as they impose more strict restrictions on the rider, increasing discomfort.

The aerobars' height can be modified in three ways depending on the bicycle's fit window. First, the
number of spacers on the stem can be varied. Second, the stem can be rotated or changed for
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another stem with a different angle. Third, using spacers for the elbow pads. Figure 2.5 presents
examples of handlebars with built-on aerobars and clip-on aerobars.

Figure 2.5. Examples of different types of handlebars with aerobars. Left: bu)'/t-on aerobars. Right: clip-on aerobars.

Stem spacers

"
"

P

2.3.3. Postures characterized: Aerobars high (ABhigh) and Aerobars low (ABlow)

For the implementation of the methodology, two postures were tested: with the aerobars in the
highest and lowest configurable limits of the bicycle (i.e., ABhigh and ABlow, respectively). The
differences between the postures are defined only by the bicycle's geometry, varying mainly the
trunk's angle. Besides the aerobars' height adjustment, the following considerations were made for
each bicycle-cyclist set:

2.4.

Constant lateral and longitudinal position of pads with respect to the handlebar mount. The
position of the elbow pads on the supporting structure was not modified.

Constant lateral distance between pads and stem. The lateral position of the aerobars was
measured and kept constant over the tests. It was verified that both aerobars were
symmetric with respect to the sagittal plane.

Constant angle with respect to the floor. A level was used to verify that the aerobars were
installed at a 0 degrees angle (i.e., parallel to the ground).

Constant saddle height. The saddle height was not modified for the tests with the objective
of using the condition in which the cyclist is used to ride.

Constant longitudinal position of hands. The rider was instructed to keep the hands in a
constant position.

Constant trunk's curvature and buttocks' position on the saddle. The rider was asked to ride
naturally and comfortably with constant postures.

BICYCLE-CYCLIST SETS CONSIDERED FOR THE METHODOLOGY
IMPLEMENTATION

This study was performed in terms of bicycle-cyclist sets. It was decided that each rider should be
characterized on their own bicycle to represent real riding conditions. With this choice, it was
guaranteed that the variables measured would not be affected by the bicycle components. For
example, the use of a different saddle could affect power delivery or pressure in contact areas.
Another example is that the use of a different handlebar could affect handling with possible

20



Cases of study

implications on maneuverability and hence, security. In addition, with this choice, the postures
tested for each rider are close to the postures usually used by them.

From the choice of including bicycle-cyclist sets, it is considered that each set is a particular case.
For this reason, different variations of the aerobars' height are included in the study as this variable
depends on the fit window of each bicycle. Also, given the wide variability of characteristics between
bicycles and cyclists, it is expected for some variables as the drag area parameters to present a trend
for the group of cyclists. In contrast, for variables as the pressure in contact areas, it is expected to
find specific patterns for each set.

Five cyclists voluntarily participated with their bicycles in the implementation of the methodology
proposed in this research. The riders signed an informed consent form (see Appendix 2.2). Different
types of riders and bicycles were included in the study to explore the results obtained for riders and
bicycles with specific characteristics. Also, the inclusion of a group of cyclists with varied
characteristics allows exploring possible scenarios that can be found during the posture selection
process. The group of cyclists was selected to include riders of both genders (four male and one
female), with different ages (a male rider for each of the age categories Senior/Elite, Masters A,
Masters B, and Masters C), and different anthropometrical characteristics (four classified as healthy
weighted and one as overweighted). The common characteristics of the group of riders included in
the study are that they were recreational level cyclists, had experience in road cycling, had
participated in cycling or triathlon races, and had experience riding in time-trial postures with
aerobars. In addition, the participants reported they had no injuries that could affect their cycling
performance. Finally, considering that all the tests of the study were performed in a city located at
an altitude of 2600 meters above sea level, only cyclists that were adapted to this altitude were
included. This was verified to avoid possible altitude effects on cyclists' power output, such as those
reported by Garvican-Lewis et al. [46]. To this end, it was checked that all the cyclists lived in the
same city for at least five years. The riders performed the tests using standard cycling equipment
(i.e., cycling helmet, short-sleeve cycling jersey, padded cycling shorts, and clipless pedal shoes).
Table 2.1 presents the main information of the riders that participated in the study.

. . Set
Variable Units

1 2 3 4 5

Height [m] 1.67 1.72 1.76 1.78 1.83

< | Mass [kel 59 72 92 73 73
3 | Age [years] 38 26 42 39 30
o Gender [-] Female | Male Male Male Male
FTP from historical records (W] 140 217 168 169 193

Table 2.1. Information on bicycle-cyclist sets' riders included in the study.

Regarding the bicycles, endurance, time trial, and aero road bicycles of different qualities were
included. The time trial bicycles are designed to improve aerodynamic resistance; for this reason,
the frame has a larger seat tube angle than road bicycles to allow the rider to adopt more
aerodynamically-demanding postures. In these bicycles, the shifters and brake levers are located at
the end of the aerobars. The triathlon bicycles usually have a smaller fit window than traditional
road bicycles. The endurance bicycles are the traditional road bicycles designed to be faster than
the bicycles of other cycling disciplines. The aero road bicycles are an intermediate type of bicycle
between the endurance and the time trial bicycles with some features designed to be more
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aerodynamically efficient than the endurance bicycles without the time trial bicycles' level of
specialization. Table 2.2 presents the main information on the bicycles included in the study. Table
2.3 presents the settings of the bicycle for each cyclist.

Set
Variable Units i
1 2 3 4 5
Type [-] Aero Time trial Aero Endurance Time trial
Erame Talon, Transonic Talon, Flamma, E117,
brand [-] Kestrel, Fuii China; Kestrel, GW, Argon 18,
USA o USA Colombia | Canada
Frame size [-] 52 48.4 55 49 51.5
Frame L] Carbon Carbon Carbon Aluminum Carbon
material fiber fiber fiber fiber
Zaffiro Rubino
Proslick, | Ultrasport, Pro, Ultrasport, 4000 S,
. Vittoria, | Continental | Vittoria, | Continental | Continental
Tires [-] . .
% Italia , Germany Italia , Germany , Germany
§' (700 x (700 x 23c) (700 x (700 x 23c) | (700 x 23c)
o 23c¢) 23c¢)
I;Z?I\g Adamo PS | 300, Oval | Galapago, Psl;cga I_J;E’e
Saddle [-] talia 1.1, ISM, concepts, GW, Netht;.rland
’ USA USA Colombia
Italy 3
Parabolic Parabolic .
2 Uno A Uno Parabolica
Aerobars L] Deda Revo, 3T, Deda uno, Ded.a .T.rlmax,
. Italy . elementi, Vision, USA
elementi, elementi,
Italy
Italy Italy
Mass [ke] 11.1 10.2 11.0 11.5 9.9
Table 2.2. Information on bicycle-cyclist sets' bicycles included in the study.
. . Set
Variable Units
1 2 3 4 5
@ | Aerobars' height fit window [mm] 55 55 55 55 40
é Aerobars' elbow pads lateral distance | [cm] 18 19 17 18 23
o
o | Saddle height [mm] 767 750 733 745 775

Table 2.3. Information on bicycle-cyclist sets' postures included in the study.

Figures 2.6 to 2.10 present photographs of the bicycle-cyclist sets in the two postures tested.
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Set 4

Set 5

Figure 2.10. Bicycle-cyclist set 5.

Figure 2.11 presents the difference in the upper body of the cyclists when riding in the tested
postures. The figure shows the sagittal and coronal planes.

ABhigh [ ABlow

Set1 Set 2 Set3 Set 4 Set 5

Figure 2.11. Lateral and frontal view of the cyclists' upper body in the tested postures.
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3.1. ABSTRACT

The aerodynamic drag force has a relevant effect on cycling performance since it is one of the major
resistive forces acting on the bicycle. For this reason, the estimation of the drag area is of interest,
and several efforts have been made to predict the aerodynamic parameters of bicycle-cyclist sets.
The effect of posture on aerodynamic drag has been widely studied, and it is accepted that the
posture of the cyclist is relevant to this parameter. Even small variations as modifications in the
hands or the elbows' position while riding in aerobars can be performed to improve the cyclist's
aerodynamics. The possibility of measuring the effect of small variations depends on the accuracy
of the method used. Usually, small modifications in posture can be measured only when tested on
wind tunnels. For this reason, this chapter implements a methodology for the measurement of
aerodynamic drag in cycling with enough sensibility to measure differences due to the variation of
the aerobars' height.

The methodology is based on outdoor road tests and includes data of the wind speed relative to the
bicycle and the road grade to reduce the variability of the results due to these variables. The
methodology was developed as a low-cost tool to estimate the drag area of cyclists. The
methodology was implemented to identify the drag area values of different bicycle-cyclist sets in
two postures with different aerobars' heights.

The drag area was estimated for all the bicycle-cyclist sets obtaining lower values for the posture
with lower heights of the aerobars. An average difference of 10% (equivalent to 0.03 m?) in the drag
area between postures was obtained. Normalizing the drag area values by the aerobars' height
displacement, a reduction of 2% in the drag area was computed for each centimeter of height
modified. The drag area's average standard uncertainty was estimated as 5% of the drag area
(equivalent to 0.013 m?2). The methodology's implementation permitted measuring differences in
bicycle-cyclist sets' drag area due to the variation in aerobars' height.

3.2. INTRODUCTION

Aerodynamic resistance is directly related to the cyclists' performance because it increases the
energy demand to move. In road cycling, at high speeds, the aerodynamic drag accounts for up to
90% of the total resistance opposing the bicycle movement [14], [50]. For this reason, it has been
widely studied due to its relevance for performance improvement [11], [13], [50]-[54].

The aerodynamic drag can be represented through reduced-order models considering the
longitudinal dynamics of the bicycle-cyclist set. In these models, the characteristics of the
aerodynamic drag of the bodies are represented by the drag area (CpA4), which is the product of the
drag coefficient (Cp) and the projected frontal area (A4). The drag area has been estimated through
tests performed in wind tunnels, computational simulations, and road tests (see Appendix 3.1). Each
approach has specific characteristics, advantages, and disadvantages. The use of wind tunnels is
characterized by its high reliability and sensitivity; thus, values obtained with this method are
commonly used as a reference [50], [53]. Nevertheless, the costs associated with wind tunnels for
cycling tests are high; additionally, these tests do not represent all the actual conditions of outdoor
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cycling [50], [53]. For example, the testing conditions are usually "representative for the case where
only the cyclist is moving and where the speed of the surrounding air is zero" [55]. The use of
computational simulations has gained relevance as their results have shown good agreement with
reference values; also, computational simulations provide detailed flow field information [16], [55].
This approach is under development as it has some limitations, mainly regarding the complexity of
the bicycle and rider geometry [55], the complexity of the physics of the fluid in cases with massive
separation, and the limitations of classical turbulence models under these conditions. The road tests
are implemented with actual cycling conditions, which leads to results that reflect those conditions.
Nevertheless, this type of tests' accuracy depends on several factors that vary according to the
selected method. For example, the road inclination and the wind speed are limiting factors because
the wind speed continuously varies, and the road grade depends on the testing route [51], [56],
[57].

The effect of posture on aerodynamic drag has been widely studied, and it is accepted that the
posture of the cyclist is relevant to this parameter. Even small variations in aerobars posture as the
hands' longitudinal position in the aerobars, the lateral elbow distance [13], or the head orientation
[11] can be performed to improve the aerodynamics of the cyclist. The possibility of measuring the
effect of small variations depends on the accuracy of the method used. Usually, small modifications
in posture can be measured only when tested on wind tunnels. For this reason, the objective of this
chapter is to implement a methodology for the measurement of aerodynamic drag in cycling with
enough sensibility to measure differences due to the variation of the aerobars' height.

This chapter presents an experimental outdoor methodology to identify the CpA of bicycle-cyclist
sets. The methodology considers onboard anemometry and road grade measurements. The
methodology is based on a mathematical model of the longitudinal dynamics of a bicycle-cyclist set
that simultaneously estimates Cp A and the rolling resistance coefficient (f;.). The methodology was
successfully implemented to estimate the parameters for a group of cyclists riding in different
postures differentiated by the height of the aerobars.

3.3. METHODS

The experimental method used to identify the CpA is based on a mathematical model of the
longitudinal dynamics of the bicycle-cyclist set. This section presents the mathematical model, the
experimental protocol, and the sets included in the study.

3.3.1. Mathematical model

When a bicycle is ridden straight forward, its motion can be described using a reduced-order model
for its longitudinal equation of motion. The model represents all the forces acting on the set formed
by the bicycle and its rider. Each reduced-order representation of a force is typically constructed
using equivalence principles, aiming to represent the main influences of the riding conditions on
each term.

Figure 3.1 shows a two-dimensional representation of the free body diagram of a bicycle-cyclist set
on the sagittal plane. A reference frame oriented in the direction of the motion is used for the
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representation of the forces. Three resistive forces are considered: first, the aerodynamic drag (D);
second, the total rolling resistance (R,.), obtained by adding the rolling resistance forces acting on
the rear and front wheels (R, and Ry, respectively); third, the bearing resistance (Br). The weight
is represented in the rotated frame through Gy and Gy, which are its components in the longitudinal
and perpendicular directions with respect to the road, respectively. The forces Fy( and Fy,,
represent the normal interaction of the road with the front and rear wheels, respectively. In the
diagram, the action of the rider is represented by the tractive force on the rear wheel (F;.).

Br: bearing resistance

D D: aerodynamic drag
Gx Fc: tractive force

Gy Fv,: normal interaction with front wheel
Fyr: normal interaction with rear wheel
Gx: weight component in x direction
Gy: weight component in y direction
Re: rolling resistance force on front wheel
Re: rolling resistance force on rear wheel

@: inclination angle
FY,r‘

Figure 3.1. Bicycle-cyclist set free body diagram.

The reduced-order expression for the aerodynamic drag force is shown in Eq. (3.1), where D is
represented as a function of air density (p), drag coefficient (Cp), projected frontal area (4), and
speed of the wind relative to the bicycle (vy,/5) [58]. Often, the product Cp A is known as drag area.

1 (3.1)
D = EPCDAv\iI/b

The rolling resistance is modeled considering the product of the rolling resistance coefficient with
the normal load on a given tire. For this model, it is assumed that the same rolling coefficient (f;.)
represents both tires. It is also assumed that the road has a steady grade. Under those assumptions,
Eq. (3.2) presents the total rolling resistance:

Ry =R, + Ry = mgcos(0)f; (3.2)

where g is the gravitational acceleration. The equivalent bearing resistance (Br) is obtained
representing the dissipation originated by the bearings of the bicycle. It is modeled as a linear
function of the bicycle speed (v, ), with two parameters, ¢c; and ¢, [59] as shown in Eq. (3.3).

BF =C + CoUp (3.3)

The longitudinal component of weight (G,) is shown in Eq. (3.4). It is obtained considering that the
road grade is represented by an inclination angle (8), which is measured with respect to a horizontal
reference.
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G, = mgsin(0) (3.4)

The traction force (F) can be expressed in terms of the power delivered through the rear wheel to
the road and the bicycle speed. Since the power that the cyclist delivers to the pedals (P) can be
measured, it is useful to compute F, in terms of P, v;, and the power transmission efficiency of the
bicycle (1), as shown in Eq. (3.5).

_ np (3.5)

F
<=9,

Finally, when the wheels' slip is negligible, the bicycle's longitudinal motion can be represented
using a single degree of freedom. In that case, the equivalent mass (Meq) is used to represent all
the inertial terms of the bicycle. M., can be obtained by adding the total translational mass (m)
and the translational equivalent of the rotational inertia of each wheel. This translational equivalent
depends on the rotational inertia (I) and the effective radius (r) of each wheel. Eq. (3.6) presents
an expression for the equivalent mass.

I (3.6)

Meq = (m + 2 T_Z)

The longitudinal equation of motion can be constructed, considering the longitudinal external forces
that act on the bicycle, the equivalent mass, and the longitudinal acceleration of the bicycle (a).
The condensed expression for the equation of motion is presented in Eq. (3.7).

Meqa = Fc — D — Ry — Gy, — Bg (3.7)

The expanded version of the equation of motion can be obtained by replacing the terms in Eq. (3.7).
For a case in which the scope is the identification of CpA and f,., the terms can be rearranged, as
shown in Eq. (3.8).

1 2 np . (3.8)
EpCDAvW/b + mgcos(6)f, = P Mgqa —mgsin(0) — ¢, — c;vp

It is worth noticing that Eq. (3.8) is an instantaneous expression. When a set of constant-speed
experiments are performed, it is useful to integrate the equation of motion over each time interval,
leading to an averaged version of the equation. The averaged version of the equation seeks to
represent the motion in a way in which the effect of random perturbations during the test can be
reduced. Equation 3.9 shows the averaged version of the expression corresponding with a given
time interval. The overline notation is used for the averages, emphasizing the terms that are
integrated along time.

1 —— S P _ S _ (3.9)
EPCDAvw/b + mgcos(0)f, =1 (g) — Myqa —mgsin(8) — ¢y — ¢y



Performance — Aerodynamics

In this case, the identification of the unknowns corresponds to the solution of a linear identification
problem of the form Mx = b. The unknown vector x is composed of the two parameters to
identify, as shown in Eq. (3.10).

‘= [C;A] (3.10)

The linear identification problem requires to take into account at least two different intervals. The
matrix M of the linear identification problem isa N X 2 matrix, where N is the number of different
intervals used for the identification. The two components of matrix M for a given row j (with 1 <
j < N) are presented in Eqg. (3.11) and Eq. (3.12).

1 —— (3.11)
M, = Epf(vvzv/b)j

M, = mg(cos(@))]_ (3.12)

The last term in the formulation of the linear identification problem is the vector b, which has N
rows. Equation (3.13) presents the term that corresponds to a given row j.
5~

3.13
bj =7 (—) — Meqaj — mg(sm(@))}. —C—C (W)j ( )
j

VUp

When N > 2, the linear identification problem is redundant. This condition is useful to deal with the
uncertainty associated with the experimental measurement. The matrix form of the linear least-
squares method can be used for the solution of this redundant linear identification problem. The
identified resistive parameters are obtained, as shown in Eq. (3.14).

[CdA] (MMM (3.14)
fr

3.3.2. Experimental assessment

An experimental methodology used to identify CpA and f, of different bicycle-cyclist sets is based
on outdoor road tests considering onboard anemometry and road grade measurement. The
objective of the methodology is to measure enough data to be able to identify C, A and f,- from the
model presented in Eq. (3.9). For this, the cyclists perform several one-way rides along a test route
at different constant speeds (i.e., trials or intervals in the mathematical model). The road grade is
previously characterized, and the wind speed relative to the bicycle is measured during the tests.
The power delivered by the cyclist, the bicycle speed, and the ambient conditions are also registered
on the route and averaged for each trial. Inertial and geometrical parameters of the bicycle-cyclist
set are also measured or estimated. The protocol is summarized in Appendix 3.2.

Five recreational cyclists voluntarily participated in the tests after signing an informed consent form
(mass: 73.8+£11.8 kg, height: 1.75+£0.06 m, age: 3517 years). The riders used their own bicycles and
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standard cycling clothes. The tests were performed in two aerobars postures with different heights.
For road bicycles, clip-on aerobars were used. Depending on each bicycle's characteristics, the
height was varied using spacers on the headtube stem or the aerobars support. Table 3.1 presents
a summary of the information of each bicycle-cyclist set (further detail can be found in Tables 2.1,
2.2, and 2.3 in chapter 2). The tests were performed in an asphalt, straight route, located at an
altitude of 2600 meters above sea level, with a length of 450 m, and exclusive dedication to bicycles.
Each cyclist performed 10 trials on each posture. The trials were performed at constant speeds
between 18 km/h and 27 km/h. The tires of all the bicycles were inflated at 8 bar.

. . Set

Variables Units 1 > 3 a 5

Mass [kg] 59 72 92 73 73

Rider Height [m] 1.67 1.72 1.76 1.78 1.83
Gender [-] Female Male Male Male Male
Type [-] Aero Tlr.ne Aero | Endurance Tlme

trial trial

Bicycle Mass [kg] 11.1 10.2 11 11.5 9.9
Aero.bars height [mm] 55 55 55 55 40

difference

Table 3.1. Bicycle-cyclist sets tested for the estimation of drag area in cycling.

The bicycle speed was measured with a speed sensor (Speed sensor 2, GARMIN, USA) located on
the rear wheel hub coupled to a GPS cycle-computer (Forerunner 910XT, GARMIN, USA). The wind
speed relative to the bicycle was measured with the onboard anemometer based on a pitot tube
and developed specifically for this application, shown in Figure 3.2. The development of the
anemometer is presented in detail in [48]. The test section's altimetry was measured with a
topographical-grade Global Navigation Satellite System (GR-5, Topcon, Japan). The power delivered
by the rider was measured with a power meter located in the pedals (Vector, GARMIN, USA). The
average acceleration of each trial was numerically computed using the bicycle speed and the total
interval duration. Figure 3.3 presents the setup used for the tests.

Figure 3.2. Anemometer developed for the estimation of drag area in cycling.
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Figure 3.3. Setup for the implementation of the protocol to measure aerodynamic drag.

The air density was computed according to the model presented by [60]. For this, the temperature,
relative humidity, and atmospheric pressure were registered with a weather station (Weather meter
4500, Kestrel, USA). The mass of the bicycle-cyclist set, including the mass of the instrumentation
and riding equipment, was measured. The power transmission efficiency of the bicycle was taken
from the literature [61]. The equivalent mass was computed from the wheels' inertia and effective
radius. Table 3.2 summarizes the information of parameters defined for the implementation of the
methodology.

Parameter Units | Value
Transmission efficiency [%] 97
Wheels’ inertia [kg.m? | 0.05
Wheels’ effective radius [m] 0.33

Table 3.2. Parameters used for estimation of drag area

A road methodology with onboard wind speed measurement was chosen because there is not
enough availability of wind tunnels in South America with the size necessary to measure the
aerodynamic parameters of full-size bicycle-cyclist sets. Additionally, an onboard anemometer was
used because the importance of including data of the wind speed relative to the bicycle was studied
in [47], concluding that its omission negatively affects the drag area's estimation.

In this study, the results were obtained assuming that the rolling resistance coefficient was constant
for each bicycle-cyclist set. Additionally, it was assumed that there was no strong crosswind during
the tests.

The speeds used for the different trials were defined considering that, as found in [47], a larger
number of trials leads to lower errors on the estimation of the parameters. Nevertheless, the time
required to perform the tests also increases as the number of trials increases.
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3.4. RESULTS AND DISCUSSION

3.4.1. Computation of the drag area

Table 3.3 summarizes the information of the parameters registered and computed for the measured
bicycle-cyclist sets. Table 3.4 presents the results of the drag area and rolling resistance coefficient
obtained for the different bicycle-cyclist sets. For the testing road segment, the average road grade
was -0.13%, the minimum was -0.68%, and the maximum was 0.39%. It can be observed that the
tailwind and headwind presented variations up to 11.9 m/s and 12.9 m/s, respectively. The tailwind
and headwind values emphasize the relevance of including the wind speed in the estimation of the
drag parameters.

Variable Units Posture Set
1 2 3 4 5
ABhigh | 21.5 17.8 18.9 22.3 29.6
Temperature [°]
ABlow 20.8 | 19.3 26.1 22.9 22.1
Relative (%] ABhigh | 56.2 | 55.9 59.2 58.7 42.6
humidity ABlow | 51.9 | 44.0 47.8 50.2 52.2
Atmospheric [kPa] ABhigh | 75.4 | 75.1 75.2 75.2 75.2
pressure ABlow | 75.4 | 75.1 75.2 75.2 74.9

ABhigh | 0.88 | 0.89 0.87 0.89 0.86
ABlow | 0.88 | 0.89 0.89 0.87 0.88
ABhigh | 71.4 | 87.4 | 1043 85.6 83.9

Air density [kg/m3]

Total k
otalmass kel rBlow | 70.0 | 849 | 1046 | 856 | 84.2
Equivalent [ke] ABhigh | 72.3 88.3 105.5 105.2 84.8
mass & ABlow | 79.9 | 85.8 | 1052 | 1055 | 85.1
Maximum [m/s] ABhigh 7.5 0.1 10.4 4.6 8.2
tailwind ABlow 6.5 7.0 11.9 7.4 11.5
Maximum ABhigh 5.4 7.8 10.8 10.2 12.9

. [m/s]

headwind ABlow | 11.4 | 12.7 8.9 6.0 8.5

Table 3.3. Parameters measured and computed for the estimation of drag area and rolling resistance coefficient.

Set
1 2 3 4 5
ABhigh | 0.28 | 0.26 | 0.27 | 0.33| 0.29
ABlow 0.25| 0.23| 0.23| 0.31| 0.26

Variable Units Posture

Drag area (CpA) [m?]

Rolling resistance

coefficient (f;)
Table 3.4. Drag area and rolling resistance coefficient of cyclists in aerobars postures.

[-] [-] 0.005 | 0.005 | 0.007 | 0.007 | 0.004

The Monte Carlo method was used to estimate the standard uncertainty of the Cp A considering the
recommendations presented in [62]. The propagation of uncertainty was performed for the model
with the data acquired during the tests using 10° Monte Carlo trials. The distributions of the
uncertainties of the variables used to estimate CpA were defined from the resolution and
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specifications of the instruments, and values reported in the literature. The associated standard
uncertainties for each Cp A estimation is presented in Table 3.5. The average uncertainty estimated
was 0.013 m2,

Set
Variable Units Posture °
1 2 3 4 5
Drag area [m?] ABhigh | 0.013 | 0.015 | 0.013 | 0.013 | 0.016
uncertainty ABlow | 0.012 | 0.008 | 0.016 | 0.012 | 0.013

Table 3.4. Drag area and rolling resistance coefficient of cyclists in aerobars postures.

3.4.2. Effect of posture on the drag area

Regarding the results of the identification of the drag area, it can be observed that for all the sets,
the values decreased when changing from ABhigh to ABlow. An average reduction between
postures of 10% (equivalent to 0.03 m?) was found. To perform a comparison with values reported
in the literature, it is worth highlighting that a strict comparison of the values reported in different
studies is difficult because the experimental conditions are varied (e.g., experience and type of
cyclists, type of bicycle, clothing, and accessories used). Nevertheless, when comparing the results
obtained with data available in the literature (see Appendix 3.1), a good level of agreement was
found on the values and the percentage difference when changing the posture. Furthermore, it was
found that the CpA values vary among the sets, but the general trend is constant. The CpA
decreases when the posture is varied from ABhigh to ABlow. Regarding the results of the
identification of the rolling resistance coefficient, it can be observed in Appendix 3.1 that the values
obtained in this study are in the range of the values reported in other studies.

Figure 3.4 presents a comparison of the CpA between postures for the tested sets. As expected,
the same tendency is observed for all the sets with a reduction of C,A between 0.02 m? and 0.04
mZ2. When normalizing the drag area to the aerobars' height difference of each bicycle, an average
variation of 0.01 m? in CpA was obtained for each centimeter of aerobars height decreased. It can
be observed that the CpA of set 4 is notably higher than the one of the other sets; this can be
attributed to the characteristics of the rider and the bicycle. On the one hand, the rider is tall; on
the other hand, the bicycle is a standard road bicycle. Actually, the bicycle of set 5 is the most basic
bicycle of the group tested, meaning that its aerodynamic performance is the lowest of the group.
Both characteristics increase the CpA.

Figure 3.5 presents the average and standard deviations of the CpA estimations. Using the CpA
estimation obtained as the average value and the standard deviation estimated through the Monte
Carlo method, a two-way balanced analysis of variance (ANOVA) was used to verify the differences
between the estimations of CpA in the tested postures for the different measured sets. Using a
significance level of 5%, it was obtained that the posture and the set affect the CpA value. The
Tukey's honestly significant difference criterion was used for a multiple pairwise comparison of the
sets' means. It was obtained that the C A of all the sets except sets 2 and 3 is significantly different
(p-values < 0.015). A one-way balanced ANOVA was performed for each set to verify the differences
in the estimation of CpA between postures. It was obtained that for all the sets, the difference
between the Cp A estimated for ABhigh and ABlow was statistically significant (p-values < 0.0045).
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Figure 3.4. Comparison of drag areas obtained for the tested bicycle-cyclist sets.

035 T T
I ~Bhigh
I ABlow
o
3 0.3
@©
o
@©
o
o
O 0.25F
0.2
Set 1 Set 2 Set 3 Set 4 Set 5

Figure 3.5. Average and standard deviations estimated for the drag area of the tested bicycle-cyclist sets.

3.5. CONCLUSION

An outdoor methodology for the estimation of the drag area of bicycle-cyclist sets was successfully
implemented. The methodology is based on road tests and considers the measurement of wind
speed relative to the bicycle and data from the road grade for the calculations.

For the bicycle-cyclist sets studied through the implementation of the methodology, it was possible
to measure the difference in drag area occasioned by the modification of the posture. It was
obtained that as the height of the aerobars reduces, the drag area decreases. The average and
uncertainties estimated indicate that the methodology has enough sensibility to measure
differences between the postures even for relatively small changes as the height of aerobars.
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CHAPTER 4. Performance:
measurement of power
delivery capacity
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4.1. ABSTRACT

The monitoring and improvement of performance are relevant in sports, and cycling is not an
exception. Different indices are used to represent the athlete's cardiovascular and metabolic fitness.
Considering that in cycling the speed depends, among others, on the power delivered to the pedals,
the fitness of cyclists is also represented by the power delivery capacity of the cyclist associated
with a given exercise duration. The critical power and functional threshold power are often used to
represent the cyclists' power delivery capacity. This chapter's main focus is to study the feasibility
of implementing protocols for the measurement of critical power and functional threshold power
to identify differences in power delivery capacity due to variations in the aerobars' height.

Two protocols to measure power delivery capacity in terms of critical power (P.) and functional
threshold power (FTP) indices were implemented. The protocols were implemented to compare the
results when riding with different aerobars' postures. Five recreational-level cyclists participated in
the tests with their road bicycles. The functional threshold power tests were performed with all the
cyclists, while the critical power tests were performed with one cyclist.

It was found that as the aerobars' height is lowered, the power delivery capacity decreases. From
the functional threshold power protocol results, an average reduction of 10%, equivalent to 17 W,
was obtained. A reduction of 5%, equivalent to 12 W, was observed from the critical power protocol
results. On average, each centimeter lowered in the aerobars' height led to a reduction of 1.9% in
the power output. The use of critical power and functional threshold power as indices of cyclists'
power delivery capacity permits identifying the influence of the aerobars' height on cyclists'
performance.

4.2. INTRODUCTION

Besides health, performance is one of the main objectives of athletes. For this reason, the
improvement of performance is of interest to cyclists of different levels, from recreational to
professional. The most direct indicator of performance is related to the speed that the cyclist is able
to sustain, represented as the time required to complete a distance or the distance covered in a
given time. If these values improve, then the performance improves. The speed depends on internal
and external factors. The internal factors are inherent to the cyclist as the capacity to deliver power,
while the external factors are related to the interaction with the environment, which are presented
as resistive forces opposing the motion. Among the mentioned factors, this chapter focuses on the
capacity to deliver power; this capacity varies according to physiological characteristics, training
level, nutrition, race strategies, posture, and time of the day, among others. The capacity to deliver
power is important because it contains information about the cyclist's health and sportive capacity,
but also, because it can be used to define training strategies based on intensity threshold (i.e.,
exercise domains).

Cyclists' capacity has been studied through different indices that represent cardiovascular and
metabolic fitness. One of the most important indices is the exercise intensity associated with the
lactate threshold (LT) that has been used in studies as [6], [65], [66]; this represents a level of
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intensity that can be sustained without abruptly increasing the level of lactate in the blood. The level
of lactate in the blood is a result of the amount of lactate produced and the body's capacity to
remove it. The accumulation of lactate leads to muscle fatigue. Another important index, and one
of the most frequently used in studies as [2], [5], [7], [67]-[70], is the maximal oxygen uptake
(VOzmax), which represents the amount of oxygen that the body can process and use during
exercise. Also, the heart rate (HR) has been used in studies as [7], [69], [71] as an indicator of
performance as it represents the response of the body to a given exercise intensity. It has been used
torepresent performance, but it is a result of the stress of the cardiovascular system and not a direct
determinant of it. Cyclists' power delivery capacity has also been represented with the power vs.
time curve; this is a hyperbolic function that represents that higher intensities can be sustained for
shorter times, and vice versa. Indices as the critical power (P.) and the work above the critical power
(W’) have been used to represent this relation in studies as [63], [65], [67], [69], [71]-[75]. The P, is
theoretically, a power output that can be delivered indefinitely, and in practical terms, it demarcates
the threshold between heavy and severe exercise domains. More recently, the functional threshold
power (FTP) has gained importance among recreational and professional cyclists due to its relatively
simple implementation, and it has been used in studies as [66], [68], [70]. The FTP is an indicator of
one point in the power vs. time curve, usually at 20-minutes or 1-hour. Appendix 4.1 presents
information about studies in cycling that represent performance through these indices.

Several types of tests to quantify the different performance indices related to power delivery have
been developed and implemented throughout the years. The tests vary from simple tests measuring
the time that an athlete needs to complete a course to elaborated tests performed in a laboratory
using equipment to measure physiological parameters as respiratory volume exchange or lactate
level in blood. According to [76], [77], the tests to obtain performance indices related to power
delivery in cycling are classified into six categories as constant work, constant duration, constant
power, incremental for peak power, incremental for anaerobic threshold, and critical power. The
constant work tests consist of completing a fixed distance or a fixed amount of work as quickly as
possible. These tests are sometimes referred to as time trials. The constant duration tests consist of
traveling the longest possible distance or performing as much work as possible in a fixed time. This
type of test is used to register the FTP. The constant power tests consist of maintaining a constant
power output until exhaustion. Exhaustion is usually defined when the cyclist cannot pedal at the
defined cadence. The incremental for peak power tests consist of pedaling with increasing intensity
until reaching maximum effort. The maximum power output delivered is the peak power. This type
of test is used to measure the VO,max, which is the oxygen uptake at the maximum power output.
The incremental for anaerobic threshold tests consist of a series of trials at constant power output.
The trials are performed with increasing intensity. This type of test is used to measure the LT (or
anaerobic threshold). The critical power tests consist of a series of constant power or constant
duration tests at different intensities to register the associated time to exhaustion and identify the
power vs. time curve. This type of test is used to compute P. and W’. Appendix 4.1 presents
information about studies that make use of the different types of tests described to study power
delivery capacity in cycling.
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The instrumentation and equipment used for implementing these tests vary depending on the type
of test and the precision required. In general terms, a bicycle ergometer or a bicycle with power
measurement is required for all the tests. This equipment permits measuring variables as the power
delivered and time elapsed, which are the base for the measurement of P, or FTP. For other
variables, more specialized resources are needed. For example, for identifying the LT, invasive
procedures to obtain blood samples and special equipment for analyzing lactate in the samples are
required. Another example is the spirometer needed for measuring gas exchange and respiratory
gases for the measurement of VO.max. Appendix 4.1 presents information about the equipment
used in different studies related to power delivery in cycling.

The effect of posture on power delivery capacity has been studied mainly in terms of the power
delivered by the cyclist at VO.max [2], [5]-[7], LT [6], and Pc [71]. In all these studies, it is concluded
that body posture during cycling affects the power delivery capacity. In general terms, it is
acknowledged that upright postures allow cyclists to deliver higher power levels. Nevertheless, few
studies have addressed the effect of posture on P. as [71] and none on FTP. Additionally, the effect
of the change of aerobars’ height on the power delivery capacity has not been studied. For these
reasons, the objective of this chapter is to implement a methodology for the measurement of power
delivery capacity in cycling with enough sensibility to measure differences due to the variation of
the aerobars’ height.

This chapter presents the implementation of one protocol to measure P. and one protocol to
measure FTP. These indices of performance were chosen because they include a direct value of
power output that can be sustained on a given condition; under this consideration, these values of
power delivered can be used in a model of the longitudinal dynamics of the bicycle-cyclist set to
compute a race time for a given route. The protocols were implemented to measure cyclists' power
delivery capacity in postures with different aerobars’ height.

4.3. METHODS

This section describes the protocols used for measuring power delivery capacity in terms of P. and
FTP. The bicycle-cyclist sets studied are also described.

4.3.1. Functional threshold power

The Functional Threshold Power is the maximum constant power that a cyclist can sustain for one
hour. It is obtained in a test of 1 hour of self-paced pedaling or as 95% of the power sustained on a
20-minutes self-paced test [66], [68]. This index has gained relevance along with the development
of indoor trainers with power measurement and power meters; due to this equipment's availability,
performing FTP tests and training with power has become more frequent. For this reason, this
performance index has been used for the scheduling of training plans by different commercial
cycling platforms (e.g., TrainingPeaks, Zwift, TheSufferFest).

The FTP is usually measured indoors to control the testing conditions. Considering that keeping a
constant power output during one hour in a trainer is difficult due to the concentration required
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and the monotony of the test, modified protocols as the 20-minutes FTP with and without 5-minutes
conditioning efforts are performed more frequently.

A modified protocol to measure functional threshold power was implemented in this study. The test
consisted of a 10-minutes warm-up followed by a 5-minutes test, a recovery period, a 20-minutes
test, another recovery period, a 1-minute test, and finally, a cool-down. This test was designed by a
commercial cycling platform (TheSufferFest) and was chosen for this study because it collects
information on the cyclist capacity to deliver power in different time ranges. Figure 4.1 presents the
intensity curve suggested for the test. For each posture, the protocol was implemented once with a
recovery period between trials of at least one week. The protocol is summarized in Appendix 4.2.

5 sec
test

Power

1 min
test

5 min

100% FTP

Time
Figure 4.1. Intensity curve for the modified functional threshold power test.
The tests were performed indoors using a smart trainer with power measurement (Kickr, Wahoo,
USA), cadence sensor (Cadence 2, GARMIN, USA), a heart rate sensor (Rhythm+, Scosche, USA), and

a monitor to display the data to the cyclist. The cyclist controlled the resistance by changing the
gears. The cyclist was able to hydrate ad libitum. Figure 4.2 presents the setup used for the tests.

Heart rate
sensor
Smart Cadence
trainer —
Monitor

Figure 4.2. Setup for the implementation of the protocol to measure power delivery capacity.
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4.3.2. Critical power

The critical power is theoretically the highest sustainable power [69], [78]. Nevertheless, it has been
concluded that P. cannot be delivered indefinitely [79]-[82]. For this reason, the practical definition
of P. is that it demarcates the threshold between heavy and severe exercise domains. The critical
power has been used for predicting future performance [69], [72]. The Work above the critical
power was previously named anaerobic work capacity (AWC) because the model originally
considered a relation between aerobic and anaerobic work. The anaerobic work capacity was
related to work performed in Wingate tests, high-intensity exercise, and oxygen deficit and was
understood as a measure of anaerobic capacity related to the high-intensity performance ability
[83]. The anaerobic work capacity was mathematically understood as a finite reserve of energy
storage available previous to exercise [80]. In recent works, W’ has been still defined as an anaerobic
energy source even though there is no consensus on its role [72]. The relation between P. and W’
has been understood as W’ being expended when the exercise is performed above P. and
replenished only when the exercise is terminated, or the work rate is performed below P. [84].

The hyperbolic model that relates power and time is presented in Eq. (4.1). In this model, the time
(tzot) in seconds is the duration of the test at a given power output (P) in watts, P, is the asymptote
of power in watts, and W’ in Joules is the degree of curvature of the hyperbole. The model is
graphically represented in Figure 4.3.

w’
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Figure 4.3. Graphical representation of the power vs. time hyperbolic model. Image based on data from [75].

The identification of the two parameters of the power vs. time model requires performing at least
two constant power or constant duration tests at different intensities. Nevertheless, the
identification is usually performed with four or more trials to improve the model's accuracy. The
time and average output power of each test are registered for each trial and used to estimate P.
and W’. There are different expressions of the hyperbolic model presented in Eq. (4.1). The
estimation of the parameters varies depending on the model used. For example, if the nonlinear
power vs. time model of Eq. (4.1) is used, P. is calculated as the asymptote, and the degree of
curvature of the hyperbole is W’. If the expression presented in Eq. (4.2) (named power vs. 1/time
model) is used, P, is calculated as the y-intercept and W’ as the slope.
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The power vs. 1/time model is highlighted here because it has been used with some methodological
simplifications. On one side, the parameters' estimation usually requires inter-trial recovery times
of at least 24 hours. Nevertheless, it has been reported that the use of the power vs. 1/time model
with recovery periods of 3 hours or less is feasible [72]. On the other side, given that this is a linear
model in terms of 1-time, the use of data from only two trials has been reported with successful
results [73].

The protocol to measure critical power implemented consists of performing three bicycle trials for
each posture. In each trial, the cyclist pedals until exhaustion at fixed power and cadence. The power
output of each trial is different, and the cyclist pedals until exhaustion. Exhaustion is considered as
the moment in which the cadence drops more than 10 rpm for more than 10 s, or the cyclist decides
to stop pedaling. A recovery period of 30 minutes between trials is used, meaning that all the trials
are performed on a session day. Following the suggestions of [72], the trials are performed with
increasing difficulty (i.e., from lower to higher power outputs). The protocol is implemented indoors
using a trainer, the cyclist’s bicycle, a power meter, a chronometer, a cadence sensor, and a heart
rate sensor. During the trials, only the cadence is displayed to the cyclist. During the tests, the cyclist
can hydrate ad libitum. A warm-up and cool-down are performed before and after each trial. The
protocol is summarized in Appendix 4.2.

For the implementation of the protocol, each trial's power outputs were defined from an estimate
of the FTP of each rider using historical records. The power outputs were defined to avoid tests with
durations of less than 1 minute or more than 20 minutes; this, because out of this time range, the
mathematical model tends to overestimate or underestimate P. and W’. The power outputs were
defined as 105%, 115%, and 125% of the FTP. The power output was controlled by the trainer,
varying the resistance according to the cadence. A recovery period of at least 48 hours between
session days was used. The order of the body postures was randomized throughout session days to
avoid a fatigue effect. The warm-up consisted of pedaling at 50% of the estimated FTP for 5 minutes
and performing 10-seconds sprints at the end of minutes 2, 3, and 4. The cool-down consisted of
unloaded pedaling for 3 minutes. A smart trainer with power measurement (Kickr, Wahoo, USA),
cadence sensor (Cadence 2, GARMIN, USA), a heart rate sensor (Rhythm+, Scosche, USA), and a
monitor to display the data to the cyclist were used for the tests.

4.3.3. Bicycle-cyclist sets and postures measured

Five recreational cyclists voluntarily participated in the tests after signing an informed consent form
(mass: 73.8+£11.8 kg, height: 1.75+£0.06 m, age: 3517 years). The riders used their own bicycles and
standard cycling clothes. The tests were performed in two aerobars postures with different heights.
For road bicycles, clip-on aerobars were used. Depending on each bicycle's characteristics, the
height was varied using spacers on the headtube stem or the aerobars support. Table 4.1 presents
a summary of the information of each bicycle-cyclist set (further detail can be found in Tables 2.1,
2.2, and 2.3 in chapter 2).
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. . Set
Variable Units 1 > 3 B 5
Mass [kg] 59 72 92 73 73
Height [m] 1.67 1.72 1.76 1.78 1.83
Rider Age [years] 38 26 42 39 30
Gender [-] Female Male Male Male Male
_ FPfrom [W] 170 230 220 180 237
historical records
Type [-] Aero Time trial | Aero | Endurance | Time trial
Bicycle Aero.bars’ height [mm] 55 55 55 55 40
difference

Table 4.1. Bicycle-cyclist sets included in power delivery capacity tests.

4.4. RESULTS AND DISCUSSION

This section presents the results of the implementation of the protocols to measure critical power
and functional threshold power.

4.4.1. Functional threshold power

The average power delivered for different time ranges during the FTP modified protocol is
summarized in Table 4.2. Other variables registered during the tests are reported in Table 4.3. It can
be observed that for all the cyclists in all the time ranges, the average power delivered decreased
when changing from ABhigh to ABlow, with one exception for cyclist 4 in the 1-minute test. For the
FTP (i.e., 20-minutes test), an average reduction of 10% (equivalent to 17 W) was obtained for all
the cyclists when changing from ABhigh to ABlow posture. It can also be observed that, for each
cyclist, the cadence and maximum HR were similar between tests. The cadence differences were
between 1 rpm and 5 rpm, and the differences in HR were between 0 bpm and 6 bpm. The tests
were performed at similar times of day for each cyclist, with similar ambient conditions. The
recovery time between session days was at least one week for all the cyclists (9.2+3.0 days).

i
Variable Units | Posture Cyclist

1 2 3 4 5

20 min Power W] ABhigh | 161 | 228 | 180 | 179 | 233

(FTP) ABlow | 140 | 217 | 168 | 169 | 193

ABhigh | 175 | 286 | 218 | 214 | 264
ABlow | 162 | 273 | 206 | 206 | 238
ABhigh | 224 | 455 | 363 | 293 | 395
ABlow | 181 | 424 | 349 | 304 | 363
ABhigh | 445 | 658 | 1015 | 589 | 707
ABlow | 431|639 | 960 | 535|701

Table 4.2. Average power delivered for different time ranges during Functional threshold power tests.

5 min Power | [W]

1 min Power | [W]

5 sec Power [W]
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Cyclist

1 2 3 4 5

ABhigh 77 69 79 76 86
ABlow 82 70 82 73 83
ABhigh | 162 180 | 166 | 167 | 184
ABlow 168 179 | 166 | 172 | 178
ABhigh | 125 139 | 138 | 126 | 142
ABlow 139 139 | 137 | 133 | 138
ABhigh | 20.8 | 19.85 | 19.8 | 20 | 19.2
ABlow 20 18.6 | 18.8 | 21.6 | 19.3
ABhigh 45 60 60 60 59
ABlow 49 57 60 41 59
ABhigh | 16:45 | 16:10 | 9:40 | 12:30 | 8:00
ABlow | 17:30 | 17:20 | 9:10 | 9:40 | 7:00

Table 4.3. Additional variables registered during the Functional threshold power tests.

Variable Units Posture

Avg. Cadence [rpm]

Max. Heart rate [bpm]

Avg. Heart rate [bpm]

Temperature [°C]

Relative humidity [%]

Time of day [hh:mm]

Figure 4.4 compares the FTP normalized to the riders’ mass. The general tendency of a power
delivery capacity reduction due to the reduction of the aerobars’ height is observed. The power
delivery capacity was decreased between 0.1 W/kg and 0.4 W/kg. When comparing the cyclists'
normalized power with charts available in the literature [85], the cyclists who participated in this
study were classified as moderate, fair, and untrained. It should be kept in mind that the values
reported in the literature were measured in upright postures; for this reason, the classifications of
the cyclists of this study could improve when measuring values in upright postures rather than in
aerobars postures.

3.5
@
: :
= 3¢ [ .
o * % Cyclist 1
2 ¢ ® Cyclist2
Q25 > 1 Cyclist 3
2 t P Cyclist4
N ¢ Cyclist5
©
E 27 f
o
Z

1.5 : :

ABhigh ABlow

Figure 4.4. Functional threshold power (FTP) normalized with the riders’ mass.

4.4.2. Critical power

The critical power protocol was implemented with fewer riders than the initially programmed (i.e.,
one out of five cyclists) because some riders retired from the tests. Some disadvantages of the
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critical power tests were identified from the reasons listed by the cyclists to retire, as analyzed in
section 4.4. The mean power delivered and the times registered for the different trials of the rider
whose P, was measured are presented in Table 4.4. The results of P, and W’ obtained for the
postures tested are presented in Table 4.5. It can be observed that the average power registered in
the trials for the same intensity was constant. It can also be observed that the higher difference in
duration between trials of the same intensity was registered for the low-intensity tests, while for
the high-intensity trials, the durations were similar. An average reduction of 5% (equivalent to 12
W) on the P, was obtained when changing from ABhigh to ABlow. Other variables registered during
the tests are reported in Table 4.6. The tests were performed at similar times of day, with similar
ambient conditions, and a recovery period between session days of 10 days.

Cyclist
Trial intensity | Posture Variable Units 5
Avg. W
ABhigh vg p.ower [W] 248
Duration [s] 360
Low
Avg. power [W] 248
ABlow -
Duration [s] 254
Avg. W
ABhigh vg p.ower (W] 272
. Duration [s] 131
Medium
Avg. power (W] 272
ABlow -
Duration [s] 142
Avg. power W 2
ABhigh & POW (W] | 2%
High Duration [s] 100
& Avg. power (W] 296
ABlow -
Duration [s] 100
Table 4.4. Power and time data registered during critical power tests.
Cyclist
Variable | Units | Posture 5
ABhigh | 229
Fe (W]
ABlow 216
ABhigh | 6393
wo| oD 8
ABlow 7910

Table 4.5. Results of Critical power (Pc) and Work above the critical power (W’).

Cyclist
Variable Units | Posture 5
e | 10222
Relative humidity (%] '2‘:('5: ‘5‘;
Time of day [hh:mm] '2:‘;%: :Eg

Table 4.6. Additional variables registered during the critical power tests.
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4.4.3. Effect of posture on power delivery capacity

It has been reported that humans' muscle fatigue and endurance vary according to the body tilt
angle and the limbs' position relative to the heart [2]. Nevertheless, there is no general agreement
about the effect of body posture variation in power delivery capacity. Some authors have reported
improvement in power output by changing the posture [2]-[8], while others have reported that
there is no relevant effect [9], [10].

The results of the FTP and P. show that for the cyclists tested, the body posture influenced the
capacity to deliver power (see Table 4.2 and Table 4.5). The differences obtained for FTP when
changing from ABhigh to ABlow were between 5% and 16% (i.e., between 10 W and 30 W) for the
different cyclists. The difference obtained for P, when changing the posture was 5% (corresponding
to 12 W). It is worth highlighting that it has been reported that the validity of the estimation of W’
with the protocol implemented for the estimation of critical power (i.e., with short recovery periods)
needs further research [72]. For this reason, W’ was not analyzed in this work.

The results obtained agree with studies in the literature reporting an effect of posture in power
delivery capacity. It should be considered that the effect observed depends strongly on the postures
tested and the characteristics of the riders. For this reason, it is possible that the differences
between the studies supporting and contradicting the influence of posture on power delivery
capacity are due to the experiment characteristics. For the postures and the bicycle-cyclist sets
included in this study, it was found that the power delivery capacity measured in terms of critical
power and functional threshold power vary with posture in terms of aerobars’ height. The registered
variation was expected given that the posture variation can lead to modifications in the muscles'
biomechanics or the respiratory dynamics. On the one hand, depending on the posture, the
operating region of the force-length relationship in leg muscles can vary, affecting power delivery.
On the other hand, the lung mechanics and, hence, the respiratory functions can be affected by
trunk inclination, which is modified by the aerobars’ height.

4.4.4. Implementation of critical power and functional threshold power protocols

The protocols used in this study to measure P. and FTP were chosen due to their relatively simple
implementation. It was intended to use protocols that did not require invasive procedures or
specific medical knowledge and could be performed with relatively common equipment. The results
of this study indicate that it is possible to implement the protocols described for the measurement
of the effect of posture in power delivery capacity.

During the implementation of the tests, some drawbacks of the P. protocols were identified. In
interviews with the riders, they reported not feeling motivated with the trials at constant power
delivery rates. Two main reasons were listed. First, the test conditions are different from normal
riding conditions as there is not available information during the tests (only the cadence is displayed
to the riders). Second, pedaling until exhaustion is stressful. In addition, it should be taken into
account that the traditional protocol for testing P. requires performing an incremental for peak
power test to determine the intensities of the constant power tests relative to the VO;max power.
For example, the use of power outputs defined at 80%, 100%, and 105% of power at VO;max has

47



Performance — Power delivery

been reported [72]. For this reason, two approaches can be used for the implementation of the P,
protocol. First, measure the power at VO.max, which would increase the complexity of the protocol.
Second, estimate the test intensities using other sources as performance data from historical
records or an FTP test, which can lead to the necessity of repeating several trials due to imprecision
in the intensities' definition. Additionally, the traditional protocol requires performing the trials on
different days, which severely increases the experimental costs (from one day to at least three days
for each testing condition).

Even though the FTP protocol has a drawback because there is not yet a general agreement on the
relation of FTP with traditional indices of cardiovascular and metabolic fitness as the LT and VO,max,
the volunteer riders reported a preference for this type of test than for the P. protocol. In addition,
obtaining the FTP for one condition (e.g., a posture) requires approximately 1 hour, while obtaining
the P, for the same condition requires at least 2 hours in one testing session if simplified protocols
are used, or in three or more testing sessions if traditional protocols are used. Besides the
experimental cost associated, requiring longer testing times, especially over different sessions, can
extend the implementation of the protocols for weeks, which can lead to a bias in the measurement
of performance due to training or detraining of the cyclists and can be unfeasible due to alterations
in the training schedule of the measured cyclists. For these reasons, the FTP tests have called
researchers' attention to test the power delivery capacity of non-professional cyclists and continues
under study. Regarding the validity of FTP tests, it has been reported that the FTP can provide an
approximation of P. [68], peak power on an incremental test, and relative VO,max [70].

As a recommendation for the implementation of power delivery tests using smart trainers, from
preliminary tests performed before this study, it was also noticed that the capacity of the trainer to
adjust the resistance and keep a constant power is essential; otherwise, the tests cannot be
performed at constant power outputs, and a pacing effect can modify the results.

4.5. CONCLUSION

Two protocols for the measurement of power delivery capacity were implemented in a group of
cyclists. Functional threshold power and critical power indices were measured with the protocols as
representations of the power output that the cyclists can sustain for relatively long periods (i.e.,
higher than 20 minutes). The protocols permitted measuring the power output difference when
changing the posture, indicating that the protocols have enough sensibility to measure differences
in power delivery capacity due to the aerobars’ height variation. For the bicycle-cyclist sets studied,
it was obtained that when the height of the aerobars is reduced, the power delivery capacity for
different time ranges decreases.

It was found that the implementation of the functional threshold power protocol used in this study
presents some advantages with respect to the critical power protocol used. The main reason is that
both protocols were able to quantify differences in the power output when changing the aerobars
height, but the riders preferred constant-duration tests (as time trial tests used in the functional
threshold power protocol) over constant-power tests (as critical power tests).
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5.1. ABSTRACT

High values of pressure applied to the tissue and the stimulus duration have been related to
discomfort and overuse injuries. For more extended periods of exposure, the acceptable pressure
is lower. Considering that long hours of training and competition are frequent in cycling, the analysis
of the pressure on the tissues in contact with the bicycle is relevant. The pressure is affected by the
rider and bicycle characteristics, and several variables as cadence, posture, power output, and
gender, among others. For this reason, there is not a general agreement in the study of the
characteristics of pressure in the saddle contact. This chapter presents a methodology for measuring
and analyzing the pressure field in contact areas between the rider and the bicycle.

A methodology for registering the pressure field in the buttocks-saddle and elbow-aerobars’ pads
interfaces was used. The methodology is based on indoor tests performed while pedaling at a
constant cadence on a smart trainer. A flexible pressure sensing mat was used to acquire the
pressure field in the contact areas. The methodology was implemented to measure the pressure
fields of five bicycle-cyclist sets. The tests were performed while riding in two different aerobars
postures differentiated by the height of the aerobars. The indices used to study the results were
average pressure, peak pressure, and longitudinal position of the center of pressure.

It was found that when the riders changed from Aerobars high to Aerobars low, the center of
pressure in the saddle moved to the front between 0.6 cm and 1.6 cm. Also, the average pressure
increased between 0.8 kPa and 9.6 kPa. Regarding the longitudinal position of the center of pressure
of the elbow pads, the average pressure of the elbow pads, and the peak pressure in both contact
areas, the variation due to the change of posture depends on the bicycle-cyclist set.

It is concluded that the methodology can be used to identify differences in the longitudinal position
of the center of pressure, the average, and peak pressure when changing the height of the aerobars’
pads. The results highlight the necessity of analyzing the effect of posture on the pressure in contact
areas for each bicycle-rider set (i.e., bicycle-cyclist set).

5.2. INTRODUCTION

In cycling, the rider's weight is supported in the small areas of contact with the bicycle (i.e., buttocks-
saddle, hands-handlebar, and feet-pedals); for this reason, the pressures in contact areas are
relatively high. The study of pressure in contact points is relevant because it has been related to
discomfort, and more importantly, with overuse injuries [24], [29], [31], [32], [86]-[88]. Examples of
common overuse injuries related to the contact with the saddle are sores/chafing/ulceration,
perineal/ischial tuberosity pain and numbness, and impotence [17], [45]. Regarding the contact with
the handlebar, the most common overuse injuries are ulnar neuropathy or cyclist’s palsy [17], [31],
[45]. The prevalence of lower leg, including feet injuries, is less reported than other overuse injuries
[17]. The injuries caused by the interaction with the saddle are more frequent than the ones
generated by the interaction with the handlebar and pedals because more than 40% of body weight
is supported in the saddle [45], [89]. For this reason, several studies have been performed to analyze
the pressure field in the saddle-buttocks contact point as [24], [25], [28], [29], [86], [87], [90], [91],
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and some studies have been performed in the handlebar-hands interface as [31] and the pedals-
feet contact point as [32].

It is worth highlighting that the magnitude of pressure by itself is not an indicator of potential tissue
damage; what is important is the pressure-time relation because it has been reported that the
adverse effects of pressure are related to both its magnitude and duration [92]-[94]. As explained
in [95], “low pressures delivered to muscle tissue over a long exposure period may cause injury, but
high pressures delivered for a very short time may not affect tissue viability.” For this reason,
different studies refer to the pressure-time injury threshold, pointing out acceptable and
unacceptable pressures for a given exposure time. An inverse relation between the exposure time
and the safe levels of pressure has been identified. Acceptable and unacceptable levels of pressure-
times of exposure have been identified for pressure sores [96] and even cell death [95], [97] in
different living beings (e.g., humans, dogs, rats). Given the long hours associated with cycling
training activities and cycling competition events, attention has been drawn to the pressure in
contact points during this activity.

Different indices have been used to analyze the pressure fields of the contact points while cycling.
The indices that are more frequently used are the mean pressure and peak pressure presented
either as absolute values [24], [25], [28], [29], [31], [86], [87] or normalized by the body mass [90];
these indices have sometimes been presented in terms of force instead of pressure [25], [28], [32].
The location and displacement of the center of pressure (COP) have also been used [25], [87]. Most
of the studies found in the literature have been performed while pedaling, and the indices have
been obtained for an observation window of several pedal cycles (at least three pedaling cycles).
Additionally, most studies have been performed in a laboratory using an ergometer or cycle
simulator/trainer to control test conditions as cadence and power delivery, which are commonly
defined as constants. The pressure, force, and COP location are registered with pressure sensing
mats constructed with a matrix of sensors (piezoresistive or capacitive) located in flexible fabrics.
Appendix 5.1 presents further information on studies about pressure in contact points found in the
literature.

Different solutions have been proposed to modify the pressure characteristics in contact points. For
example, it has been reported that the variation of the saddle tilt angle modifies the pressure
distribution between the anterior and posterior regions of the pelvis (i.e., pubic arch and ischium,
respectively) [91]. Most of the solutions are focused on the design of the bicycle components. For
the buttocks, modifications to the saddle as relief channels [89], complete saddle nose removal [86],
partial nose cutout [87], among others, have been used, aiming at effectively distributing weight
and reducing pressure on the perineum to decrease the risk of discomfort or injury [28], [86]. For
the hands, different types of paddings have been included in the gloves to reduce the average peak
pressure on sensitive zones of the hands [31].

The effect of body posture on the pressure in contact areas has called the attention of some
researchers. It has been reported that in postures with the trunk bent forward (e.g., drops), the
pressure in the seat decreases with respect to postures with larger trunk angles (e.g., tops) [24],
[25], [29]. As reported by Bressel and Cronin [24], the effect is possibly due to a shift of the weight
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from the saddle to the handlebar or the pedals. Even though there is an agreement on the general
effect of posture, there is a disagreement about the effect of the rider’s gender. In one study, the
findings indicate that the effect of posture is only relevant for male riders [24], while in another
study [29], it was reported that the effect is relevant only for male riders using a saddle with a hole
in the perineal zone; finally, another study [25] concluded that the effect is relevant also for women.
No studies have been performed about the effect of changing the aerobars’ height on the pressure
in contact areas. It is observed that the study of pressure in saddle remains a matter of debate. For
these reasons, this chapter's objective is to implement a methodology for measuring pressure in
contact areas between the bicycle and the rider with enough sensibility to measure differences due
to the aerobars’ height variation.

This chapter presents a protocol to measure and analyze the pressure in the buttocks-saddle and
elbow-aerobars’ pads interfaces. The protocol was implemented with a group of cyclists riding in
different aerobars postures. The analysis was performed mainly based on the position of the center
of pressure and the average and peak pressures in the contact areas.

5.3. METHODS

A methodology based on indoor tests to measure the pressure field in the buttocks-saddle and
elbow-aerobars’ pads contact areas was used to evaluate the effect of posture in the interface
pressure. For this, the power output was controlled with a cycle simulator, the cadence was
displayed to the rider with a cadence sensor, and the field pressure was measured with a flexible
pressure sensing mat.

For this implementation, the tests consisted of pedaling on a cycle simulator with a defined posture
at a fixed cadence selected by the rider and a constant power output equal to the FTP of the rider.
The power output was defined as constant because it has been reported that this variable affects
the pressure field in the saddle contact area. The power output was defined in terms of the FTP to
be representative of the power delivered by the cyclist while training or competing. The protocol is
summarized in Appendix 5.2.

A smart trainer (Kickr, Wahoo, USA) and a Garmin cadence sensor (Cadence sensor 2, GARMIN, USA)
were used for the tests. A pressure mat (Bike saddle, Novel, Germany) with 512 capacitive sensors
of 1 cm?, located on a 320 x 160 mm? area, was used. Figure 5.1 presents the setup used for
measuring the pressure on the saddle-buttocks contact area.
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Figure 5.1. Setup for the measurement of pressure in contact areas.

At the beginning of the tests, the flexible mat was aligned and fixed to the saddle and the aerobars’
elbow pads with tape. Once the mat was fixed, the cyclist pedaled for 10 minutes to warm up,
delivering a power level equal to 50% of its FTP. At the end of the warm-up, the cyclist dismounted
the bicycle, and the mat was zeroed while unloaded. Then, the area of the mat corresponding to
the saddle or the elbow pads was registered by pressing the corresponding area with a static force,
obtaining a pressure field during the postprocessing as exemplified for a saddle in Figure 5.2 (left).
The area of the pressure sensing mat that corresponded to the saddle was identified as exemplified
in Figure 5.2 (right). For the elbow pads, the areas corresponding to the sensor mat were
approximated as rectangles.

Figure 5.2. Example of the identification of the saddle area in the sensing mat. Left: initial sensed area. Right: saddle
area.

Two coordinate systems were defined for the saddle and elbow pads on the pressure sensing mat.
The coordinate systems were defined in the longitudinal and lateral orthogonal directions, as
presented in Figure 5.3. The origin of the saddle's coordinate system was located in the tip of the
nose, and in the elbow pads, it was located in the rear section of the aerobars. For both cases, the
origin was laterally located in the geometric center of the components’ areas.
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Longitudinal
Aerobars
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Saddle
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Figure 5.3. Definition of the coordinate system. Left: saddle. Right: Aerobars’ pads.

After the data for defining the components’ areas in the sensing mat was acquired, the cyclist began
pedaling at a constant cadence and power output. Once the pedaling was stable, the pressure fields
were registered on each posture for a total registered time (t;,¢) of 1 minute. A sampling frequency
of 30 Hz was used. During the postprocessing, the areas of contact between the saddle-buttocks
and the pads-elbows interfaces were identified for each time step (t). A matrix named Ar was used
to represent the sensors inside the contact area. The matrix was defined as presented in Eq. (5.1)
by comparing the pressure of each sensor (p) with a pressure threshold (P;y,). A Py, value of 0.4 kPa
was used as implemented in [24] for noise reduction. The variables i and j represent the rows and
columns of the sensing mat sensors.

1, pije, = Pen
0, pije, <Pen
Figure 5.4 presents an example of contact areas identified for a bicycle-cyclist set in the saddle-

buttocks and elbow-pads interfaces. The example figure presents in dark color all the sensors in the
components’ areas that registered pressures over Py, in at least one time step.

Vi<i< 16, vi S] < 32, Ari,j,ts = { (51)
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Figure 5.4. Example of the contact in the interface. Light color: area of the component. Dark color: area of contact. Left:
Buttocks-saddle. Right: Elbows-pads.

54



Interaction — Pressure

The pressure data was divided into pedaling cycles using the lateral motion of the Center of pressure
computed for each time step (COPy4¢+ime). The general equation for calculating the center of
pressure in the x direction of a xy plane is presented in Eq. (5.2).

[ pCy) xxdxdy
O = T oy dedy

Given that in this study, the data is discrete, and the calculation is performed for each time step, the
discrete expression for the computation of COPy4; ime presented in Eq. (5.3) can be used.

(5.2)

16 |32 -
<t < = Ziz1 XjEa Pijs * L AT,
VO<ts <t COPqttime= 16 \'32

Yio1 2j=1Pijes * ATijeg

(5.3)

The COPygt time Was used to identify the cycles because due to the oscillating motion of the hip
while pedaling, the cycles can be identified as exemplified in Figure 5.5 (top). Using a discrete Fourier
transform, the pedaling cadence can be obtained in the frequency domain as the peak with the
highest magnitude, as exemplified in Figure 5.5 (bottom).
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Figure 5.5. Example of data of lateral COP used to identify pedaling cycles and cadence. Top: time domain. Bottom:
frequency domain.

For each pedaling cycle, the longitudinal position of the COP (COPyp, cycie) and the average pressure

(Pavg,cycie) were computed. These indices are computed as the average over time of the

longitudinal position of the COP (COPjy, time) and the average pressure in the contact areas

(Pavg,time) computed for each time step of each cycle, respectively. Equation (5.4) presents the

expression for the computation of COP4y, time, and Eq. (5.5) presents the expression for payg time-
P XD kT * ATy,

VO<ts<tir, COPpontime = (5.4)
21 2521 Pije * AT
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16 {32
im1 2721 Pijes * ATije
V0 <ts < teor Pavg,time = 16 32 > > (5.5)
YL, Ar
i=1 ]:1 1,],ts
An additional index was computed to observe the zone of the saddle or aerobars’ pads in which
higher pressures were registered. For each sensor in the contact area, the pressure was averaged

over the total registered time (Payg sensor) @s in Eq. (5.6). Then, the maximum of these pressures

was identified as ppeqk-

trot
to=0 Pijts * ATijt

Lot
zhet 1

V1<i<l16, V1<j<32 pPaygsensor =

(5.6)

It is worth highlighting that the indices are obtained, considering that the cadence and power output
are constant and hence do not influence the results. It should be noticed that the results obtained
with indoor measurements do not reflect the effects of vibrations transmitted to the cyclist, which
can influence the pressure in contact areas.

Five recreational cyclists voluntarily participated in the tests after signing an informed consent form
(mass: 73.84£11.8 kg, height: 1.75+£0.06 m, age: 3517 years). The riders used their own bicycles and
standard cycling clothes. The tests were performed in two aerobars postures with different heights.
For road bicycles, clip-on aerobars were used. Depending on each bicycle's characteristics, the
height was varied using spacers on the headtube stem or the aerobars support. Table 5.1 presents
a summary of the information of each bicycle-cyclist set (further detail can be found in Tables 2.1,
2.2, and 2.3 in chapter 2).

. ) Set
Variable Units
1 2 3 4 5
Mass [kg] 59 72 92 73 73
Height [m] 1.67 1.72 1.76 1.78 1.83
Rider Age [years] 38 26 42 39 30
Gender [-] Female Male Male Male Male
FTP [W] 140 217 168 169 193
Type [-] Aero Time trial Aero Endurance Time trial
Aerobars’
height [mm] 55 55 55 55 40
difference
Lady, Adamo PS | 300, Oval Galdpago, Stealth,
Bicycle Saddle [-] Selle Italia, 1.1, ISM, concepts, GW, PRO, The
Italy USA USA Colombia | Netherlands
Parabolica Revo, 3T, Parabolica | Parabolica Trimax,
uno, Deda Italy uno, Deda | uno, Deda Vision,
Aerobars [-] ) . .
elementi, elementi, elementi, USA
Italy Italy Italy

Table 5.1. Bicycle-cyclist sets included on the pressure in contact areas tests.
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5.4. RESULTS AND DISCUSSION

The results of the study are summarized in Tables 5.2 and 5.3. From the indices computed for each
cycle (COPyon,cycie and Pavg,cycie), the averages were computed (named COP,,, and p) and are
presented in Table 5.2 for the saddle-buttocks contact area and in Table 5.3 for the elbow-pads
contact area summarizing the information from all the pedaling cycles. The tables also present the
maximum average pressures over time (ppeqi) Obtained for each case. It should be remembered
that for the saddle, higher values of COP,,,, mean moving backward, while for the elbow pads, they
mean moving forward.

Set

1 2 3 4 5

ABhigh | 15.2 | 3.8 5.8 11.7 | 7.5
ABlow | 139 | 2.7 4.2 10.1 | 6.9
ABhigh | 13.9 | 39.0 | 52.2 | 15.8| 26.1
ABlow | 14.7 | 48.6 | 58.5 | 20.9 | 28.1
ABhigh | 26.6 | 148.3 | 125.8 | 34.2 | 74.7
ABlow | 359 | 146.3 | 110.3 | 71.4 | 79.6

Table 5.2. Indices obtained for the buttocks-saddle contact during the pressure tests (average).

Variable | Units | Posture

COP,yy | [cm]

12 [kPa]

Ppeak [kPa]

Set

1 2 3 4 5

ABhigh | 45 | 6.2 4.4 3.2 2.6
ABlow | 45 | 5.1 4.8 4.0 2.6
ABhigh | 19.5 | 29.8 | 28.9 | 25.1 | 31.8
ABlow |22.0(259| 31.5 | 23.4| 35.8
ABhigh | 82.6 | 76.4 | 109.0 | 74.2 | 116.7
ABlow | 86.4|71.8| 86.8 | 68.6 | 126.0

Table 5.3. Indices obtained for the elbows-pads contact during the pressure tests (average).

Variable | Units | Posture

COP,y, | [cm]

1 [kPa]

Ppeak [kPa]

5.4.1. Effect of posture on the longitudinal position of the center of pressure

The COP position for each posture is presented in Figure 5.6 for the measurement in the saddle and
aerobars’ pads. The results for the COP,,,, magnitudes are compared between riders and postures,
including the standard deviation in Figure 5.7 for the saddle and Figure 5.8 for the pads (see Figure
5.3 for a reference of the coordinate systems). A one-way ANOVA was performed using a
significance level of 5% to verify the differences in the COP,,,, between postures. For the saddle, it
was obtained that for all sets, except set 5, the differences are statistically significant. For the
aerobars’ pads, it was obtained that for all sets, except set 2, the differences are statistically
significant.
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Figure 5.6. Position of the center of pressure in the saddle and aerobars’ pads for the different cyclists and postures.
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Figure 5.8. Longitudinal position of the center of pressure in Aerobars’ pads.

From the data registered in the saddle (see Figure 5.7), it can be observed that, when the riders
changed from Aerobars high to Aerobars low, the COP in the saddle moved to the front. This,
because the body is bent forward, and as the body moves to the front, the hip is rotated or
repositioned in the saddle. The COP,,,, presented a different variation for each cyclist between 0.6
cm and 1.5 cm. The average variation of the longitudinal COP position between postures was 1.2
cm (corresponding to a variation of 22%). From the data registered in the aerobars’ pads, there is
not a global trend on the Wlon results. For some cyclists, the COP moved forward (cyclists 1, 3,
and 4), while for others, it moved backward (Cyclists 2 and 5). Even though there is a statistically
significant difference for the COP,,,, on the pads of most riders, in practical terms, the variation
registered for cyclists 1 and 5 is less than 1 millimeter, which is negligible. The maximum variation
in the COP, in this case, was 0.7 cm.
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5.4.2. Effect of posture on the average pressure and maximum average pressure over time

The results of p are presented in Figure 5.9 for the saddle and in Figure 5.10 for the aerobars’ pads.
The tendency in the results is also presented in Figures 5.11 ad 5.12. The magnitude and standard
deviation results are presented. According to one-way ANOVA results, the differences in the average
pressure between postures are statistically significant (p-values < 0.004) in the saddle and elbow
pads for all the sets.
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Figure 5.9. Average pressure in the saddle.
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Figure 5.10. Average pressure in the Aerobars’ pads.
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Figure 5.12. Tendency between postures of average pressure in the elbow pads.

The results of the ppeqk are presented in Figure 5.13 for the saddle and in Figure 5.14 for the elbow
pads. The details of the position of the peak pressures registered for each cyclist are presented in
Figure 5.15 for the saddle and elbow pads.
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Figure 5.13. Peak pressure in the saddle.
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Figure 5.14. Peak pressure in the Aerobars’ pads.
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Figure 5.15. Peak pressure in the saddle for the different cyclists and postures.
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It was expected that the average pressure and peak pressure would increase in the pads and
decrease in the saddle when changing from ABhigh to ABlow due to an effect of load transfer from
the saddle to the handlebar. Nevertheless, this behavior was not observed as a general trend. On
the one hand, for all the cyclists the p of the saddle increased when reducing the aerobars’ height;
this could be attributed to a reduction in the area of contact with the saddle when changing to
ABlow, which combined with the support of the same weight leads to an increase in the pressure.
On the other hand, the p on the pads and the p,.qx On the saddle and pads increased for some
riders and decreased for the others. Different behaviors of the pressure fields were registered for
each bicycle-cyclist set because they depend on the bicycle and the rider’s characteristics. Each
saddle has a particular geometry, each rider has particular anthropometry, and each rider has a
particular way of seating in the saddle. See, for example, the difference in the positioning preference
of the riders in Figure 5.16. Regarding the saddle, the rider on the left has a preference for seating
in the saddle's anterior part, while the rider on the right uses a bigger zone of the saddle to seat.
Regarding the aerobars’ pads, the rider on the right supports the elbows, while the rider on the left
supports the forearms. These differences between riders can also be observed in Figure 5.15, in
which the patterns of the contact areas between the riders and the bicycle are evident. About these
differences between riders, it has been reported that even for a group of cyclists using the same
saddle, the pressure distribution pattern is different for each rider [89].

Cyclist 2 Cyclist 4

g

Figure 5.16. Examples of seating preferences of diffrent cyclists.

The values of p registered in the saddle lie in the 13.9 kPa to 58.5 kPa range for the saddle and 19.5
kPa to 35.8 kPa for the aerobars. The values of pj . registered lie in the 26.6 kPa to 148.3 kPa range
for the saddle and 68.6 kPa to 126.0 kPa for the aerobars’ pads. The registered values are in
agreement with values reported in the literature for the analysis of pressure in the buttocks-saddle
contact (see Appendix 5.1 [24], [28], [86]). The relatively large variation of the values reported in
the literature can be attributed to the difference of the testing conditions over the studies
considering that the characteristics of the riders, the saddles, the power outputs, and the postures
are varied. Also, the computation of the indices can be performed in several ways; for example, the
sensors of the matrix included in the calculations (e.g., all the sensors, the sensors of the saddle
area, or the sensors of the contact area) can modify the results. There are not available reference
values of pressure in the elbow-pads contact areas. It is worth highlighting that for some riders, the
average and peak pressure values in the elbow-pads contact areas was higher than in the buttocks-
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saddle contact remarking the importance of considering the pressures applied to the rider’s body in
other locations rather than the saddle, especially when riding in aerodynamic postures (i.e., with
the body bent forward).

The importance of analyzing the average pressure and peak pressure while cycling lies in the
potential adverse effect of pressure on the tissues in contact with the bicycle. There are no specific
thresholds defining loads that can be harmful to the human body while cycling. According to [93],
this is due to the high dependence of the tissue tolerance to load on the tissue condition (e.g.,
location, age, hydration), making it challenging to establish pressure thresholds. Nevertheless, the
following thresholds have been used for the evaluation of cushions [94]: 30mmHg (4kPa) as it
represents capillary pressure at heart level, 60mmHg (8kPa) is a threshold frequently used for
pressure ischemia, and 120/90mmHg (16/12kPa) represents systolic/diastolic pressures. Also, a
peak pressure threshold of 8.8kPa was reported for the analysis of comfort in automobiles [98]. It
is worth highlighting that all the thresholds previously mentioned are exceeded by the pressures
registered in this study for cycling. Considering the pressure-time relation, curves as the ones
presented in Figure 5.17, reported on a study about pressure sores in seated humans, have been
used [96]; in these plots, the curve presents a time-dependent threshold of pressure for the
apparition of sores (reconstructed from data obtained in [99]). Both pressure-time threshold curves
correspond to the expression shown in Eq. (5.7), where p, is the acceptable pressure threshold in
kPa for a given exposure time t, in hours. The ranges of the average pressure values obtained in this
study in the saddle and elbow pads were included in the subplots of Figure 5.17. It can be observed
that with the average pressures registered, the acceptable time thresholds to avoid sores varies
between 1 and 3 hours. The mentioned time range can be considered normal, and even short,
training and competing times for sportive cycling practice. This means that the pressure values
registered while cycling are high considering the time that cyclists ride the bicycle; for this reason,
discomfort, pain, and overuse injuries on the buttocks and hands are frequently reported by cyclists.
The reason why the cyclists can endure long periods of time riding with the high pressures registered
for the saddle contact is that the oscillating motion of the legs and hip creates an oscillation in the
pressure field. The reference values of pressure thresholds have been identified for constant load,
and as stated by [24], the oscillations allow blood to flow on arteries and tissues in contact in this
region. Nevertheless, the previous analysis highlights the importance of reducing the pressure in
the contact areas when possible.
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Figure 5.17. Pressure-time threshold for the apparition of saddle sores in humans. Recreated with the model reported in
[96] fitted to the data of [99].

Pa = [471.9 % (t; ) + 11.5] » 0.13 (5.7)

5.5. CONCLUSION

A methodology for the measurement of pressure in buttocks-saddle and elbow-aerobars’ contact
areas was successfully implemented. The methodology was able to identify differences in the

longitudinal position of the center of pressure, the average, and peak pressures when changing the
height of the aerobars’ pads.

For the bicycle-cyclist sets studied through the implementation of the methodology, it was obtained
that when reducing the height of the aerobars, the position of the center of pressure in the saddle
moves forward, and the average pressure in the saddle increases. Regarding the position of the
center of pressure in the aerobars’ pads, the average pressure in the pads, and the peak pressures
in both contact areas, the effect of posture varied among the cyclists. For some cyclists, the change
of posture led to higher magnitudes, leading to lower magnitudes for others. The results indicate
that reducing the height of the aerobars leads to higher probabilities of discomfort, pain, or overuse
injuries in the saddle, while the effect on the elbows is different for each cyclist.

The values for the pressure field's indices in the buttocks-saddle interface obtained by implementing
the proposed methodology are in agreement with other values in the literature. The magnitudes of
pressure registered for the cyclists are high when compared to pressure-time thresholds for the
prevention of saddle sores considering that cycling activities usually require long riding periods; for
this reason, minimizing the pressure in the contact areas while cycling is important.
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CHAPTER 6. Interaction:
measurement of vibrations
transmitted to the cyclist
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6.1. ABSTRACT

In cycling, the irregularities of the road are transmitted through the bicycle to the rider through the
contact points. Besides the magnitudes of the vibrations, the exposure time is important for
analyzing the effect of vibrations transmitted to the human body; in cycling, it is common to spend
long hours on the bicycle for training and competition. For this reason, the study of vibrations in this
context is relevant because high levels of exposure to vibrations can lead to discomfort and even
injuries. It is generally recognized that the rider's posture has a relevant effect on vibration
transmission measurement. For this reason, it is usually stated that the posture is kept constant
during the tests. Nevertheless, only a few studies have quantified the effect of body posture in
vibration transmission. The effect of the variation of postures such as the aerobars’ position on the
vibration transmission to the rider has not been studied.

An outdoor road methodology was used to quantify the vibration transmitted to the cyclist. The
methodology was implemented to measure the vibrations in the stem and steering tube of five
bicycle-cyclist sets. The measurements were performed in two aerobars postures with different
heights. The tests were performed at a constant speed on a smooth asphalt road. The vibrations
were quantified using the rms of the tridimensional accelerations in the steering tube and the
seatpost. The human sensitivity to vibrations was considered for the analysis according to the
International Standards ISO 2631 and ISO 5349.

For the seatpost, it was obtained that only the vibrations in the vertical direction are relevant when
considering human sensitivity. For the steering tube, it was obtained that the vibrations in the
vertical and longitudinal directions are relevant. The accelerations registered in the steering tube
were, on average, 61% higher than the ones registered in the seatpost for the bicycle-cyclist sets
measured. When changing the aerobars’ height, the effect on the vibrations was different for each
cyclist; in some cases, significant effects were registered. For the cases of significant effect, lowering
the aerobars’ height led to higher accelerations in the seatpost (7% on average) and lower
accelerations in the steering tube (15% on average). The implementation of the methodology
permitted measuring differences in the vibrations in the steering tube and seatpost of road bicycles
due to the variation in aerobars’ height.

6.2. INTRODUCTION

Cyclists are exposed to vibration due to the irregularity of the road. The study of vibration is of
relevance as it affects the activity development of people ranging from discomfort [102] to health
risks [103]. For the study of vibration in cycling, the bicycle and cyclist have to be studied as a set
given that the mass of the cyclist is relevant when compared with the mass of the bicycle influencing
its overall behavior [104], [105]. The vibration perceived by the cyclist depends on the geometry,
mass, inertia, and structural characteristics of the bicycle components and the characteristics,
posture, and expectations of the cyclist [106]-[108].

Vibration transmission is usually studied by measuring vibrations in the points of interest, mainly in
terms of accelerations. For this, accelerometers are located as close as possible to the points of
interest. The accelerations measured are related to the human body sensitivity through
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International Standards. The ISO 2631 [108] is used to analyze whole-body vibration, while the ISO
5349 standard [109] is used for the arm-hand system. These standards present different
acceleration indices that can be used to evaluate vibration transmission. The basic evaluation
method uses the root mean square (rms) of the accelerations weighted with a curve for considering
the human sensitivity to vibrations. The rms of the weighted acceleration (a,,) is defined as in Eq.
(6.1) [108], where t;,; is the duration of the measurement in seconds, and t is the time.

1 [ttot

a,, = —f aZ (t)dt (6.1)
teot Jo

The accelerations are weighed in frequency because “the manner in which vibration affects health,

comfort, perception, and motion sickness is dependent on the vibration frequency content” [108].

Different curves are used depending on the case under analysis (i.e., whole body or hand

transmitted vibration) and the direction of vibration.

For the evaluation of comfort and perception, it is recommended to perform the assessment
combining the vibrations registered in three orthogonal coordinates to obtain the vibration total
value (a,) as in Eq. (6.2) [108], where a,,y, ayy, and a,,, are the weighted rms accelerations on the
x, ¥, and z axes, respectively. Higher values of a, are related with worse scenarios of comfort and
perception. For whole-body vibrations, the frequency of interest is in the range of 0.5 Hz to 80 Hz,
while for hand-arm transmitted vibrations, it is in the 8 Hz to 1000 Hz range.

a, = \/avzvx +agy +ad, (6.2)

It is worth noting that the posture adopted while cycling is different from the seated posture
considered by the ISO 2631 [108]. The international standard considers a posture of normal sitting
with an upright trunk, while in cycling, the body is bent forward. For this reason, the seated posture
of the ISO 2631 is assumed as an approximation of the actual studied posture.

The measurement of vibrations in cycling can be performed through laboratory or road tests. The
laboratory tests require a source of excitation for the bicycle; for this reason, the use of mechanical
devices as hydraulic shakers under the wheels [33], [110], [111], and treadmills with bumps [102]
has been reported for continuous excitation. Also, the use of impulsive methods to excite the system
has been reported [100], [112], [113] (see Appendix 6.1 for the description of a method developed
during the Internship at Padova University). For the case in which the bicycle is not translating, there
is a difficulty associated with keeping the bicycle vertical. In this case, setups including the use of
elastic cables wrapped on different components of the bicycle and fixed to a structure [33], [102],
[110], [111], [113] have been reported as the most common solution. For the outdoor road tests,
the excitation source is the road irregularity. The main difficulty in this approach is how the bicycle
is propelled. In some studies, the rider is pedaling to move the bicycle [114]-[118]; nevertheless,
some studies have adopted other techniques to isolate the vibrations without measuring the
vibrations due to pedaling. For example, using a coast down approach [119], towing the bicycle, or
pushing the rider in the back from another vehicle [104], [120], or performing the tests in a road
with a negative slope or descending stairs [111], [121]. The instrumentation used for registering the
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vibrations is similar for indoor and outdoor tests. Uniaxial and triaxial accelerometers are used for
registering accelerations, while strain gauges and are used for force measurement in different
bicycle components. Appendix 6.2 presents information about studies in which this instrumentation
has been used.

Studies about the level of exposure of cyclists to vibrations [114], [117] and the development of
instrumentation for the analysis of vibration in cycling [118] have reported their results in terms of
the vibration total value a,, including the weighting for human sensitivity. Other results about the
effect of experimental setup variables, the relative contribution of bicycle components, or the
quality of different road surfaces have been presented through simplified indices as the rms of the
acceleration including only the vertical direction, instead of the three axes [33], [110], [111], [119].
Some other studies have presented the results as acceleration rms without weighting the
acceleration signals or without mentioning the international standards [104], [115], [116], [121].
Finally, indices not contemplated in the international standards have been used to analyze vibration
in cycling. For example, the power absorbed in the interphase, considering force and speed
simultaneously, has been used [102], [110], [111], [118], [120].

It is acknowledged that posture has a significant effect on the vibrations transmitted to the rider
while cycling. For this reason, in different studies, it is described that the posture is controlled by
asking the rider to maintain a natural constant position [102], [104], [110], [120]. Nevertheless, few
studies have quantified the effect of posture in vibration transmission. For example, in [33], it was
concluded that the change in the position of the hands on the handlebar and even relatively small
changes such as the wrist angles have a significant effect on vibration transmission. The effect of
the variation of postures as the aerobars’ position on the vibration transmission to the rider has not
been studied. For this reason, the objective of this chapter is to implement a methodology for the
measurement of vibration transmitted to the cyclist with enough sensibility to measure differences
due to the variation of the aerobars’ height.

This chapter presents a protocol to measure and analyze the vibration transmitted to the cyclist
through the buttocks-saddle and elbow-aerobars’ pads interfaces. The protocol was implemented
with a group of cyclists riding in different aerobars postures. The vibration transmission was
quantified through the vibration total value in the seatpost and headtube.

6.3. METHODS

A methodology based on road tests to measure vibration transmitted to the rider through the
seatpost and the head tube was used. Three-dimensional accelerations were measured while the
rider pedaled on a testing route at a constant speed. The vibrations were registered with wireless
triaxial accelerometers with a sampling frequency of 5000 Hz (SlamStick LOG-0002-025G-PC, MIDE,
USA). Tests were performed locating the accelerometers on the seatpost and steering tube. Clamp
supports were used to place the accelerometers as presented in Fig 6.1. A GPS (Forerunner 910,
GARMIN, USA) and a speed sensor (Speed sensor 2, GARMIN, USA) were used to register and display
the speed to the rider in real-time. The riders traveled three times at a constant speed of 25 km/h
on a straight route with smooth asphalt and a length of 400 m.
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GPS

Accelerometers

Speed sensor

Figure 6.1. Setup for the measurement of vibration transmission.

The acceleration signals acquired were segmented using the GPS signal. Due to the position of the
accelerometers on the bicycle, the axes were slightly rotated with respect to the vertical and
longitudinal axes of the bicycle. For this reason, the signals were rotated considering the bicycle
geometry as presented in Figure 6.2 to obtain the accelerations in the vertical, longitudinal, and
lateral axes (@ per, Awion, aNd Ayy1qe, respectively). The ISO 2631 [108] describes that the direction
of the measurement of vibrations should be defined by the main axes of the body. This indicates
that the z-axis would be aligned with the trunk of the cyclist. Nevertheless, in this study, the z-axis
is defined in the vertical direction to have a constant orientation reference for the different postures
and riders measured.

Figure 62 Acce/éfation orientations analyed in the study.
The rotated signals were transformed from the time domain to the frequency domain. The signals
were weighted to consider human sensitivity to vibrations, considering the orientation and location,
according to the ISO 2631 and I1SO 5349 [108], [109]. The rms of the weighted accelerations were

computed, and the vibration total value (a,) was computed for the seatpost and the steering tube
asin Eq. (6.2).
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It is worth highlighting that the accelerometers' position is not in the contact between the rider and
the bicycle as the instrumentation could cause discomfort and reduce the maneuverability.
Nevertheless, the position selected on the bicycle eases repeatability on the location of the
accelerometers, which is useful for comparing different conditions as the riders’ posture. Appendix
6.3 presents a summary of the protocol for the measurement of vibration transmitted to the rider.

Five recreational cyclists voluntarily participated in the tests after signing an informed consent form
(mass: 73.84£11.8 kg, height: 1.75+£0.06 m, age: 3517 years). The riders used their own bicycles and
standard cycling clothes. The tests were performed in two aerobars postures with different heights.
For road bicycles, clip-on aerobars were used. Depending on each bicycle's characteristics, the
height was varied using spacers on the steering tube or the aerobars support. Table 6.1 presents a
summary of the information of each bicycle-cyclist set (further detail can be found in Tables 2.1, 2.2,
and 2.3 in chapter 2).

. . Set
Variable Units
1 2 3 4 5
Mass kgl 59 72 92 73 73
Height [m] 1.67 1.72 1.76 1.78 1.83
Rider Age [years] 38 26 42 39 30
Gender [-] Female Male Male Male Male
FTP [W] 140 217 168 169 193
Type [-] Aero Time trial Aero Endurance | Time trial
Bicycle | A " heigh
y erobars” height |, 55 55 55 55 40
difference

Table 6.1. Bicycle-cyclist sets included in the vibration transmission tests.

6.4. RESULTS AND DISCUSSION

The vibration total values (a,) were computed from vibration signals obtained considering the
human sensitivity according to 1S02631 [108] for the seatpost and 1SO5349 [109] for the steering
tube.

6.4.1. Computation of weighted power spectral densities

Figure 6.3 presents an example of the weighting filters' effect on the vibrations measured for set 1
in ABhigh posture. The vibrations are presented as the average of the power spectral densities
(PSDs) of the accelerations registered for the different trials. The signals obtained for the vertical,
longitudinal, and lateral axes are displayed. Regarding the accelerations in the three orthogonal
directions, it can be observed from the unweighted (i.e., original) signals that the magnitude of the
accelerations in the lateral direction is negligible, while the magnitudes of the vibrations in the
vertical and longitudinal directions are similar. This was expected because the bicycle dynamics for
the case tested (i.e., constant speed, flat, and smooth road) are dominant in the sagittal plane. The
differences in the magnitudes of accelerations in different directions are in agreement with previous
results [118]. Regarding the effect of the human sensitivity weighting, it is worth highlighting that
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for the whole-body vibration (in this case transmitted through the seatpost), there is a weighting
curve for the vertical direction and another for the lateral and longitudinal directions. For the hand-
transmitted vibration, the same weighting curve is used in all directions. According to the use of the
weighting curves, it can be observed for the seatpost that the vibrations in the longitudinal and
lateral directions are severely attenuated. In the vertical direction of the seatpost and all the
directions of the steering tube, the signals are completely attenuated for frequencies higher than
50 Hz. The weighting curves highlight a high sensitivity to hand-transmitted vibrations in the range
from 3 Hz to 51 Hz (with a peak around 12 Hz), considering that the magnitudes of vertical
accelerations out of such range are weighted with an attenuation of -10dB. Similarly, for a seated
person, there is high sensitivity in the 0.4 Hz to 40Hz range (with a peak around 6 Hz), and the
magnitudes out of this range are also weighted with an attenuation of -10dB. The same behavior
was observed for the vibrations of the other riders (see Appendix 6.4 to Appendix 6.7).
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Figure 6.3. Effect of human sensitivity on the average acceleration power spectral densities. Example for Cyclist 1 riding
in ABhigh posture.

The averages of the acceleration PSDs of the riders are presented in Figure 6.4 for the seatpost and
in Figure 6.5 for the steering tube. In Figure 6.4, the vibrations are presented only in the vertical axis
because the magnitudes of vibrations of the seatpost in the longitudinal and lateral orientations are
negligible. In Figure 6.5, the vibrations are presented in the vertical and longitudinal axis because
the magnitudes of vibrations of the steering tube in the lateral orientations are negligible. It can be
observed on the vibrations of the seatpost that the shapes of the PSDs in the vertical direction are
similar for the two postures with variations in the magnitudes of some peaks. For all the sets, in
most of the frequency regions in which a difference between the PSDs is noticeable, the magnitudes
of ABhigh are higher than those of ABlow. It can be observed on the steering tube's vibrations that
the differences of the PSDs between the postures vary for the different riders.
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Figure 6.4. Effect of posture on the average acceleration power spectral densities in the seatpost.
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Figure 6.5. Effect of posture on the average acceleration power spectral densities in the steering tube.
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6.4.2. Effect of posture on vibration total values

The results obtained for the weighted rms accelerations on the vertical, horizontal, and lateral axes
(@wvers Awion, aNd ay1qt, respectively), and the vibration total values (a,,) are presented in Table
6.2 for the seatpost and in Table 6.3 for the steering tube. It can be observed that the values
computed for the steering tube are higher than the ones computed for the seatpost. It can also be
observed that, in the seatpost, the vertical direction of vibration is more relevant than the
longitudinal and lateral directions. For both postures, a,,,., represents in average 80% of a,,, while
Qyion represents 12%, and a,,;4¢ represents 8%. For the steering tube, a,,;,, is almost as relevant
as Ayper- IN Average, a,, o represents 47% of a,,, while a,,,;,, represents 37%, and a4+ represents
16%.

Set

1 2 3 4 5

ABhigh | 2.94 | 2.90 | 2.50 | 3.00 | 2.70
ABlow | 3.08 |3.10 | 2.84 | 3.09 | 2.83
ABhigh | 0.48 | 0.43 | 0.47 | 0.47 | 0.47
ABlow | 0.49 | 0.44 | 0.51 | 0.41 | 0.47
ABhigh | 0.28 | 0.30 | 0.23 | 0.25 | 0.17
ABlow | 0.23 |{0.31|0.25|0.25 | 0.21
ABhigh | 3.00 | 2.95 | 2.56 | 3.04 | 2.74
ABlow | 3.13 (3.15|2.90 | 3.13 | 2.88

Table 6.2. Acceleration indices (vibration total values) obtained for the seatpost.

Variable | Units | Posture

Aywver [m/ 52]

Awion [m/sz]

Awlat [m/sz]

a, [m/s?]

Set

1 2 3 4 5

ABhigh | 3.26 | 3.60 | 3.15 | 3.58 | 4.06
ABlow | 3.04 |3.52|3.39|3.253.33
ABhigh | 2.68 | 2.60 | 2.72 | 3.24 | 3.62
ABlow |3.10|2.84|2.61|290|2.99
ABhigh | 0.89 | 1.27 | 0.79 | 0.89 | 1.06
ABlow | 0.82|1.33|0.92|0.91 | 1.00
ABhigh | 432 | 462 | 4.24 | 491 | 5.54
ABlow | 4.42 | 4.71|4.37 | 4.45 | 4.59

Table 6.3. Acceleration indices (vibration total values) obtained for the steering tube.

Variable | Units | Posture

Aywver [m/ 52]

Awion [m/sz]

Awiat [m/sz]

a, [m/s?]

The results of the vibration total values (a,,) are graphically presented in Figure 6.6 for the seatpost,
and Figure 6.7 for the steering tube. The tendency in the results is also presented in Figures 6.8 and
6.9. The average and standard deviations are presented for both postures. A one-way ANOVA was
performed using a significance level of 0.05 to verify the differences in the a,, between postures.
From the results of the vibrations measured in the saddle, it can be observed that for all the sets,
the acceleration index increased when changing from ABhigh to ABlow (between 3% and 12%).
Nevertheless, only for sets 2 and 3, the difference was statistically significant. From the results of
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the vibrations measured in the steering tube, it can be observed that a significant difference was
found only for set 5, for which the acceleration index decreased 21% when changing from ABhigh
to ABlow. From the results, it can be seen that the magnitude of the difference in the av of the
seatpost and the steering tube between the postures changes for each set. The results indicate that
for some cyclists, ABlow is less comfortable in the saddle and more comfortable in the steering tube
than ABhigh.
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Figure 6.6. Vibration total values computed for the seatpost.
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Figure 6.7. Vibration total values computed for the steering tube.
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Figure 6.9. Tendency in vibration total values computed for the steering tube.

It should be noticed that the a, reported are representative only of the tested conditions of this
study. Variables as the bicycle speed and the testing route roughness influence the vibrations
transmitted to the bicycle. Nevertheless, the values obtained agree with the ones reported by [33]
in which the vibration indices in the stem are approximately 67% higher than the ones in the
seatpost (the average difference in this study was computed as 61%). Additionally, the average
maghnitudes of the acceleration index in the seatpost and steering tube in this study were 2.9 m/s?
and 4.6 m/s?, respectively, while in [33], the values reported for an aerodynamic posture are close
to 3.25 m/s? and 5.5 m/s?, respectively.

For the analysis of vibration transmitted to the human body, not only the magnitudes of acceleration
are important, but also the time of exposure is relevant. For this reason, the ISO 2631 has curves of
health guidance caution zones for whole-body vibration, and the ISO 5349 mentions a threshold for
an increased probability of presenting the hand-arm vibration syndrome. Thresholds of exposure

77



Interaction — Vibration

increasing health risks can be defined from the information of the standards considering the
equivalency between vibration exposures as in Eq. (6.3) [108]. In this expression, a,,; and a,,, are

the weighted accelerations of two exposures, and T; and T, are the corresponding exposure
durations.

aw1/T1 = awZ\/TZ (6.3)

From this expression, it is possible to estimate an acceptable acceleration threshold a, for a given
exposure time ¢, as in Eq. (6.4).

Aq = Aref h (6.4)
te

To define the acceleration-time threshold curve for the seatpost, the A4,.; was identified in the
curve for health guidance caution zones of the ISO 2631 for a T.s of 4 hours. The resulting
expression is presented in Eq. (6.5). To define the threshold curve for the stem, the 8-hours energy-
equivalent vibration total value presented in the I1SO 5349 was used. For this reference exposure
time, the standard suggests a hand-transmitted acceleration threshold of 2m/s%. The resulting
expression is presented in Eq. (6.6).

Qg seatpost = 1.2+ 4/t, (6.5)
Qg stem = 24/8/te (6.6)

The acceleration-time threshold curve for the seatpost and the stem are presented in Figure 6.10.
The ranges of the accelerations obtained in this study in the seatpost and the stem are included in
the figure. It can be observed that the exposure duration to enter the zone of health caution for the
registered a, values varies between 30 minutes and 2 hours. These time ranges are commonly
exceeded in cycling during training and competition. Also, it can be observed that even though the
magnitudes of vibration in the steering tube are higher than in the seatpost, the potential adverse

effect on the health of the rider is higher for vibrations transmitted through the saddle-buttocks
interface.
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Figure 6.10. Acceleration-time threshold for increased health risks.

The analysis of the relation between time of exposure and vibration amplitudes registered highlights
the relevance of reducing the levels of vibration transmitted to cyclists. It is worth highlighting that
the testing route used in this study is smooth, and the tested speed is relatively low for road cycling,
implying that in actual cycling conditions, the vibration values can be higher than the ones reported
here. Nevertheless, it should be considered that the actual vibrations in the contact points with the
rider are lower as the saddle and elbow pads paddings mitigate the vibrations transmitted.

6.5. CONCLUSION

A methodology for the measurement of vibrations in the seatpost and the steering tube was
successfully implemented. Vibration indices were computed in the seatpost and the steering tube
from the rms of the accelerations measured in three orthogonal directions. For all the riders who
participated in the study, at least one of the acceleration indices (seatpost or steering tube)
presented a statistically significant difference; this shows that the methodology has enough
sensibility to measure differences in vibration transmission due to the variation in aerobars’ height.

For the bicycle-cyclist sets studied through the implementation of the methodology, it was obtained
that the effect of the aerobars’ height on the acceleration index varies for each bicycle-cyclist set.
For the riders that presented variations, reducing the height of the aerobars led to higher
accelerations in the seatpost and lower accelerations in the steering tube. The results indicate that
for some cyclists reducing the height of the aerobars’ pads improves the vibrations in the elbows
and worsens the vibrations in the buttocks. It was also obtained that the accelerations in the
steering tube are higher than in the seatpost.

The relation between the vibration amplitudes registered in the seatpost and the stem and the usual
times of exposure while cycling represents a scenario of possible health risk considering the caution
zones for health and suggested maximum acceleration values presented in international standards
for the study of human vibration (ISO 2631 and ISO 5349).

79



80

Interaction — Vibration



Effect of posture on performance and interaction

CHAPTER 7. Effect of posture
on cyclist’s performance and
interaction with the bicycle.
Case of study: height of
aerobars

Related publications:

[122] A. Polanco, L. Muiioz, A. Doria, and D. Sudrez, “Selection of posture for time-trial cycling
events,” Appl. Sci., vol. 10, (18), 2020.
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7.1. ABSTRACT

The aerobars postures are of interest for riders competing in cycling and triathlon events in which
the aerodynamics are relevant, and the collision risk is reduced. The aerobars postures are
characterized by their aerodynamic advantages, but they are also associated with an increased
difficulty to sustain the posture for long periods. There are some studies about postures while riding
in aerobars. Nevertheless, further studies are needed. For this reason, a methodology for the study
of the influence that variations in the body posture while riding in aerobars have on the performance
of cyclists and their interaction with the bicycle is presented. The methodology aims at minimizing
the race time subject to vibration and pressure exposure thresholds.

Five bicycle-cyclist sets were included in the study. The power delivery capacity, drag area, vibration
transmission, and pressure in contact areas were previously measured for two postures. The
postures were defined by the aerobars’ height fit limits of each bicycle, and the characterization of
the mentioned variables was performed in such postures. The information was used to select and
optimize the aerobars height for each bicycle-cyclist set considering a 20-km race and various road
inclinations and wind speeds (inclination range from -5 to 5%, and wind speed range from -2 to 5
m/s).

The race time was computed for each set for different race conditions. It was obtained that the
results vary for each bicycle-cyclist set. Regarding race time, it is obtained that it increases for higher
inclination and headwind conditions. Congruently, regarding the constraints, smaller acceptable
thresholds are obtained for larger race times, leading to unfeasible race conditions. For all the sets,
it was obtained that the vibration in the saddle was the variable that limited the feasible race
conditions. The results showed that for a race condition of flat terrain, the posture with the lowest
aerobars height was only advantageous for two riders riding at headwind speeds higher than 10.5
km/h. For a race condition with zero wind speed, it was found that the road inclination for which
the change of posture was advantageous varied between -3.6% and 1.0%. For a race condition with
zero-wind speed and zero-inclination, the race time improvements of the different bicycle-cyclist
sets varied for a 20-km distance, between 14 and 97 seconds (corresponding to variations of 0.6%
and 5.6%, respectively), with an average of 60.2 seconds were found when changing the posture.

A methodology for selecting and optimizing aerobars’ height of bicycle-cyclist sets was successfully
implemented to minimize race time considering pressure and vibration exposure constraints. It is
concluded that posture optimization should be performed for each bicycle-cyclist set. The relation
between the variation of the performance and the variation of the interaction variables when
changing the posture is relevant for posture optimization. The suggested posture depends on the
race conditions as road inclination, wind speed, and distance, among others.

7.2. INTRODUCTION

The riders use aerobars postures during cycling to take advantage of the aerodynamic drag
reduction with respect to traditional postures [37]. Nevertheless, riding in aerobars leads to stricter
constraints in the posture as, for example, higher trunk flexion and neck extension, which leads to
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variations in the power delivery capacity [6], [7], [38]-[42], and can increase the discomfort. Given
that the race time is affected by the aerodynamic drag and the power delivery capacity, it is
necessary to evaluate if a posture modification is advantageous by verifying how much these
variables fluctuate when changing the posture. For example, if a modification in posture improves
the aerodynamic drag, but the rider's power delivery capacity has a substantial reduction, it is
possible that the posture variation is not advantageous. In addition, even if the posture modification
is advantageous regarding an improvement in the race time, but the posture increases the
discomfort or has a higher potential to lead to overuse injuries, the posture may not be used. The
potential to cause discomfort and eventually overuse injuries can be objectively quantified by
measuring the pressure in contact areas between the bicycle and the rider and the vibrations
transmitted to the rider.

It is possible to find some suggestions for the definition of posture when riding in aerobars.
Nevertheless, studies on the effect of postural parameters in aerobars postures are scarce. For
example, suggestions about the repositioning of the saddle [45], the hip flexion angles [44], and the
location of the elbow pads [13], [44] have been given. Studies about the effect of the head and torso
inclinations and the position of the elbows, saddle, and handlebar on performance have been
reported [11], [13], [38], [43]. The effect of the variation in aerobars postures on the vibration
transmission to the rider or the pressure in contact areas has not been found to date. For this
reason, the rider's exact position when using aerobars is currently usually defined to reduce the
aerodynamic drag as much as possible, estimating that the rider can hold the posture for the entire
race duration.

This chapter presents a methodology for studying the influence that variations in the body posture
while riding in aerobars have on cyclists' performance and their interaction with the bicycle. One
postural parameter is varied in this study: the height of the aerobars. The performance is assessed
in terms of total race time computed for specific race conditions (i.e., race length, wind speed, and
road grade). The total race time is computed using the bicycle-cyclist set's drag area coefficient and
the rider's power delivery capacity. The interaction is assessed in terms of vibration transmission
and pressure in contact areas. The methodology is based on an optimization problem to minimize
race time subjected to restrictions imposed by interaction variables when changing the posture. The
objective is to implement a methodology for selecting aerobars’ height considering simultaneously
aerodynamic drag, power delivery capacity, pressure in contact areas, and vibration transmission
for different race conditions (i.e., defined by the race distance, average road grade, and average
wind speed). The methodology is implemented with a group of bicycle-cyclist sets riding on their
own bicycles.

7.3. METHODS

This section describes the optimization problem, the scenarios, conditions, and bicycle-cyclist sets
studied, and the variables used for its solution.
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7.3.1. Optimization problem

The optimization problem was defined as: Finding the value of the aerobars’ height that minimizes
the total race time for a given race condition subjected to thresholds of vibration on the seatpost
and steering tube, and thresholds on the pressure in the buttocks-saddle and elbows-pads contact
areas.

For this optimization problem, the design variable is the height of the aerobars (h). The objective
function is the total race time t,., which is computed using the drag area (CpA) and power delivery
capacity (P) performance indices. The race condition refers to the race distance (X,), wind speed
(vw), and road grade (8) for which the problem is solved. The constraints are related to limit values
for the vibration transmission and pressure in contact points. On the one hand, the global average
pressure on the saddle (ps) and the aerobars’ elbow pads (pyg) cannot exceed the pressure
thresholds on the saddle (pins) and elbow pads (pipap)- On the other hand, the
vibration total values measured close to the saddle (a,s) and the aerobars (a,,45) cannot exceed the
respective vibration thresholds on the saddle (V;;s) and the aerobars (Vip45). The values of Vs,

Vinag, Pens, and Pepap are time-dependent.
The standard form of the optimization problem is presented in Eq. (7.1):

minimize t,.(h)

subjectto: h € H, gi(h) <0, k=1,234 7.1
were H is the set of aerobars’ heights under study, and the restrictions g, are:
g1(h) = ps(h) = pens(t-(R)) (7.2)
92(h) = Pag(h) = peras(t-(h)) (7.3)
g3(h) = a,s(h) — Vths(tr(h)) (7.4)
9ga(h) = ayap(h) — Vinap (tr(h)) (7.5)

Two scenarios were considered to solve the optimization problem. Scenario 1: two discrete options
for the aerobars’ height are considered (see Eq. (7.6)). Scenario 2: continuous options of aerobars’
heights in an interval are considered (see Eq. (7.7)). The values of h; and h, are defined by the lower
and upper limits of the aerobars’ height according to the bicycle fit window (named ABlow and
ABhigh, respectively).

H = {h1; hZ} (76)

H = [hl, hz] (7'7)

For both scenarios, multiple race conditions were studied varying v,, between a tailwind of 2 m/s
and a headwind of 5m/s, and 8 between -5% and 5%. A constant X,. of 20 km was defined for all the
race conditions.
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7.3.2. Definition of the objective function: race time

The total race time (t,.) of a given race condition was computed from the bicycle speed (v,) and the
race distance (X,.) as in Eq. (7.8).
Xy
t, = —
TS (7.8)
The v, was computed from the equation of the longitudinal dynamics of the bicycle-cyclist set
presented in Eq. (3.9) under the assumption of a constant bicycle speed leading to Eq. (7.9).

%pCDA(vb + v,)?% + mgcos(8)f, =1 <v£b> —mgsin(6) —c; — cavp (7.9)
In Eqg. (7.9) p is the air density, m is the bicycle-cyclist set mass, g is the gravitational acceleration,
fr is the rolling resistance coefficient, n is the power transmission efficiency, and c¢; and c, are
parameters of the equivalent bearing resistance. The v,, and 6 values were defined for each race
condition from the ranges previously described (-2 to 5 m/s and -5% to 5%, respectively). The p, g,
7, ¢4, and ¢, were defined as constants, as presented in Table 7.1. The m was measured for each
bicycle-cyclist set. In addition, for h; and h, the CpA and f,, were measured according to the
protocol presented in Chapter 3, and the P was obtained with the protocol presented in Chapter 4
for the Functional threshold power measurement.

Parameter Units | Value
Air density (p) [kg/m3] 0.9
Gravitational acceleration (g) [m/s?] 9.8
Power transmission efficiency (1) [%] 97
Equivalent bearing resistance parameter 1 (c;) [N] 0.091
Equivalent bearing resistance parameter 2 (c,) | [N.s/m] | 0.0087

Table 7.1. Constants used in the longitudinal dynamics model.

For Scenario 1 (two postures ABlow and ABhigh), for each posture, each bicycle-cyclist set, and each
combination of v, and 8 of the race conditions considered, a t,, was computed. Then, based only
on the performance information, the posture with the minimum value in the objective function was
chosen for each rider and race condition.

For Scenario 2 (continuous options of aerobars’ heights between ABhigh and ABlow), the t, was
also computed for the intermediate postures. For each rider and combination of v,, and 6 the
aerobars’ height corresponding to the lowest t, was registered. Considering that the variables of
the bicycle-cyclist sets were measured for the extreme postures (ABhigh and ABlow) and not for the
intermediate postures, the estimation of t,. for these postures was performed using a linear
interpolation of CpA and P between the tested postures.
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7.3.3. Definition of the constraints: thresholds for pressure and vibration

The constraints associated with the variables of the interaction between the bicycle and the rider
were defined in terms of pressure and vibration thresholds. The thresholds are associated with the
race time because the potential adverse effects of vibration and pressure depend on the exposure
time. High levels of vibration and pressure can be supported with no harm for short periods, while
even relatively low magnitudes of these variables can have adverse effects if sustained for long
periods.

For the pressure, the thresholds were defined using the pressure-time threshold curve for the
apparition of saddle sores in humans described in Eq. (7.10), where p;,s and psna5 are in kPa for a
given exposure time t, in hours. The threshold curve is presented with further detail in Figure 5.15.
This curve was approximated for this study using the model reported in [96], which was fitted by
the authors to the data of [99]. It is assumed that the thresholds for the pressure in the saddle and
the elbow pads are the same, as there is no specific information for different contact points.

Dins = Penap = [471.9 % (¢;*) + 11.5] + 0.13 (7.10)

The pressure index compared with the pressure thresholds is the global average pressure in the
saddle and aerobars (ps and pyg), which is computed as an average over pedaling cycles of the
average pressure registered for the contact area in different time steps. This index was used because
the average is one of the indices of the cumulative behavior over time, representing the effect on
human tissue. In addition, as the peak pressure position varies over time, the use of the average
pressure on the contact area is more suitable. Further information about pressure indices and
thresholds can be found in Chapter 5.

For the vibration, the thresholds were defined using the information reported in the ISO 2631-1
[108] for the vibration measured close to the buttocks, and the I1SO 5349 [109] for the vibration
measured close to the elbows. The pressure-time threshold for the seatpost and the aerobars are
represented by Eq. (7.11) and Eq. (7.12), respectively. In these equations, the vibration thresholds
Vins and Vi ap are in m/s? for a given exposure time t,, in hours. The threshold curves are presented
with further detail in Figure 6.10. The curve for the saddle was defined from curves of health
guidance caution zones for whole-body vibration presented in the ISO 2631. The curve for the
aerobars was defined from a threshold for an increased probability of presenting the hand-arm
vibration syndrome presented in the 1ISO 5349.

2.4

VthS = —\/_t_ (711)
e
5.6

(7.12)

Vinas = ——
thAB \/t_e

The vibration index compared with the vibration thresholds is the vibration total value computed
for the saddle and the aerobars (a,s and a,4p). This index is computed as presented in Eq. (6.2),
including the root mean square of the accelerations in three orthogonal directions. Further
information about vibration indices and thresholds can be found in Chapter 6.
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For Scenario 1 (two postures ABlow and ABhigh), from the data registered for each bicycle-cyclist
set on each posture and using the t,, computed for each combination of v, and 8, the pressure and
vibration thresholds were estimated. For each race condition, it was verified if the value measured
for the variable during the tests exceeded or not the threshold value of the same condition. If one
of the variables (i.e., a,s, a,45, Ps, Or P4g) exceeded its corresponding threshold, the condition was
considered as not feasible. For the feasible race conditions, the percentage of the variables with
respect to the corresponding thresholds was computed as described by Eq. (7.13) to Eq. (7.16).

Pps = 25 100 (7.13)
Pths
Pag
ppAB = * 100 (714)
PthAB
ays
Vs = +100 (7.15)
thS
ayap
Vpap = x 100 (7.16)
Vinag

For Scenario 2 (continuous options of aerobars’ heights between ABhigh and ABlow), the thresholds
were computed for the aerobars’ height with the corresponding t, obtained from the interpolated
CpA and P.The variables ps, Pug, ays, and a, 45 Were also obtained as a linear combination of the
measured postures for the intermediate postures. The same process described for Scenario 1 was
followed to include the constraints in the problem solution.

7.3.4. Considerations for the optimization

The assumptions and considerations performed for the solution of the optimization problem are
described in this section.

The computation of the total race time is performed assuming that the cyclists compete in an ideal
scenario with constant road grade, constant wind speed, and constant air density. It is also
considered that the riders are pedaling with a constant power output leading to constant bicycle
speeds. For the pressure and vibration indices, it is assumed that the indices also remain constant
over the race. For this to hold true, the road should have a constant roughness without abrupt
disruptions not to affect the vibration levels. It should be noticed that the protocols used for the
measurement of vibrations and pressure indices consider the measurement in flat terrain. As the
road grade changes, the rider's weight distribution on the contact points varies, and it is being
assumed that the same values of the indices hold for different road inclinations. These assumptions
were performed to simplify the information of the racing stages to get an idea of the results that
would be obtained and to have the possibility of comparing the results between race conditions and
riders. Nevertheless, the methodology could be implemented in future researches for racing
scenarios with varying conditions for the definition of racing strategies in different segments of the
route.

Due to the capability of the anemometer developed to measure the wind speed relative to the
bicycle, it is assumed that there is no crosswind during the drag area estimation and race time
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computation. For the tests performed to estimate the drag area, it was verified with an additional
anemometer that the crosswind speeds on the testing site are negligible. For the estimation of the
race time, this is an additional consideration of the problem solution to take into account.

Regarding the pressure and vibration thresholds, it should be noted that, for the vibrations, the
thresholds were originally defined considering the measurement of accelerations in the interfaces
between the person and the vibration source, and in this case, the vibrations are measured on the
bicycle before the interface. The vibrations on the interfaces are probably lower than those
registered in this study because the saddle and elbow pads mitigate the vibrations. It is worth
observing that the ISO 5349 addresses hand-transmitted vibration, and in this study, the vibration
is transmitted through the elbows; nevertheless, the ISO information is the closest available to the
representation of the phenomena in this contact point.

The pressure thresholds were obtained for constant loads, and in the case of cycling, the oscillating
motion of the hip and legs created an oscillation of the pressure field, which allows blood to flow,
reducing the negative effect on the tissue. Nevertheless, there are no specific thresholds defining
loads that can be harmful to the human body while cycling.

As only the extreme postures (i.e., ABhigh and ABlow) were characterized, it is assumed for the
solution of Scenario 2 that the variables can be linearly interpolated between the tested postures.
This assumption was performed considering that the posture variations are relatively small and that
measuring intermediate postures increases the experimental cost regarding economic resources,
and more importantly, the time. The time required to perform the tests is relevant because the
implementation of the tests to characterize different postures can interrupt the normal training
calendar of the riders, or the tests can be extended for several weeks modifying the tested
conditions (e.g., training or detraining, change in the rider’s mass).

7.3.5. Bicycle-cyclist sets studied

Five recreational-level cyclists voluntarily participated in the tests after signing an informed consent
form (mass: 73.84£11.8 kg, height: 1.75+£0.06 m, age: 3517 years). The riders used their own bicycles
and standard cycling clothes. All the riders had extensive previous experience riding in aerobars.
The tests were performed in two aerobars postures with different heights. For road bicycles, clip-
on aerobars were used. Depending on each bicycle's characteristics, the height was varied using
spacers on the headtube stem or the aerobars support. Different types of riders and bicycles were
included in the study to explore the results obtained for riders and bicycles with specific
characteristics. Also, the inclusion of a group of cyclists with varied characteristics allows exploring
possible scenarios that can be found during the posture selection process. Table 7.2 presents a
summary of the information of each bicycle-cyclist set (further detail can be found in Tables 2.1, 2.2,
and 2.3 in Chapter 2).

88



Effect of posture on performance and interaction

Set
Variable Units
' ' 1 2 3 4 5
Mass [kg] 59 72 92 73 73
Rider Height [m] 1.67 1.72 1.76 1.78 1.83
Age [years] 38 26 42 39 30
Gender [-] Female Male Male Male Male
Type [-] Aero Time trial Aero Endurance Time trial
Mass [kg] 11.1 10.2 11 11.5 9.9
Aerobars” | ) 55 55 55 55 40
height
. Lady, Adamo PS 300, Oval Galdpago, Stealth, PRO,
Bicycle Saddle [-] Selle Italia, 1.1, ISM, concepts, GW, The
Italy USA USA Colombia Netherlands
Parabolica Revo, 3T, Parabolica Parabolica Trimax,
Aerobars [] uno, Deda Italy uno, Deda uno, Deda Vision,
elementi, elementi, elementi, USA
Italy Italy Italy

Table 7.2. Bicycle-cyclist sets included in the posture optimization process.

The values of the performance and interaction variables obtained for the different bicycle-cyclist
sets are presented in Table 7.3. It can be observed that for all the sets changing from ABhigh to
ABlow led to an improvement in the drag area and a deterioration in the average power delivery
capacity, pressure on the saddle, and vibrations on the saddle. Regarding the pressure and vibration
on the aerobars’ elbow pads, the effect varied over the group of cyclists.

. . Set
Variable Units | Posture
1 2 3 4 5
ABhigh | 0.28 | 0.26 | 0.27 | 0.33 | 0.29
Drag area (CpA [m?] : : : : :
g (Cod) ABlow | 0.25 | 0.23 | 0.23 | 0.31 | 0.26
Rolling resistance coefficient (f;.) [-] [-] 0.005 | 0.005 | 0.007 | 0.007 | 0.004
_ ABhigh | 161 | 228 | 180 | 179 | 223
Average power delivery capacity (P [W]
gep v capacity (P) ABlow | 140 | 217 | 168 | 169 | 193
Global average pressure on the (kpal ABhigh | 139 | 39.0 | 52.2 | 15.8 | 26.1
saddle (ps) ABlow | 14.7 | 48.6 | 585 | 20.9 | 28.1
Global average pressure on the (kPa] ABhigh | 195 | 29.8 | 28.9 | 25.1 | 318
aerobars (psp) ABlow | 22.0 | 25.9 | 31.5 | 23.4 | 358
Vibration total values on the saddle (m/s] ABhigh | 300 | 2.95 | 2.56 | 3.04 | 2.74
(avs) ABlow | 313 | 3.15 | 2.90 | 3.13 | 2.88
Vibration total values on the ,. | ABhigh | 432 | 462 | 424 | 491 | 5.54
[m/s?]
aerobars (ay4p) ABlow | 4.42 | 471 | 437 | 4.45 | 4.59

Table 7.3. Variables of performance and interaction of each bicycle-cyclist set.
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7.4. RESULTS AND DISCUSSION

The results and discussion are presented for the selection of posture between two options with
different aerobars’ height and for the optimization of posture identifying the best feasible aerobars’
height solution.

7.4.1. Scenario 1: selection of posture between two options

Figures 7.1 to 7.5 present the detailed results obtained for the selection of posture between ABhigh
and ABlow for the bicycle-cyclist sets measured for different race conditions. Each figure presents a
set of 10 subplots representing the data of ABhigh on the left column and the data of ABlow on the
right column. Each subplot presents the results for the range of v, and 8 considered. The first row
presents the results associated only with performance displaying the estimated total race times in
seconds. The other rows present the results associated with the constraints displaying the
percentage of the variables with respect to the corresponding thresholds for the pressure and
vibrations in the saddle and aerobars. Only the feasible conditions are presented, meaning that if a
variable exceeds its corresponding exposure threshold for a given condition, it is not plotted.
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Figure 7.1. Detailed results obtained for the posture selection of the bicycle-cyclist set 1.
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Figure 7.2. Detailed results obtained for the posture selection of the bicycle-cyclist set 2.

ABhigh
g5 g5
c 6000 = 6000
Race _5 = § 0 o)
time E 4000 _. E 4000 _<
E s 2000 E g 2000
S5 0 10 15 5 0 10 15
Wind Speed [km/h) Wind Speed [km/h]
s S5SmT—T—TT 100 =S5 TT1TTT1 100
£ \ £ \ \
c =z c Bz =
2
Pressure % 0 50 o % 0 50 i;'n
insadde ¢ & € &
2 : 2
Eig 1 0 =5 ' 0
5 0 5 10 15 5 0 5 10 15
Wind Speed [km/h] Wind Speed [km/h]
- - 100 = ST T 100
X X
c € =
Presst S £ § 2
inaaroL::rs k: o g 308 2 9
£ a & o
2 2
Es 0 =5 0
5 0 5 10 15 5 0 5 10 15
Wind Speed [km/h] Wind Speed [kmlh]
= =5
R R
c c
Vibration S 2o
insaddle & g
° °
£ £
5 0 5 10 15 5 0 5 10 15
Wmd Speed lkm/h] Wind Speed [kmlh]
- 100 = 5¢ 100
£ £
Vibration § 50 £ é 0 50 £
in aerobars  © 18 2
= > = >
2 e
= 0 =5 0
5 0 5 10 15 5 0 5 10 15
Wind Speed [km/h] Wind Speed [km/h]

Figure 7.3. Detailed results obtained for the posture selection of the bicycle-cyclist set 3.
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Figure 7.4. Detailed results obtained for the posture selection of the bicycle-cyclist set 4.
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Figure 7.5. Detailed results obtained for the posture selection of the bicycle-cyclist set 5.
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As expected, the results predict higher race times for the conditions with higher inclination and
headwind. Congruently, as the race time increases, the time of exposure to vibration and pressure
increases, leading to smaller acceptable thresholds. For this reason, the unfeasible conditions are
obtained at higher inclinations and headwinds. It can also be observed that for all the interaction-
related variables, there are unfeasible race conditions; nevertheless, the vibrations in the saddle
represent the strictest constraint with more unfeasible race conditions. This means that the posture
selection is being modified due to this variable. For all the bicycle-cyclist sets, the vibration on the
saddle was found to represent the strictest constraint.

Figures 7.6 to 7.10 present the selected posture for the studied race conditions of the bicycle-cyclist
sets measured. The posture is selected considering that it leads to the best time while satisfying all
the constraints. If the posture with the best time does not satisfy one of the constraints, then the
other posture is selected. If the other posture does not satisfy one of the constraints as well, then
the race condition is considered as unfeasible, and it is not plotted. The plot presents the posture
selected for each race condition using light color when the selected posture is ABlow and dark color
when it is ABhigh. In addition, a dotted line is included in the plot representing the threshold that
would be obtained between the zones of posture selection if only the race time was considered (i.e.,
without including interaction constraints).
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Figure 7.6. Posture selection for bicycle-cyclist set 1.
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Figure 7.7. Posture selection for bicycle-cyclist set 2.
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Figure 7.9. Posture selection for bicycle-cyclist set 4.
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Figure 7.10. Posture selection for bicycle-cyclist set 5.

It can be observed that the posture selection results for a race condition have a substantial variation
over the bicycle-cyclist sets. This indicates that the posture selection process should be performed
for each bicycle-cyclist set. As the process depends on several bicycle-cyclist set parameters,
generalizing the results can lead to inaccurate results. This finding complements the results of
Fintelman et al. [38], who noted that the optimal time-trial posture is defined considering
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characteristics of the rider (i.e., frontal area, physiology) and race conditions (i.e., cycling speed,
course inclination, and duration). With this study's results, the characterizations of comfort and
wind speed are added to the variables defining optimal time-trial posture.

It can also be observed in Figures 7.6 to 7.10 when comparing the posture threshold line due to race
time (dotted line) with the zones of posture selection (light and dark color areas), that for some
cyclists, the line corresponds with the change between the postures (i.e., sets 1, and 5), while for
others, the line does not match (i.e., sets 2, 3, and 4). A difference between the line and the shades’
interface implies that, for some race conditions, the selection of posture is modified by the
constraints (i.e., vibrations or pressure thresholds). A match between the line and the shades’
interface implies that the posture selection can be performed based on performance only (i.e., race
time).

It was found that for several race conditions, the less aerodynamic posture, ABhigh in this study,
can be more advantageous than the aerodynamically efficient posture ABlow. For example, it can
be observed when considering a race condition in flat terrain (i.e., zero road grade) that for sets 1,
4, and 5, ABhigh is the recommended posture for all the displayed wind speeds. Moreover, for sets
2 and 3, ABlow posture is recommended for all the displayed race conditions when the selection is
performed based only on performance (i.e., below the dotted line). Nevertheless, when the
interaction constraints are considered, there is a range of wind speeds for which ABhigh is
recommended instead of ABlow. The race conditions for which ABhigh is recommended are found
at higher headwinds. This can be seen in Figures 7.7 and 7.8 for a 0% inclination as the change from
light to dark color when increasing headwind speed. The change is found at 13 km/h for set 2 and
10.5 km/h for set 3. This result can be counterintuitive because the aerodynamic drag gains
relevance at higher wind speeds, indicating that the more aerodynamically efficient posture ABlow
should be selected. Nevertheless, at higher headwinds, the race times also increase, leading to
stricter pressure and vibration exposure thresholds, turning ABlow into an unfeasible posture for
some race conditions.

Another example is a race condition with no wind speed. In this case, it can be observed that for
each set, there are specific road inclinations in which the recommended posture changes from
ABlow to ABhigh. It can be observed that the road inclination of change for each set is the same if
the selection is performed based on performance only or considering the interaction constraints. In
this case, the posture selection depends entirely on the variation of drag area and power delivery
capacity of each cyclist when changing the posture. The road inclination of change between
recommended postures varied over the sets between -3.6% and 1%, meaning that for some of them,
even on descending roads, ABhigh is more advantageous than ABlow (see sets 1, 4, and 5). This
occurs because their power delivery capacity was significantly reduced when adopting the more
aerodynamic posture, so unless the aerodynamic advantage compensated the power delivery
reduction, ABlow would not be recommended. These results highlight that a more aggressive
aerodynamic posture does not necessarily lead to race time improvements, and on the contrary, it
can have adverse effects on the comfort of the riders.
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Figure 7.11 presents a comparison of the posture threshold lines due to race time (red line in Figures
7.6 to 7.10) for the different bicycle-cyclist sets. It can be observed that the lines have two types of
general behaviors. Sets 2 and 3 have a trend and sets 1, 4, and 5 have another trend. It was identified
that the behavior is related to the relation between the variation of drag area and the variation of
power delivery capacity when changing the posture. The riders of sets 2 and 4 had a relatively low
drop of power delivery capacity with respect to the gains of aerodynamic drag reduction when
changing from ABhigh to ABlow. This means that the aerodynamic advantage is relevant for more
race conditions, leading to the possibility of riding in ABlow at lower speeds. On the contrary, for
the riders of sets 1 and 4 and the power delivery capacity drop is higher than the gains due to the
aerodynamic drag reduction when changing from ABhigh to ABlow, for this reason, for these sets,
the use of ABlow is recommended only at high speeds at which the aerodynamic drag is relevant
because of the bicycle speed (the aerodynamic drag has a quadratic increment with speed). For
cases as the ones of riders 1 and 5, the use of more aerodynamically aggressive postures (as ABlow)
requires performing specific training to improve power delivery capacity in those postures before
using the posture for competition.
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Figure 7.11. Comparison of the change of posture threshold due to performance for the different bicycle-cyclist sets.

Table 7.4 presents the race time and the thresholds for vibration and pressure in saddle and
aerobars for the zero-wind speed and zero-grade race condition. The table also presents the
selected posture for each bicycle-cyclist set on the same race condition. It can be observed that if
only race times are considered, the sets 1, 2, and 3 would select the posture ABlow; nevertheless,
for set 1, ABlow is unfeasible as it does not satisfy the constraint for vibration on the saddle.
Similarly, for set 4, the posture ABlow does not satisfy the constraint of vibration on the saddle, but
for this set, the time associated with ABhigh is better than the one of ABlow. For the race conditions
contemplated, the time gains due to the posture selection vary between 14 and 97 seconds with an
average of 47.2 s. The percentages of pressure and vibration also reflect that the stricter constraints
are related to the vibration thresholds as the percentages of the variables are higher than those
registered for pressure.
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. . Set
Variable Units | Posture
1 2 3 4 5
. (s] ABhigh 2032 1751 2095 2162 1745
s
r ABlow 2098 1724 2063 2176 1842
(%] ABhigh 10 23 40 13 16
Pps ° [ ABlow 11 29 44 17 18
(%] ABhigh 14 18 23 20 19
Ppas ° [ ABlow 17 15 25 19 23
ABhigh 94 86 82 98 80
Vs (%] 5 5
ABlow | unfeasible 91 92 unfeasible 86
ABhigh 57 57 57 67 68
Vpas [%]
ABlow 60 58 58 61 58
Posture selected | [-] [-] ABhigh | ABlow | ABlow | ABhigh | ABhigh

Table 7.4. Race time and pressure and vibration thresholds computed for the tested postures on a zero-wind and zero-
grade race condition.

7.4.2. Scenario 2: optimization of posture

Figures 7.12 to 7.16 present the results obtained for the optimization of aerobars’ height to
minimize race time for the bicycle-cyclist sets measured for different race conditions. The optimal
aerobars’ height as the percentage of the aerobars’ height fit window (100% is ABhigh, and 0% is
ABlow) is presented in each figure.
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Figure 7.12. General results for the optimization of aerobars height. Bicycle-cyclist set 1.
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Figure 7.13. General results for the optimization of aerobars height. Bicycle-cyclist set 2.
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Figure 7.14. General results for the optimization of aerobars height. Bicycle-cyclist set 3.
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Figure 7.15. General results for the optimization of aerobars height. Bicycle-cyclist set 4.
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Figure 7.16. General results for the optimization of aerobars height. Bicycle-cyclist set 5.

It can be observed that for sets 1 and 5, the optimal solutions always lie in the boundary postures
(i.e., ABhigh or ABlow), while for sets 2, 3, and 4, for some race conditions, the optimal height lies
in the intermediate postures. It can be observed that the intermediate heights are identified as
optimal for the race conditions in which the selection of posture was restricted by the constraints
(i.e., when the unconstrained threshold does not match the ABhigh-ABlow interface as in figures 7.7
to 7.9). This occurs because the race time as a function of aerobars height is monotonous in the
range of analysis. For this reason, if only performance is considered, the posture selected is one of
the boundary postures (ABhigh or ABlow). When the constraints limit the solution, they force the
selection of an intermediate height even if it is not related to the best race time. It is worth
highlighting that the final selection of the aerobars’ height depends on each bicycle's fit window as
the postures can be fixed in certain positions and not in the exact height proposed by the
optimization solution.

7.5. CONCLUSION

A methodology for the selection and optimization of aerobars’ height of bicycle-cyclist sets was
successfully implemented. The methodology considers simultaneously aerodynamic drag, power
delivery capacity, pressure in contact areas, and vibration transmission characteristics of each
bicycle-cyclist set. The optimization is performed to minimize the race time estimated using the set's
drag area and power delivery capacity. The solution is constrained by thresholds associated with the
exposure to pressure in contact areas and vibration transmission to the rider to reduce potential
adverse effects on the riders.

It is concluded that posture optimization should be performed for each bicycle-cyclist set. This,
because the effect of posture on the performance and interaction variables measured is particular
for each bicycle-cyclist set. The power delivery capacities are different for each rider, and the drag
area, pressure in contact points, and vibration transmission are particular for each bicycle-cyclist
set. In addition, it is concluded that the relation between the variation of the performance and the

99



Effect of posture on performance and interaction

variation of the interaction variables, when changing the posture, is relevant for posture
optimization. It is also concluded that the appropriate postures depend on the race conditions as
road inclination, wind speed, and distance, among others.
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Concluding remarks

The aim of this research project was to select appropriate postures for cyclists considering the effect
of posture on performance and interaction with the bicycle simultaneously. Performance and
interaction variables are considered because they represent cyclists' main objectives: improving
performance while avoiding adverse effects like discomfort or overuse injuries. In this study, an
appropriate posture refers to a body configuration that leads to the best overall performance while
satisfying constraints imposed by acceptable limits of exposure to pressure and vibration
transmitted to the rider. The performance is assessed in terms of race time estimated from the
characteristics of the bicycle-cyclist set, including the aerodynamic drag and the power delivery
capacity of the rider, and the characteristics of the race. The limits of exposure are defined from
time-dependent thresholds associated with an increased potential of generating adverse effects on
the human body.

The effects of posture on the aerodynamic drag, the power delivery capacity, the pressure in contact
areas, and the vibration transmission to the rider have been acknowledged separately in different
studies. Nevertheless, the available information cannot be used for posture selection because the
information is not comparable over different studies as the participating bicycle-cyclist sets, and the
tested postures are varied. In addition, the behavior of the mentioned variables, when changing the
posture, has a strong dependence on the characteristics of the bicycle-cyclist set for which the
posture is going to be defined. For these reasons, the proposed methodology to select appropriate
postures includes protocols to characterize the aerodynamic drag, power delivery capacity, pressure
in contact areas, and vibration transmission of bicycle-cyclist sets in different postures.

8.1. EFFECT OF POSTURE IN PERFORMANCE

8.1.1. Aerodynamic drag

An outdoor method to estimate the drag area of bicycle-cyclist sets was proposed (Chapter 3). The
method included the measurement of wind speed relative to the bicycle to reduce the error
associated with the assumption of zero-wind conditions in an open testing route. For the measured
bicycle-cyclist sets, the method was able to quantify differences in the drag area when riding in
postures with different aerobars’ height (differences in the height of 40 mm and 55 mm). The results
of the tested sets presented a trend corresponding to an improvement of the drag area when
reducing the aerobars’ height. The results also show that the magnitude of the difference in the
drag area due to the posture variation strongly depends on the bicycle-cyclist set.

The method proposed for estimating the drag area has the advantage of including onboard
anemometry and information on the road grade. Nevertheless, due to the onboard anemometer's
limitations, it is assumed that there is no crosswind; for this reason, the testing site should be
selected verifying that there is no strong crosswind.

8.1.2. Power delivery capacity

A protocol was selected to estimate cyclists' power delivery capacity in terms of the Functional
threshold power (FTP) (Chapter 4). For the participating cyclists, it was possible to quantify the
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difference in the average power output due to the variation of the aerobars’ height (differences in
the height of 40 mm and 55 mm). The results of the tested cyclists presented a trend corresponding
to a reduction of power delivery capacity when reducing the aerobars’ height. The results also show
that the magnitude of the difference in power output due to the posture variation strongly depends
on the rider.

The advantage of the protocol used is that it allows registering the cyclist fitness status through a
direct measure of the power delivered, which is useful for estimating the total race time. Another
advantage is that the protocol is performed with relatively simple instrumentation, which, thanks
to the development of technological cycling equipment (as smart trainers and power-meters), is
more affordable, and hence, more common as indoor training equipment.

A drawback associated with the protocol is that the FTP was used to represent the average power
output that the cyclists can deliver for 20 minutes or more, and the measurement was performed
in a 20-minutes window. However, the FTP test is performed after the warm-up and a series of
cycling drills, which fatigues the cyclists approaching the power delivered in the test to the power
that the cyclist could deliver for an hour in normal riding conditions (i.e., without the previous drills).

8.1.3. Aerodynamic drag and power delivery capacity trade-off

From the results of the performance variables, a trade-off was observed between the improvement
of the aerodynamic drag and the power delivery capacity. It was obtained that when reducing the
aerobars’ height, the drag area improves (i.e., reduces), and the power output worsens (i.e.,
reduces). Considering that the importance of the aerodynamic drag depends on the speed, the
selection of an advantageous posture regarding performance depends on the bicycle speed and
road inclination. At higher speeds, the aerodynamic advantages become more relevant than the
power output drop, which is relevant for roads with zero or descending inclinations and high wind
speeds. At lower speeds, as in roads with ascending inclinations, the difference in the power delivery
capacity becomes the main criteria for selecting advantageous postures.

8.2. EFFECT OF POSTURE IN INTERACTION

8.2.1. Pressure in contact areas

A method for characterizing the pressure fields in the contact areas between the rider and the
bicycle was implemented (Chapter 5). As aerobars postures were tested, the method considered
the measurement of pressure in the buttocks-saddle and the elbow-aerobars’ pads interfaces. The
longitudinal position of the center of pressure, the average, and the peak pressure were computed
for the contact areas. For the measured bicycle-cyclist sets, the method was able to quantify
differences in the longitudinal position of the center of pressure, the global average pressure, and
the maximum of the average pressure over time when riding in postures with different aerobars’
heights (differences in the height of 40 mm and 55 mm). The results of the tested sets presented a
trend for the buttocks-saddle indices corresponding to a translation of the center of pressure to the
anterior zone and an increment of the average pressure, indicating worst interaction conditions
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when reducing the aerobars’ height. For the other indices, there was not a trend when changing the
posture, and the results varied among the cyclists. The results highlight the importance of studying
the pressure in contact areas for each set as the characteristics of the rider, saddle, and elbow pads,
and how the rider positions the body in the contact areas are specific for each set.

A characteristic of the pressure fields’ characterization that should be taken into account is that it is
influenced by riding variables, the power output and cadence, and road characteristics as the
inclination and roughness. For this study, the pressure fields were characterized, assuming that the
rider pedals at a constant power output equivalent to the FTP, with a constant cadence, and on a
leveled and smooth road.

8.2.2. \Vibration transmitted to the rider

A method for estimating the vibration transmitted to the rider due to the road unevenness was
implemented (Chapter 6). The method considered the measurement of vibrations on the seatpost
and the steering tube as an approximation of the vibrations transmitted to the buttocks and elbows.
A vibration index computed as the rms of the weighted accelerations in three orthogonal directions
was used. The weighting function used for computing the index considered the human sensitivity to
vibrations according to the International Standards ISO 2631 for the seatpost vibrations and the I1SO
5349 for the steering tube. The effect of posture on vibration varied for the different measured
bicycle-cyclist sets. For some sets, the difference of vibrations in the seatpost was relevant, while
for other sets, the difference of vibrations in the steering tube was relevant. The method was able
to quantify the difference in the vibration of at least one point of interest (i.e., seatpost or steering
tube) when riding in postures with different aerobars’ height (differences in the height of 40 mm
and 55 mm). The results of the sets presented a trend corresponding to an improvement of the
vibration in the steering tube and a worsening of the vibrations in the seatpost when reducing the
aerobars’ height. The results highlight the importance of studying the vibration transmission for
each set as the results are varied.

It should be taken into account that a limitation of the method for the characterization of vibration
transmission used is that the vibrations are measured in the bicycle instead of the interfaces
between the bicycle and the riders due to the size of the instrumentation used. For this reason, the
vibrations reported are an approximation, and the actual vibrations transmitted to the rider are
lower as the saddle and elbow pads paddings mitigate them. Another consideration is that the
vibrations are influenced by the bicycle speed, road roughness, and inclination, meaning that the
values reported are representative of the tested conditions (i.e., leveled, smooth asphalt, and
constant 25 km/h speed).

8.3. SELECTION OF POSTURE

A methodology for the selection and optimization of the aerobars’ height of bicycle-cyclist sets was
successfully implemented. The methodology aims at minimizing the race time while meeting
constraints associated with the exposure to pressure in contact areas and vibration transmission to
the rider. The methodology was implemented to identify advantageous postures for a 20-km time
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trial race with different wind conditions and road grades. It is concluded that the posture selection
should be performed for each bicycle-cyclist set considering its performance and interaction
features, and considering the overall race conditions as road inclination, wind speed, and distance,
among others.

The results highlighted the importance of considering the effect of posture on various variables
when selecting the posture. This, considering that conflicting directions of improvement were found
for some variables when changing the posture, meaning that when one variable is improved, at least
one of the other variables is worsened. This can have negative implications on performance,
increasing the race time, or the characteristics of interaction with the bicycle, negatively affecting
the overall cycling experience. For example, for a race condition of no wind and no grade, from the
five tested sets, it is predicted that the most aerodynamically efficient posture (i.e., low aerobars’
height) is advantageous only for two sets. For one of the other tested sets, the race time associated
with the most aerodynamically efficient posture was advantageous; nevertheless, the posture was
not feasible because the constraint of vibration on the saddle was not satisfied, leading to select the
other posture (i.e., high aerobars’ height). For the two remaining sets, the loss in power delivery
capacity when reducing the aerobars' height was more significant than the gain due to the
aerodynamic improvement, leading to a global reduction of performance (i.e., higher race times)
leading to the selection of the posture with high aerobars.

Besides the drawbacks, limitations, and assumptions associated with the protocols to characterize
aerodynamic drag, power delivery capacity, pressure in contact areas, and vibration transmission,
the following considerations were performed for the selection of posture. First, ideal scenarios with
constant road grade, wind speed, air density, and road roughness, in which the rider pedals at
constant power output and cadence, were assumed. Nevertheless, the methodology could be
implemented in future researches for racing scenarios with varying conditions for the definition of
racing strategies in different segments of the route. Second, the vibration thresholds were
approximated from thresholds for whole-body vibrations and hand-transmitted vibrations;
nevertheless, in this study, the vibrations are transmitted through the saddle while the rider adopts
a posture different from the ones contemplated in the standards, and through the elbows instead
of the hands. However, the information used is the closest available to the representation of the
phenomena for the case studied. Third, the pressure thresholds used were adapted from pressure-
time curves reported in the literature, which were obtained considering exposure to constant loads;
nevertheless, during cycling, there is an oscillating motion of the body, which creates variations in
the magnitudes of the pressures on the contact areas, potentially modifying the pressure-time
relations. Nonetheless, to the author’s best knowledge, there are no specific thresholds reported in
the literature defining loads that can be harmful to the human body while cycling. Fourth, for each
set, the aerobars’ height was varied to the maximum according to the bicycle fit window, and the
sets were characterized in the extreme postures. To study the optimal height of the aerobars, it was
assumed that the characteristics of the intermediate postures could be linearly interpolated from
the data of the extreme postures. This assumption was performed to reduce the testing time to
avoid affecting the volunteers' training calendar and avoid possible training or detraining effects
during the measurements.
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8.4. PRACTICAL IMPLICATIONS

The results obtained from the methodology's implementation indicate that the methodology can
be used as a tool for the selection and optimization of the aerobars’ height of bicycle-cyclist sets,
including objective measurements of performance and interaction variables. A methodology that
simultaneously considered aerodynamics, power delivery capacity, pressure, and vibration was not
previously available. The results highlight the importance of performing the characterization of the
variables for each bicycle-cyclist set on postures close to the postures of interest as the results have
a strong dependence on the characteristics of the rider, bicycle, postures, and race conditions. This
means that the posture selection process should be customized considering the interest of the rider.

The successful implementation of the proposed methodology to select the height of aerobars opens
the possibility of implementing the methodology for other postural parameters (e.g., handlebar
inclination), including potential crossed interactions of various postural parameters (e.g.,
simultaneous variation of height and longitudinal position of aerobars’ elbow pads).

The results obtained through the methodology's implementation allow the riders to select an
appropriate posture for a given race condition and contain information about possible routes of
improvement. For example, if when changing the posture to a more aerodynamically efficient
posture, the power delivery capacity of the rider drops significantly, leading the aerodynamic
posture to be disadvantageous in terms of performance, the rider can focus on training in
aerodynamic postures to improve its capacity to deliver power. On the other hand, if the vibrations
or pressure registered exceed the corresponding thresholds, bicycle components and special cycling
equipment could be modified to improve the interaction characteristics.

8.5. FUTURE RESEARCH

The results obtained in this study for performance and interaction could be further refined by
including other relevant variables. For example, requirements associated with bicycle stability [123]
and pacing strategies [124], [125] could be explored.

The methodology to select postures could be coupled with the development of race strategies. For
this, the race conditions should be defined and divided into segments, and the rider could be
characterized in a range of possible postures that can be adopted during the race (without modifying
the bicycle) to estimate the best posture for each segment.

In this study, it was necessary to use approximations of threshold curves for acceptable exposures
to vibration and pressure. This, because there is not enough information available regarding the
potential damage of these interaction variables on the human body. Nevertheless, according to this
study's results, due to the long duration of cycling-related activities, the exposure to vibration and
pressure while cycling leads to scenarios of possible discomfort health risk. For this reason, further
studies on this subject are necessary.

Considering that, besides performance, comfort is an important objective for cyclists, a comparison
between subjective comfort ratings and objective interaction variables (in this case, vibration and
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pressure) should be performed, seeking for possible correlations that could be related to the
exposure thresholds.

To be able to characterize the sets in more conditions (e.g., intermediate postures, road
inclinations), it would be useful to improve the methods reducing the time required to perform the
tests. In this way, it would be possible to collect more data on the bicycle-cyclist set without affecting
the cyclists' training calendar or taking the risk of a change of fitness level during the tests.
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Appendix 2.1. Studies about cyclists riding in aerobars’ postures
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Appendix 2.2. Informed consent form
INFORMED CONSENT FORM

EFFECT OF CYCLISTS’ POSTURE ON PERFORMANCE AND INTERACTION WITH THE BICYCLE

Dear participant:

You have been invited to participate in a research study. Before you decide to participate, it is
important that you understand the reason behind the study and the activities in which you will
participate. Please read the following information in detail. If anything is unclear or you want further
information, please ask the researcher who is with you during the informed consent process. Once
you have read this document and cleared any doubts, you will be asked to sign this form in
acceptance to participate. Please note that participation in this study is absolutely voluntary, and
you also have the freedom to withdraw your consent at any time and stop participating in the study
without prejudice.

The research is focused on proposing postures for bicycle-cyclist sets considering the relationship
between posture, performance, and interaction with the bicycle. Aerodynamic drag, power delivery
capacity, vibrations, and pressure at contact points in different positions will be measured. This
information is relevant as an input for cyclists to select their posture according to their interests
considering the effect on performance and interaction with the bicycle.

Description of the tests:
The participation in the study consists of:

e Filling a form with information regarding your level of physical activity, your state of health,
contact information in case of emergency, and information on your preferences to make
use of the bicycle.

e Participating in 1 session for the definition of the postures to measure.

e Participating in 2 or 3 sessions for the photographic record of the defined postures.

e Participating in 2 or 3 sessions for the assessment of aerodynamic drag.

e Participating in 2 or 3 sessions for the assessment of power delivery capacity.

e Participating in 2 or 3 sessions for the assessment of pressure in contact points.

e Participating in 2 or 3 sessions for the assessment of vibration transmission.

Session for the definition of the postures to measure

The researcher will check your bike to record the current posture and verify the possibility of
modifying its geometry (aerobars’ height), and install the necessary instrumentation for the other
tests. It will be decided whether the tests are performed on your bike or a test bike. In case the tests
are carried out on a test bike, it will seek to imitate the configuration of your bike. The positions to
be measured in the other test sessions will be defined.

Estimated duration: 30 minutes.
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Session for the photographic record

This session takes place in a closed space with the bicycle in a cycle trainer. Using a green
background, a photographic record of the cyclist-bicycle set will be made, taking photos from the
front and side. During the photoshoot, you must wear your cycling clothes and equipment, including
the helmet.

Estimated duration: 30 minutes.
Session for the assessment of aerodynamic drag

This session takes place in an open space on a bike path. A power sensor, speed sensor, GPS monitor,
and an anemometer will be installed on the bicycle. You must travel 10 times on the route in the
same direction at different speeds (between 18 and 27 km/h). Before starting the tests, you will
recognize the segment to warm the muscles and become familiar with the bicycle, the road, and
other test conditions. The weight of the cyclist-bicycle set will be recorded.

Estimated duration: 40 minutes of test and 20 minutes of displacement.
Session for the assessment of power delivery capacity

This session takes place in a closed space with the bicycle in a cycle trainer. You will pedal at different
intensities for 1 hour following the investigator's instructions. This time includes the warm-up and
cool-down. You will choose the intensity and cadence of the pedaling according to the description.
The purpose is to measure your maximum power delivery capacity for intervals of 5 seconds, 1
minute, 5 minutes, and 20 minutes. You can hydrate as desired during the test. Your weight will be
registered. Your heart rate will be monitored during the test.

Estimated duration: 1 hour 10 minutes.
Session for the assessment of pressure in contact points

This session takes place in a closed space with the bicycle in a cycle trainer. A flexible mat with
pressure sensors will be fixed on the saddle and aerobars in different moments. Pressure will be
recorded at these contact points for 1 minute while you pedal at a power close to your FTP
(estimated by you from your historical records). Your weight will also be recorded.

Estimated duration: 30 min
Session for the assessment of vibration transmission

This session takes place in an open space on a bike path. Accelerometers will be installed on the
saddle post and the stem of the bicycle. You must travel 3 times in one direction in the same
direction at a constant speed (25 km/h). Before starting the tests, you will travel on the route to
recognize the segment and warm the muscles while becoming familiar with the bicycle, the road,
and other test conditions. The weight of the cyclist-bicycle set will be recorded.

Estimated duration: 10 minutes of test and 20 minutes of displacement.
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Instrumentation
For the tests, the following instruments will be used:

e Accelerometers

e Anemometer

o  Weighing machine

e Bicycle

e Digital camera

e Cyclo-trainer (for the sessions in closed space)

e GPS (for the sessions in open space)

e Display to present the data to the rider (for example, sports watch)
e Power, speed, cadence, and heart rate sensors

e Pressure measurement system (flexible mat and accessories)

e Thermometer/Hygrometer/Barometer: for the measurement of ambient conditions

Elements worn by the cyclist

For the testing sessions, you must assist with your cycling helmet, gloves, shirt, shorts, glasses, and
shoes. If the tests are performed with your bike, you should bring it to the testing site. It is suggested
to bring a bottle with hydration. Additionally, you must carry your identity document and health
service card.

Risks

The risks of participating in the tests are those associated with the intense sports practice of cycling,
so there is a possibility of dizziness or fainting from exhaustion. There is a risk of falling from the
bicycle or colliding with other elements because the outdoor tests will be carried out on public
roads. For these reasons, the tests will be carried out at low traffic times in the test route, and the
use of protection elements is mandatory.

Clarifications

e During the development of the activities of this study, you will be permanently accompanied by
a researcher. This person will be attentive to answer your questions and guide you during the
development of the tests.

e The benefits of your participation will be to know your aerodynamic resistance, power delivery
capacity, pressure in contact points, and vibration transmission for different positions, which
will be informed at the end of the investigation.

e The information recorded during the sessions will be used for academic and research purposes
and will be kept confidential. You will be given information about the results obtained from the
study.

e In this study, there is no financial obligation between the parties. You will not receive any
financial compensation for participating in the study. In the same way, you will not pay to
participate in the study.

If you decide to participate in the investigation, please sign the informed consent. In case of any
concerns, do not hesitate to contact us.

127



Appendices

Informed consent

| have understood the explanations that have been given to me in a clear and simple language. The
researcher has allowed me to express all my observations and has clarified all the doubts and
guestions | have raised regarding my participation in the study. | have been provided a copy of this
document. By signing this document, | give my voluntary consent to participate in the study " Effect
of cyclists’ posture on performance and interaction with the bicycle " developed within the
framework of the doctoral research of a student of the Pontificia Universidad Javeriana. | declare
the Pontificia Universidad Javeriana and the personnel related to this investigation free of all
responsibility for any fact or circumstance that occurs in the displacement or during the
development of the activities related to the investigation in which | will participate.

PARTICIPANT WITNESS

Signature: Signature:

Name: Name:

Identity number: Identity number:

Date (dd/mm/yyy): / / Date (dd/mm/yyyy): / /

| authorize the use of my image in photographs and videos for academic | YES NO

purposes related to research. Note: the images will be presented in such a way
that you are not identified.

Alejandra Polanco

Student of the Ph.D. Engineering Program

Engineering Department — Pontificia Universidad Javeriana — Bogotd, Colombia
Carrera 7 # 40-62, Edificio 11 — José Gabriel Maldonado, piso 2.

Email: alejandra.polanco@javeriana.edu.co
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Appendices

Appendix 3.1. Values of drag area and rolling resistance coefficient reported in the literature obtained by different

methods.

S1S119A2
7920 SJeqoJay Jo1redwod
9/70 sdouq |euoidal WS/t (dwoupolap) [zs]
€00°0 662°0 sdo| Jeappun 30Ad1q peoy| pue |euolieN M/9 T $1591 peoy|'|e 1o addeln
(s42n09
-30ys 3uipn|oul) EEIY
0€'0| MO| SJeqoJay 8uiyyo osae Jendiua| Jead  sisiPAd peod wg'T (swoupopp) [82T] e ¥e
- LE7°0| YySiy sieqouay| pue 10w sy 043y UM |elul Wil  |Bu0ISSDjold| 8 €'Q9 7T | S1591 peoyizadoi-ejolen)
pJEMIO) PUE
€67°0 MO| sleqolay Jega|puey oJael  S1SIDAd peod|  wig/T (I NERE
- €0 sy sieqouay 12W|ay 043y UM |eld} SWIL|  |[Bu0ISSDJ0Ud| SN 9T/ S ||2uUuni puipzadoi-ejolen)
S9A33|S 8UO| YHM
V€10 SJeqoJay| 1Ins 3uided 3unly SEENIY
A0 sdoigl  -1y3n wwWiayY MsIp Yyum 3j2AdIq weg'T [9T] "e
- 7120 sdo|] JlweuApoday| 3Buioed piepueis Jespun M T Bl REELELIIET]
S9A93|S SUO| YUM
TTZ0 SJeqoJay| 1Ins 3uided 3unly SEENIY
Eveo sdou@ -1Y31 Wy sip yum 3joAdlqg weg'T [ss] e
- 0.2°0 sdo|] dlweuApolay| Suided piepuels Jespun 37/ T ||sUUNY puUIp 19 USYD0|g
UNSUDS
687°0 sieqoJay| 8uioes uojyiely
(pawinsse) ZE€°0 sdouq SEIELEETN SieqoJael  919|yie 3|9 [tT]
S00°0 eveo SPOOH ‘1oW(ay peoy| yum 3|dAdIq peoy| [aA3|-|euolieN 340/ T [lBUUNIpuUIp e 1s Auleg
[ 40
aouesisal [ew] $21N31S0d uswdinbg 9JoAdIq Jo adA] | 1s1pAD Jo adA) Apoq N [3is91joadAl| Joyiny
BuljjoY eaJe Seu( J9pIy

RO: road bicycle, TT: time-trial bicycle, AB: aerobars posture

129



Appendices

(1oopino)| (10opino) sJaiuued (4oopino
79000 0€9°0 JeaJ pue Sadly pue Aemjey
(4ooput)  (4o00pul) JoWI|ay |eWJOUl  J3INWWOD YUM WER'T Joopuy) [£s] 1e
15000 67170 sdol|  ‘Buiyrop Ajreq  9|dAd1q peod p|Q) Jespun| 848/ T | s1591peoy|1s lumesus
[93yM OSIp Jead|  S1SIPAd Juds]  WEL'T (swoupolap) [65]
€000 0 SJeqoJay Jeajpun| yum adAdIq peoy Sse|o-plHdop DS L/] T $1591 peoy| ‘|e 13 UILB
[93ym osip Jeal sysipAd  wi//L'T [62T]
- 6920 SJeqoJay Jeapun| yum a)pAdIq peoy|  padusiadx3l 3 6T/ 9 | [2UUnl Puipy ‘e 18 uleln
[9A9] Jna1BWE
J0 |euolssajoud
L¥00'0,  8€TEO sdoug W 1e 51511940 peo. (4oop1n0) [1s]
870000 E€£9€0 SpPOOH| 8ulded piepuelg 9pAdIq Supey  padualiadxjl Jesppun OT | S1s91 peoy ‘e 1@ wi
[-] 4300
e [zw] Apog
1S1S3J S94N350d juawdinb3 9JoAdIq Jo adA] | 1s1pAD Jo adAL N |1s91joadAl | Joyiny
Buljo eaJe 3euq JopIy

RO: road bicycle, TT: time-trial bicycle, AB: aerobars posture

130



Appendices

Appendix 3.2. Summary of protocol and auto report for drag area estimation.
Equipment and instrumentation

e Anemometer and coupling to the handlebar

e Power sensor (pedal wrenches)

e (Cadence sensor

e Speed sensor

e Monitor with GPS

e Monitor mount

e Weighing machine

e Manometer and pump for tires

e Thermometer / Barometer

e Tools: metric tape measure, Allen keys set, torque meter, level, tape, scissors
e Bicycle (aerobars)

e Cycling equipment: helmet, shoes, jersey, shorts, gloves, googles
e Hydration bottle

e Rider’s identity document

Preparation

e Check instruments’ battery charge
e Check the general state of the bicycle and geometry (posture) for the test
e |Installation of instrumentation
e Check and set tires’ inflation pressure (8 bar)
e Measurement of rider’s mass using cycling equipment
e Explain on the testing site:
o Safety is the priority
Testing segment (beginning and end)
Testing speeds
Smooth pedaling for constant speed
Avoid drag from other bicycles in the front or behind the testing bicycle

O O O O

o Attention to the other cyclists on the route
e Familiarization with the route, the bicycle, and the instrumentation
e Connection of power, cadence, and speed sensors
e Calibration of the power sensor

e The cyclist travels on the testing route several times at the defined speeds. The cyclist
maintains a constant posture.
e The ambient conditions are registered during the tests.
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Appendix 4.1. Studies on cyclist’s fitness indices.
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Appendix 4.2. Summary of protocol and auto report for power delivery capacity.

Equipment and instrumentation

Smart cycle trainer with power measurement (or power sensor)
Computer with software to control the cycle trainer

Cadence sensor

Heart rate sensor

ANT+ stick

Fan

Weighing machine

Manometer and pump for tires

Thermometer / Barometer

Tools: metric tape measure, Allen keys set, torque meter, level, tape, scissors
Bicycle (aerobars)

Cycling equipment: shoes, shorts, gloves

Hydration bottle

Rider’s identity document

Preparation

Check instruments’ battery charge

Check the general state of the bicycle and geometry (posture) for the test
Installation of instrumentation

Installation of the bicycle in the cycle trainer

Check and set tires’ inflation pressure (8 bar); if necessary, level front wheel
Measurement of the rider’s mass

Explain test

Connection of cadence and heart rate sensors

Connection and calibration of cycle trainer

Define with the rider preferred pedaling cadence

Critical power test

Warm-up: 5 minutes at 50% FTP with 10-seconds sprints when completing minutes 2, 3, and
4. In the end, the rider rests on the bicycle for 3 minutes.

Test: When the cadence is stabilized at the objective cadence, the trainer's resistance is
increased to obtain the power output defined for the test. The rider pedals until exhaustion.
Verbal encouragement is used during the tests. The cyclist maintains a constant posture.
The rider can hydrate ad libitum.

Cool-down: The rider pedals for 3 minutes without load.

The ambient conditions are registered during the tests.
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Functional Threshold Power test

e The rider pedals at the self-selected intensities following the curve developed by the
commercial software TheSufferFest shown in Figure 4.1. This curve includes warm-up and
cool-down.

e The ambient conditions are registered during the tests.
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Appendix 5.1. Studies on the pressure in bicycle-cyclist interfaces
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Appendix 5.2. Summary of protocol and auto report for pressure in contact areas.

Equipment and instrumentation

Smart cycle trainer with power measurement (or power sensor)
Computer with software to control the cycle trainer

Pressure sensing mat hardware and software

Cadence sensor

Heart rate sensor

ANT+ stick

Fan

Weighing machine

Manometer and pump for tires

Thermometer / Barometer

Tools: metric tape measure, Allen keys set, torque meter, level, tape, scissors
Bicycle (aerobars)

Cycling equipment: shoes, shorts, gloves

Hydration bottle

Rider’s identity document

Preparation

Check instruments’ battery charge

Check the general state of the bicycle and geometry (posture) for the test
Installation of the bicycle in the cycle trainer

Installation of instrumentation

Check and set tires’ inflation pressure (8 bar), if necessary, level front wheel
Measurement of the rider’s mass

Explain test

Connection of cadence and heart rate sensors

Connection and calibration of cycle trainer

Define with the rider the preferred pedaling cadence

For each measured contact area (saddle-buttocks and aerobars’ pads-elbows):

Warm-up: 10 minutes at 50% FTP

Pressure sensing mat zero setting (unloaded)

Sensing of contact area with constant pressure

Test: When the cadence is stabilized at the objective cadence, the trainer's resistance is
increased to obtain the power output defined for the test. The rider pedals for one minute
while the pressure field is recorded.
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Appendix 6.1. Methodology for the measurement of vibrations through laboratory tests

Even though the laboratory tests have several advantages for the analysis of vibration transmission
to cyclists, mainly regarding the possibility of controlling the testing conditions, this approach is not
widely used. From the references found in the literature review for this Ph.D. project, most
researches performed outdoor tests, and only one group of researchers reported results from
whole-body and hand transmitted vibrations through laboratory tests. The reason can be associated
with the equipment's high experimental costs or the difficulty to keep the bicycle vertical. For this
reason, an experimental low-cost laboratory methodology was proposed with researchers of the
Padova University, Universidad de Los Andes, and Universidad Javeriana for the prediction of on-
road vibration transmission in bicycles [100], [112].

The methodology is based on the impulsive testing method. The frequency response functions
between the acceleration of the studied points (i.e., steerer tube and seatpost) and the input on the
wheels are obtained and processed to estimate the power spectral density of the accelerations
transmitted to the rider. To perform this test, the bicycle is placed on two tables. One table is
mounted on elastic mounts and is excited with a hammer for modal testing. Due to the hammer hit,
this table vibrates and behaves as a simple shaker. The other table is mounted on rigid mounts to
guarantee a leveled configuration. Accelerometers are located on the vibrating table (under the tire-
table contact patch) to measure the input acceleration and on the studied points to measure the
output acceleration. The following figure presents a scheme of the testing setup.

Accelerometer
b Support of accelerom.

Hammer

Vibrating table

g
| 1410~

Rigid table

This methodology was implemented to measure the vibration transmission of two bicycle-rider sets.
The results obtained with the laboratory tests were compared with measurements from road tests,
and a general agreement was found. It was concluded that the method can replicate the most
important features of road test results.
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Appendix 6.2. Studies on vibration transmission in cycling
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* rms a: acceleration root mean square, P abs: absorbed power, force: force filtered signal
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* rms a: acceleration root mean square, P abs: absorbed power, force: force filtered signal
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* rms a: acceleration root mean square, P abs: absorbed power, force: force filtered signal

146



Appendices

Appendix 6.3. Summary of protocol and auto report for vibration transmission measurement.

Equipment and instrumentation

Two triaxial accelerometers with clamp mounts

Cadence sensor

Speed sensor

Monitor with GPS

Monitor mount

Weighing machine

Manometer and pump for tires

Tools: metric tape measure, Allen keys set, torque meter, level, tape, scissors
Bicycle (aerobars)

Cycling equipment: helmet, shoes, jersey, shorts, gloves, googles
Hydration bottle

Rider’s identity document

Preparation

Test

Check instruments’ battery charge
Check the general state of the bicycle and geometry (posture) for the test
Installation of instrumentation
Check and set tires’ inflation pressure (8 bar)
Measurement of rider’s mass using cycling equipment
Explain on the testing site:
o Safety is the priority
o Testing segment (beginning and end)
o Testing speeds
o Constant speed and constant cadence (constant gear)
o Attention to the other cyclists on the route
Familiarization with the route, the bicycle, and the instrumentation
Connection cadence and speed sensors

The cyclist travels on the testing route at the defined speed (25 km/h). The cyclist maintains
a constant posture.
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Appendix 6.4. Effect of human sensitivity on the average PSDs in seatpost. All cyclists riding in ABhigh posture.
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Appendix 6.5. Effect of human sensitivity on the average PSDs in steering tube. All cyclists riding in ABhigh posture.
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Appendix 6.6. Effect of human sensitivity on the average PSDs in seatpost. All cyclists riding in ABlow posture.
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Appendices

Appendix 6.7. Effect of human sensitivity on the average PSDs in steering tube. All cyclists riding in ABlow posture.
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