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Article 
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Abstract In this paper, we present the instrumentation of a city bicycle with different sensors 
and devices in order to measure cyclists’ inputs (i.e., pedaling and steering) and the dynamical 
and kinematic properties of the bicycle. The instrumentation includes two tri-axial accelerome-
ters, an Inertial Measurement Unit (IMU), GPS, a potentiometer, a laser scanner, a pedaling 
power meter, and speed and cadence sensors, in addition to a mobile eye tracker worn by the 
cyclists. After the instrumentation and adjustment of the sensors, a study was conducted in the 
city of Stockholm using the instrumented bicycle with the aim to evaluate cycling safety and 
comfort on snowy surface conditions. The outputs of this experiment will be employed further to 
study the interaction of cyclists with road infrastructure and other road users and their impact 
on cyclists’ behavior and cycling safety. 
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1. Introduction 
Cycling started to gain popularity among transportation stakeholders as one of the most sus-

tainable modes of transportation for short and medium distances; new cycling modes are becom-
ing more popular such as E-bikes and Bike-sharing services. This is because cycling is quiet, clean, 
takes up minimal area, provides regular physical activity, requires little infrastructure investment, 
cost-effective and quick means of transportation [1,2]. 

For example, in the USA, the number of cycling trips increased from 1.7 billion trips in 2004 
to 4 billion trips in 2009 [3]. On the other side, cycling accidents increased; more than 1.35 
million fatalities are reported worldwide every year, and as many as 50 million cyclists are being 
injured [4]. These accidents result from one or a combination of three main factors: infrastruc-
ture design and maintenance, vehicle condition, and users’ behavior [5,6]. A study in Portland 
(US) ([7]) reported that nearly one in five cyclists experienced an event leading to injury, regard-
less of gender, age, body mass index (BMI), or cycling skill level, injuries were mainly caused by 
“slipping” (35%) or “collision with a car” (19%). In France, in 2021, 227 cyclists were killed, with 
a +21% increase compared to 2019. 31% of the accidents that caused deaths resulted from self-
accidents [8]. 

The use of sensors and instrumentation in cycling is becoming increasingly popular and this 
technology is being used to improve performance and safety. The main goals of bicycle instru-
mentation include determining the trajectory classes for cyclists, collecting naturalistic cycling 
data, studying the bicycle’s dynamics, and studying cyclists’ behaviors. As technology continues 
to advance, it is likely that we will see even more sophisticated and innovative bicycle instrumen-
tation in the future. Bicycle instrumentation typically includes a variety of sensors that measure 
speed, distance, cadence (pedaling rate), power output, heart rate, GPS location, and elevation. 

One study found that the most common types of sensors used in cycling include speed, dis-
tance, and cadence sensors. These sensors can be used to provide real-time feedback to the rider, 
as well as to record data for later analysis. The authors also note that power meters, which meas-
ure the rider’s output in watts, have become increasingly popular in recent years, especially 
among competitive cyclists [9]. 
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In London, the researchers instrumented a bicycle with a gyroscope, accelerometer, absolute 
encoder, and Hall Effect sensors to determine the trajectory for cyclists [10]. In another study 
the researchers used an instrumented bicycle to validate multibody modeling and simulation, the 
bicycle was equipped with five sensors, all connected with an Arduino board: an inertial meas-
urement unit (IMU), an inclinometer, and incremental rotary encoders [11,12]. In [13] the re-
searchers used a bicycle equipped with GPS, video camera, accelerometer, compass, and gyro-
scope to discover and characterize conflict points between cyclists and other road users. In [14] 
an instrumented bicycle was used to study the relation between bicycle ride quality and conven-
tional pavement roughness. Another research focused on the turning behavior of cyclists by 
measuring steering torque and angle, and bicycle speed, acceleration, and angular velocity 
[15,16], whereas in [17] the hard breaking behavior was studied by analyzing speed and accel-
eration signals and detecting the abnormal signals after applying signal processing techniques. In 
another research, cycling safety was assessed from objective and perceived points of view, where 
the risk classification of the roadway components was compared [18]. 

In Gothenburg, Sweden, an instrumented bicycle was used to collect naturalistic cycling data, 
using two cameras (one facing forward and the other facing the cyclist’s face), a GPS, two inertial 
measurement units (IMU), two pressure brake sensors, a speed sensor, and a push-button, to 
allow the cyclist to report any risks [19]. The findings reveal that cycling near crossings increases 
the danger, particularly when there is sight blockage (e.g., buildings and hedges), whereas poor 
maintenance and road surface condition raised the risk by ten times [20,21]. [22,23] studied the 
effect of the appearance of cyclists on drivers’ overtaking proximities. It was found that overtaking 
distance decreases when vehicles pass a male cyclist, a cyclist wearing a helmet, or a cyclist cycling 
away from the road’s edge. Whereas in [24] the results show that the passing distance decreased 
when motorcycles overtake a cyclist compared to cars and small trucks. Furthermore, cyclists 
appeared unstable when a bus (longer passing time) passed them. Another study by [25] shows 
that vehicle drivers do not provide a comfortable passing distance to cyclists in the adjacent cy-
cling lane. 

In this paper, we present the instrumentation of a city bicycle in Stockholm, Sweden. The 
used sensors collect comprehensive dynamical and kinematical data of the bicycle with the six 
Degrees of Freedom (DoF) measurements, besides the inputs of the cyclists (i.e., pedaling power 
and steering angle), and estimation of road profile input using the inertial method, which is ap-
plied for the first time using a bicycle. The gathering of the inputs/outputs of the bicycle-rider 
system allows us to understand better the connection between them to evaluate the effect of road 
infrastructure on bicycle stability and cyclist behavior objectively. The paper is structured as fol-
lows. The second section is devoted to describing the bicycle instrumentation; the third section 
describes the experimentation conducted in Stockholm city in Sweden; and the post signal pro-
cessing and presents the output signals. We finalize with the conclusion and future work in the 
fourth section. 

2. Bicycle Instrumentation Setup 
We instrumented a bicycle with different sensors to detect the corresponding dynamical and 

kinematical data, as well as the road surface features. In addition, the cyclists wore eye-tracking 
glasses. The details about the used bicycle and sensors are shown below: 

Bicycle: The bicycle used in this experiment is a Skeppshult Nova manufactured in Sweden 
equipped with Schwalbe Active Winter (Active Line, K-Guard) tires: 28" front and rear single-
walled aluminum wheels with 36 spokes. The tires pressure was set to 4 bar (the recommended 
pressure is 2.0–5.0 bar). This bike supports a maximum weight of 100 kg (weight of the user + 
bike + luggage carried), the bicycle consists of a single-speed transmission system with a 5-speed 
shifter for ease of use. The total mass of the instrumented bicycle including the sensors and a 
laptop is 28 kg (the bicycle mass is 15.3 kg). The location of the instrumentation on the bicycle is 
detailed in the schematic in Figure 1 and described below. 

1. SG-LINK-200-OEM + Hall Effect Sensor from Alliantech was used to count the 
number of rotations per minute (RPM) for the front wheel to calculate its angular veloc-
ity, the sensor was fixed on the front fork and connected to a 9V battery, and a magnet 
was attached to one of the spokes, each time the magnet passes the sensor it counts one 
rotation. The sampling rate was set to 250 Hz (adjustable up to 1024 Hz), and the data 
was logged remotely using WSDA 200 USB. 

https://www.hos.pub/
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2. G-link-200 Triaxial accelerometer from AlianTeck is a wireless 3-axis accelerom-
eter with ±2 to ±40 g measurement range, low noise waveform on all axes with 25 µg/Hz 
or 80 µg/Hz, the sampling rate is up to 4096 Hz, which was set to 500 Hz in this exper-
iment. The sensor connects wirelessly to WSDA 200 USB to log the data. It was fixed 
on the front basket over the front wheel and used to measure the accelerations of the 
front part of the bicycle. 

3. GPS (Global Positioning System): Edge 130 plus from Garmin that includes: GPS, 
GLONASS, and GALILEO systems to detect the position in real-time; barometric al-
timeter; accelerometer, and internal memory to save data from other Garmin devices 
such as Vector 3, speed and cadence sensors. The device was fixed on the handlebar in 
order to control it easily. 

4. P25 wire-wound potentiometer from RS Pro: it is connected with specially designed 
cogs and attached to the handlebar to measure the steering angle, the potentiometer was 
adjusted to give 0° when the bicycle is pointing front, positive reading when turning right 
and negative when turning left. The potentiometer offers resistance up to 25 Ω with a 
temperature coefficient of ±50 ppm/°C, it includes a shaft of 6 mm diameter and pro-
vides 285° rotation (mechanical angle), with rotational life of up to 100,000 revolutions. 
The potentiometer is connected to Arduino microcontroller which allows logging the 
data using a serial portal connection on a laptop. The sampling rate is 100 Hz. 

 
Figure 1. Schematic of the instrumented bicycle, more details about the different sensors following the correspondent numbers 
below. 

5. IMU unit+ WLAN “Shell” 4.0 Data Logger from Avisaro, was used as a data logger 
with six DoF IMU units (three axes acceleration / three axes gyro), Built-in GPS Satellite 
Receiver and a slot for USB memory where the data are logged. The logger was fixed 
on the rear seat to measure the accelerations of the rear part of the bicycle and the rota-
tions of the bicycle. It was aligned to the three axes of the bicycle. The IMU sampling 
rate was set to 100 Hz, and the measurement range for the accelerometer and gyrometer 
were set to ±2 g and 250 DPS respectively. The GPS receiver is installed internally avoid-
ing the need for an external antenna, it has a position accuracy of 2.5 m in circular error 
probability (CEP) and a sampling rate of 1 Hz. 

https://www.hos.pub/
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6. OY1P303P0189 laser scanner from Wenglor was used for the continuous measuring 
of the distance between the top of the rear seat and the road surface. The laser was fixed 
at the same level as the data logger and around 10 cm from the center of the rear wheel. 
The effective working range of the laser beam is 50–3050 mm, the measuring rate is 1–
500 Hz, and the reproducibility is 1 mm maximum. The data are logged using the RS-
232 interface connected through a serial portal to a computer. The sampling rate is 30 
Hz. 

7. K2 power bank from PowerOak was used as a battery to provide power to the laser 
scanner and the data logger. It has capacity of 185 Wh/50000 mAh with six output ports, 
one 20 V/5 A, one 12 V/2.5 A, two 5 V/2.1 A, and two 5 V/1 A with max power of 80 
W. The dimensions of the battery are 20.6 × 13.5 × 3.3 cm and it weighs 1.26 kg. 

8. Speed sensor 2 from Garmin is a wireless sensor that gives longitudinal velocity and 
distance at all times with no magnets or other exposed parts. It was fixed on the hub of 
the rear wheel and self-calibrated with Edge 130 plus using Bluetooth. The wheel cir-
cumference was set to 2.15 m. 

9. Vector 3 power meter pedals from Garmin provides dual-sensing on both pedals, 
each pedal weighs 316 g, and it bears a maximum rider weight of 105 kg with a meas-
urement accuracy of +/− 1.0%. 

10. Cadence sensor 2 from Garmin was fastened to the left-side crank arm to measure 
pedal strokes per minute. It self-calibrates with Edge 130 plus using Bluetooth. 

11. WSDA 200 USB from AlianTeck is a data acquisition gateway that collects synchro-
nized data from scalable networks of wireless sensors such as G-link-200 and SG-link-
200. It has a timestamp of ±50 µs in LXRS+ and LXRS-enabled modes, wireless range 
up to 2 km (400 m typical). 

12. Tobii Pro Glasses 2 from Tobii Pro were used to record the gaze of the participants 
in the experiment environment. The glasses allow data to be captured at 50 or 100 Hz 
and are connected to a recording unit where the data is saved on an SD card. The glasses 
contain a gyroscope and an accelerometer, four eye cameras, a scene camera with a 
resolution of 1920 × 1080 pixels at 25 fps, and a visual angle of 82° horizontal and 52° 
vertical, a microphone to record the ambient sounds and protective lenses. 

The parameters of the fixed sensors were adjusted in order to get the desired measurements. 
The adjustment process included fixing the sensors in appropriate places on the bicycle, connect-
ing them to the computer, choosing the most suitable sampling frequency and channel to log the 
data, and conducting tests to check if the output signals are coherent. 

After the adjustment process finished, each cyclist was asked to ride the instrumented bicycle 
for around 3.5 km in Stockholm. Figure 2 shows the experiment’s itinerary. The experiment was 
performed in February and the road surface condition was a mix between snow sludge and ice. 
The experimental route was classified into three zones: zone 1 has a length of 750 m and consists 
of a mixed traffic street with a 30 km/h speed limit, where the participant cycles on the carriage-
way alongside cars and other vehicles; zone 2 consists mainly of an on-street separate cycling lane 
without a physical barrier of 1.7 m width and 630 m long and a shared bicycle-bus lane of 370 
m; zone 3 consists of a shared pedestrian-cyclists way that goes between trees and parking lots 
with a width of 5 m and length of 1 km. 22 cyclists were involved in the study, 14 male (M = 
37.9, SD = ±13.4 ) and 8 female (M = 32.4, SD = ±14.1). They had an average cycling experi-
ence of 30.9 years (SD: ±15.9) for males and 26 years (SD: ±15.8) for females. The participants 
followed the predetermined route using a GPS map displayed on a mobile mounted on the han-
dlebar. 

https://www.hos.pub/
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Figure 2. The location and the predetermined route of the experiment. 

3. Signal Processing 
After the experimentation, the signals from all sensors were collected and classified preparing 

for analysis. The total number of the output signals is 17, divided as follows: seven from the data 
logger (six from IMU and one from GPS), four from Aliantech sensors (G-link-200 and SG-link-
200), one from the laser scanner, one from the potentiometer, and four from Garmin system. 
The output signals of the sensors were treated through multiple phases, as follows: 

 Data synchronization: different acquisition systems were used as the sensors were not 
purchased from the same supplier, therefore, the synchronization of the output signals is 
essential to correlate between the measurements. The output signals started at different 
times, which generates a time lag that delicate the comparison between them. In order 
to remedy this and eliminate the lag effect, start point synchronization has been imple-
mented by shifting the signal to be consistent with the last one to start. All signals were 
processed on MATLAB. The MATLAB code was designed to predict which signal 
started last (as the timestamp was recorded on the real-time HH:MM:SS:sss) and delete 
the collected data before this time for all the other signals, and then after applying the 
synchronization code the signals were compared to check if they start at the same time. 

 Signal processing: to better exploit the measurements from the different sensors, a filter-
ing process is necessary to remove the noise and extract the useful signal which will be 
analyzed later. In order to apply filters, we should know the frequency to estimate the 
power spectral density (PSD) of the signal using Welch’s estimate method [26] to adjust 
the cut-off frequency. The PSD for most of the signals shows that their energy is concen-
trated on the frequencies between 0.3 and 30 Hz, hence, double filtering is necessary: a 
high pass filtering to remove the low frequencies caused by the low sensitivity of the sen-
sor, and a low pass filtering to remove the high frequencies correspond to the noise. Dif-
ferent low and high pass filters were tested on the signal with different cut-off frequencies, 
Butterworth filter has been chosen as it gives the best calibration of the signal and re-
moves the noise without negatively impacting the real signal. The cutoff frequencies were 
chosen depending on the frequency of the output signal (as different acquisition systems 
were used, the output signals had different frequencies), and the existence of the noise. 
For example, for the IMU output signals a low pass filter at a cutoff frequency of 20 Hz 
and a high pass filter at a cutoff frequency of 0.6 Hz were applied except for yaw rate 
output a low pass filter of 10 Hz was applied; for the SG-link-200 output signals a low 
pass filter at a cutoff frequency of 30 Hz and a high pass filter at a cutoff frequency 0.3 
Hz were applied; for the laser scanner output signal a high pass filter at a cutoff frequency 
0.6 Hz were applied; and for the potentiometer output signal, a low pass filter of 10 Hz 
was applied. 

Figure 3 shows the filtration applied on the lateral acceleration of the rear wheel, the signal 
was extracted for the IMU unit. We can notice the noise removal from the original signal and 
the shape improvement, this becomes clearer when zooming at 639–644 s. 

https://www.hos.pub/
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Figure 3. Comparison between “Unfiltered” and “Filtered” signals of the lateral acceleration measured using the IMU unit. 

A. Trajectory and Position 
The trajectory of one of the participants is shown in Figure 4. The participant followed ex-

actly the predetermined route, even though the lateral position is inaccurate because of loss or 
weakness of the GPS signal. Figure 5 shows the altitude above sea level for the experimental 
route. We can notice that in zone 1A and zone 2 the route is mostly downhill, while in zone 3 
and zone 1B, it is mostly uphill. 

Figure 6 shows the X and Y positions for one of the participants, which were extracted from 
the east and north coordinates of the GPS. The change of position is clear at the beginning of 
zone 3 (525 s) where the cyclist had to make a U-turn. The GPS signal from 20 s to 120 s seems 
to be weak which affected the accuracy of the position measurement. 

 
Figure 4. The experiment trajectory for a participant extracted from Edge 130 plus. 

https://www.hos.pub/
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Figure 5. Elevation extracted from the GPS device fixed on the rear wheel. 

 

 
Figure 6. X and Y positions extracted from the GPS device fixed on the rear wheel. 

B. Longitudinal Acceleration, Velocity, and Displacement 
Figures 7 and 8 show the longitudinal acceleration (with zoom between 859–860 s), velocity, 

and displacement for the front and rear wheels respectively. The acceleration was filtered using 
the filtfilt method, which performs zero-phase digital filtering by processing the input data both 
forward and backward [27]. After applying the filter, the velocity was calculated by integrating 
the acceleration, the same filtering method was repeated after the calculation of the velocity in 
order to remove high frequencies, and finally, the displacement was calculated by double inte-
grating the acceleration. We can notice the effect of filtering in noise removal and normalization 
of the signal. 

https://www.hos.pub/
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Figure 7. Longitudinal acceleration, velocity, and displacement were extracted from SG-Link-200 which was fixed on the front 
basket of the bicycle. 

We can notice that both front and rear accelerations have negative values, despite the fact 
that the accelerometers were moving along the positive axis direction all the time during the 
experiment. To overcome this, the negative part of the signal was deleted before integrating for 
the velocity and displacement. 

 
Figure 8. Longitudinal acceleration, velocity, and displacement were extracted from IMU which was fixed on the rear seat of the 
bicycle. 

Figure 9 compares the speed profiles calculated using different output signals. Despite that all 
profiles show the same behavior, we can notice that the speed extracted from the IMU unit and 
SG-link-200 are still very noisy even after the filtration; whereas the speed coming from G-link-
200 (which was calculated using Equation (1)) shows time delay and perturbations due to the 
fixation method of the sensor- it consisted of two separate parts, which could have moved during 
the experiment affecting the accuracy of the collected data. As a result, the speed extracted from 
the Garmin speed sensor was chosen to be the most accurate as it is well-filtered and has no 
perturbations. 

https://www.hos.pub/
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𝑣𝑣 = 𝑅𝑅𝑅𝑅𝑅𝑅
60

2𝜋𝜋𝑟𝑟𝑒𝑒 (1) 

where 𝑣𝑣 is the equivalent longitudinal velocity, 𝑅𝑅𝑅𝑅𝑅𝑅  is the number of rotations per minute col-
lected from the hall effect sensor, and 𝑟𝑟𝑒𝑒 is the effective radius of the front wheel of the bicycle. 

 
Figure 9. Comparison between velocities calculated using different sensors. 

We can notice that the participant reached the maximum speed in zone 2 where there is a 
separate cycling lane, whereas he decreased his speed when cycling alongside pedestrians in zone 
3. 

C. Lateral Acceleration, Velocity, and Displacement 
Figures 10 and 11 show the lateral acceleration (with zoom between 859–860 s), velocity, and 

displacement for the front and rear wheels respectively. The acceleration was filtered using the 
filtfilt method. After applying the filter, the velocity was calculated by integrating the accelera-
tion, the same filtering method was repeated after the calculation of the velocity in order to re-
move high frequencies, and finally, the displacement was calculated by double integrating the 
acceleration. We can notice the effect of low pass filtering in noise removal and high pass filtering 
in the normalization of the signal. We can notice the increase in lateral acceleration and displace-
ment in the first half of zone 3 despite the decrease in velocity in this zone, this could be explained 
by the maneuvers the cyclists had to make to pass pedestrians and the effect of the unevenness of 
the compacted soil surface on his stability. 

 
Figure 10. Lateral acceleration, velocity, and displacement were extracted from G-link-200 which was fixed on the front 
basket of the bicycle. 
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Figure 11. Lateral acceleration, velocity, and displacement were extracted from IMU which was fixed on the rear seat of the bicycle. 

D. Vertical Acceleration, Velocity, and Displacement 
Figures 12 and 13 show the vertical acceleration (with zoom between 859–860 s), velocity, 

and displacement for the front and rear wheels respectively. The acceleration was filtered using 
the filtfilt method. After applying the filter, the velocity was calculated by integrating the accel-
eration, the same filtering method was repeated after the calculation of the velocity in order to 
remove high frequencies, and finally, the displacement was calculated by double integrating the 
acceleration. We can notice the effect of low pass filtering in noise removal and high pass filtering 
in the normalization of the signal (where the gravitational acceleration was removed). For the 
rear wheel, the signal shows inaccuracy due to the limitation of the vertical accelerometer toler-
ance that was set to ±2 G. 

 
Figure 12. Vertical acceleration, velocity, and displacement were extracted from G-link-200 which was fixed on the front basket 
of the bicycle. 

We can notice an increase in vertical acceleration in the first half of zone 3, where the surface 
is compacted soil, which affect the vertical stability of the bicycle. 

https://www.hos.pub/
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Figure 13. Vertical acceleration, velocity, and displacement extracted from IMU which was fixed on the rear seat of the bicycle. 

Figure 14 shows the output of the laser scanner which is used to calculate the road profile 
using the inertial method [28,29] by applying Equation (2). In order to be able to calculate the 
road profile, the number of points collected by the accelerometer was reduced to match the num-
ber of points collected by the laser scanner (by keeping one point every three points iteratively). 
The deletion of these points reduced the accuracy of the calculated road profile. We can notice 
the perturbations of the laser scanner signal which leads to the increase of the amplitude of the 
road profile between 240 and 440 s, which mismatches the behavior of the vertical acceleration. 
This could be explained by the difference in the lateral position between the accelerometer and 
the laser scanner, which leads to measuring the vertical distance on two different spots. This 
impact becomes significant since the measurement took place on snowy surface condition, for 
example, if the wheel roll over a snow puddle, the vertical distance calculated using the accel-
erometer is to the top of the puddle while the laser scanner measures the distance to the bottom 
of it. We can notice at 670 s the perturbation in the laser scanner signal and it affects the calcu-
lation of road profile and, as a consequence, its effect on vertical displacement and vertical sta-
bility of the bicycle. 

𝜇𝜇 = �𝑧𝑧 ̈− 𝑠𝑠 (2) 

where 𝜇𝜇 is the road profile, 𝑧𝑧 ̈is the vertical acceleration output from G-link-200, and 𝑠𝑠 is the 
distance between the laser scanner and the road surface. 

https://www.hos.pub/
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Figure 14. Calculated road profile. 

E. Rotational Outputs 
Figure 15 shows the steering angle extracted from the potentiometer attached to the handle-

bar, the signal was normalized and a low pass filter was used to remove the noise. The high value 
of the steering angle at the end (around 84°) represents the bicycle when it is stationary. It is 
noticed that the maximum value of steering while the bicycle is moving occurred when turning 
left on the intersection between zone 1A and zone 2—it is even higher than the U-turn between 
zone 2 and 3; looking at the map, we can notice that the degree of curvature is sharp (less than 
90°) which explains the increase of the steering angle and the reduction in velocity. 

 
Figure 15. The steering angle was calculated using the data of the potentiometer, positive value indicates turning right, and negative turning left. 
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Figure 16 shows the pitch rate and angle which were calculated by integrating pitch rate over 
time. We can notice the increase of pitch rate and value when strongly accelerating or decelerat-
ing, this becomes clear at 395, 900, and 1130 s. It is also noticed that the pitch value increased 
reflecting the unevenness of the road profile, for example, around 700 s. 

 
Figure 16. Pitch rate and angle extracted from IMU which was fixed on the rear seat of the bicycle. 

Figure 17 shows the roll rate and angle calculated by integrating the roll rate over time. We 
can notice an increase in role rate and value in the first half of zone 3, without any significant 
change in steering angle for the same zone. This could be explained by the unevenness of the 
compacted soil surface and the maneuvers done by the cyclists to pass pedestrians, which could 
be an indication of compromised lateral stability. 

 
Figure 17. Roll rate and angle extracted from IMU which was fixed on the rear seat of the bicycle. 
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Figure 18 shows the yaw rate and angle, which were calculated by integrating the yaw rate 
over time. We can notice the increase in yaw rate and value when strongly accelerating or decel-
erating, this becomes clear at 395, 900, and 1130 s. 

 
Figure 18. Yaw rate and angle extracted from IMU which was fixed on the rear seat of the bicycle. 

F. Pedaling Power and Cadence 
Figure 19 shows the pedaling power and cadence of one of the cyclists. It is noticed the max-

imum power was consumed in zone 1B according to the increased slope. Compared to the speed 
profile there was a speed decrease in this area. We can also notice that the cyclist tends to increase 
the power to maintain a steady cadence, for example when he consumed the maximum power 
in zone 1B. The increase of power without reflecting on cadence and speed indicates the wheel 
is slipping over the road surface. 

 
Figure 19. Pedaling power and cadence. 
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The pedaling cadence is not always proportional to the speed, for example, around 400 s the 
cadence peaks whereas the speed peaks after 20 s. 

4. Conclusion 
In this paper, we presented our work on bicycle instrumentation and the subsequent experi-

mentation and processing of the output signals. The instrumented bicycle was equipped with 
sensors measuring the bicycle’s kinematical and dynamical properties while taking into account 
all six degrees of freedom (longitudinal, lateral, vertical, Yaw, Pitch, and Roll). The following 
sensors were included: a tri-axial accelerometer, an Inertial Measurement Unit (IMU), a GPS, a 
potentiometer, a laser scanner, a pedaling power meter, and speed and cadence sensors. The 
inputs (such as steering angle and pedaling cadence) and outputs (such as the six DoFs, speed, 
and position) of the system were measured and logged. The collected data were then processed 
on MATLAB, first by synchronizing all signals as different acquisition systems were used and 
then by testing different filtration techniques and choosing the most suitable one to remove the 
noise and normalize signals. 

A sample of all input and output signals was then presented to one of the participants. The 
comparison between signals before and after processing shows the impact of filtration in noise 
removal without negatively impacting the utilizable signals. The same process was then applied 
to the output signals for the 22 cyclists who participated in the experiment. The reliability of 
processed signals allows us to study the connection between the inputs and outputs of the system 
and their impact on cycling behavior and safety. 

In future work, the detailed analysis of all signals for all participants, the experimentation 
results, the answers to the subsequent questionnaire, and the eye-tracker videos will be investi-
gated in order to study the behavior of the cyclists and the effect of road surface characteristics 
and geometries on safer user behavior. The measured parameters will be compared to the out-
puts of the PICS-L bicycle simulator [30–32] where the same experiment scenario was repro-
duced in order to validate the underlying mathematical model. 
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