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Abstract
The cycling industry is influenced by the approval of the tire pressure control system in competitive
cycling. This system allows real-time adjustments to the tire-road interaction during races. The total
rolling losses is the resistance resulting from tire-road interaction, incorporating resistance due to tire
deformation and the dissipation of vibrational energy within the rider-bicycle system. This research
investigates the influence of tire parameters on the total rolling losses during road cycling through
three key measurements: ink print test, drum test, and rolling losses measurement. The ink print test
captures the contact area between the tire and road surface under specified loads, revealing significant
impacts of tire type, width, inflation pressure and vertical load on the contact patch shape. In addition,
this study shows that an increase in contact patch measures is related to an increase in the rolling
resistance coefficient (𝐶𝑟𝑟). The drum test extracts 𝐶𝑟𝑟 values related to pure rolling resistance by
measuring the power needed to maintain constant velocity of a rotating drum when in contact with a
loaded tire. Results indicate a significant influence of tire type, width, inflation pressure, vertical load
and velocity on 𝐶𝑟𝑟 estimates. Combining 𝐶𝑟𝑟 obtain with drum testing with 𝐶𝑟𝑟 determined with total
rolling losses measurements, provides insights into the contribution of vibrational losses to the total
rolling losses. The study employs a novel bike trailer measurement technique to estimate total rolling
losses, measuring the cyclist’s power while cycling at constant speed with elimination of aerodynamic
drag. Despite some limitations, the bike trailer method successfully identifies optimal tire parameters
for minimizing rolling losses on different road surfaces at varying speeds.

K.H. Dijkman
Delft, January 2024
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1
Introduction

The cycling industry is influenced by emerging technologies [1]. At the beginning of April 2022, the UCI
has approved the use of the Scope Atmoz – Tire pressure control system (Scope Cycling, Eindhoven,
The Netherlands) in competitive cycling. This system allows riders to control the tire pressure while
cycling by inflating and deflating the tire with a button on the handlebars [2, 3]. Throughout the
development of the Scope Atmoz, team DSM has provided their knowledge and experience regarding
the system’s application during racing [2]. Their vision is to redefine the sport through cooperation and
innovation by pushing the boundaries of science and technology [4]. Participation in the development
of new technologies, such as the Scope Atmoz, could contribute to the improvement of cycling
performance. A tool that can be used to assess the impact of new technologies on the performance is
performance modelling.

In competitive cycling, performance modelling is a useful tool for athletes, coaches and researchers
to estimate the required power for road racing under different cycling conditions [1]. Models of cycling
performance are based on physiological, environmental and equipment related parameters, which help
to predict how changes in racing conditions affect the cycling performance [1, 5]. During cycling, the
cyclist generates power to move forward, however, external factors create a resistance against this
forward motion (see Fig.1.1). The power balance equation provides a mathematical model of the power
produced by the cyclist (𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑) and the sum of the power related to the resistances experienced
during cycling (𝑃𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒) (see Eq. 1.1).

𝑑𝐸𝑘𝑖𝑛
𝑑𝑡 = 𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 − 𝑃𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (1.1)

A difference between the produced power and the resistive power results in a change in kinetic
energy (𝑑𝐸𝑘𝑖𝑛/𝑑𝑡), which leads to an increase or decrease in cycling velocity. As the goal of competitive
cycling is to finish in the least amount of time, it is desired to maintain a high and sustainable cycling
velocity during the race. Assessment of the power provided by the cyclist and the factors influencing
the resistive power, allows for effective strategy modifications during racing and training, which help
to achieve this goal [1]. Team DSM implements this approach by developing race strategies for each
athlete and each race based on performance modeling. During this process, factors associated with
the resistances are modeled based on fundamental engineering and physical principles [1, 5].

The main driving resistances are aerodynamic drag, gravitational resistance, inertial resistance and
the rolling losses [7, 8, 9]. These result from wind velocity, the slope of the road, acceleration and
the interaction between the bicycle tire and the road surface, respectively [7]. Generally, aerodynamic
drag is the major resistance with a contribution of 56-90% during steady-state cycling, while the rolling
losses and gravitational losses both account for 10-20% of the total resistance [10, 11]. The presence
of the peloton during road races can reduce aerodynamic drag by 40% compared to time-trial races
[1, 11]. If the magnitude of the other resistances do not change, then this will result in a reduction in
aerodynamic contribution to the total resistance with 17.4%, increasing the relative importance of other
resistances [11]. In addition, rough road surfaces could increase the contribution of the total rolling
losses up to 69% [9]. The presence of road irregularities results in the creation of vibrations at the tires
and the transmission of these vibration to the rider [6, 12].
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2 1. Introduction

Figure 1.1: Schematic representation of the forces acting on the bike-rider system (figure taken from ([6])

The introduction of the Scope Atmoz and its utilization in competitive cycling will influence the
interaction between the tire and the road surface by allowing adjustment of the inflation pressure during
the race. This will affect the total rolling losses experienced during cycling. The total rolling losses is
used to describe the combination of rolling resistance and rolling impedance. The rolling resistance
mainly results from hysteresis losses due to tire deformations, which could be minimized by increasing
the tire stiffness [6, 13]. The rolling impedance results from the transmission of vibrations from the
road to the rider. The vibrational energy is dissipated within the bicycle frame, suspension system or
cyclist [14]. In road cycling, most of the impedance losses result from the absorption of energy within
the cyclist’s body, as road race bicycles have minimal suspension features [15]. In contrast to rolling
resistance, an increase in tire stiffness results in an increase of the impedance losses. The tire will be
unable to deform around road irregularities, which results in more vibrations being transmitted to the
cyclist [16, 17, 18].

This creates a trade-off between achieving low rolling resistance and low rolling impedance. The
development of the Scope Atmoz has pointed out the need to find the inflation pressures that minimizes
the total rolling losses while maintaining enough grip, cornering control and puncture protection [9, 19].
The value of the optimal pressure, referred to as the break-point pressure, depends on the road surface
type and other tire parameters, such as tire width, construction and temperature [9, 20, 21]. The tire
parameters influence the deformations, while the road surface type affects the generation of vibrations.

The inflation pressure affects the tire elasticity and the vertical load determines the amount of
deflection [21]. Together they determine the total contact area (𝐴) between the tire and the road
(=contact patch), which can be approximated by dividing the vertical load (𝐹𝑁 = 𝑚𝑔) by the inflation
pressure (𝑝) (see Eq. 1.2) [22]. The shape of the contact patch is influenced by the tire width, which is
the longest lateral distance from sidewall to sidewall [23]. The contact patch shape can be approximated
by an ellipse [22]. The ellipse will bemore rounded (shorter and wider) for wide tires compared to narrow
tires with the same inflation pressure and vertical load. It has been stated that this shorter contact patch
will reduce the rolling resistance [17, 23], which means that contact patch shape and size influences
the total rolling losses.

𝐴 = 𝐹𝑁
𝑝 (1.2)

Previous research has already focused on the effect of different tire parameters on the rolling
resistance, however, rolling impedance is often disregarded. However, it is essential to evaluate the
impact of various parameters on both rolling resistance and rolling impedance. As it has been stated
that consideration of rolling resistance in isolation from the vehicle itself leads to errors in estimation of
the total energy losses [24]. Choices in tire parameters cannot rely on the assessment of one driving
resistance in isolation, but each resistance should be assessed as part of the decision-making process
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[8]. This results in the following research question:

How do the tire parameters influence the total rolling losses?

To provide an answer to this question, the following sub-questions will be used:

• How do changes in tire parameters influence the shape of the contact patch?

• What measurement technique can be used to assess the total rolling losses?

• What are the optimal tire pressures for different sets of parameters?

• How does the road roughness influence the optimal pressures?

• What is the individual contribution of rolling resistance and rolling impedance?

In order to address the research question and sub-questions, three types of measurements are
conducted. The first assesses the influence of tire parameters on the contact patch shape. The second
determines pure rolling resistance under various conditions. The third evaluates the total rolling losses.
Combining the results of the total rolling losses and pure rolling resistance provides insights into the
contribution of rolling impedance. These three measurements collectively help determine the optimal
tire pressure for different parameter sets and various road surfaces.

This thesis is organized into distinct chapters to systematically explore and present the research
findings. Chapter 2 provides information on the mechanisms associated with energy losses, with a
specific focus on rolling resistance and rolling impedance. In addition, insights regarding the influence of
tire parameters, road surface type and cycling velocity are derived from previous studies. This serves to
provide a foundation regarding the context and scope of the current study. Chapter 3 serves to answer
the sub-question of how to measure the total rolling losses. This is done be analyzing the existing
measurement techniques and developing new methods based on specified requirements. Chapter
4 and 5, respectively, discuss the methods and results regarding the three types of measurements:
contact patch, rolling resistance and total rolling losses. The research findings are presented in chapter
6, which serve to answer the research questions.





2
Literature review

This thesis focuses the assessment of the total rolling losses, which is one of the main resistive
force experienced during cycling. This chapter provides background information on the total rolling
losses and the mechanisms resulting in the loss of energy. In addition, some of the tire parameters
and environmental factors associated with tire-road interaction are discussed. These could be
used as a tool to minimize the total rolling losses and, consequently, reduce the total resistance
experienced during cycling. The information presented in this discussion is derived from previous
studies, dissertation, thesis reports and insights from bicycle (tire) manufactures. This provides a
foundation for understanding and evaluating the experiments discussed in chapter 4 and 5.

2.1. The total rolling losses
The energy losses caused by the rolling interaction between the bicycle tire and the road surface can
be described as total rolling losses. The total rolling losses incorporates both rolling resistance and
rolling impedance [16, 20]. Section 2.1.1 and 2.1.2 will both focus on the underlying mechanisms that
result in the loss of energy.

2.1.1. Rolling resistance
Rolling resistance can be defined as a resistive force, resistive moment, power drain or energy drain. In
general, it is described as the resistance to relative motion between two bodies in rolling contact parallel
to the plane of contact between them [22]. Energy is lost due to the deformation of the tire during the
rolling motion and the deformation of the surface it is rolling on [6, 13, 22]. These deformations are
responsible for the two main mechanisms behind rolling resistance: hysteresis losses and frictional
losses [12, 24].

The amount of rolling resistance depends on the quality of the tire, which can be described by
the rolling resistance coefficient (𝐶𝑟𝑟) [25]. This is a dimensionless number that represents the ratio
between the rolling resistance force (𝐹𝑟) and the wheel load (𝐹𝑁) (see Eq. 2.1) [6, 7]. The use of a
dimensionless number makes it easy to compare the effect of different tire parameters on the rolling
resistance, due to assessing the amount of rolling resistance independent of the mass of the bike and
the rider [25].

𝐶𝑟𝑟 =
𝐹𝑟
𝐹𝑁

(2.1)

Hysteresis losses
Around 90% of the energy loss due to rolling resistance results from tire hysteresis, which is caused by
deformation of pneumatic tires in and around the contact patch [24]. In case a rigid wheel is in contact
with a flat surface, the contact between the two is limited to a single point. However, pneumatic tires
deform due to the load of the rider and the bike, which results in a contact area between the tire and
the road surface. This area is defined as the contact patch [26].

5



6 2. Literature review

Figure 2.1: Explanation of resistive moment A) Ground reaction force on the tire when the wheel rolls across a flat surface (figure
taken from [27]) B) Typical hysteresis loops, which shows the reaction force under loading and unloading of the tire (figure taken
from [28])

The contact patch between the tire and the road results in a force distribution in reaction to the load
put onto the wheel. In stationary position, this force distribution is symmetrical. However, when the tire
is rotating, the contact pressure becomes asymmetric due to the tire getting deformed upon contact
with the road surface and recovering to its initial shape as it leaves the contact patch (see Fig. 2.1A)
[12, 27]. This results in the resultant vertical reaction force of the ground to the wheel ending up in front
of the wheel, which creates a resistive moment to the driving force of the wheel [6, 27].

The asymmetric contact pressure results from hysteresis losses in the tire and road surface.
Hysteresis means that the stiffness during compression is greater than during relaxation, which results
in a difference in the force generation between deformation in loaded and unloaded conditions (See
Fig. 2.1B) [22, 28]. The difference in force generation is caused by the dissipation of energy in the form
of heat, resulting in the energy to deform the tire being greater than the energy that is recovered [26].

Frictional losses
Although rolling resistance mainly results from hysteresis losses, it also includes some frictional losses
resulting from the interaction between the tire and the road surface [23, 24]. Generally, the frictional
losses has a contribution of 5-10% to the rolling resistance [21]. However, this contribution significantly
increases in cases of braking, accelerating and cornering [21, 29]. The mechanism behind frictional
losses can be explained by making comparison between a rigid wheel and a deformable tire.

A rigid wheel has a single point of contact, which is either stationary or slides relative to the road
surface, also called slipping [30, 31]. For the wheel to be able to roll across the flat surface, it needs to
roll around the stationary contact point without slip [31]. The case of rolling without slip, can be called
pure rolling and no frictional losses are experienced [30].

However, the deformation of the bicycle tire creates a contact area between the tire and road surface
rather than a single point of contact. This means that there is combination between rolling and sliding
within the contact patch [30, 31]. The elastic deformations of the tire may compensate for this relative
motion between the tire and the road, which creates a region within the contact patch without relative
motion, also called the stick zone (see Fig. 2.2)[30]. However, slip will occur in the areas where the
elastic deformation cannot compensate for this relative motion. This slippage of the contact patch
results in the generation of heat, which is the cause of frictional losses [12, 31].

Figure 2.2: Slippage of part of the contact patch (figure taken from [22])
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2.1.2. Rolling impedance
Rolling impedance, also referred to as suspension losses, transmission losses, or vibration losses, is
the resistance to forward motion caused by surface roughness. This resistance results from lifting the
rider-bike system over bumps many times per seconds leading to the generation of vibrations [16, 17,
20, 22, 32]. The vibrations are transmitted from the road to the rider’s body via the tires and the bicycle
frame, which mainly happens at the hand-bike interface and the saddle [33, 34]. The energy loss within
the rider-bicycle system depends on the bicycle frame, suspension system and cyclist [14].

The generation of vibrations is influenced by the tire-road interaction. Pneumatic tires can act like
an air-spring, which allows them to store energy [16]. The tires store energy by deflecting when hitting
bumps on the road. While some of this energy is lost due to hysteresis, most of the energy is recovered
as the tire returns to its original shape [20, 35, 36]. In case the tires fail to store the energy from the
bumps, due to being unable to deform around them, then the rider and bicycle becomes the suspension
system [16, 17].

The vibrational energy can be dissipated within the bicycle frame, suspension system or cyclist
[14]. The bicycle frame and suspension system dampen the vibrations, which results in the loss of
energy [37]. However, typical road racing bicycles are generally equipped with rigid frames and lack
suspension systems to minimize weight and improve power transfer [15]. The minimal suspension
features of road racing bicycles, suggest that most of the impedance losses during road racing results
from energy dissipation by the cyclist.

The transmission of vibrations to the rider’s body leads to heat generation due to tissue being rubbed
against each other [13, 22, 36]. The body will get sore and heat up as a result of this energy conversion,
which can be associated with discomfort [32, 36]. In addition, the energy absorbed in the body is lost
from the energy that results in the forward motion of the bicycle [36]. This energy loss cannot jet be
expressed by an equation, however, figure 2.3 provides experimental data that relates the absorbed
energy to the amplitude and frequency of the vibration [14]. This shows that the size and frequency of
bumps encountered during cycling influences the magnitude of energy losses due to rolling impedance.

2.2. Tire parameters
The energy losses during cycling can be minimized by optimizing bicycle components. In case of
minimizing rolling losses, the tire parameters greatly influence the amount of energy loss [20, 35].
In section 2.2.1, 2.2.2 and 2.2.3, the influence of inflation pressure, tire width and tire type will be
discussed.

2.2.1. Inflation pressure & Vertical load
The tire or inflation pressure has large effect on the value of 𝐶𝑟𝑟 and the total amount of rolling
losses. The rolling losses is highly influenced by the hysteresis losses, which result from non-elastic
deformations when the tire gets compressed [38]. An increase in inflation pressure, increases the
stiffness coefficient of the air-spring of the pneumatic tire, which results in less deflection under the
same vertical load [35]. The lower the amount of tire deformation, the lower amount of tire hysteresis
losses, and thus the total rolling losses.

Previous research that is conducted within a laboratory setting, using a drum tester, has supported
this theory [39]. Themeasurements have shown a decrease in 𝐶𝑟𝑟 with increasing levels of tire pressure
[38]. In addition, the relation between 𝐶𝑟𝑟 and vertical loading has been assessed using the same
methods. As the tire inflation pressure determines the tire elasticity, the vertical load influences the
amount of deflection [21]. Together they determine the total contact area between the tire and the
road. The area of the contact patch (𝐴) can be approximated by dividing the vertical load (𝐹𝑁) by
the tire pressure (𝑝) (see Eq.2.2)[22]. An increase of the vertical load, increases the area of contact,
resulting in more tire deformations. For this reason rolling resistance measurements have shown that
an increase in vertical loading results in an increase of 𝐶𝑟𝑟 [38, 39].

𝐴 = 𝐹𝑁
𝑝 (2.2)

Velinsky et al. has stated that consideration of rolling resistance in isolation from the vehicle
itself can lead to error in estimation of vehicle energy losses [24]. This means that energy losses
caused by the transmission of vibrations cannot be disregarded. As mentioned, the test performed
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Figure 2.3: Experimental data that relates the absorbed power within the rider’s body to the amplitude and frequency of the
transmitted vibrations (figure taken from [14])

in laboratory settings show a decrease of 𝐶𝑟𝑟 with increasing pressures. However, these laboratory
tests do not incorporate the effect of rolling impedance, as the energy-absorbing rider is excluded [14].
The incorporation of rolling impedance in the estimation of 𝐶𝑟𝑟, leads to the concept of using lower
pressures on rough road surfaces. This will decrease the tire stiffness and increase the ability to store
energy from the bumps [18]. This means that fewer vibrations are transmitted to the rider, which leads
to less impedance losses.
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The use of pneumatic tires over solid wheels has given the advantage of an effective suspension
system of the bicycle [35]. However, it has resulted in a trade-off between rolling resistance and rolling
impedance (see Fig. 2.4). The rolling resistance is minimized by increasing the tire stiffness, as
this minimizes tire deformation that causes hysteresis losses. On the other hand, rolling impedance
can be minimized by reducing the tire stiffness, as the energy from the bumps can be stored which
minimizes the transmission of vibrations to the cyclist. This trade-off between rolling resistance and
rolling impedance could be characterized by the break-point pressure, which is defined as the tire
pressure that results in the least amount of rolling losses [20]. In practice the break-point pressure is
not always clearly visible. If that is the case, the break-point pressure can describe a range of optimal
tire pressures (see Fig. 2.4) [17].

Figure 2.4: A hypothetical model that suggests that the total rolling losses, which is equal to the sum of the rolling resistance
and transmission losses, has an optimum range of tire pressures (figure taken from [17])

2.2.2. Tire width
The tire width is defined as the longest lateral distance from sidewall to sidewall. This tire parameter
has an influence on the shape of the contact patch [23]. The contact patch is generally assumed to
be shaped as an ellipse, as shown in figure 2.5 [22]. When comparing a wide and narrow tire with the
same tire pressure and deflected under the same load, then the total contact area will be approximately
the same for both tires (see Eq.2.2) [18, 23]. However, the shape of the contact patch differs as the
contact patch of a wide tire has a more rounded shape compared to a narrow tire [17, 23].

The length of the contact patch (s) affects the rolling resistance [17, 23, 26]. This can be explained
by looking at rolling resistance as a resistive moment caused by the resultant vertical reaction force of
the ground to the wheel ending up in front of the wheel. The length of the contact patch will influence
the length of the moment arm and the magnitude of the total resistive moment on the wheel. It is stated
that a shorter contact patch will result in a smaller moment arm and a smaller total resistive moment
[26]. This means that less energy is needed to rotate the wheel. In figure 2.5, it is shown that the length
of the contact patch of wide tires is smaller than that of narrow tires, which would indicate that wide
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tires result in lower rolling resistance than narrow tires in case of using the same pressure and load.
The tire width also influences rolling impedance. Silca states that wider tires are better in absorbing

bumps and imperfections of the road surface compared to narrow tires when using the same tire
pressures. This means that fewer vibrations are transmitted to the rider resulting in lower rolling
impedance [40]. Wider tires have a higher availability to deflect, which improves the compliance of the
tire when rolling across bumps [40, 41]. This suggests a reduction the energy losses caused by rolling
impedance. However, the connection between different parameters makes this more complicated.

Changes in tire width results in changes in the internal diameter of the tire-rim combination. An
increase in internal diameter will increase the stress on the casing and rim walls when the same tire
pressure is used, resulting in an increased tire stiffness [42]. To maintain equal stresses in the casing
and rim, the tire pressure needs to be lowered [40]. This often results in the choice of using lower
pressures when changing to wider tires [17, 42]. This relation between tire pressure and tire width,
increases the complexity of assessing their effect on the total rolling losses.

Figure 2.5: Contact patch differences between wide and narrow tire with same pressure and load (figure taken from [23]) and
three type of tires (figure taken from[11])

2.2.3. Tubeless vs Tubular
A distinction can be made between three types of pneumatic tire constructions: clincher, tubular and
tubeless (see Fig. 2.5) [43]. Two main tire types used in road racing are tubeless and tubular. A tubular
tire consist of an inner tube completely surrounded by the outer tube, which are sewed together. The
tire is glued on the rim at one side and makes contact with the road at the other side [43]. In contrast,
the tubeless tire lacks an inner tube. This tire creates a cavity together with the rim that is sealed due
to a combination of pressure and sealant within the cavity [43]. In general, the rolling resistance of
tubeless tires is lower due to the lack of friction between the inner tube and outer tire [43]. However,
the range of pressures at which tubeless tires run, are lower compared to tires with an inner tube [17].

2.3. Tire-road interaction
The interaction between the tire and the road has an influence on the optimal tire parameters tominimize
the total rolling losses. This means that tire parameters should be adapted to the road surface of the
race to optimize performance. Section 2.3.1 and 2.3.2 will further elaborate on this parameter selection.

2.3.1. Road surface
In section 2.1.2, rolling impedance is defined as the resistance due to surface roughness. The
roughness of the road surface can refer to both the unevenness or the texture of the road. The road
unevenness describes the larger scale bumpiness of the road, while the road texture describes the
small scale road irregularities [44]. The presence of bumps, ruts and irregularities on the road surface
leads to increased rolling losses, as the surface roughness results in the creation of vibrations and the
transmission of these vibrations to the rider [6, 12]. Multiple sources have stated that the 𝐶𝑟𝑟 increases
as the surface roughness increases [6, 12, 45, 46].

The most commonly used measures to assess road unevenness and texture are, respectively, the
international roughness index (IRI) and the mean profile depth (MPD) [12, 44, 45]. First, the IRI is
expressed in mm/m or m/km and represents the ratio between the accumulated vertical displacement
of the vehicle’s suspension system and the travelled distance [12, 47]. It can be difficult to relate IRI



2.3. Tire-road interaction 11

directly to rolling resistance, due to being based on the vehicle response to the road profile, rather than
representing the actual road profile [12]. Second, the MPD represents the average profile depth of two
halves of the surface within a given baseline [12]. Jackson et al. states that an increase of MPD by
1 mm will result in an increase of 𝐶𝑟𝑟 by 17% to 30% when traveling at 48 km/h to 96 km/h [12]. This
speed dependency of 𝐶𝑟𝑟 will further be discussed in section 2.3.2.

The type of road surface influences the break-point pressure. An increase of surface roughness
results in a reduction of break-point pressure, which lead to the concept of using low to moderate tire
pressures on rough surfaces [13, 20]. This is illustrated in figure 2.6, which present the estimation of
𝐶𝑟𝑟 on different road surfaces with increasing road roughness from a steel drum to machine roughened
concrete [20]. It has been suggested that the change in break-point pressure is a result of an increase
in rolling impedance when riding on rougher surfaces [20].

Figure 2.6: Estimation of 𝐶𝑟𝑟 from experiments on different road surfaces (figure taken from [20])

2.3.2. Cycling velocity
The total amount of rolling losses is proportionally related to the cycling velocity as it both increases
the rolling resistance and impedance [21]. Speed dependency of rolling resistance can be assigned
to the hysteresis losses. These losses result from the visco-elastic properties of the tire, which relates
the stiffness of the tire to the rate of deformation [48]. An increase in cycling velocity increases the rate
of deformation. This results in the difference in measured force between loading and unloading of the
tire to increase, which means an increase of the hysteresis losses [22].

However, it should be mentioned that the effects of speed on rolling resistance is small for low and
moderate speeds. Up to 40 km/h, the value of 𝐶𝑟𝑟 shows little to no changes. For this reason rolling
resistance is often assumed to be independent of speed to distinguish energy losses due to rolling
resistance and air drag [21].
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The energy losses due to rolling impedance is also influenced by cycling velocity. This speed
dependency has already been mentioned once in section 2.3.1. This showed that the combination of
increased surface roughness with increased cycling velocity resulted in more percentage change of 𝐶𝑟𝑟
[12]. Munera et al. states that the higher velocities result in higher vibration amplitudes, in case equal
pressures are used [33]. The influence of cycling velocity on rolling impedance has been assessed
using acceleration measurements. This uses an effective value, which is extracted from acceleration
frequencies measured at the rider-bike interface and allows to make conclusions about the influences
of vibrations on the cyclist [49].

The test results are depicted in figure 2.7. It could be concluded that there is a linear relationship
between the effective value and the increasing cycling velocity [49]. In addition, rougher surfaces show
larger absolute changes in effective value, which means that cycling velocity and surface roughness
both influence the transmission of road vibrations. Last, in comparison to rolling resistance, rolling
impedance is affected by cycling velocity at speeds lower than 40 km/h. This might indicate taht the
total rolling losses cannot be assumed to be constant at low speeds.

Figure 2.7: The estimated effective value at different speeds and road surfaces (figure taken from [49])
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Many measurement techniques exist to assess rolling resistance (see Table I). However, not all of
these measurements are suitable to estimate the total rolling losses. The energy losses due to rolling
impedance are often neglected due to exclusion of the energy-absorbing rider [14]. The goal is to
find a measurement technique that determines the combined energy losses of rolling resistance and
rolling impedance. This is achieved by analyzing existing measurement techniques, creating a list
of requirements and performance criteria, and developing three possible measurement techniques.
These techniques are then rated using the weighted criteria method within a decision matrix.

3.1. Existing Rolling resistance testing
Table I provides an overview of the measurement techniques currently used to assess the rolling
resistance and, in some cases, the total rolling losses. For each measurement, the main working
principles, advantages, and disadvantages are highlighted. In case of the Chung method, data
regarding the reliability of the test setup has been reported.

Table I - Overview of existing rolling resistance measurement techniques
measurement technique Working principle Technical evaluation

Drum testing
A bicycle wheel is pushed
onto a rotating steel drum with
a certain load. The contact
between the drum and wheel
will slow down the spinning drum
due to the rolling resistance.
Four measures can be used to
quantify rolling resistance: force
at tire spindle, torque at drum
hub, motor power to keep drum
rotating at constant speed or
drum deceleration.
Aerodynamic drag due to the
rotation of the wheel combined
with the bearing resistance
should be removed from the
measured resistance. In
addition, correction formulas
are applied to correct for the
unrealistic contact patch shape.

Disadvantages
- Unrealistic contact patch shape
- Limited to added road texture
- Excludes rider-bike interface

Advantages
+ Can be used to measure pure
rolling resistance
+ No aerodynamic disturbances
+ Adding road texture influences
the estimation of 𝐶𝑟𝑟

[13, 36, 39, 44, 45, 50]

13
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Table I - Overview of existing rolling resistance measurement techniques
measurement technique Working principle Technical evaluation

Rolling road
Treadmill built from connected
rigid slats, which could be
replaced individually to change
road profile. Simulation of road
profiles result from changing
thickness of some slats, which
indicate bumps in the road. This
simulation can be determined
from scanning road profiles or
assessing transmitted vibrations
during on road testing.
The rolling losses can be
determined from power output
of the cyclist. A high speed
camera is used to assess
effects of vibrations on the rider.

Disadvantages
- Simulation of road profiles
- Availability testing equipment

Advantages
+ No aerodynamic drag
influences
+ Controlled environment
+ Includes rider bike interface

[51, 52, 53, 54, 55]

Tire trailer
A trailer, in which a testing
wheel is mounted, is towed by
a vehicle. The trailer consists of
two slots to add mass and one
slot to mount the wheel. The
mounted wheel is connected to
the trailer with low friction linear
bearings and a force transducer.
The force transducer will directly
measure the rolling resistance
when getting pulled at constant
speed.
Influences of air drag are
minimized by applying a
covering or by performing
test at low speeds.

Disadvantages
- Grade sensitivity
- road unevenness could reduce
measurement accuracy
- Excludes rider-bike interface
- Sensitive to trailer angle (stay
within 0.5 degree tolerance)

Advantages
+ Testing on different roads
+ Directly measure force output
+ Removes influence air drag
with cover

[13, 44, 45]

Dynamoteric testing
A vehicle tows a bike with cyclist
along a certain distance. The
bike is connected to the towing
vehicle by a nylon cable in
series with a dynamometer. The
dynamometer reports the force
needed to tow the bike at a
constant speed.
To minimize air drag, the test is
performed in absence of wind.
Besides, the air turbulence
caused by the towing vehicle
is minimized by choosing the
correct cable length. In addition,
the cyclist is still cycling without
transmission chain to mimic
the air flow experienced during
cycling.

Disadvantages
- Assumes constant rolling
resistance to subtract air drag
- The rolling resistance
contribution reduces as speed
increases
- Requires desirable weather
condition (absence wind)

Advantages
+ Includes rider-bike interface
+ Can test on different roads
+ Directly measure force output

[56, 57]
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Table I - Overview of existing rolling resistance measurement techniques
measurement technique Working principle Technical evaluation

Coast-down testing Cyclist accelerates to a certain
speed and then decelerates
by stopping with pedaling or
changing gears to stop the force
transmission. The cyclist will
pass multiple time switches,
which records the time needed
to pass a certain distance.
Both 𝐶𝑟𝑟 and 𝐶𝐷𝐴* are
determined by minimizing
error squared of the difference
between real distance and
estimated distance. The
estimated distance is based
on the time between two time
switches and the initial and final
velocities.
Aerodynamic influences are
minimized by using a coarse
that is sheltered from the wind.
In addition, wind conditions are
monitored during testing

Disadvantages
- Influenced by aerodynamics
- Surface roughness could lead
to measurement inconsistencies
- Assumes rolling resistance to
be independent of speed
- No Braking/steering allowed
- Needs constant body position
- Irregular grades, subject
behavior and braking forces
(like cornering) could increase
measurement variation >10%

Advantages
+ Includes rider-bike interface
+ Typical error <1%.

[27, 38, 58, 59, 60]

Chung method Uses Golden Cheetah to solve
for mathematical model based
on power balance equation by
using the cyclist’s power output
to match the elevation profile of
the road.
The test is performed by cycling
multiple laps on the same
track, which means that the
net elevation is zero. The
test requires the use of power
meter and speed sensor to
continuously track the cyclist.
This data is used to determine
the elevation profile, where at
the end of each lap the net
elevation should become zero.
Environmental conditions (wind
speed & Temperature) are also
tracked. If wind speed exceeds
2 m/s, measurement is invalid.
It is allowed to vary cycling
speed, however, three rules
need to be followed:
1. No braking
2. Remain cycling position
3. Constant tire pressure

Disadvantages
- Aerodynamic drag has a large
contribution to total resistance
- Estimation of 𝐶𝐷𝐴 and 𝐶𝑟𝑟 can
affect each other.
- Assumes fixed 𝐶𝐷𝐴 over
complete round
- Not accounted for tilted position
of the bike in curves
- Exact rider paths are not
recorded
- rolling resistance is assumed to
be independent of speed
- Needs to follow strict rules

Advantages
+ Can test on different road
surfaces
+ Requires limited equipment
+ Includes rider-bike interface

Reliability: Typical error of
0.0006 between analyst and
has detected a 16% difference
between 𝐶𝑟𝑟 values of different
tires.

[9, 19]
*𝐶𝐷𝐴 is the product of the drag coefficient (𝐶𝐷) and the frontal area (𝐴). The drag coefficient is a
dimensionless number that quantifies the drag force generated when an object moves through
the air. The frontal area represents the size of the object perpendicular to the air flow.
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Table I - Overview of existing rolling resistance measurement techniques
measurement technique Working principle Technical evaluation

Hill method
1 DoF pendulum consisting of 2
rigidly connected wheels and an
eccentric weight placed onto the
rigid connection. The eccentric
weight is lifted to supply potential
energy to the system, which is
converted to heat due to the
rolling resistance.
A gyroscope and the geometric
shape of the pendulum are
used to determine the travelled
distanced by measuring from
the first peak-point of return.
The 𝐶𝑟𝑟 determined from energy
conversion principle (change in
potential energy = work of rolling
resistance (𝐹𝑁 ∗ 𝑠)).
Aerodynamic drag could
be neglected. In addition,
centrifugal forces due to the
motion of the eccentric weight
creates a dynamic loading of the
tires, which is minimized using
small eccentric weight close to
center of the wheel axis. Other
random disturbances can be
removed by applying a minimum
of 10 repetitions.

Disadvantages
- Excludes rider-bike interface
- Limited to low speeds
- 𝐶𝑟𝑟 independent of velocity
- Variation in vertical load

Advantages
+ Testing on different surfaces
+ No aerodynamic influences

[8, 49]

Instrumented Bicycle
Estimates rolling losses by
solving the force equilibrium.
The main resistive forces are
measured using many sensors
(air drag, gravitational force,
inertial force).
The bike should be equipped
with a power meter to measure
athletes power output, GPS and
gyroscope for cycling velocity,
baroscope and accelerometer
for slope of the road and
differential pressure sensor for
air velocity in cycling direction
Aerodynamic influences are
subtracted using wind and
cycling velocity data combined
with 𝐶𝐷𝐴 values from wind
tunnel testing. This provides
an accuracy of 96.5%. The
accuracy of the 𝐶𝑟𝑟 estimate
increases with test length. The
precision decreases from 0.005
(9 to 25m) to 0.002 (55 to 153
m) for test at 10km/h.

Disadvantages
- Many sensors needed to
measure all types of energy
losses
- Only performed at low speeds

Advantages
+ Possible to use on any type of
road surface
+ Includes total rider-bike
interface

[7]
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3.2. Requirements & Performance criteria
The measurements described in table I are currently used only to assess the effect of rolling resistance
and exclude or neglect the effects of rolling impedance on the estimation of 𝐶𝑟𝑟, with the exception for
the Rolling Road. Other measurements that include the rider-bike interface within the test setup, such
as dynamometric testing, coast down testing, Chung method and the instrumented bicycle, are able
to assess the combined effects of rolling resistance and impedance. However, the influence of rolling
impedance on 𝐶𝑟𝑟 estimation is often not mentioned and neglected.

For example, field tests, such as Chung method or Coast-down method, apply the assumption of
rolling resistance being independent of speed, which makes it possible to estimate 𝐶𝑟𝑟 and 𝐶𝐷𝐴 by
distinguishing the effect of rolling resistance and aerodynamic resistance. However, this assumption
becomes problematic when assessing the total rolling losses, rather than the rolling resistance in
isolation, as the rolling impedance is a speed dependent resistance (see section 2.3.2) [49]. The
speed-dependent energy lossesmight be incorrectly assigned to aerodynamic resistance, even though,
it results from rolling impedance and should contribute to 𝐶𝑟𝑟 estimation. To prevent this, the aerodynamic
drag should be eliminated from the measurement results.

In addition, one of the research goals is to assess the effects of different road surfaces on optimal
tire pressures. Therefore, there is a need to test on surfaces that vary in roughness. To enhance
cycling performance during road races, it is recommended to conduct rolling losses estimation under
road racing conditions. This implies that the test surface should reflect road surfaces encountered
during racing. Moreover, it suggests that the shape of the contact patch during testing should reflect to
the shape of the contact patch on a flat surface.

Requirement
• Adding the energy-absorbing rider responsible for rolling impedance losses [14].
• Being able to test on surfaces with different roughness to assess effects on optimal tire pressures.
• Realistic contact patch shape by testing on a flat surface.

Performance criteria
• Minimize aerodynamic drag as this increases accuracy of estimation
• Testing on representable ground surfaces to get results that are better applicable in practice
• Minimize risk of injury for participant to guarantee safety of participants during experiments
• Accessibility of equipment will make it possible to perform tests in the given time frame
• Minimizing the data set will prevent to get lost in big piles of information

The existing measurement techniques can be assessed based on the requirements. Drum testing,
Hill method and tire trailers do not include rider-bike interface and only estimate the rolling resistance.
However, combining these measurements with a total rolling losses estimation might help to distinguish
the effect of rolling resistance and impedance on the total rolling losses. In addition, some test are
limited to specific surface types. For example, coast-down testing can be used on different surfaces,
however, road irregularities like bumps could result in measuring inconsistencies. This makes this
measurement less suitable to test the influence road roughness. Last, measurements that include
speed variation, such as the Chung method, makes it difficult to eliminate air drag. The variation in
speed will cause a variation in air drag and rolling impedance. This will make it difficult to distinguish
these two resistances.

3.3. Design Solutions
The requirements to test on surfaces that differ in roughness, combined with the need to eliminate
aerodynamic influences, create a trade-off between laboratory testing and road testing. Laboratory
testing provides a quick and consistent metric, however, it might be oversimplified as it does not include
the road surface. On the other hand, road testing delivers a fully realistic metric, but is slower and can
sometimes be inconsistent due to rider and condition variability [53]. This trade-off is addressed by
proposing possible solution for minimizing aerodynamic drag and obtaining surface roughness that
reflects the road racing circumstances. These solutions are depicted in figure 3.1.
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Figure 3.1: Design tree

3.4. Concepts
With the use of the design tree, three different concepts are created to determine the total rolling losses.
These will be presented in section 3.4.1, 3.4.2 and 3.4.3 and will be assessed using the decision matrix.

3.4.1. The bike trailer
The bike trailer provides the possibility for road testing by applying a cover to eliminate air drag. The
general idea is to create a see-through plastic cover around the cyclist, which is towed by a car. The air
inside will move along with the cyclist, which means that no aerodynamic resistance will be experienced
(see App. A. Figure 3.2 depicts the test setup.

The towing vehicle will pull the trailer at a constant speed across aminimum distance of 100m, which
is determined based on previous research. Di Prampero et al. performed dynamometric test across a
distance of 100m, and the instrumented bicycle mentioned a precision of 0.001 when measuring across
a distance of 55 to 153 m [7, 56]. To remove possible gravitational resistance, the test needs to be
performed on a leveled surface and in both directions. Last, to reduce effects of random disturbances,
the test should be performed 10 times [8]. The total rolling losses could be estimated by averaging the
results of the two direction and the repetitions.

Figure 3.2: Concept 1; the bike trailer

There are two measures that could provide data regarding the rolling losses. First, a force cell
(dynamometer or force transducer) can measure the force needed to pull the bike with the cyclist
forward at a constant speed. This requires a connection between the bike and the trailer. However, the
estimation of rolling losses will have a high sensitivity to trailer angle, as has been shown by the tire
trailer method (0.5 degrees tolerance) [13]. Second, a power meter can record the power produced
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by the cyclist to maintain constant velocity. The sensitivity to trailer angle will be removed, however,
small variations in cycling velocity can exist as the cyclist propels itself forward. It is required to mount
a speed sensor to the bike to verify constant velocity. The towing vehicle will help the cyclist maintain
a constant velocity as the cyclist should match the speed of the trailer. The choice of measurement
equipment depends on its availability.

3.4.2. The rolling road
The laboratory setting of the rolling road eliminates air drag by cycling in place on a treadmill. This
means that actual road conditions need to be simulated to address the effects of road roughness on
the total rolling losses. To simulate the road surface, data regarding the actual road surface need to
be recorded. This can be done by using inertial profiles, which consist of an accelerometer, height
sensor (=laser) and distance measuring equipment [44, 45]. Another option is to measure the vehicle
response to surface roughness during road testing with the use of an accelerometer and match this to
the response on the treadmill. However, this requires both field testing and laboratory testing to obtain
bike-road and the total rolling losses.

The existing rolling road measurement could be applied (see table I), however, to reduce resources,
it would be possible to build a smaller treadmill that only supports the back wheel of the bicycle (see
Fig. 3.3). The front wheel will be connected to a sliding support that is linked with a force sensor to
a fixed point. The force sensor records the resistance force, as the rolling losses will pull the cyclist
away from the fixed point when the treadmill is on. In comparison to the tire trailer, this measurement
setup will not exceed angle tolerances as the force sensor will always remain leveled between the front
wheel support and fixed point [13].

The main advantages of this technique are that the test setup within a controlled environment
creates a high reproducibility, aerodynamic resistance will not be present during testing, and only one
parameter needs to be recorded. On the other hand, the biggest challenge is the availability of the test
equipment. A treadmill is needed, which is rigid enough to avoid an increase ground hysteresis and it
should be possible to adapt road roughness.

Figure 3.3: Concept 2: the rolling road

3.4.3. Instrumented bicycle
In Table I, the instrumented bicycle is discussed as a field test applicable to any road surface. This
test estimates aerodynamic drag by measuring wind speeds and utilizing 𝐶𝐷 values from wind tunnel
testing. The power balance equation can be used to subtract all known resistive force from the cyclist’s
power output. The remaining energy can then be assigned to the total rolling losses. It should be
noted that the number of sensors used to record all resistive forces could be minimized by testing on a
levelled surface in both directions to eliminate the gravitational influences (𝐹𝑔).

To determine the rolling losses, the cyclist’s power output is recorded using a power meter. The
aerodynamic resistance (𝐹𝑎) can be determined using a differential pressure sensor to measure wind
velocity in the cycling direction. The inertial resistance (𝐹𝑖) can be determined using the bike’s geometry.
Last, the cycling velocity (𝑣) could be determined with a gyroscope or speed sensor [7]. This approach
relies on solving the power balance equation to obtaining the total rolling losses (𝐹𝑟):

𝐹𝑟𝑣 = (𝐹𝑝 − (𝐹𝑔 + 𝐹𝑎 + 𝐹𝑖))𝑣 (3.1)
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The main advantage of this technique is the possibility to measure the impact of different road
surfaces. However, relying on 𝐶𝐷 values obtained from wind tunnel testing, imposes constraints on
the cyclist’s posture, requiring to match the posture of the wind tunnel test. In addition, variations
cyclist size could influence the 𝐶𝐷 due to changes in air flow around the cyclist. Test accuracy could
be increased when minimizing aerodynamic influences by applying the following rule: if the difference
between cycling velocity and measured wind velocity exceeds 2m/s, data should be removed from the
total data set [58].

3.5. Decision Matrix
To make a reasonable choice between the different methods, the weighted criteria method can be
applied. In this method, each measurement technique receives a rating from 1 to 5 for each predefined
performance criteria. A higher score indicates better alignment with the criteria. The importance of
each criterion is indicated by its weight. The weights are a number between 10 and 1, the higher the
weight the more important the criteria. To make a difference in the importance of the criteria within
the total score, a weighted score is determined for each criteria (𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑠𝑐𝑜𝑟𝑒). Summing up the
weighted score from each criteria will result in the total score. The highest scores will indicate the most
appropriate measurement technique to achieve the goal of measuring the influence of tire parameters
and road roughness on the total rolling losses.

Table II presents the decision matrix used to rank the three concepts discussed in section 3.4.
According to the decision matrix, the bike trailer will be the best option to measure the total rolling losses
This results from the possibility to test on any road surface and the elimination of air drag (see App.
A). However, it is crucial to address safety concerns during the design of the bike trailer, particularly
focusing on the risk of injury to the participant. In comparison to the other two concepts, it won’t be able
to prevent falling by applying a harness. Additionally, in case the participant does fall during testing,
then the structure of the trailer increases risk of injury. It is important that during the design of the bike
trailer, the safety of the cyclist will be taken into account by addressing these concerns (see appendix
B).

Table II - Decision matrix using weighted criteria principle

Bike trailer Rolling road Instrumented bicycle
Criteria Weight Score Weighted Score Weighted Score Weighted
Road Surface 10 5 50 2 20 5 50
Aerodynamic drag 8 4 32 5 40 1 8
Safety Cyclist 7 2 14 4 28 5 35
Available equipment 5 5 25 1 5 3 15
Size data set 3 5 15 5 15 1 5

Total 137 Total 108 Total 113
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The impact of the tire parameters on the total rolling losses are assessed through three different tests.
First, ink prints are taken to evaluate the shape of the contact patch. Second, drum testing is used to
determine the pure rolling resistance. Third, the effect of road type is assessed by performing rolling
losses measurements. In chapter 5, the outcomes of each test are analyzed separately and combined.
This chapter will provide the methods used for each measurement. Section 4.1 gives an overview of
the tire parameters and tire-road parameters applied during testing. The test methods are presented
in section 4.2, 4.3 and 4.4. In section 4.5, regression analysis is discussed, which can be applied to
assess how the tire parameters and tire-road parameters affect the outcome of each test.

4.1. Test Parameters
In section 2.2 and 2.3, the effects of tire parameters and parameters related to tire-road interaction on
the total rolling losses are highlighted based on previous studies. The upcoming experiments aim to
extend this knowledge by exploring various settings for the discussed parameters. Table III presents
an overview of the parameters used in each experiment

A distinct set of tire pressures is used for each tire, reflecting the impact of tire width and type on
the usable range of inflation pressures (see section 2.2.2). During the experiments, there is an overlap
in the applied inflation pressures between two different tires. This applies for both the difference in
tire type, Tubular vs Tubeless (Corsa Pro), and the difference in tire width. In addition, for certain
experiments, changes in specific parameters are not applicable due to limitation within the test setup.

Table III - Parameters assessed with each test
Parameter specification Ink prints Drum testing Rolling losses Measurement
Tire & inflation pressure
• 26mm Corsa Tubular 6.0, 7.5 bar 6.0, 6.8, 7.5 bar NA
• 26mm Corsa Pro 5.3, 6.0 bar 5.3, 5.7, 6.0 bar 5.3, 5.7, 6.0 bar
• 28mm Corsa Pro 4.8, 5.3 bar 4.8, 5.3, 5.8, 6.0 bar 4.8, 5.3, 5.8 bar
• 30mm Corsa Pro 4.3, 4.8 bar 4.3, 4.8 bar NA

Cycling velocity NA 30, 40 km/h 30, 40 km/h
mass on rear wheel 21, 30, 38 kg 35, 45 kg 54 kg
Road Surface NA NA Asphalt, Brick road

4.2. Ink Print measurements
As discussed in section 2.2.2, literature suggests that wider tires creates a wider and shorter contact
patch compared to narrower tires. A shorter contact patch should be equivalent to a lower rolling
resistance, as the moment arm reduces. The shape and size of the contact patch can be analyzed
by creating a print of the contact area between the tire and ground when pressing a wheel onto a flat
surface with a specified force. Various resources can be applied to create this print, such as paint, ink,
pressure sensitive film or ultrasonic waves [61, 62, 63, 64].

21
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Ink print measurements are one of the more accessible methods to assess the contact patch
shape and only requires an ink pad, paper and some weights. The test setup described in section
4.2.1, is applied to four different tires, three different loads and two different pressures (see table III).
All parameter combination are repeated three times from which the average and standard error is
extracted.

Figure 4.1: Ink print measurement setup A) schematic test setup B) Actual test setup C) Wheel locking mechanism

Figure 4.2: Measurement steps A) test setup B) Applying ink to the tire C) replacing the ink pad with a piece of paper D) placing
the tire on the paper E) writing down the mass of the scale beside the ink print
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4.2.1. Test setup
Figure 4.1 illustrates the setup that is used to take the ink prints. The handlebars of the bike are hooked
to a beam and locked in place by tie-rips (see Fig. 4.1A&B). This creates a pivot point to lift the rear
wheel and prevents the bicycle from tilting. In addition, the rotation of the rear wheel could contaminate
the test results by elongating the ink print. For this reason, a tie-rip is used to connect the spoke of
the wheel to the seat stay at the rear triangle of the bicycle (see Fig. 4.2C). Last, a scale is placed
underneath the rear wheel to measure the exact load placed on the tire when taking the ink print.

Before starting the measurements, the test parameters should be set to the right values. The saddle
of the bicycle is removed, which makes it possible to place the weights around the seat post. When
switching the rear tire, it is made sure that all load and pressure combinations have been tested for that
specific tire before moving on to the next tire.

The steps taken to obtain the ink prints are illustrated in figure 4.2. The measurements are
performed with the help of three people. One person lifts the bike using the rope, one person lifts
the bike at the rear wheel axis and carefully guides the rear wheel to the paper and the third person
reads out the weight placed on the rear wheel.

The first step is to lift the rear wheel from the scale and place the ink pad underneath the tire.
Second, the bike is put down onto the ink pad (Fig. 4.2B). The person who lifts the bike at the rear
wheel axis, pushes the tire into the ink pad. This extra force increases the contact area during this
step (see Eq. 2.2), which guarantees that the ink will spread at least across the entire area that will
be measured. Third, the rear wheel is lifted and the ink pad is swapped with a piece of paper (Fig.
4.2C). Fourth, the rear wheel is gently placed onto the piece of paper (Fig. 4.2D). The person lifting at
the wheel axis helps to stabilize the bike at the back to prevent the bike from bouncing when getting in
contact with the paper. However, the wheel should absolutely not be pushed down. Last, the value of
the scale is written down on the piece of paper next to the ink print (Fig.4.2E).

4.2.2. Data analysis
The ink prints are scanned into a PDF document and separately converted into a JPEG format [61].
These images are loaded into MATLAB, where an ellipse is fitted by hand on top of the ink print. An
example is given in figure 4.3. The ellipse can be fitted by aligning the side of the ink print with the
black line. After fitting the ellipse, MATLAB will extract the length, width and total area of the contact
patch. Based on these three parameters of the contact patch, conclusion can be drawn regarding the
effect of tire parameters on the size of the contact patch.

It should be noted that the estimation of contact measures is based on the pixel size of the image.
For this reason, it is important to verify the mm/pixel conversion unit of the contact patch images before
applying this method. To check whether the correct conversion unit is applied, the estimated length
and width could be verified by measuring the contact patches by hand.

Figure 4.3: Steps taken to extract ink print measures 1) uploading the image 2) fitting ellipse 3) document the fitted ellipse
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4.3. Drum testing
Drum test is a laboratory test setup, often used by tire manufacturers to assess the rolling resistance.
It has been stated that drum testing can be used to assess pure rolling resistance, as almost all other
disturbances are removed [44]. This means that the rolling resistance force should be equal to the force
needed to keep a wheel moving at a constant speed [6][12]. In section 3.1, the working principles of
drum testing have already been discussed. It is mentioned that there are four different types of output
measures to quantify rolling resistance. In this research, the motor power to keep the drum rotating at
constant speed is used as outcome measure.

During the measurements, all four tires were tested, each with three or four inflation pressures,
at two speeds, and under two different loads. Due to limited time at the testing facility, all tires were
prepared in advance. This involved placing each tire on a different wheel with the same characteristics.
The goal was to repeat measurements for each parameter at least twice. In case the twomeasurements
showed an absolute difference in outcome of 0.2 Watts, the test was repeated a third time. However,
for some parameter combinations, only one trial was conducted due to time constraints toward the end.
The final estimation of rolling resistance is obtained by extracting the average and standard error from
all trials with the same parameter set.

4.3.1. Test setup
The measurements are performed on a drum with a diameter of 1.4 meter. Figure 4.4 shows the drum
tester. Before starting the experiments, the wheel is attached, using the quick release in the center of the
leverage. Afterwards, the leverage is leveled using the spirit level. Last, it should be checked whether
all parameters are set to the correct values. In case the weight needs to be adjusted, the springs need
to be pushed down as much as possible to prevent oscillation of the weights contaminating the results.
In addition, it takes some time for the drum to calibrate to the set velocity. Therefore, it is recommended
to perform one complete run to calibrate the velocity of the drum and minimize errors in the estimation
of rolling resistance.

Figure 4.4: Drum tester available at Vittoria Headquarters

When all parameters are set, the test can be started. The test consists of a warm-up period of
2 minutes, a test period of 1 minute and a recovery period of 2 minutes. The warm-up period starts
the moment the tire hits the drum. During this period, the power generated by the motor is gradually
increases to match the set velocity. At the end of the warm-up period the power supplied by the motor
to maintain a constant speed is stabilized. During the test period, the average power is recorded. The
recovery period start when the tire is removed from the drum. The motor needs some time to adapt to
changes in setting. After the test period, the average power (𝑃𝑑𝑟𝑢𝑚) required to keep the drum rotating
at the specified speed (𝑣) is given. These values are written down for further data analysis.
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4.3.2. Data analysis
The drums curvature results in an overestimation of the rolling resistance when compared to the
resistance experienced on a flat surface [65, 66]. This results from increased stress levels in the
tire. Therefore, curvature correction should be applied to the drum force (𝐹𝑑𝑟𝑢𝑚) obtained from the
measured power based on the radius of the tire (𝑟𝑡𝑖𝑟𝑒) and drum (𝑅𝑑𝑟𝑢𝑚) (see Eq.4.1 and4.2).

𝐹𝑑𝑟𝑢𝑚 =
𝑃𝑑𝑟𝑢𝑚
𝑣 (4.1)

𝐹𝑟𝑟 = 𝐹𝑑𝑟𝑢𝑚 (1 +
𝑟𝑡𝑖𝑟𝑒
𝑅𝑑𝑟𝑢𝑚

)
1
2

(4.2)

After applying the curvature correction, the estimated rolling resistance force (𝐹𝑟𝑟) is converted to
𝐶𝑟𝑟 by applying equation 2.1. The conversion to 𝐶𝑟𝑟 makes it possible to compare the outcomes of the
different tests.

4.4. Rolling losses measurement
Current measurement techniques do not take into account the rider-bike interface and the effect of
road surface texture. This means that the effect of rolling impedance is often overlooked. In chapter
3, an assessment of different measurement techniques is performed. This evaluation has led to the
selection of one measurement technique — the bike trailer method. The bike trailer is a type of wind
shield that creates an enclosed space around a cyclist and can be used to eliminate the air resistance
experienced during cycling (see Appendix B).

For this measurement, a (semi-)professional road cyclist has been selected to participate in this
study. All test runs are conducted with one participant (𝑚𝑏𝑖𝑘𝑒+𝑐𝑦𝑐𝑙𝑖𝑠𝑡 = 94𝑘𝑔, 𝑚𝑟𝑒𝑎𝑟𝑤ℎ𝑒𝑒𝑙 = 54𝑘𝑔). As
shown in table III, this measurement technique is applied to two tires with three different pressures, at
two speeds, and on two different surfaces. The road type is considered a categorical factor, asphalt
or bricks (20x10 cm), as roughness measurements are not conducted (see Fig. 4.5). In total, three
repetitions are taken for each parameter set. If the participant reports that one of the repetitions could
be inaccurate due to contact with part of the trailer or the need to stop pedalling in the middle of the
test run, an extra repetition is conducted.

Figure 4.5: The cycling tracks on which the measurements are performed with test section highlighted in pink. The black line is
created by identifying two points (*) and serves as threshold to eliminate all data points located under it. Note: the bricks have
a dimension of 20x10 cm.
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4.4.1. Test setup
Figure 4.6 depicts the test setup. During the experiments the bike trailer was towed by a car at a
speed of 30 or 40 km/h across a straight road section, as cornering will influence the estimate for total
rolling losses [21]. A test run consists of accelerating to desired speed, cycling at constant speed
for approximately 150 meters and decelerating to a stop. The cyclist’s bicycle is equipped with the
DURA-ACE FC-R9200-P power crank (Shimano, Sakai, Osaka, Japan), a Wahoo RPM speed sensor
mounted to the wheel-hub and a Wahoo head unit with GPS system (Wahoo Fitness, Atlanta, Georgia,
USA) [67, 68]. The Wahoo head unit records information regarding cadence, cycling velocity, traveled
distance, power, longitude and latitude with a sample frequency of 1 Hz. In addition, an anemometer
is placed within the trailer to verify the absence of air drag.

The cyclist is instructed to match the speed of the trailer during the test runs, while not braking or
changing gears. In addition, the cyclist is instructed to maintain the same position and muscle tension
during each run. After a run is completed, the cyclist will give feedback about the performance of the
run, which is used to eliminate failed runs from the data set during data processing.

To guarantee the participant’s safety, several precautionary measures were taken. First, the cycling
tracks were explored with dry runs, which indicates that the trailer, without the cyclist, was towed behind
the car across the cycling track. Second, during the test runs, the cyclist and the car driver could
communicate using a radio communication system, which allows the test to be aborted at any moment.
In addition, braking was only allowed when mutually agreed through the radio system after which the
cyclist was guided by the brake lights of the towing car. Last, the car driver already had experience
with cyclists riding closely behind the car.

Figure 4.6: Test setup for the bike trailer measurement

4.4.2. Data analysis
The Wahoo head unit provides a CSV file of the test data (power, speed, cadence, distance, longitude,
latitude). In addition, a GPX file is obtained, which is used to assess changes in altitude along
the cycling track. To automatically select the data related to the specified test section depicted in
figure 4.5), a MATLAB file is created which selects data based on six thresholds. The thresholds
are minimum cadence, maximum change in velocity between two consecutive data points, minimum
duration, percentage deviation from the average cadence, absolute deviation from the average cycling
velocity and constant for median absolute deviation (MAD) with values of 75 RPM, 0.205 m/s, 8
seconds, 5%, 1 km/h and 2, respectively. These thresholds are applied in three different selections
steps. Figure 4.7 provides an overview of the selection procedure from raw data to the final selection.

Preparation data: Since power cranks are used, the frictional losses within the drivetrain influence
the raw power output (𝑃𝑟𝑎𝑤). The chain efficiency (𝜂𝑐ℎ𝑎𝑖𝑛) should be used to eliminate frictional losses
and determine the power that is effectively transferred to the road (𝑃𝑒𝑓𝑓 = 𝑃𝑟𝑎𝑤𝜂𝑐ℎ𝑎𝑖𝑛). According to
literature the chain efficiency is 97.66% [5]. The effective power will be used for all data selection steps
and parameter estimations. During the data selection procedure, the terms ’raw power’ or ’raw data’
will refer to the data without transmission losses (𝑃𝑒𝑓𝑓). This is done to distinguish this data set from
filtered data.
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Figure 4.7: Data selection process from raw data to final selection. On top, the power and velocity data stored within one of the
CSV files is depicted. This includes all runs performed with the 26mm Corsa Pro at 5.3 bar on Asphalt for both 30 and 40 km/h.
On the bottom, the selection process of one segment is shown in more detail to illustrate the elimination of data points during
each selection step

Several thresholds, including minimum cadence, change in velocity and deviations from the
averages, are applied to filtered data. A first order low-pass filter with a cut-off frequency of 5 Hz
is applied to attenuate high frequency noise. The purpose of smoothing the data with a low-pass filter
is to better identify changes in the signal over time. The choice of cut-off frequency is based on the
highest frequency of the signal of interest, which is a maximum cadence of 120 rpm (= 4 Hz). Cut-off
frequencies in the range of 4 to 6 Hz are considered to find a cut-off frequency that keeps important
signal features while effectively filtering out high-frequency components. It should be noted that the
final rolling losses estimations are based on the raw data and filtering the data is only used as a tool
during the selection process.

The last step before applying the selection process is to define the location of the test sections on
the cycling tracks. This is done to ensure that only data points corresponding to the actual test are
selected. In figure 4.5, a black line is depicted, which is located slightly under the part of the cycling
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track where the test runs are performed. The line is created by specifying two points on the map (*) and
determining the intercept and gradient of a line between those points. During the selection process,
only the data taken on the cycling track that is located above this line will be assessed. In addition,
to identify the start and end point of the test section, a minimum and maximum longitude are defined
(Asphalt = [5.4227, 5.4242], Bricks = [6.6425, 6,6442]). These values are based on images of the
cycling tracks, which are matched with the longitude and latitude coordinates.

First Selection: Data points are selected based on location, minimum cadence, and change in
velocity between two consecutive points. First, data points are selected based on the location indicators
defined in the previous paragraphs, namely, the black line and longitudinal range. Second, all points
with a cadence higher than 75 rpm are selected. This threshold will help to identify whether the cyclist
needed to stop pedalling during the test run. This results in either elimination of the complete run or
part of the run. Third, the change in cycling velocity between two consecutive points are calculated
and can not exceed 0.205 m/s. This threshold is based on change in kinetic energy being maximally
2 Watts, when assuming that the initial velocity is zero. Equation 4.3 can be applied to calculate the
change in kinetic energy, which depends on the combined mass of the bike and cyclist (𝑚), the current
velocity (𝑣1) and the initial velocity (𝑣0) [5]. When applying the assumption of the initial velocity being
zero, than equation 4.4 can be applied to determine the maximum change in velocity threshold (Δ𝑣).

𝑑𝐸𝑘𝑖𝑛
𝑑𝑡 = 1

2𝑚𝑣
2
1 −

1
2𝑚𝑣

2
0 (4.3)

Δ𝑣 = √2Δ𝐸𝑘𝑖𝑛𝑚 (4.4)

Second selection: Data points are removed from the first selection based on deviation from the
average cycling velocity, deviation from the average cadence, and a minimum duration of the segment.
In this process, a segment is defined as a set of consecutive data points. First, the average cadence and
cycling velocity are computed for each segment. These averages are used to calculate the difference
between individual data points and the corresponding segment averages for both cycling velocity and
cadence, which can not exceed 1 km/h and 5% of the average, respectively. This criterion aims to
minimize speed variation within a segment, thereby upholding the assumption of cycling at a constant
velocity. After elimination of specific data points, the length of each segment is determined, which
should be greater or equal to 8 (representing a minimum duration of 8 seconds). Segments that do
not comply will be removed completely. The duration constraint ensures that segments provide valid
information regarding the rolling losses, as pedalling power is highly variable and should be average
over multiple data points [14].

Final selection: An outlier detection method, using the median absolute deviation (MAD) as a
measure of variability, is applied to eliminate data points whose power significantly deviates from the
others within the segment. This method is suitable for outlier detection as the median is stable against
the influence of outliers [69]. The MAD is calculated by determining the absolute deviation of the power
for each data point (𝑥𝑖) within the segment (𝑥). This deviation is the difference between the power output
of the data point and the segment’s median power (see Eq. 4.5) [69]. In equation 4.6, the MAD-median
rule for normally distributed data is given. The 𝐾-value is a constant, which is recommended to be 2,
2.5 or 3 [70]. All three recommended 𝐾-values were tested, which has resulted in selecting a 𝐾-value
of 2 for this selection process.

𝑀𝐴𝐷 = 𝑚𝑒𝑑𝑖𝑎𝑛 (𝑥𝑖 −𝑚𝑒𝑑𝑖𝑎𝑛(𝑥)) (4.5)

|𝑥𝑖 −𝑚𝑒𝑑𝑖𝑎𝑛(𝑥)|
𝑀𝐴𝐷/0.6745 > 𝐾 (4.6)

It should be noted that this outlier detection method is only applied to the first and last elements
within a segment, as consecutive data points are needed to estimate the total rolling losses. If one
of the elements does not comply with the threshold, the element with the highest absolute deviation
will be removed from the data set. Its consecutive element then becomes the new first or last element,
depending on which element was removed. These steps are repeated until the segment size is reduced
to the minimum duration or both elements comply with the threshold.
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Post processing: Based on the participant’s feedback regarding the performance of the test run,
several complete segments are manually removed from the data set (see Appendix E). This completes
the selection of data segments. Subsequently, the power losses attributed to a slight incline of the road
are subtracted from the measured power output by extracting altitude data from GPS. Reference points
are selected by pairing the altitudes with corresponding longitudes. A trend line is then created between
the reference points, which allows for the estimation of altitude (ℎ) at longitudes where no altitude data
is available. Equation 4.7 is applied to determine the change in potential energy (𝑑𝐸𝑝𝑜𝑡/𝑑𝑡) between
two consecutive points (ℎ1, ℎ0) with a time step of 1 second (𝑡1−𝑡0) [5]. The average change in potential
energy is determined for each segment, which is subtracted from the segment’s average power. The
validity of this correction has been confirmed by comparing test runs conducted in opposite directions
with the same parameter set (Bricks, 26 mm Corsa Pro, 6 bar at 30 and 40 km/h,).

𝑑𝐸𝑝𝑜𝑡
𝑑𝑡 = 𝑚𝑔(ℎ1 − ℎ0)(𝑡1 − 𝑡0) (4.7)

The average corrected power of each segment can be converted to 𝐶𝑟𝑟 by applying equation 4.1
and 2.1. The average 𝐶𝑟𝑟 and standard deviation for each segment is used to determine the average
𝐶𝑟𝑟 and standard error for each parameter combination.

4.5. Regression Analysis
Regression analysis is a statistical tool used to assess the relationship between variables [71]. It
provides answers to whether there is a significant relationship between independent and dependent
variables and how strong this relationship is [71, 72]. Within this study, four regression analysis are
conducted. The first two analysis focuses on understanding the impact of tire type, tire width, inflation
pressure and vertical load on the length and width of the contact patch. It should be noted that this
analysis is not applied to the area of the contact patch, as the contact area is described by a function of
length and width (𝐴 = 0.25𝑙𝑤). The third analysis focuses on the impact of tire type, tire width, inflation
pressure, vertical load and velocity on 𝐶𝑟𝑟 obtained with drum testing. The fourth analysis focuses on
the impact of tire width, inflation pressure, velocity and road type on 𝐶𝑟𝑟 obtained with the rolling losses
measurement. Figure 4.8 gives an overview of the independent and dependent variables within this
study.

The dependent variables or response variables are the outcomes of each measurement. The
parameters varied within this study are the independent variables or predictors (see Table III). The
independent variables can be continuous or categorical. Continuous variables can take any value
between their minimum and maximum, while categorical variables can only take on a number of
possible values or classifications [73]. The tire type and road type are categorical variables, with the
former being either tubeless or tubular, and the latter being either asphalt or bricks.

Figure 4.8: Independent and dependent variables with distinction between continuous and categorical independent variables
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The relationship between two or more independent variables (𝑥1, ..., 𝑥𝑛) and one dependent variable
(𝑦) can be estimated with multiple linear regression (MLR) [74]. This is done by fitting a line to the
observed data by minimizing the sum of the squared differences between the observations and the line
itself [71]. The representation of the fitted line is given by equation 4.8. In which, 𝛽0 is the intercept,
𝛽1, ..., 𝛽𝑛 are the regression coefficients and 𝜖 is the model error or residual (= difference between the
regression line and the actual observation).

𝑦 = 𝛽0 + 𝛽1𝑥1 + ... + 𝛽𝑛𝑥𝑛 + 𝜖 (4.8)

The intercept indicates the value of the dependent variable if all independent variables were zero
[71]. If the model includes categorical values and independent variables that, generally, would not be
zero, then the intercept does not provide meaningful information. Instead, it serves as an anchor for
the regression line.

The regression coefficients represent the change in the dependent variable due to the change in
the corresponding independent variable, while all other independent variables remain constant [71].
For continuous independent variables, the value of 𝛽𝑖 is the difference in the prediction of 𝑦 when
𝑥 increases by one unit. However, to assess the influence of categorical variables on the dependent
variable, a variable (𝑥𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦) is created, which indicates the presence (1) or absence (0) of a category.
One category is selected as base category to which all other categories are compared. The 𝛽 related
to a categorical variable represents the difference in prediction of 𝑦 compared to the base category [71,
73]. Within this study, bricks and tubeless tires are applied as the base category for road type and tire
type, respectively.

Interpretation of multiple linear regression analysis
Two steps are taken to interpret the results of the multiple linear regression. First, an assessment of the
model fit is conducted through the interpretation of the F-test and the coefficient of determination (𝑟2).
Second, an evaluation of the effect of the independent variables on the dependent variable is performed
by interpreting the value, standard error, t-statistic and p-value of the regression coefficients.

The F-statistic is used to assess the significance of the model and is applied to test the null
hypothesis of no relationship between the independent and dependent variables. The null hypothesis
is rejected if the p-value is lower than 0.05. Rejection of the null hypothesis indicates that at least one
of the independent variables significantly affects the dependent variable. In addition, the coefficient
of determination (𝑅2) indicates how well the model explains the observed variation in the dependent
variable relative to the mean. A higher 𝑅2 indicates a better model fit. If 𝑅2 is satisfactory, the effects
of the individual variables can be assessed further [71].

As mentioned before, the regression coefficient represents the change in the dependent variable
when the corresponding independent variable increases by one unit or deviates from the base category.
The degree of uncertainty of 𝛽 is represented by the standard error. In addition, a t-statistic is applied
to determine whether the specific independent variable significantly affects the dependent variable.
The null hypothesis of no significant effect can be rejected for a p-value below 0.05, indicating that the
independent variable is significantly related to the dependent variable [71].

Assumptions of regression analysis
Multiple linear regression analysis relies on certain assumptions and requirements, namely, continuous
response variables, linearity, little to no collinearity, independence of observations, normal distribution
of residuals and homoscedasticity of residuals [71, 72, 73, 75]. Both, the continuous response variable
and independence of observation depend on the design of the experiment. All observations are
independently taken and are stored within a continuous output variable.

Collinearity results from correlation between two independent variables. This is assessed by
calculating the variance inflation factor (VIF) for each independent variable (see Eq. 4.9). In this
case, 𝑅2 refers to the coefficient of determination, which is obtained by performing regression analysis
for which one independent variable is used as dependent variable and the remaining independent
variables as independent variables. The assumption of little to no collinearity holds if VIF < 10 [71, 76].

𝑉𝐼𝐹 = 1
1 − 𝑅2 (4.9)
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Homoscedasticity and linearity can be assessed by plotting the standardized residuals against
the fitted predicted values. The relationship between dependent and independent variables can be
assumed linear if the errors are equally distributed around zero. In addition, homoscedasticity implies
that the variance of the error does not change significantly across all levels of the independent variables.
The residuals should be scattered randomly around zero, providing a relatively even distribution. It
should be noted that a small variation has little effect on the significance of the test. However, the data
should approximately meet homoscedasticity [71, 73, 75, 76].

Finally, a frequency distribution of the standardized residuals with a fitted normal distribution curve
can be created to visually inspect the normality of the residuals [71, 75, 76]. It is important to note
that meaningful conclusions can be drawn only if all assumptions are met [75]. Therefore, it is crucial
to test apply these tests. Appendix C provides an analysis of the assumptions for the four regression
analyses conducted within this study.





5
Results and Discussion

This chapter provides the results obtained from each test: the ink print test, drum test and rolling losses
test (section 5.1, 5.2 and 5.3). In section 5.4, the results of the different measurements are compared
to find a relation between contact patch shape and total rolling losses, and to distinguish the effects of
rolling resistance and rolling impedance on the total rolling losses. It should be noted that for all results,
the estimated values will be presented as mean ± standard error (SE).

5.1. Ink Print test
Table IV presents the outcomes of the ink print test by giving the mean ± standard error for the length,
width and area of the contact patch for each combination of parameters. Appendix D presents all 73
ink prints with the fitted ellipse, which is used to extract the contact patch measures. The result within
the table are visualised in figure 5.1 and 5.2.

Table IV - Estimation of length (l), width (w) and Area (A) of the contact patch obtained from ink
print. Values given as 𝑚𝑒𝑎𝑛 ± 𝑆𝐸

Tubular 6.0 bar 7.5 bar
26mm l [𝑚𝑚] w [𝑚𝑚] A [𝑚𝑚2] l [𝑚𝑚] w [𝑚𝑚] A [𝑚𝑚2]
• 21 kg 59.6 ± 0.47 7.28 ± 0.033 341 ± 1.4 61.8 ± 0.35 7.94 ± 0.037 386 ± 3.9
• 30 kg 73.9 ± 0.058 9.73 ± 0.043 564 ± 3.0 70.3 ± 0.16 9.21 ± 0.063 508 ± 3.6
• 38 kg 81.1 ± 0.26 10.3 ± 0.023 658 ± 2.2 78.0 ± 0.20 9.96 ± 0.043 610 ± 3.0

Tubeless 5.3 bar 6.0 bar
26mm l [𝑚𝑚] w [𝑚𝑚] A [𝑚𝑚2] l [𝑚𝑚] w [𝑚𝑚] A [𝑚𝑚2]
• 21 kg 66.0 ± 0.16 8.08 ± 0.052 419 ± 3.7 65.0 ± 0.42 8.04 ± 0.15 410 ± 9.1
• 30 kg 74.9 ± 0.16 8.60 ± 0.014 475 ± 1.8 74.6 ± 0.20 8.79 ± 0.012 515 ± 2.0
• 38 kg 83.4 ± 0.38 9.40 ± 0.015 616 ± 3.7 81.1 ± 0.094 9.26 ± 0.023 590 ± 1.5

Tubeless 4.8 bar 5.3 bar
28mm l [𝑚𝑚] w [𝑚𝑚] A [𝑚𝑚2] l [𝑚𝑚] w [𝑚𝑚] A [𝑚𝑚2]
• 21 kg 66.0 ± 0.11 7.73 ± 0.078 401 ± 4.3 64.2 ± 0.095 7.59 ± 0.14 383 ± 6.9
• 30 kg 76.8 ± 0.43 9.35 ± 0.077 564 ± 1.8 73.9 ± 0.20 9.23 ± 0.050 536 ± 4.3
• 38 kg 82.9 ± 0.12 9.84 ± 0.046 641 ± 2.3 82.0 ± 0.29 9.62 ± 0.087 620 ± 3.4

Tubeless 4.3 bar 4.8 bar
30mm l [𝑚𝑚] w [𝑚𝑚] A [𝑚𝑚2] l [𝑚𝑚] w [𝑚𝑚] A [𝑚𝑚2]
• 21 kg 67.7 ± 0.58 9.84 ± 0.064 471 ± 3.0 64.6 ± 0.22 8.86 ± 0.031 444 ± 3.1
• 30 kg 77.9 ± 0.31 7.59 ± 0.042 600 ± 1.9 74.3 ± 0.36 10.0 ± 0.031 543 ± 0.85
• 38 kg 85.5 ± 0.43 9.23 ± 0.20 683 ± 9.7 83.2 ± 0.56 10.2 ± 0.086 660 ± 2.2

In figure 5.1, it can be observed that all measures of the contact patch - length, width and area -
generally increase with an increase of vertical load. This is in agreement with the existing literature,
as illustrated by equation 2.2. However, three parameter combinations, highlighted with red circles,
have odd outcomes. First, for the 30mm Corsa Pro at 4.8 bar, the width of contact patch is larger for a
low vertical load (21 kg) in comparison to the higher vertical loads (30, 38 kg). Second, for the 26mm
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Figure 5.1: The length, width and area of the contact patch against vertical load

Corsa Tubular with 21 kg loading and the 26mm Corsa Pro with 30 kg loading, it can be observed that
the contact area is larger at a lower pressure than at a higher pressure, when comparing the same tire
deformed under the same load.

The influence of tire pressure on the shape of the contact patch is displayed more clearly in figure
5.2. The length of the contact patch generally decreases as inflation pressure increases, with the
exception of the 26mm Corsa Pro Tubular with 21 kg loading. The same relation can be observed for
the contact area, however, both the 26mmCorsa Pro Tubular with 21 kg loading and the 26mmmCorsa
Pro with 30 kg loading deviate from the other parameter sets. The influence of inflation pressure on
the contact patch width is more variable compared to the length and area of contact.

Deviations from the general trend could be a result of human error when taking the ink prints, as
the consistency of the fitted ellipse on the ink print has been double checked (see appendix D). While
taking the ink print, the tire should be placed carefully on the piece of paper to prevent bouncing, as
this could result in an increase of contact area. The possibility exists that a small bounce has occurred,
which could result in deviation from the general trend. In addition, as human judgement is involved with
extracting the ink print parameters, a small bias could be introduced within the results as an absolute
offset from the true value. This bias will have a larger influence on estimation of contact width compared
to contact length, as the width’s magnitude is approximately a eight times smaller compared to contact
length. This could explain why the influence of the inflation pressure is more variable for the width of
the contact patch compared to the contact length and area.

Table V and VI present estimated regression coefficients for the analysis that focuses on
understanding the impact of tire type, tire width, vertical load and inflation pressure on the contact
patch length and width, respectively. The regression analysis of the contact patch length has recorded
a model p-value of 9.02E − 51 and a 𝑅2 of 0.97. Meanwhile, the regression analysis of the contact
width recorded a model p-value of 5.79E − 26 and an 𝑅2 of 0.836. For both models this indicates that
at least one independent variable significantly affects the assessed dependent variable, and that there
is a good model fit.
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Figure 5.2: The length, width and area of the contact patch against inflation pressure

Tire type, inflation pressure and vertical load are significantly related to the contact patch length
(p-values of 0.0080073, 2.514E−6 and 1.5666E−52, respectively). However, tire width is not significantly
related to the length of the contact patch (p-value of 0.6867). On the other hand, the contact width is
significantly affected by tire type, tire width and vertical load (p-values of 0.0015177, 1.724E − 5 and
1.0259E−26, respectively), but not by inflation pressure (p-value of 0.29834). The sign of the regression
coefficient estimates, in combination with the p-value, suggest that tubular tires have a shorter andwider
contact patch compared to tubeless tires. In addition, wider tires increase the contact width, a higher
inflation pressure decreases contact length and a higher vertical load increases both the length and
width of the contact area. The variation in these factors subsequently affect the contact area, which is
a function of the length and width of the contact patch.

Table V - Estimated regression coefficients for contact patch length
Estimate SE tStat pValue

(Intercept) 54.562 5.5617 9.8104 1.1871E− 14
TireType_Tubular -1.6215 0.59345 -2.7323 0.0080073
TireWidth -0.060707 0.14987 -0.40507 0.6867
InflationPressure -1.8124 0.35267 -5.1392 2.514E− 6
VerticalLoad 0.10628 0.0023456 45.308 1.5666E− 52

Table VI - Estimated regression coefficients for contact patch width
Estimate SE tStat pValue

(Intercept) 1.2151 1.4766 0.82292 0.41343
TireType_Tubular 0.52074 0.15756 3.3051 0.0015177
TireWidth 0.18406 0.039788 4.626 1.724E− 5
InflationPressure -0.098126 0.093629 -1.048 0.29834
VerticalLoad 0.010823 0.00062274 17.38 1.0259E− 26
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5.2. Drum testing
Table VII presents the outcomes of the drum test obtained from 95 observations, by giving the mean
± standard error for estimated 𝐶𝑟𝑟. For some estimations, no standard error has been reported. This
could mean that only one repetition has been performed for that specific parameter set due to time
constraints, which applies to all pressures of the 26mm Corsa Pro at 30 km/h with 35kg loading and
for 28mm Corsa Pro at 4.8 bar, 30 km/h and with 35kg loading. For all other cases, in which standard
error has not been reported, the two or more repetition do not differ from each other.

Table VII - Estimated 𝐶𝑟𝑟 ± 𝑆𝐸 obtained with drum testing
Tire v [kmh] p [bar] 𝐶𝑟𝑟 ±SE (load = 35kg) 𝐶𝑟𝑟 ±SE (load = 45kg)
26mm Corsa Tubular 7.5 0.00385 ± 1.443E− 5 0.00365 ± 1.587E− 5

30 6.8 0.00381 0.00377
6.0 0.00391 ± 1.443E− 5 0.00397
7.5 0.00383 ± 3.061E− 5 0.00380 ± 1.190E− 5

40 6.8 0.00404 ± 1.531E− 5 0.00391 ± 1.190E− 5
6.0 0.00416 0.00413 ± 1.190E− 5

26mm Corsa Pro 6.0 0.00248 0.00248 ± 1.587E− 5
30 5.7 0.00254 0.00254

5.3 0.00263 0.00263
6.0 0.00276 ± 1.531E− 5 0.00272 ± 1.190E− 5

40 5.7 0.00281 0.00275 ± 1.190E− 5
5.3 0.00288 0.00286

28mm Corsa Pro 6.0 0.00257 0.00249
30 5.8 0.00264 ± 2.041E− 5 0.00253 ± 1.296E− 5

5.3 0.00274 0.00261 ± 1.122E− 5
4.8 - 0.00276
6.0 0.00279 0.00275 ± 1.612E− 5

40 5.8 0.00281 ± 1.767E− 5 0.00277 ± 8.418E− 6
5.3 0.00289 ± 2.794E− 5 0.00285 ± 1.684E− 5
4.8 0.00299 ± 2.165E− 5 0.00299 ± 2.572E− 5

30mm Corsa Pro 40 4.8 0.00302 ± 1.531E− 5 0.00296 ± 2.381E− 5
4.3 0.00313 ± 1.531E− 5 0.00304 ± 1.190E− 5

The estimated 𝐶𝑟𝑟 values range from 0.00248 to 0.00416. Drum tests performed in previous
research has reported 𝐶𝑟𝑟 values in the range of 0.00362 to 0.00499 [39]. It can be concluded that the
estimated 𝐶𝑟𝑟 has the appropriate magnitude when comparing them to values from previous studies.
The difference could result from differences in test parameters. Figure 5.3 and 5.4 visualize the
influence of the tire parameters on the estimation of 𝐶𝑟𝑟.

Figure 5.3 can be used to compare the different tires under the same conditions. It can be observed
that the tubular tire has a quite higher 𝐶𝑟𝑟 compared to the tubeless tires. While the estimates of 𝐶𝑟𝑟 for
the tubeless tire with different widths and at the same pressure are comparable. In addition, it could be
observed that the estimations of 𝐶𝑟𝑟 reduces as the inflation pressure increases, which is in agreement
with the statements from literature (see section 2.2.1).

Figure 5.4 can be used to assess the effects of test parameters to each tire. It seems that the vertical
load has little to no effect on the estimated rolling resistance. If an effect is visible, 𝐶𝑟𝑟 decreases as
vertical load increases. However, this contradicts with literature, which states that an increase in vertical
load results in an increase of 𝐶𝑟𝑟 (see section 2.2.1). In addition, the cycling velocity seems to affect
the rolling resistance. Even though, in section 2.3.2, it is stated that for velocities up to 40 km/h, the
speed-dependency of rolling resistance could be disregarded. To better understand the significance of
these observations, it is essential to examine the multiple linear regression analysis.

Table VIII presents the estimated regression coefficients for the analysis, focusing on understanding
the impact of tire type, tire width, vertical load, inflation pressure and cycling velocity on 𝐶𝑟𝑟. The
regression analysis has recorded a model p-value of 2.78E − 5 and a 𝑅2 of 0.997. This indicates that
model is a good fit for prediction of 𝐶𝑟𝑟 and that at least one independent variable significantly affects
the 𝐶𝑟𝑟 estimate.
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Figure 5.3: Drumtest Results - 𝐶𝑟𝑟 vs Tire pressures for 26mm, 28mm & 30mm Corsa Pro and 26mm Corsa Tubular under each
tested condition: 30kmh & 35kg, 30kmh & 45kg, 40kmh & 35kg, 40kmh & 45kg

The p-values of the estimated regression coefficients indicate that all five independent variables
significantly influence 𝐶𝑟𝑟. The tubular tire has a significantly higher 𝐶𝑟𝑟 compared to tubeless tires
(p-values is 3.3085E − 107). In addition, both an increase in velocity or an increase in tire width,
significantly increases 𝐶𝑟𝑟. In contrast, an increase of inflation pressure or an increase of vertical load
results in a significant decrease of 𝐶𝑟𝑟. The significant negative relation between vertical load and 𝐶𝑟𝑟
is in contrast with previous studies. This difference might be caused do to the differences in contact
pressures on a curved surface compared to a flat surface.

Last, despite the significant relationships between tire width, vertical load, and cycling velocity with
𝐶𝑟𝑟, changes in these tire parameters by one unit (mm, kg, km/h) result in only a 0.01% to 1% change in
𝐶𝑟𝑟. This can be determined from the absolute value of the regression coefficients, which are 6.8352E−
6, 3.127E − 6 and 2.2991E − 5, respectively. However, Grappe et al. reported that a decrease of
0.02% of rolling resistance coefficient could already have a significant impact in racing performance
[38]. Therefore, racing performance could still be significantly improved by changes of tire width and
vertical load.

Table VIII - Estimated regression coefficients for 𝐶𝑟𝑟 of drum test
Estimate SE tStat pValue

(Intercept) 0.0029441 0.00010554 27.897 8.9157E− 46
TireType_Tubular 0.0014232 9.8886E− 6 143.92 3.3085E− 107
TireWidth 6.8352E− 6 3.0718E− 6 2.2251 0.028599
InflationPressure -0.00019817 6.1916E− 6 -32.007 1.3031E− 50
VerticalLoad -3.127E− 6 5.8909E− 7 -5.3082 8.051E− 7
Velocity 2.2991E− 5 6.1176E− 7 37.581 2.1545E− 56
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Figure 5.4: Drumtest Results - 𝐶𝑟𝑟 vs Tire pressures with all condition in one plot fro each tire (26mm, 28mm & 30mm Corsa Pro
and 26mm Corsa Tubular)

5.3. Rolling losses measurement
Table IX presents the outcomes of the rolling losses measurements obtained from 83 observations
by giving the mean ± standard error for estimated 𝐶𝑟𝑟. The estimated values range from 0.001610
to 0.003174. The magnitude of this estimate is comparable to the 𝐶𝑟𝑟 values obtained with existing
measurement techniques [77]. However, the values are within the lower limit of expected 𝐶𝑟𝑟 for bicycle
tires. Figure 5.5 and 5.6 illustrates the influence of inflation pressure, cycling velocity and road surface
on the estimation of 𝐶𝑟𝑟.

Figure 5.5 depicts 𝐶𝑟𝑟 for different tire pressures. The trends of these lines differ from the trends
visualised in figure 5.3 and 5.4, which presents the result of the drum test. The drum test obtained the
lowest 𝐶𝑟𝑟 for the highest inflation pressure. However, the optimal 𝐶𝑟𝑟 obtained with road testing differs
between low, moderate and high pressures. The trends of figure 5.5 are comparable to generalized
model of the total rolling losses depicted in figure 2.4. By including the energy absorbing rider within
the measurement setup, the trade-off between rolling resistance and rolling impedance had been
visualised. This results in low and moderate inflation pressures being used more often during road
racing.

From figure 5.5, it can also be observed that an increase in cycling velocity results in an increase
in 𝐶𝑟𝑟. This also applies for an increase of road roughness. However, the influence of velocity and
road surface on 𝐶𝑟𝑟 is more clearly visualized in figure 5.6. It can be concluded that the total rolling
losses on asphalt is smaller compared to the total rolling losses on bricks. In addition, this figure shows
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that the differences in 𝐶𝑟𝑟 between 26mm and 28mm tire increases as cycling velocity increases. At a
cycling velocity of 30 km/h, the maximum difference in 𝐶𝑟𝑟 is 0.00029 for all tire combination on bricks
and 0.00011 for the tire combinations on asphalt. For a cycling velocity of 40 km/h, the maximum
difference doubles for both asphalt and bricks, which is in the favor of the 28 mm Corsa Pro as it starts
to outperform the 26 mm Corsa Pro at higher velocities.

Table IX - Estimated 𝐶𝑟𝑟 ± 𝑆𝐸 obtained with rolling losses measurement
Road Tire v [kmh] p [bar] # Runs 𝐶𝑟𝑟 ±SE
Bricks 26mm Corsa Pro 6 6 0.002306 ± 1.4522E− 4

30 5.7 2 0.002466 ± 5.9980E− 4
5.3 3 0.002471 ± 3.9100E− 4
6 8 0.002731 ± 1.1224E− 4

40 5.7 4 0.002725 ± 3.5210E− 4
5.3 3 0.002871 ± 4.9989E− 4

28mm Corsa Pro 5.8 3 0.002596 ± 3.8205E− 4
30 5.3 3 0.002418 ± 2.9822E− 4

4.8 3 0.002363 ± 3.1182E− 4
5.8 2 0.003174 ± 8.6482E− 4

40 5.3 3 0.002847 ± 3.1097E− 4
4.8 3 0.002646 ± 3.9360E− 4

Asphalt 26mm Corsa Pro 6 4 0.001622 ± 2.4322E− 4
30 5.7 5 0.001610 ± 2.6916E− 4

5.3 3 0.001736 ± 3.4381E− 4
6 3 0.001939 ± 4.7584E− 4

40 5.7 3 0.001991 ± 5.0787E− 4
5.3 4 0.002068 ± 2.0760E− 4

28mm Corsa Pro 5.8 3 0.001692 ± 3.5785E− 4
30 5.3 3 0.001613 ± 3.8511E− 4

4.8 3 0.001727 ± 3.1460E− 4
5.8 3 0.001804 ± 5.5908E− 4

40 5.3 3 0.001774 ± 5.2162E− 4
4.8 3 0.002011 ± 3.5157E− 4

Figure 5.5: 𝐶𝑟𝑟 for different tire pressures for 26mm & 28mm Corsa Pro at 30 and 40 km/h on both asphalt and brick roads.
Inflation pressures for estimates at 40 km/h are shifted with 0.01 to distinguish between error bars of each estimate

During road racing, the tire parameters should be carefully selected to minimize the total resistance.
The total rolling losses during road racing can beminimized by adapting the tire and its inflation pressure
to the specific road surface. To identify the optimal parameter set for high cycling velocities, it is crucial
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to consider the road surface characteristics. For brick road at high cycling velocity, the 28mm Corsa
Pro at 4.8 bar gives the lowest 𝐶𝑟𝑟 (0.002646 ± 3.9360E− 4), while for asphalt the 28mm Corsa Pro at
5.3 bar gives the lowest 𝐶𝑟𝑟 (0.001613±3.8511E−4). This shows that the surface roughness influences
the appropriate tire pressure, also called the break-point pressure. However, it should be noted that
the standard error of the mean 𝐶𝑟𝑟 is relatively high, which results in overlap of standard errors for
different parameter sets. This questions the significance of the relations between the tire and road
characteristics their impact on the 𝐶𝑟𝑟.

Figure 5.6: 𝐶𝑟𝑟 at 30 and 40 km/h for 26mm & 28mm Corsa on both asphalt and brick roads. The cycling velocity of all estimates
is either 30 km/h or 40 km/h and depends around which value the estimate is centered

Multiple linear regression analysis is conducted to assess the significance of the impact of road type,
tire width, inflation pressure, and cycling velocity on 𝐶𝑟𝑟. Table X presents the estimated regression
coefficients for this analysis, with a model p-value of 1.93E−20 and a 𝑅2 of 0.714. The p-value indicates
that at least one independent variable significantly affects the 𝐶𝑟𝑟 estimate. While the 𝑅2 suggests that
the model provides a good fit, however, there might be some limitations when applying this model for
prediction of 𝐶𝑟𝑟. Nevertheless, conclusions could be drawn regarding the relationship between the
dependent and independent variables.

Road type and cycling velocity have a significant influence on 𝐶𝑟𝑟 (p-value of 1.5021E − 20 and
1.813E − 6, respectively). The total rolling losses on asphalt roads is significantly lower compared to
brick roads. In addition, an increase in cycling velocity results in an increase of the total rolling losses.
On the other hand, the tire width and inflation pressure do not significantly affect the 𝐶𝑟𝑟. This might
result from the relative high standard error of 𝐶𝑟𝑟. For future experiments, it is recommended to increase
the number of data points within one test run to reduce the standard error of the estimate. This will
boost statistical power, which allows for more robust and significant results.

Table X - Estimated coefficients Multiple linear regression
Estimate SE tStat pValue

(Intercept) 0.0013221 0.001409 0.93835 0.35096
RoadType_Asphalt -0.000809 6.4051E− 5 -12.631 1.5021E− 20
TireWidth 6.6141E− 6 3.8211 𝑒 − 5 0.1731 0.86303
InflationPressure -1.9458E− 5 9.3464E− 5 -0.20818 0.83563
Velocity 3.4262E− 5 6.6367E− 6 5.1625 1.813E− 6
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5.4. Combined Results
In this section, the result of the ink print measurements are combined with the results of the drum
test to assess how contact patch shape influences the rolling resistance. In addition, the 𝐶𝑟𝑟 estimates
obtained with drum test are plotted against the 𝐶𝑟𝑟 estimates of road testing to try to assess the separate
contribution of rolling resistance and rolling impedance to the total rolling losses.

Figure 5.7 presents the relationship between the contact patch measures and the estimates of
𝐶𝑟𝑟 obtained with drum testing. To ensure comparable load conditions, this analysis incorporates the
contact measures obtained with a 38 kg load and an interpolation of the 𝐶𝑟𝑟 obtained with 35 kg and
45 kg load on the drum. Generally, an increase of the length, width and area of the contact patch result
in an increase in rolling resistance. In addition, the lower tire pressures are associated with a higher
rolling resistance and larger contact length, width and area. The only exception is the 30mm Corsa
Pro tire, which shows deviating results for the width of the tire pressure. This results from deviation in
shape of the contact patch as shown in figure 5.1. In section 5.1, some possible explanations regarding
this deviation are already discussed.

Figure 5.7: Relates the estimated parameters of drum test and ink print measurement with a load of 38 kg by plotting each
contact measure against 𝐶𝑟𝑟 at 40 km/hh

In figure 5.8, the 𝐶𝑟𝑟 obtained on the drum surface, on asphalt and on bricks for varying inflation
pressures is presented for both 30 and 40 km/h. It should be noted that the estimates for bricks and
asphalt are obtained with a 54 kg load, while the estimates on the drum are obtained with a 45 kg load.
It can be observed that the drum test results in higher estimates of 𝐶𝑟𝑟 compared to the estimates on
asphalt, even though, the vertical load is smaller. In addition, 𝐶𝑟𝑟 estimates of the drum test are higher
or equal to the estimates on brick roads. This is against expectations. It was expected that drum
testing showed lower values compared to rolling losses test, due to the absence of rolling impedance,
the smoothness of the drum surface and the lower vertical load.

There are some ideas that could explain the difference between expectation and measurement
results. First, the gravitational influences on the total rolling losses during road testing might have
been overestimated. The gravitational losses extracted based on changes in elevation, which were
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Figure 5.8: Estimated 𝐶𝑟𝑟 vs Inflation pressure for both road testing and drum testing

extracted from GPS data (see section 4.4). Second, during drum testing it was observed that the tire
was bouncing on the drum during themeasurement. This bouncing could have increased the estimation
of 𝐶𝑟𝑟 by increasing the energy losses due to tire hysteresis. When the tire bounces on the drum, the
tire constantly deforms and recovers. During each cycle of deformation and recovery some energy is
lost due to hysteresis. This will explain why the magnitude of the estimated values of the drum test
are more comparable to the brick road than the asphalt road, as the vibration of the road surface could
introduce the same affect on hysteresis losses.

There are two less likely explanation for the difference between expectation and measurement
results. First, the bouncing of the tire could result in rolling impedance losses. It has been stated that the
vibrational energy experienced during cycling can be dissipated within the bicycle frame, suspension
system or cyclist [14]. However, most vibrations are absorbed by the cyclist due to the design of road
bicycles. In contrast, the drum tester could have a suspension system that dissipates the vibrational
energy, which results in an increase of 𝐶𝑟𝑟. This explanation is less likely, as the drum test still shows
the trend in which rolling resistance decreases as inflation pressure increases, which does not include
the trade-off between rolling resistance and rolling impedance.

Last, the curvature of the drum could result in an overestimation of the rolling resistance. It has been
reported that the curvature of the drum creates a higher tension in the tire, which results in a higher
rolling resistance estimation [14]. However, equation 4.2 is applied to correct for the curved surface
by reducing the rolling resistance estimate, which means that it is not likely that this has resulted in
the difference between expectation and measurement results. This means that the overestimation of
gravitational losses, an increase in hysteresis losses due to bouncing or a combination of both might
be the cause.
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Conclusion

To conclude this master’s thesis, the questions stated within the introduction should be answered.
The main goal of this thesis is to understand how tire parameters influence the total rolling losses.
Literature has shown that tire parameters and factors associated with tire-road interaction influence
the total amount of rolling losses, however, this study does not establish significant relationships for
all parameters discussed in the literature. The multiple linear regression analysis has verified that tire
type, inflation pressure and vertical load affect the contact patch length, while tire type, tire width and
vertical load affect the width of the contact patch. From this, it can be concluded that the area of the
contact patch is influenced by all four variables, as contact area is a function of contact width and
length. In addition, the estimation of 𝐶𝑟𝑟 on the drum is affected by tire type, width, inflation pressure,
vertical load and velocity. On the other hand, the 𝐶𝑟𝑟 estimate from the rolling losses measurement is
only significantly affected by road surface type and cycling velocity.

Other than the significant influence of tire type, tire width, inflation pressure and vertical load on the
shape of the contact patch, several trends were observed. First, tubular tires have a wider and shorter
contact patch compared to tubeless tires with the same parameters. This result from the sign of the
regression coefficient corresponding to tire type. Second, the length, width and area of the contact
patch, generally increase as vertical load increases. Third, the length and the area of the contact
patch decrease as the inflation pressure increases. The effects of inflation pressure on the width of the
contact patch are more variable, and no significant trend could be extracted. However, it can be stated
that the width of the contact patch does increase with the tire width.

The ink print test was applied to assess the shape of the contact patch. However, the relationship
in which an increase in 𝐶𝑟𝑟 is associated with an increase in the contact patch measures is extracted
by conducting drum tests and total rolling loss measurements. In chapter 3, an analysis of existing
measurement techniques and the development process of new measurement techniques has been
discussed. The bike trailer measurement has been selected as the most appropriate measurement
technique based on the possibility to eliminate the influence of aerodynamic drag and to test on different
road surfaces. This technique has been able to identify differences in 𝐶𝑟𝑟 estimates when varying
different parameters, however, the standard error of the mean is still very high. In addition, it is
suspected that there is and underestimation of 𝐶𝑟𝑟 due to an overestimation of slope influence using
the GPS data.

The bike trailer has proven to be a good technique to estimate the total rolling losses, however,
the measurement technique can be improved by addressing these issues. First, the duration of the
measurement should be increased to minimize the standard error. Wilson has stated that pedaling
power is highly variable and requires averaging. To obtain a good estimate, the measurement time
should be extended to 2 minutes [14]. To verify this, it is recommended to use the obtained data
from this experiment to perform a power analysis, which results in the determination of the appropriate
sample size for each test run. In addition, the effects of slope on the estimate should be handled
better. The bike trailer measurement eliminates air drag and inertial resistance, which means that
from the main resistances, only the rolling losses and gravitational losses are still present within the
power estimate. This means that gravitational resistance could significantly influence the final results.
To properly eliminate the gravitational effects, other measurement equipment than GPS should be
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applied which will result in a more accurate contour map of the road. Examples of such measurement
techniques are surveying or mobile mapping, which use a digital level and GPS in combination with
lasers and camera’s, respectively.

Even though the bike trailer measurement has some points of improvement, the measurement did
determined the 𝐶𝑟𝑟 for variation in road surface, cycling velocity, tire width and tire pressure. The tested
tire parameters were selected within the range to maintain puncture resistance and handling control.
It could be concluded that the 28mm Corsa Pro at 4.8 bar minimizes the rolling losses for cycling on
brick roads at 40 km/h, while the 28mm Corsa Pro at 5.3 bar does this for asphalt roads. The brick road
has a higher surface roughness compared to asphalt. The optimum parameter set for both roads show
that the rougher road surface has resulted in a decrease of optimal tire pressure. However, it should
be noted that these observations are not significant due to the relative high standard of the mean.

Lastly, combining the result of the rolling losses with the results of the drum test was supposed
to identify the individual contribution of rolling resistance and impedance to the total rolling losses.
However, the results has shown that against expectation, the drum test resulted in higher estimation
of rolling resistance compared to the estimated rolling losses, which is the sum of rolling resistance
and rolling impedance. Combining results from different tests should be more carefully considered as
it might be difficult to compare rolling resistance estimations from different experiments [44].

To create this distinction between rolling resistance and rolling impedance in future research, it
would be advised to apply a method that assesses pure rolling resistance that is more comparable in
test setup to the total rolling losses measurement. This will facilitate the comparison of the results from
the different measurements, as equal surface conditions allow for generation of comparable vibrations
at the tire-road interface. An example is the use of the tire trailer method discussed in table I. This
method enables the exact same measurement as performed with the bike trailer, but without including
the energy-absorbing cyclist responsible for the impedance losses.

When applying this method, two points need to be addressed. First, to prevent an overestimation
of pure rolling losses, the tire trailer should not have any suspension features that result in dissipation
of vibrational energy. The damping characteristics of the trailer should match that of the racing bicycle,
which ensures that the only difference in test setup compared to the bike trailer is the exclusion of the
energy absorbing cyclist. Second, the issue regarding sensitivity to trailer angle should be addressed to
improve measurement accuracy on uneven roads. If both of these issues are addressed, then the two
measurement will result in equal tire hysteresis losses, however, the addition of the energy-absorbing
cyclist during the rolling lossesmeasurement would result in an increase of energy losses due vibrational
energy absorption by the cyclist.
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Proof of concept: Bike Trailer

The bike trailer measurement is based on the assumption that a cover will eliminate the influence of
air drag, as the air within the enclosed space of the trailer will move along with the cyclist. In case of
testing on a leveled surface at constant speed, the only resistance experienced during cycling within this
enclosed space is the rolling losses. It is needed to verify the proper elimination of air drag when using
a moving cover. For this reason, a proof of concept is performed for the bike trailer measurements.

Method
A small trailer is created with an opening of 2.5 cm between the ground and the boarder of the trailer
(see Fig. A.1B). An anemometer is placed within the enclosed space. As the anemometer doesn’t
have a logging mechanism, a camera is placed within the trailer and facing the anemometer (see Fig.
A.1C).

Figure A.1: Test setup used as proof of concept A) schematic of test setup B) Trailer C) Measurement equipment
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The trailer is pulled behind a car, which is accelerating to 60 km/h and decelerating to a standstill
(see Fig. A.1A). During this run the time on which the car is riding a specific speeds (15, 20, 25, 30,
35, 40, 45, 50, 55, 60 km/h) is recorded. This is done by synchronizing a stopwatch with the recording
time of the camera. Afterwards, the video is analysed to verify whether air drag was experienced within
the enclosed space. In addition, The wind conditions on the day of the measurement are extracted
from the KNMI. They provide data regarding average and maximum wind speed for each day and each
region of the Netherlands.

Results & Conclusion
The anemometer has recorded a maximum wind speed of 0.3 m/s, which corresponds to a driving
velocity of 55 km/h (=15.3 m/s). For all driving velocity below 45 km/h (=12.5 m/s), the anemometer
recorded a wind speed of 0.0 m/s. In addition, the average wind speed on the day of testing was 6 m/s.

It can be concluded that a cover will shield the cyclist from air resistance for velocity up to 45
km/h. For velocities higher than 45 km/h and up to 60km/h, most of the air resistance will be removed,
however, the gap between the trailer and the road will allow for some air movement within the enclosed
space. The concept of eliminating air drag by using a coverage is valid for the speeds tested within the
proof of concept. It is not known what would happen to the air flow as speed is further increased.



B
Design Bike Trailer

The bike trailer is a type of windshield that creates an enclosed space around a cyclist and can be used
to eliminate the air resistance experienced during cycling. During the experiments the bike trailer will be
towed behind a car across a straight road section at a maximum speed of 40 km/h (see fig. B.1). This
chapter will provide an overview of the design of the bike trailer and the measures taken to guarantee
safety of the participant.

Figure B.1: Rolling loss measurements on a brick road

Design
The trailer is built from steel tubes (18x1 mm) and aluminum tubes (18x2 mm) (see Fig. B.2). The
carrying beams are made of steel due to higher strength, the other beams are made of aluminum to
minimize the weight. Bracing is applied to further strengthen the construction. The tubes are connected
with the use of plastic lightweight clamps and solid aluminum clamps. At the critical points, such as
wheel attachment and coupling, solid clamps are used. Otherwise, the lightweight clamps are used.
The metal frame is covered with see-through plastic PVC sheet of 0.5 mm, creating an enclosed
space within the trailer, which shields the cyclist from the wind while maintaining an overview of the
surroundings (see fig. B.3). To minimize air entering the trailer through the gap between the trailer and
the road, a brush strip is connected to the bottom of the trailer.
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At the inside of the trailer double sided corrugated plastic is used to create a safety boarding between
the enclosed space and the edges of the trailer. This boarding will create separation between the cyclist
within the enclosed space and the rotating wheels and sharp edges of the bike trailer. In addition, to
prevent the cyclist from getting stuck between the frame elements a Lexan polycarbonate (PC) plates
are placed above the boarding of corrugated plastic. This plate has the dimension of 2050x1250 and
is placed at the back part of the trailer. Lexan PC plates have a high impact resistance, which means
that in case of a fall, the cyclist will not fall through the sides of the frame. Rather, the cyclist will be
guided to the back of the trailer where the doors will open to create a safe passage for the cyclist out
of the trailer.

Figure B.2: Solid Works assembly from different perspectives

Figure B.3: The finalized build of the bike trailer in the workshop and the first time on the road
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The trailer is supported by mountain bike wheels, which have wide tires that can be used on low tire
pressure. These tires will serve as a suspension system for vibrations generated at the road surface.
The wheels are attached at both sides and braced in all directions (see fig. B.5). This will help to divide
forces generated at the road surface across the entire construction, rather than at one point.

Figure B.4: Wheel attachment of the bike trailer

Figure B.5: Solid Works design of the wheel attachment
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A Twinny load is placed onto the car’s tow bar. A hinge is added to the Twinny load to connect the
bike trailer to the car (see Fig. B.6). A safety cable is placed around the Twinny load and frame of the
bike trailer to maintain a connection between the trailer and the car in case of failure of the coupling
mechanism. In addition, to keep the trailer stable during the test, the weight on the tongue needs to be
10-15% of the total weight of the trailer.

Figure B.6: Link between the bike trailer and Twinny load, which includes safety cable

The back of the trailer is closed with doors connected to the side plates of the trailer with hinges
and kept together with magnets (see fig. B.7). The doors are made from a lightweight solid material
(corrugated plastic) to prevent anything getting stuck between the rear wheel axis of the bicycle. The
magnets, used to close the door, are placed in such a way that the doors will easily open when getting
in contact with the rear wheel of the bicycle. Impact with the bike or cyclist will generate enough force
to break the bond between the magnets and open the door. This will create safe passage of the cyclist
out of the bike trailer both in the scenario that the cyclist cannot keep up his speed (cyclist will not fall)
or if the cyclist has fallen. To prevent the doors from getting pushed inward by the tailwind, the doors
will reach slightly above the top beam of the trailer’s frame (see fig. B.8). This will obstruct inwards
rotation.

Figure B.7: Back door design
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Figure B.8: Mechanism that prevents the doors from being pushed inwards

Figure B.9: Some bracing applied to strengthen the construction at the rear and front of the trailer

Safety Measures
The main concern of the test setup, is the risk of falling, which could injure the participant. Some
general mitigation measures are taken to minimize the risk of falling, however, falling cannot always
be prevented. This has been taken into account during the design of the bike trailer, as already been
discussed in previous paragraphs. Some of the design details, which help to mitigate the risk of injury
in case of falling, are the lightweight design of the trailer, the boarding at the inside of the trailer and
the back doors that are hold together by magnets.

The risk of falling is minimized by selecting a (semi-)professional road cyclist as participant. Such
a participant, familiar with riding within a peloton for extended periods, is less prone to falling due to
their skill and experience in navigating confined spaces. The trailer will create an enclosed space with
a minimal dimension of 2,80 m in cycling direction and 1,50 m in width. A bicycle has a length of
approximately 1,80 m and maximum width of 0,50 m at the handlebars. This leaves 0,50 m spacing
around the cyclist. The free space within the trailer is larger compared to the space within a peloton.

In addition, braking of the car could lead to a fall of the participant within the trailer. To minimize this
risk, the car will be towed by someone who is experienced with cyclists drafting behind the car while
driving. Such a driver, will be familiar with communicating with the cyclist, be able to appropriately
accelerate/decelerate with the cyclist behind the car and can stay calm in case of emergency and
not initiate emergency braking. During the test runs, the cyclist and the car driver will be able to
communicate using a radio communication system, which will make it possible to abort the test at any
moment. Braking can only be initiated when mutually agreed through the radio system after which the
cyclist will be guided by brake lights of the car. Otherwise, both the cyclist and car driver will generally
follow the rule of no braking, which is also applied when cycling within a peloton.

Last, a roll bar is placed at the front of the cycling space, which can be used by the cyclist to transfer
energy when cycling faster than the speed of the trailer. This is created by adding a PVC tube around
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the front beam of the cycling space (see Fig. B.10). To prevent falling over the beam, the beam is
placed just above the wheel axis of the bike. Cyclists regularly rub wheels in the peloton and if the
cyclist’s wheel touches the roll bar we expect no destabilization.

Figure B.10: Roll bar used by the cyclist to transfer energy



C
Validation Multiple Linear Regression

This chapter provides a validation of the assumptions for the four regression analysis conducted within
this study. This includes assessment of collinearity, linearity, homoscedasticity and normality. The
assumption of collinearity is met if the variance inflation factor (VIF) is smaller than 10. Linearity
and homoscedasticity are visually assessed by plotting the standardized residuals against the fitted
predicted values. The assumption of linearirty and homoscedasticity are met if the errors are equally
and randomly distributed around zero. Last, the normality is assessed by inspecting the frequency
distribution of the standardized residuals with a fitted normal distribution curve.

Ink Print test
The first two analysis focuses on understanding the impact of tire type, tire width, inflation pressure
and vertical load on the length and width of the contact patch. Regarding collinearity, the VIF for tire
width, inflation pressure and vertical load are 2.3904, 4.4260 and 1.0056, respectively. This indicates
that the assumption of little to no collinearity is satisfied, as the VIF is lower than 10 for all continuous
independent variables.

Figure C.1 provides a visual analyzes of linearity, homoscedasticity and normality for the prediction
of contact patch length. The standardized residuals are distributed around zero and lie approximately
between -2 and 2 for all predicted values. A few residuals lie outside this range, which could potentially
be identified as outliers and might be associated with the deviating observations highlighted in the
figures of section 5.1. Nonetheless, the standardized residuals seem randomly distributed, which
supports the claim of linearity and homoscedasticity. The outliers can also be detected within the
frequency plot, which is used to visualize normality of the residual distribution. However, the residuals
roughly approximate the normal distribution.

Figure C.2 provides a visual analyzes of linearity, homoscedasticity and normality in prediction of the
contact patch width. Similar to the residuals for the prediction of contact patch length, most residuals fall
within the same range (-0.6 to 0.6), with a few exceptions. However, the standardized residuals appear
to be randomly distributed, which supports the claim of linearity and homoscedasticity. In addition,
residuals approximate the normal distribution. This results from a good fit between the frequency
distribution of residuals and the fitted normal distribution.

Drum test
The third analysis focuses on the impact of tire type, tire width, inflation pressure, vertical load and
velocity on the 𝐶𝑟𝑟 obtained with drum testing. Regarding collinearity, the VIF for tire width, inflation
pressure, vertical load and velocity are 1.8449, 2.5676, 1.0384 and 1.0689, respectively. This indicates
that the assumption of little to no collinearity is satisfied.

Figure C.3 offers a visual analysis of linearity, homoscedasticity, and normality of the regression
analysis. The standardized residuals are randomly distributed around zero, which supports the claim
of linearity. In addition, a slight heteroscedasticity can be observed, indicated by a somewhat larger
spread of residuals for higher fitted values compared to lower fitted values. However, it has been
stated that a minor degree of heteroscedasticity has minimal impact on the significance of the test. The
observed heteroscedasticity is limited, with most of the residuals ranging from -5E− 5 to 5E− 5, which
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Figure C.1: Standardized residuals for prediction of contact patch length

Figure C.2: Standardized residuals for prediction of contact patch width

makes it still appropriate to apply linear regression. Last, there is a good fit between the frequency
distribution of the residuals and the fitted normal distribution. This suggests that the residuals are
normally distributed.

Rolling losses measurement
The fourth analysis focuses on the impact of tire width, inflation pressure, velocity and road type
on 𝐶𝑟𝑟 obtained with the rolling losses measurements. Regarding collinearity, the VIF for tire width,
inflation pressure and velocity are 1.4050, 1.4075 and 1.0068, respectively. VIF is lower than 10 for
all continuous independent variables, which indicates that the assumption of little to no collinearity is
satisfied.

Figure C.4 presents a visual analysis of linearity, homoscedasticity, and normality of the regression
analysis. The residuals are equally distributed around zero, which indicates linearity. Similar to the
residual distribution shown for the drum test, a slight increase of residuals can be observed for the
higher fitted values. However, generally, all residuals fall within the range of -0.5E−3 to 0.5E−3, which
approximates homoscedasticity. Last, the residuals can be assumed to be normally distributed, as the
normal distribution provides a good fit for the frequency distribution of the residuals.
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Figure C.3: Standardized residuals for prediction of 𝐶𝑟𝑟 obtained with drum test

Figure C.4: Standardized residuals for prediction of 𝐶𝑟𝑟 obtained with rolling losses measurements





D
Individual Contact Patches

The assessment of the contact patch shape is done by taking a total of 73 ink footprints. This chapter
presents each ink print with the fitted ellipse. Each figure reports the tire characteristics and the
controlled variables, which are the tire type (tubeless/tubular), tire width, rim size, tire pressure and
vertical load. In addition, the estimates of the width, length and area of the contact patch resulting from
the fitted ellipse are reported for each ink print. The reported orientation angle could be disregarded,
as this is not relevant for this research project.
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E
Data segments for rolling losses

measurement
In section 4.4 and appendix ??, the procedure regarding data selection for the rolling lossesmeasurement
are discussed. This chapter will present the data segments that are selected when following this
procedure. The data selection is executed for each data file obtained with the Wahoo head unit. Each
file include several runs corresponding to a specific tire and road surface. In some cases, files were
also saved in between changes of inflation pressure. In these cases, the applied inflation pressure is
also stored within the file name.

The segment selection will be presented by first showing the complete data set stored within one
file. Followed by a representation of the selected data within a specific segment. It should be noted that
some segment numbers are missing. These segments are deleted manually after the data selection
procedure. This manual elimination of complete runs is based on the feedback of the cyclist regarding
the execution of the run. The following list shows which segment are deleted and why these are
removed from the results:

• 26mm 6b asphalt.csv Segment 1&2 - trial runs, no good feedback

• 26mm 6b asphalt.csv Segment 6&7 - no pedalling in the middle results in two separate sections
of same run

• 26mm 6b asphalt.csv Segment 9 - does not accelerate fast enough at the start

• 26mm 57b asphalt.csv Segment 8 - cycling velocity is to low for 30 kmh test and to high for 40
kmh test (speed is around 34 kmh)

• 26mm 53b asphalt.csv Segment 1 - Hit doors during run

• 28mm asphalt.csv Segment 4 - Doors open during run

• 26mm brickroad.csv Segment 7 - stops pedalling during run

• 26mm brickroad reverse.csv Segment 2 - stops pedalling during run
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Figure E.1: Asphalt, 26mm Corsa Pro, 6 bar
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Figure E.2: Asphalt, 26mm Corsa Pro, 5.7 bar
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Figure E.3: Asphalt, 26mm Corsa Pro, 5.3 bar
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Figure E.4: Asphalt, 28mm Corsa Pro
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Figure E.5: Brickroad, 26mm Corsa Pro
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Figure E.6: Brickroad, 26mm Corsa Pro, reversed direction
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Figure E.7: Brickroad, 28mm Corsa Pro
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