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Twisting torque – A simplified theoretical model for bicycle tyres 
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A B S T R A C T   

In this paper, the twisting torque of bicycle tyres is studied. The twisting torque is just the self-aligning torque for 
null lateral slip and non-null camber. The relationship between twisting torque and contact patch area has been 
analyzed. As the latter increases, twisting torque increases as well. A theoretical model to evaluate twisting 
torque has been implemented. Since twisting torque is mainly due to longitudinal slip in cambered wheel, 
increasing the contact patch area the stresses are located at a larger distance from the median plane of the contact 
patch. The resulting torque will be higher in magnitude. 

Finally, the model has been validated comparing the outcomes with the experimental data, with a mean error 
less than 3% for camber angles less than 10◦.   

1. Introduction 

Climate-change requires governments to take action to reduce 
pollutant emissions. In this context, transportation sector is a relevant 
source of pollution. It is responsible of one-third of all energy in EU and 
accounts for more than one-quarter of total EU greenhouse gas emissions 
[1]. We need alternative and low-impact ways of mobility, and cycling 
may be a simple and cost-effective solution [2 3]. In addition, the cur
rent increasing cost of carbon fossil fuels [4] is forcing to reduce their 
use, so speeding up the process of conversion throw a more sustainable 
mobility. 

An increase in the use of bicycles is expected in the close future [5 6], 
so that concerns about road safety are growing as well [7 8]. This aspect 
will force designers to find new feasible solutions for improving safety, 
performances [9] and comfort [10 11]. Advanced numerical models are 
required to study bicycle dynamics, nonetheless they usually ignore tyre 
dynamics and need to be complemented with realistic tyre models 
[12,13]. 

Tyres are important for bicycle handling [14]–[16]. Despite this, 
very few studies were focused on bicycle tyre characterization [12 17] 
and only few researchers have presented test-rigs for bicycle tyres [12]. 
In [18], they use a test-rig for motorcycle tyres adapted to accommodate 
bicycle tyres. Three different prototypes were also presented in [19]. 
Using one of them, it was possible to characterize mountain-bike tyres 
[15]. 

The dynamics of two-wheeled vehicles is featured by large camber 
angles, useful to generate lateral forces even with slip angle equal to zero 

[12 18]. The influence of camber angle on the mechanical characteris
tics must be properly addressed to fully characterize tyres. Nonetheless, 
no studies on twisting torque for bicycle tyres seem to have been carried 
out, being the research mainly focused on motorcycle tyres [20–23]. 
According to Pacejka [24], the self-aligning torque is different from zero 
when slip angle set to zero degrees, just for the camber effect. The 
relationship between the contact patch and twisting properties was 
stated in [25]. It was discovered the increase in magnitude of the 
twisting torque with the increase in contact patch area. This was also 
confirmed in [26]. They measured motorcycle tyre properties for 
different inflation pressures, also concluding the almost linear rela
tionship between twisting torque and camber angle. An increase in 
inflation pressure led to decrease in twisting torque, since it changed the 
contact patch [27]. Self-aligning torque and twisting torque are the main 
responsible of yaw moment [28]. Furthermore, twisting torque has a 
relevant effect on steering torque, decreasing the effort required to 
driver leaning into a curve [29]. 

We would like to know if the same conclusions are valid also for 
bicycle tyres. The latter share with motorcycle tyres the toroidal shape of 
cross section [28], but they differ a lot in terms of compound, layers and 
manufacturing process. These aspects may affect considerably the tyre 
behavior, so that a deep study is necessary. Twisting torque tends to 
reduce the radius of curvature during the turning maneuver [30]. It is 
relevant to predict this behavior because it may affect the maneuver
ability [29] and the feeling of riders when approaching a curve. They 
perceive a sort of “autosteer” as they are leaning into a curve [15]. 
Twisting torque depends on vertical load and inflation pressure, which, 
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together, may strongly affect the area of contact patch [25]. 
In this paper, a simplified theoretical model for predicting the 

twisting torque of bicycle tyres is presented. The self-aligning torque 
was measured through the test-rig VeTyT [12 31,32] developed at the 
Department of Mechanical Engineering of Politecnico di Milano. The 
twisting torque was experimentally evaluated for camber angles up to 
25◦ (Section 2). Then, a simplified model to predict the twisting torque 
for different vertical loads and inflation pressure was implemented in 
Section 3. The effectiveness of the model was verified comparing the 
outcomes with the experimental results (Section 4). 

2. Experimental tests – Contact patch and twisting torque 

In this Section, the device to measure the lateral characteristics of the 
tyre is presented. Then, the evaluation of contact patch and twisting 
torque is discussed. 

2.1. VeTyT test-rig 

In this study, the measurement of the lateral characteristics of the 
tyre was performed through VeTyT, a test-rig specifically designed to 
measure the mechanical characteristics of bicycle tyres [31]. The 
measuring procedure is now certified in accordance with the standard 
defined by ISO 9001–2015. 

VeTyT consists of a rigid frame made of Aluminum 6060 T6, rein
forced with plates and steel rods to ensure lightness and adequate 
stiffness (Fig. 2.1). It holds the tyre on top of a flat track, moved by a 5 
kW three-phase asynchronous electric motor. The frame is connected to 
the ground by means of Watt’s linkage (Fig. 2.2) and universal joint. 
Two load cells can measure the lateral force exchanged along the contact 
patch tyre/rolling surface, while a third load cell is used to constrain the 
rotation of the steered wheel during the dynamic test. It measures the 
reaction force given by the tyre, from which the self-aligning torque can 
be derived. 

The whole chassis can be tilted to set the camber angle in the range 
± 25◦, while the slip angle α can be adjusted by rotating the steering 
shaft. Longitudinal axis, defined by the centre of Watt’s linkage and 

centre of universal joint, crosses the vertical axis (defined by steering 
shaft) in the contact tyre/rolling surface. In this way, we can set the 
camber angle while the contact patch always lying along the longitu
dinal axis. This allows both compensating the unevenness of rolling 
surface and ensuring zero longitudinal velocity of the contact point tyre/ 
rolling surface. The vertical load acting on the wheel can be varied by 
adding masses on the frame. Its magnitude Fz is recorded by a load cell 
on the top of the steering shaft. The design solutions also allow changing 
the center of mass location due to added masses without affecting the 
measurements. 

The complete assembly of the test-rig is shown in Fig. 2.1. 
In this study, tests were performed on flat track covered with coarse 

sand (1.2 mm of granulometry). The speed was set to 6.1 m/s, found as 
optimal value to avoid the increase of temperature of the rolling surface. 

The tyre was mounted on high-stiffness laboratory rim. In this way, 
the compliance of the rim does not affect the experimental measure
ments, being the lateral and radial stiffness of the rim much larger than 
the ones of the tyre. The lateral force was measured so as to derive the 
cornering stiffness. Twisting torque was derived from the measurement 
of self-aligning torque, setting the slip angle to 0◦ and varying the 
camber angle up to 25◦. 

2.2. Contact patch and twisting torque 

Contact patch area may strongly affect the twisting torque [25,27], 
as stated in next Section 3. This is why it is necessary to evaluate the area 
and the shape of contact patch. 

Contact patches were determined statically using sensitive pressure 
films. A 26 mm wide road bicycle tyre was tested for different inflation 
pressures and vertical loads. The dynamic measurement of contact patch 
is still really hard to implement to such a device designed for bicycle 
tyres. Systems based on image processing [33 34] or optical measuring 
system [35] have been recently presented but they still require large 
modifications on VeTyT. 

Sensitive pressure films were scanned, and the area was calculated 
through the software ImageJ®. It is typically employed in the field of 
microbiology [3637], but it can be also used to measure contact patches, 
with a proper calibration of input images. 

It is possible to note the increase in area as the vertical load increases, 
for the same inflation pressure. Similarly, contact patch area becomes 
larger with the increase of vertical load, keeping constant the inflation 
pressure. 

Twisting torque was derived from the measurement of self-aligning 
torque through VeTyT. It corresponds to the self-aligning torque when 

Fig. 2.1. . VeTyT test-rig at Politecnico di Milano. The frame carries the bicycle 
tyre on flat track. Here you can see the tyre mounted on high-stiffness labo
ratory rim. 

Fig. 2.2. . Watt’s linkage used on VeTyT. The central part is connected to 
VeTyT, the rods with load cells are fixed to the ground. (adapted from [31]). It 
constrains the lateral motion, while it allows a limited vertical motion. 
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slip angle is equal to 0◦ and camber angle varies [30]. 
The tyre was mounted on high-stiffness rim and tested for different 

camber angles, inflation pressures and vertical loads. The results of an 
experimental campaign led with inflation pressure of 7.5 bar and ver
tical load equal to 490 N are depicted in Fig. 2.3 Each test was repeated 
three times, then averaged, resulting with a standard deviation of 2,5%. 
Because of the technical limitations to set exact null slip angle, the tests 
were repeated several times in then slip angle range ± 0.5◦. Results were 
then linear interpolated in that range, to compensate for any detrimental 
errors which may occur when the forces to be measured are very small. 

Self-aligning torque varies as function of slip and camber angle. In 
particular, when slip angle α is set to 0◦ the self-aligning torque is equal 
to the twisting torque. Practically, it means that the rider may feel a 
slight torque on the handlebar due to the camber effect. The twisting 
torque is depicted in Fig. 2.4 as function of camber angle γ. 

Comparing the results with the ones for motorcycle tyres found in 
[24], the magnitude of the twisting torque is definitively smaller for 
bicycle tyres. We can note that twisting torque is one order of magnitude 
lower than the peak of self-aligning torque for the same camber angle. 
Remarkably, for motorcycle tyres it resulted of the same order of 
magnitude [38]. This may be due to the peculiar shape of contact patch 
for bicycle tyres, featured by large tyre diameter if compared to the 
width. 

It was found a correlation between the twisting torque and the 
contact patch area. Larger contact patches imply higher difference in 
peripheral tyre speed, so locally different longitudinal slip values can be 
found within the contact patch. In Fig. 2.5 it is possible to observe the 
twisting torque measured for camber angle equal to 25◦, for different 
contact patch areas (on x-axis). They were obtained varying inflation 
pressures (3.5, 5.5 and 7.5 bar) and vertical loads (400 N and 490 N). As 
the contact patch area increases also the twisting torque follows the 
same increasing trend. Experimental data have been fitted by a 

quadratic curve, as shown in Fig. 2.5 (dotted blue line). 

3. Model for twisting torque 

In [30], the presence of longitudinal slip in the contact patch was 
found to be one of the causes of the twisting torque. The latter could be 

Fig. 2.3. . Self-aligning torque as function of slip angle. Results come from a 
test performed on 26 mm wide road racing tyre inflated at 7.5 bar and mounted 
on high-stiffness rim. A vertical load of 490 N was applied. Values were 
recorded for camber angles in the range − 25◦ up to + 25◦. 

Fig. 2.4. . Twisting torque obtained from the test shown in Fig. 2.3. Values 
were recorded for camber angles in the range − 25◦ up to + 25◦. Colors are 
referred to the ones reported in Fig. 2.3. 

Fig. 2.5. . Twisting torque obtained for camber angle of 25◦ (y-axis), from tests 
on 26 mm wide road tyre. Different inflation pressures (3.5, 5.5 and 7.5 bar) 
and vertical loads (400 N and 490 N) were tested. It is depicted as function of 
contact patch area. Quadratic fitting curve is shown (blue dotted line, mathe
matical expression is: y = 6.634(*10− 7)x2 − 0.0002613x + 0.1933). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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strongly affected by the contact patch area since it varies with the 
pressure and vertical load [25 39]. 

The peripheral speed of a cambered free rolling tyre is not equal to 
the forward velocity at each location in the contact patch. Considering 
the wheel of Fig. 3.1 with an angular velocity ω, two different areas of 
stress level can be distinguished, featured by opposite stress levels and 
distance from the spin axis equal to rA and rB respectively (rA < rB). If r0 
is taken as the radius of the wheel along the median plane, we can 
consider a portion of the contact patch in which r > r0 and a portion in 
which r < r0 for the cambered wheel. Specifically, the longitudinal slip 
is positive where r > r0, so that ωr > ωr0 . On the contrary, it is negative 
where r < r0 (i.e.ωr > ωr0 ). The longitudinal slip is responsible for the 
generation of longitudinal forces and a torque is generated around the 
centre of the contact patch. 

In this paper, some assumptions have been made. The contact patch 
was considered elliptical even without varying in shape as camber angle 
increases. Then, longitudinal slip ε was assumed to vary linearly along 
transversal direction (y direction in Fig. 3.2). In this way, we can sub
divide the contact patch into slices, and assume that a slice dy at a dis
tance of y from the centerline of ellipse generates a force dF [24]. 
Similarly to the work presented by Pacejka in [24] for car tyres, we tried 
to evaluate the twisting torque as the integral of the infinitesimal force 
dF times the distance y, computed over the area (3.1). Reference system 
x-y was placed in the plane of the contact patch, where the x-axis defines 
the longitudinal direction and the y-axis the transversal one. 

T =

∫

A
dF|y| (3.1) 

The radial distance between a generic point P belonging to the 
contact patch and the wheel spin axis can be expressed as follows (also 
refer to Fig. 3.3) 

r(y) = r0 + ysinγ (3.2)  

Where γ is the wheel camber angle. The radial distance r is function of 
the coordinate y since we are considering the cambered wheel. 

The longitudinal slip ε is positive for y > 0 and negative for y < 0 
(Fig. 3.3), from which the longitudinal stress τ can be derived. It is 
defined according to (3.3). 

ε =
ωr(y) − ωr0

ωr0
=

r(y) − r0

r0
=

r0 + ysinγ − r0

r0
=

y
r0

sinγ (3.3) 

Since for limited values of slip (adhesion zone [40]) the longitudinal 
force Fx is linearly proportional to the longitudinal slip itself, we have 

Fx = CFx ε (3.4) 

As first approximation, the longitudinal slip stiffness is assumed to be 
equal to the cornering stiffness [41]. 

CFx = CFy (3.5) 

The stresses τ can be expressed according to (3.6) 

τ = Kεε = Kε
y
r0

sinγ (3.6)  

Where we have introduced the proportionality coefficient Kε [N/mm2]. 
It has been initially estimated as follows (terms a and b define the semi- 
major and semi-minor axis of the ellipse contact patch, see Fig. 3.2) 

Fig. 3.1. . Cambered wheel with the distances between axis of rotation and the 
contact patch tyre/ground. The wheel is rotating at angular velocity ω. We can 
distinguish the points A and B on the lateral extremities of contact patch, 
featured by distances rA and rB from the spin axis of the wheel. r0 is the radius of 
the wheel along the median plane. 

Fig. 3.2. . Top-view representation of the contact patch, with the reference 
system x-y with the origin in the centre of the ellipse. The slice of wide dy is at a 
distance y from the origin of axes. 

Fig. 3.3. . Schematic view of the cross section of cambered tyre. The angle γ is 
the wheel camber angle, while r(y) is the generic distance between a generic 
point P and the wheel spin axis. r0 is the radius of the wheel along the median 
plane, which crosses the contact patch along the major axis of ellipse. The 
reference system x-y lays in the plane of the contact patch. 
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Kε =
CFx

abπ (3.7) 

The infinitesimal force dF is defined as the stress τ multiplied by the 
infinitesimal area dA = 2xdy, where dy is the width of the considered 
slice and 2x is the length (the slice is assumed to be a rectangle). In this 
way, we have 

dF = τdA = τ2xdy (3.8) 

The term x can be written as function of y, since the contact patch 
was assumed to be elliptical by hypothesis. 

x = a
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
(y

b

)2
√

(3.9) 

The infinitesimal force dF can be expressed as follows 

dF = 2τa
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
(y

b

)2
√

dy (3.10) 

Because of the symmetry of the problem, the expression of twisting 
torque (3.1) can now be simplified in (3.11). 

T =

∫ b

− b
dF|y| = 2

∫ b

0
dF|y| (3.11) 

Then, substituting with the expression found above, we have 

T = 2
∫ b

0
2τa|y|

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
(y

b

)2
√

dy (3.12)  

T = 2
∫ b

0
2Kε

y
r0

sinγa|y|
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
(y

b

)2
√

dy (3.13)  

T =
4a
r0

sinγ
∫ b

0
y2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
(y

b

)2
√

dy (3.14) 

Solving the integral, the result is as follows 

T =
Kε

4r0
πsinγab3 (3.15) 

The equation (3.15) has been derived referring to the contact patch. 
Analyzing the terms of (3.15), it can be stated that.  

- The twisting torque T increases with the dimensions of the contact 
patch. The parameters a and b correspond to the semi-major and 
semi-minor axis of the ellipse which approximates the contact patch. 
Specifically, T increases linearly with respect to the length of contact 
patch (i.e. a), while it increases by a cubic factor with the width of 
contact (i.e. b). 

- Twisting torque increases at increasing the camber angle γ (accord
ing to the term sinγ).  

- It is proportional to the longitudinal characteristics of the tyre 
through the term Kε. A tyre with larger longitudinal slip stiffness will 
be featured by higher twisting torque.  

- The twisting torque increases with the decrease in radius of the tyre 
r0 [mm]. A tyre with reduced diameter will produce higher twisting 
torque with respect to a bigger one, if contact patch dimensions and 
longitudinal tyre properties are kept constant. 

4. Model validation 

Equation (3.15) was used to predict the twisting torque, then the 
results of the model can be compared with experimental data. The latter 
were derived from tests on test-rig VeTyT, for a 26 mm road racing tyre, 
mounted on high-stiffness rim with inner tube. It was tested for vertical 
load of 400 N and 490 N, for different inflation pressures (range from 3.5 
to 7.5 bar). In this way, it is possible to have different contact patch areas 
and longitudinal stiffness. The contact patch areas were also measured 
for different conditions, as described in Section 2. The coefficient Kε may 

vary with inflation pressure and vertical load, since tyre lateral char
acteristics and contact patch area change. 

The model requires as input a single value of Kε, so that it is necessary 
to develop a strategy to define a synthetic index, to simplify as much as 
possible the model. It was assumed a reference value of cornering 
stiffness CFy = 100N/

◦

coming from the mean value of many tests led on 
the same tyre with different vertical load and inflation pressure. Con
cerning the contact patch area, A = 906mm2 was considered as mean 
value of measurements under different conditions of vertical load and 
inflation pressure. The coefficient Kε resulted as follows 

Kε =
CFy

A
= 6.3N/mm2 (4.1) 

Looking at the results, it was noticed that the amplitude of twisting 
torque was always underestimated. To solve it, a least square method 
was used to define a factor to multiply the proportionality coefficient Kε. 
A value of 6 was found to improve the matching between theoretical 
model and experimental data, as shown in Figs. 4.1 and 4.2 (obtained 
using a proportionality coefficient equal to 6Kε). 

The theoretical model is able to provide curves sorted in very similar 
way. Referring to accuracy, the twisting torque estimated by the theo
retical model corresponds to the measured one with a mean error less 
than 3% for low camber angles (<10◦). The main difference is repre
sented by the slope variation of the curves. The derivative of the 
measured twisting torque (Fig. 4.1) increases as the camber angle in
creases, while the derivative of estimated curves decreases with the 
increase in camber angle. This effect can affect the results for camber 
angles in the range 10-20◦, since measured values present an increasing 
quadratic trend. 

The difference in results may be explained by the approximations 
introduced in the model, such as the assumptions made on the shape of 
contact patch, the linear relationship between stress and slip and the 
possible slippage which may occur increasing the camber angle. 

5. Conclusions 

Twisting torque is relevant also for bicycle tyres, but significantly 
reduced in magnitude with respect to motorcycle tyres. Nonetheless, it 
may contribute to bicycle dynamics, so that it is very important to 
measure it. 

Contact patch areas were measured for different inflation pressure 
and vertical load on a reference road tyre, width 26 mm. Tests were 

Fig. 4.1. . Experimental results of twisting torque obtained for a tyre of width 
26 mm, inflated at 750 kPa. A vertical load of 490 N was applied. Values were 
recorded for camber angles in the range 0-25◦. 
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carried out with VeTyT to measure the self-aligning torque by varying 
the camber angle and evaluate the twisting torque experimentally. The 
measured twisting torque was found to increase with increasing contact 
patch area, for the same value of camber angle. 

A simplified model to predict the twisting torque was introduced. It 
was found to provide satisfying results in terms of accuracy. Nonethe
less, it presents some limitations: 

- It cannot be used for large camber angles. The elliptical approxi
mation of the contact patch is not valid anymore.  

- The model requires to know the dimensions of contact patch that 
have to be measured.  

- A model able to predict the dimensions of contact patch specific for 
bicycle tyres has not been implemented yet. A study on the corre
lation between the contact patch area and the influence of parame
ters such as inflation pressure and vertical load has been carried out, 
and it could be a first step through the definition of a larger database.  

- The longitudinal stiffness was assumed to be equal to the cornering 
stiffness, since we worked with limited slip angles. In addition, the 
longitudinal slips were assumed to be equal along the entire contact 
patch wide (i.e. constant in × direction, as defined in Fig. 3.2).  

- The proportionality coefficient Kε was assumed to be constant 
despite it may vary with inflation pressure and vertical load. None
theless, this approximation may provide a ready-to-use value for 
future analysis on road racing bicycle tyre. In this way, we are 
contributing to develop a database to enable parametric analysis of 
different bicycle tyres, complementing the work of Moore et al. 
[42,43]. 

The model presented in this paper was found to predict the trend and 
magnitude of the twisting torque for the most exploited range of camber 
angles (0-10◦). Self-aligning torque and twisting torque for bicycle tyres 
are among the toughest characteristics to measure, since they are 
commonly featured by high uncertainty and poor signal-to-noise ratio. 
This simplified model tries to provide a rather simple way to predict 
twisting torque starting from the knowledge of cornering stiffness and 
contact patch area, usually easier to measure. It requires additional ef
forts to be refined, and in the future we may try to introduce smarter 
synthetic indexes. 
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