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On Rolling Resistance of Bicycle Tyres

Malte Rothhamel

Royal Institute of Technology, KTH Vehicle Dynamics, Stockholm, Sweden,
malter@kth.se,

Abstract. This paper describes a method that enables comparative
rolling resistance measurements of bicycle tyres on different road sur-
faces. The test equipment is a one degree of freedom two-wheeled pendu-
lum with a rigidly coupled eccentric weight. Derived from the conversion
of potential energy into dissipated heat by means of rolling resistance
losses the amount of energy can be measured and correlated to the dis-
tance travelled. The method enables to distinguish small differences in
rolling resistance. As an example the difference between two different
sets of asphalt is shown.
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1 INTRODUCTION

1.1 Background

Rolling resistance is one of the main driving resistances for bicycles next to
acceleration, aerodynamic drag and road inclination. The distribution of these
resistances varies, of course, depending on the application (racing vs. utility
cycling), the driving style (acceleration and speed), the topology, the traffic
situation and the wind conditions. For a utility cyclist at a constant vehicle
speed of 15km/n with rough estimated parameters derived from Grappe [1] and
Tengattini [2] the distribution of power needed to overcome airdrag and rolling
resistance is wind resistances 45% vs. rolling resistances 55%.

While the power needed to overcome the rolling resistance increases nearly
linearly with vehicle speed, the power to overcome the aerodynamic drag in-
creases with vehicle speed with an exponent of three. This shows that the rolling
resistance is more important at low vehicle speed while the aerodynamic resis-
tance is more important at higher vehicle speed.

Road surface quality affects rolling resistance as Sandberg demonstrated with
his experiments over different wave lengths [3]. On a bicycle where traction power
is much more limited than in a car, the driving resistances affect the model utility
cyclists use to decide how to travel. It is not the rolling resistance or any other
driving resistance isolated that makes the choice, however, these are part of a
package of decision parameters [4].



2 Malte Rothhamel

1.2 Rolling resistance

Rolling resistance is a combination of tyre behaviour and the interaction between
tyre and road surface. The rubber of the tyre acts like a spring with a hysteresis.
In the hysteresis energy is converted into heat and lost for propulsion [5].

Since rolling resistance is in most cases assumed to be constant and only
dependent on vertical load it is expressed as a proportion of the vertical load [6].
There are different possibilities how to measure rolling resistance of bicycle tyres.
Among cyclists Bierman [7] is well known with a drum test machine comparing
the steady-state rolling resistance of different tyres expressed in Watts. Henchoz
et al. [8] showed how rolling resistance can be measured steady-state on a tread-
mill. Baldissera [9] performed coast-down tests with a full fairing recumbent bike
to evaluate the linear dependent and the inverse linear on vehicle speed depen-
dent rolling resistance coefficients. Last year Baldissera published the results of
experiments on a drum [10] again with focus on high speed.

Holzel [11] demonstrated a one degree of freedom pendulum consisting of two
rigidly connected bicycle wheels. The axis connecting the wheels was welded with
an eccentric mass making the two wheels to a pendulum with a total weight of
27 kg. Holzel measured the total amount of distance the pendulum travelled over
time; the longer the distance was, the smaller was the rolling resistance.

Correlations between rolling resistance and road surface properties were in
the past investigated e.g. by VTT [12] by means of coastdown experiments with
a passenger car and a heavy truck. However, the results were unstable and hard
to interpret. Bode [13] identified differences in rolling resistance of a truck tyre
on different road surfaces at the IFSTTAR. proving ground with up to 15 % but
emphasizes that the increase is only visible at significant rough surfaces. In addi-
tion, Bode refers to an investigation from the German federal highway research
institute (BaSt) that resulted in a linear regression model between rolling re-
sistance coefficient and mean profile depth (MPD) in the range of nearby 0 mm
and 3mm with an increase of 0.075 percentage points per mm.

1.3 Motivation and research question

Rolling resistance can affect the modal choice but it will also affect the range
of a bicycle which in times with a large amount of E-bikes affects the neces-
sary battery size on these bikes. So, is it for bicycles only the tyre or even the
infrastructure that contributes to rolling resistance reduction?

The research question for this investigation was: How to measure rolling
resistance for a bicycle in a proper way with special focus on the influence of
road surface? Taking the following parameters and requirements into account:

— realistic vertical load
— mobile (to enable measurements on different road surfaces)
— independent of aerodynamic drag

With measurements under realistic conditions: Can different (bicycle) road
surfaces be distinguished?
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2 Method

2.1 One degree of freedom two-wheeled pendulum

For this investigation a similar approach was chosen as Holzel [11] did. An ec-
centric weight was attached to two rigidly connected bicycle wheels, which made
them a one degree of freedom pendulum (see Fig. 1).

Fig. 1. One degree of freedom dual wheel pendulum based on bicycle parts.

The rims had an ERTRO size of 19-559, which means a diameter of 559 mm
corresponding to 26” wheels. They were build with hubs and 36 spokes as stan-
dard wheels for bicycles. The connecting rod between the wheels was a steel
pipe with a diameter of 50 mm. It was adapted to the hub housings and welded
to a base weight. The whole device had a track width of 62cm and a total
weight of 24 kg. The eccentric weight had a quadratic dimension of 250 mm edge
length and 40 mm thickness, was made of steel and had a weight of 20kg. By
adding pairwise additional similar steel plates with a thickness of 20 mm and a
weight of 10kg each, the total vertical load could be increased stepwise. This
made the handling and transportability more difficult but resulted in a realistic
vertical wheel load. The tests for this experiment were conducted with 40kg
extra weight resulting in a system weight of 64 kg representing the weight of a
lightweight adult cyclist including bike.

2.2 Tyre setup

The tyres mounted on the pendulum were Schwalbe Marathon Supreme Evo-
lution in the dimension 42-559 (26x1.6), which are well known low rolling re-
sistance tyres. The tyres were mounted with standard butyl tubes. With a rim
inner width of 19 mm this resulted in an effective tyre width of 38 mm.
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2.3 Pendulum operation

By deflecting the pendulum, the eccentric weight was lifted, which was a sup-
ply of potential energy F,,;. When releasing, the pendulum was oscillating. The
rolling resistance would be the only significant resisting force braking the pendu-
lum to zero over time (Equation 1). The potential energy will be converted into
rolling resistance energy F,..;;, which is visualised in Fig. 2 and can be expressed
with Equation 2.

NN N NN

\‘ \ l / A i
A
Fig. 2. Visualisation of the pendulum movement and the height difference of the ec-
centric weight Ah.

AEpot = Eroll (1)
AEpot = Mueight * 9 * Ah = CT' *Miotal * g - T = ET'oll (2)
with
C, Rolling resistance coefficient

Eron Rolling resistance energy

E,,x  Potential / elevation energy

g Gravity acceleration

Ah Height difference of the eccentric weight
Miota; Lotal mass taking effect on the tyres
Myeight Mass eccentric weight

T Distance travelled

However, the vertical force is assumed to be constant (miotqr - g). Actually,
when the pendulum is oscillating, the eccentric weight generates a with the the
centrifugal force a dynamic force. This dynamic force has a dynamic fraction in
vertical direction. Therefore, the vertical force in the calculation of the rolling
resistance energy is over time non-constant. In addition to the constant mass
force (Mmyotar - g), there is a fraction of the dynamic force. In Equation (3) the
normal fraction of the centrifugal force is added since the oscillating weight of
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the pendulum adds an additional vertical force that cannot be neglected. This
could not be measured or modelled in detail since the evaluation only takes the
the points of return into account. In the present study the dynamic fraction of
the centrifugal force was simplified to an estimated average of this force over
time (Fcentr,normal)-

AEpot = Muyeight * 9 * Ah = Cr . (mtotal g + Fcentr,normal) T = Eroll (3)

By tracking the movement of the weight the rolling resistance can be calcu-
lated.

2.4 Sensor equipment

The pendulum was equipped with a gyro sensor (InvenSense MPU-6050) that
reported the change of angle over time (sampling frequency: 300 Hz). The sen-
sor is a smart sensor with digital interface an internal low-pass filter that was
configured with a cut-off frequency of 21 Hz. With the signal of the gyro, the
geometrical knowledge about the eccentric weight and the position of the centre
of gravity (CoG) of the eccentric weight, the distance travelled and the corre-
sponding deflection angle could be calculated. The sensors were read out by an
Arduino micro-computer and saved and evaluated on a connected PC.

2.5 Evaluation

First half oscillation was discarded to avoid disturbances from handling the start.
The evaluation began at the peak (point of return) with an amplitude near
1rad and ended after five full oscillations. With the integration of the gyro-
signal each peak could be assigned to an angle position and with this a height
(h) of the mass (Muyeight) and a travelled distance (z) could be evaluated. The
difference in height at each peak (Ah) represents the decrease of potential energy
converted into friction by means of rolling resistance. With this difference, also
the logarithmic decrement A (Equation (4)) and the damping ratio D (Equation
(5)) were calculated.

P
A=l (@M) (4)
A
b= @) + A2 )

Figure 3 shows exemplary the decreasing amplitude of the pendulum oscil-
lating. The rolling resistance coefficient was then calculated according to equa-
tion (3).

Each measurement was performed at least ten times to avoid the effect of
random disturbances. Outliers were eliminated by default by means of ignor-
ing the maximum and the minimum value. The remaining values were used to
calculate the 95 % confidence interval as well as the mean value as final result.
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A = 0.23636
D = 0.037592

0.6

0.4

Roll angle ¢ [rad]
o

-04r

Vertical load = 64kg

0.8 Inflation pressure = 500kPa
Road surface: coarse asphalt
1 | | | i | |
0 1000 2000 3000 4000 5000 6000

Time [ms]

Fig. 3. Roll angle (integral of the filtered roll angle rate) of the dual wheel pendulum
in one of the tests.

2.6 Disturbances

It was assumed that the aerodynamic drag on the pendulum was neglectable.
Anyhow, tests at heavy wind were avoided.

Automotive tyres usually become warm during testing, which affects the
tyres’ properties reducing the rolling resistance [13]. In this experiment it was
assumed that the temperature of the tyre will hardly change. A significant warm-
up of the tyres during the experiments could not be experienced. However, no
temperature measurements were performed.

The rolling resistance coefficient C). is usually assumed to be independent of
vehicle speed. However, we know that there is a speed dependent fraction. Based
on the experiments from i.a. Baldissera [9] the velocity dependent fraction was
neglected here.

3 Results

For each set of parameters at least nine measurements were evaluated. A mean
value is expected to be very close to the true value of rolling resistance. The mean
values for each inflation pressure on each of the asphalt surfaces could be found in
Table 1 and visualised in Figure 4. As expected, the rolling resistance coefficient
decreases with inflation pressure. In addition for each inflation pressure the value
was higher on coarse than on fine asphalt.
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Table 1. Rolling resistance coefficient mean values for fine and coarse asphalt as func-
tion of tyre inflation pressure.

Inflation pressure 100kPa 200kPa 300kPa  500kPa

Coarse asphalt 0.0149 0.0120 0.0114 0.0105
Fine asphalt 0.0141 0.0113 0.0108  0.00933

Anyhow, while the differences of C,. over inflation pressure were distinct, the
differences between the values measured on the two different asphalt surfaces
were quite small. A typical way to ensure significant differences was to calculate
the 95 % confidence interval and make sure that these intervals did not overlap.
Figure 4 shows the confidence intervals. At a tyre inflation pressure of 100 kPa
as well as 300 kPa a certain overlap of the confidence intervals was visible.

0.016
Cr coarse higher
0.015 Cr coarse
Cr coarse lower
C_fine higher
0.014 T
Cr fine
E Cr fine lower
710.013
O
= Air temperature = 15°C
o
© 0.012
@
o
0.011
0.01
0.009 | | | | | | | i

100 150 200 250 300 350 400 450 500
Inflation pressure [kPa]

Fig. 4. Rolling resistance coefficient C,. over inflation pressure on fine and coarse as-
phalt including 95 % confidence intervals.

Another statistical analysis was to utilise the fact that the question was the
differentiation of two series, which enabled to use the Wilcoxon-Mann-Whitney-
test (also called Mann—Whitney-U-test). The general pre-assumptions were that
all observations from both groups were independent of each other, and that the
responses were at least ordinal (in the present case the responses are on ratio
scale so the assumption is overfulfilled). Figure 5 visualises two examples of
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this evaluation. In this investigation the Wilcoxon-Mann-Whitney-test showed
significant differences between the tests on each of the asphalt surfaces for all
tested tyre inflation pressure values.

0.0125 0.0115

Coarse —— Coarse -
Fine Fine —

0.012

1
1

~ 00115 |

0.011 /

0.0105

RR coeff C
RR coeff C,

0.0095 -

Inflation pressure = 300kPa

0.009 | Inflation pressure = 500kPa

Wilcoxon rank sum test Wilcoxon rank sum test
indicates significant difference

indicates significant difference

. . 0.0085 . . . )
0 2 4 6 8 10 12 0 2 4 6 8 10 12
No. of tests (ordered by value) [1] No. of tests (ordered by value) [

Fig. 5. Two examples of ranked rolling resistance coefficients that indicate a significant
difference in C, for the tests on different asphalt surfaces.

4 Discussion, conclusion and future work

In this paper a method with a one degree of freedom two-wheeled pendulum was
described and tested that enabled comparative rolling resistance measurements
of bicycle tyres on different road surfaces. The surfaces could be distinguished
at different values of tyre inflation pressure. With the mounted 42-559 tyres the
C-values found were in the range of 0.009 to 0.15.

Grappe et al. [14] found in coasting experiments with a racer bicycle on tiles
(that used to enable a quite low rolling resistance) Cy-values between 0.003 and
0.0101 for a 22-662 bicycle tyre depending on the tyre inflation pressure between
150kPa and 1200 kPa.

Tengattini and Bigazzi [2] found in their coasting experiments with a road
bicycle equipped with not in detail specified 3-cm commuter tyres on differ-
ent surfaces a rolling resistance coefficient C,. of 0.0064 +/- 0.0013 for asphalt
pavement. The tyre pressure Tengattini tested with was 550 kPa and tyre and
rim were not further specified, nor was the asphalt specified. In another project
the same authors [15] investigated the bicycle-human-machine of more than 500
utility-cyclists and measured i.e. rolling resistance coefficient where the mean
value was 0.0077 with a standard deviation of 0.0036. The rolling resistance
coefficients in both of these studies are lower than the presented results here.

However, the comparison of C,-values from different experiments might be
difficult. Anyhow, it might not be the most important aspect. A conclusion of
this first investigation with the presented one degree of freedom two-wheeled
pendulum is that different sorts of asphalt can be distinguished statistically
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significant with one setting for test and evaluation. So, it is a promising method
for further investigation of bicycle tyres’ rolling resistance and their behaviour
on different road surfaces.

A weakness in the present set-up is the scatter in the resulting values. An
assumption is that this is in line with the large eccentric weight. An improved
design is planned with a higher centred load and a small eccentric weight only.
This would reduce the vertical load variation caused by the centrifugal force of
the eccentric weight. In addition, it would enable measurements on road surfaces
with lower friction without sliding. In contrast, a small eccentric weight will limit
the measurement possibilities on surfaces with extremely high roughness.

However, what does it mean for a cyclist? Assuming a bicycle on even road
without wind at constant speed of 14.4 km/h (which corresponds to the speed the
Swedish Transport Administration assumes for cyclists) the propulsion power
could look like expressed in the following Equation (6).

P=cp-vy(cq- Agvg + Cr - Myotal * 9) (6)
with
cm = 0.95 mechanical efficiency drivetrain
vy = 4m/s vehicle speed
cq = 0.65 air drag coefficient

A=0.7m? frontal area

p=12ks/m? density air

Miota; = 90 kg total mass taking effect on the tyres
g =9.81m/s> earth gravity

With these data assumed for a utility cyclist, the 5...12 % difference in rolling
resistance presented above result in a difference in propulsion power of 3...8 %.
This is in fact not much, however, the difference in asphalt was quite small but
can anyhow be distinguished. On cobblestone pavement a higher difference to
asphalt would have been expected. In addition, this is within the range Bode [13]
named for his truck tyre investigations on very different asphalt surfaces at the
IFSTTAR proving ground with up to 15 %.

The one degree of freedom dual wheel pendulum was tested successfully, so
with an improved version further investigations are planned as e.g. about tem-
perature dependency of the tyres, which is important to know since temperature
is impossible to hold constant when testing different road surfaces at different
places. Even other conditions such as the influence of road inclination on road
roughness measurements should be evaluated. In addition, the effect of other
road surfaces, baffle plates or potholes affecting the rolling resistance could be
investigated.
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