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experts whose scientific and practical activities are aimed at making cycling safer. It has offered the 
opportunity for exchange and discussion, for getting to meet old friends and new collaborators. 
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Bicyclist crashes with cars and SUVs: Injury severity and risk factors 

S.S. Monfort*, B.C. Mueller# 
*Insurance Institute for Highway Safety 
988 Dairy Road, Ruckersville, VA, USA 

email: smonfort@iihs.org 

#Insurance Institute for Highway Safety 
988 Dairy Road, Ruckersville, VA, USA 

email: bmueller@iihs.org 
Keywords: bicyclist injury severity, SUVs, leading edge, crash kinematics. 

1 INTRODUCTION 

The popularity of bicycles in the United States has increased dramatically over the past decade [1] alongside 
a similar increase in injuries and fatal crash numbers—particularly among adult riders [2, 3]. The increasing 
popularity of cycling together with growing the risk of injury or death for those cyclists presents a pressing 
need to understand how and why these riders are being injured in crashes with motor vehicles. Although 
past work is clear that larger, taller vehicles pose an outsized risk to bicyclists, we seek to understand why 
certain vehicle characteristics are associated with more severe bicyclist injury outcomes. 

A large body of research has investigated factors that contribute to bicyclist fatalities from crashes with motor 
vehicles, including preimpact speeds [4], alcohol intoxication [5], bicyclist age [6], time of day [7], and lack of 
a bicyclist helmet [5]. Relevant to the current study, larger vehicles—trucks, vans, buses, and so on—have 
consistently been shown to be more hazardous to bicyclists than smaller passenger vehicles [4, 8]. 

The overrepresentation of certain vehicles in bicyclist fatalities is likely due to the way that their front-end 
height interacts with the person they strike. Our earlier research on pedestrian crashes found that that SUVs 
were more hazardous than shorter, smaller cars at least partially because of their higher leading edges [9]. 
In addition to more critical body regions being higher on the body, being struck above one’s center of gravity 
tends to throw a person forward, possibly resulting in being run over [10]. Being run over is generally more 
injurious than rolling onto the hood or being thrown backward over the moving vehicle [9]. 

Although vehicles designed to meet EuroNCAP pedestrian crash protection requirements have also improved 
bicyclist crash outcomes [11], research suggests that the differences between pedestrians and bicyclists are 
large enough to warrant separate consideration [12]. For example, bicyclists seem uniquely at risk for forward 
projection [10] and ground-contact head injury [13]. The current study was designed to elaborate on the risk 
posed by taller vehicles by exploring real-world bicyclist crash injuries and kinematics. 

2 METHOD 

Bicyclist crash data were collected by the Vulnerable Road User Injury Prevention Alliance (VIPA) as a part of 
the International Center for Automotive Medicine (ICAM) Pedestrian Consortium. These data contained 
detailed records of Michigan pedestrian and bicyclist crashes where police were called to the scene.  

2.1 Data 

The current study focused on the 71 completed injury crashes occurring between 2015 and 2021 involving 
one adult-sized (i.e., aged 16 or older) bicyclist being struck by the front end of a passenger car or SUV. 

Injury severity data for each crash were recorded using the Abbreviated Injury Scale (AIS). For each bicyclist, 
the three highest AIS scores were squared and summed to represent the aggregate level of injury, capped at 
75 (i.e., the Injury Severity Score [ISS]). The ISS data were used to provide a single score that could 
characterize overall injury severity and how it might differ between cars and SUVs. 
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We also analyzed AIS scores separately by body region: for the head (including injuries to the head, face, and 
neck); for the torso (including injuries to the thorax, abdomen, and spine); for the lower extremities (including 
injuries to the hip, leg, and feet); and for the upper extremities (including injuries to the arms and hands). 

A subset of crashes (n=18) contained additional detailed information related to injury attribution and crash 
kinematics. These crashes were used to make more granular injury comparisons between cars and SUVs. 

2.2 Analysis 

Poisson regression models were used to model overall and body region injury severity outcomes. Covariates 
included preimpact speed, time of day, curvature of the road, and bicyclist age and gender. 

3 RESULTS 

Controlling for factors unrelated to vehicle design differences, SUVs inflicted injuries that were 55% more 
severe (95% CI [33%, 81%]) compared with cars, p<.001. When considering body regions separately, only 
head injury severity emerged as significantly different by vehicle type. The typical head injury inflicted by 
SUVs (AIS = 1.43) was substantially more severe than that inflicted by cars (AIS = 0.88), p=.042. The 
distribution of head injury severity for cars and SUVs can be seen in Figure 1. 

 
Figure 1. Prevalence and severity of head injuries for cars and SUVs. 

 
To determine whether any regions on the striking vehicles were responsible for a disproportionate amount 
of injury, we summed the squares of the three most severe AIS scores for each region on the striking vehicle 
within each crash. We then summed the vehicle regions across crashes. This procedure approximates that 
used to calculate ISS and conveys at a glance which striking region is responsible for inflicting the largest 
proportion of net injury severity. 

Table 1: Net injury severity by source and vehicle type 

 Header/ 
roof 

Hood/ 
cowl 

A pillar/ 
mirror Ground Windshield Front end Fender Wheel/ 

undercarriage 

Car 29% 
(75) 

21% 
(54) 

17% 
(43) 

15% 
(39) 

12% 
(31) 

5% 
(13) 

0% 
(0) 

0% 
(0) 

SUV 0% 
(0) 

0% 
(0) 

19% 
(65) 

25% 
(84) 

1% 
(3) 

4% 
(15) 

14% 
(46) 

37% 
(125) 

A Chi-square goodness-of-fit test suggests that the distribution of ISS across vehicle regions differed by 
striking vehicle type, χ2(7) = 117, p < .001. Compared with cars, SUVs tended to produce injuries concentrated 
on a smaller subset of components: mostly the wheel, vehicle undercarriage, and ground. This concentration 
is consistent with the prevalence of run-over crashes among SUV crashes (10% compared to none for cars). 
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Injurious impacts with the ground seem to be a key differentiator between crashes involving cars and those 
involving SUVs. Even in cases where bicyclists were not run over, ground-contact injuries were more than 
twice as common among SUVs compared with cars (40% vs. 19%). Further, among SUV-inflicted head injuries 
from the subsample coded for injury attribution, 82% resulted from contact with the ground, wheel, or 
undercarriage. All of the car-inflicted head injuries resulted from contact with the header, roof, or windshield.  

4 CONCLUSIONS 

We found that bicyclists were injured more severely when struck by SUVs than when struck by cars and that 
the differences in severity were driven by SUVs’ tendency to inflict injury with their wheels, undercarriage, 
and the ground. We also found that SUVs were disproportionately likely to inflict severe head injuries, and 
that these injuries were likewise overwhelmingly caused by the ground, or by components near the ground. 
Even in cases where bicyclists were not subsequently run over, strikes from an SUV were dramatically more 
likely to cause injurious contact with the ground compared with those from cars.  
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1 INTRODUCTION 
Cycling has become increasingly important on German roads over the past 20 years. However, the number of 
crashes involving cyclists, which may go along with severe injuries or fatalities, is increasing. Between 2010 and 
2018 the number of killed cyclists increased from 381 to 445 (+16.8%) [1]. The interaction of right-turning mo-
torists with passing cyclists is one of the most critical ones, particularly if the cyclist is relatively behind the 
motorist (i.e., in its blind spot). Advanced driver assistance systems (ADAS) are being developed in order to 
assist in potential critical situations before they evolve to crashes. Infrastructure-based, cooperative solutions 
could inform or warn road users before a potential collision via V2X or a roadside entity, such as a dedicated 
traffic light. The Bike Flash system is an example of such a solution [2]. Its drawback is that it warns if a cyclist 
is present without considering the possible outcome of the situation (e.g., dangerous or not), which can lead 
to acceptance problems. Thus, in [3] an algorithm was developed and successfully tested, capable of sending 
out warnings if a potential crash was predicted. For this purpose, a construction traffic light, called “amber light” 
(AL), was used to inform the right-turning motorists about potential collisions. This method is based on a deci-
sion tree (DT) considering the distances of the interacting cyclists and motorists to their collision/conflict point 
(CP), their speeds and the predicted post encroachment time (pPET), which continuously quantifies to what 
extent two interacting partners will miss each other. Interestingly, the acceleration functions of the road users 
are not part of the DT, although they are—except the change of direction—the only control parameters to 
realise evasive actions. Further, it is not clear, at what distance to the CP crash warnings are reliable and thus, 
where such an AL should be installed. We will address these open aspects by analysing the acceleration func-
tions of cyclists and motorists in unaffected, uncritical and critical encounter situations in the time and fre-
quency domains. We will emphasize the importance of acceleration functions distinguishing between critical 
and uncritical encounters in certain distances before the CP. Furthermore, we will show that critical encounters 
of cyclists and uncritical encounters of motorists show completely different characteristics, and we will try to 
measure surprise (or anticipation) by applying the entropy metric on the acceleration functions and conduct 
inference statistical tests. In terms of reliability and location of such a warning system before the CP we will 
compute pPET while considering kinematic patterns of the road users. These are examples of some of the es-
sentially important aspects to establish well-accepted cooperative warning systems in the future. 

2 THEORY 
First, we reduced the whole data set (section 3) by computing and remaining interaction situations with 
PET<2.5s. The videos of the selected interactions were annotated by experts. For these situations we applied 
the DT according to [3] and computed the distance-dependent confusion rates sensitivity, specificity, over- and 
underestimation (Figure 1, top). Second, we computed kinematic patterns of unaffected, uncritical and critical 
encounters of cyclists and motorists including pPET in dependence on the distance to the CP (Figure 1, bottom 
left). Third, auto- (ACF) and cross-correlation functions (CCF) of the accelerations (eq. 1) and their auto- and 
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cross-power density spectra (eq. 2) were computed and evaluated (x(n): cyclist’s and y(n): motorist’s discrete 
acceleration functions, : shift,  = 2f: angular frequency, j: imaginary unit): 

CCF 𝜑𝜑𝑥𝑥𝑥𝑥(𝜏𝜏) = 𝐸𝐸{𝑥𝑥(𝑛𝑛) ∙ 𝑦𝑦(𝑛𝑛 − 𝜏𝜏)} (1) 

Cross-power spectrum 𝑅𝑅𝑋𝑋𝑋𝑋(𝜔𝜔) = ∑ 𝜑𝜑𝑥𝑥𝑥𝑥(𝜏𝜏) ∙ exp(−j𝜑𝜑𝜏𝜏)
∀𝜏𝜏

 (2) 

Since the height of the maximum of the ACF reflects the signal energy and thus, allows to estimate the similarity 
to white noise, we applied this idea on the CCF, too. Based on the results, we computed the entropies on the 
acceleration functions. The entropy H is a measure of information content, which can be computed with sym-
bols ai, different binnings, their probabilities pi and the dual logarithm log2: 

𝐻𝐻(𝑎𝑎) = − ∑ 𝑝𝑝𝑖𝑖log2 𝑝𝑝𝑖𝑖
𝑎𝑎𝑖𝑖∈|𝑎𝑎|

 (3) 

Fourth, we applied inference statistical tests (i.e., Kruskal-Wallis-H, Mann-Whitney-U tests at confidence level 
=0.05) to test for significance of the kinematic patterns, pPET, entropies and cross-power density spectra. 

3 DATA AND EXPERIMENTS 

The trajectory and video data of interacting cyclists and motorists as well as unaffected situations were rec-
orded at 25 fps at the AIM research intersection in Braunschweig, Germany, in the years 2016 and 2018, which 
were annotated by experts. The trajectory data consist mainly of a GNSS-based time stamps, UTM positions, 
velocities and accelerations (derived by adequate dynamic motion models and Kalman filtering). 1.169 cyclist 
and 12.305 motorist trajectories were recorded, while 49 conflict and 273 uncritical encounter pairs resulted 
by filtering with PET<2.5s and expert annotation. 96 unaffected bicycle and 836 unaffected motorist trajectories 
were obtained. Due to poor data (e.g., broken trajectories, missing time stamps) not all of the data could be 
used. For computing pPET we extended those trajectories by 10 data points assuming the road users went on 
at same speed and direction as before. Then, 40 critical, 237 uncritical and 96 unaffected pairs remained. In 
case of computing the correlation functions, their spectra and entropies, the acceleration functions were cut 
at some distance before their CP, the parts from the cut to the CP remained. These limiting values were the 
result of the potential collision predictability in accordance with the outcomes of pPET, entropies and cross-
power density spectra. For statistical evaluation we balanced the remaining data set yielding a 1:2 fraction of 
40 critical, 80 uncritical and unaffected pairs, which were chosen randomly.  

4 CONCLUSIONS & FUTURE PROSPECTS 

Computing speeds and accelerations of road users interacting in critical and uncritical encounters as well and 
unaffected situations showed significant differences (see also [4]). Computing pPET (Figure 1, bottom left) 
showed significant differences between critical and uncritical encounters leading to an almost constant differ-
ence of approximately 1.3s (conflicts: pPET≈0.9s; encounters: pPET≈2.1s) beginning 12m before to the CP, 
which manifested the predictability of such situations. The confusion rates showed that sensitivity and speci-
ficity values appeared to exceed 50% after 16m (cyclists) and 13m (motorists) before the CP, respectively. The 
maxima of the cross-power density spectra and the entropies of the acceleration functions of critical, uncritical 
and unaffected situations (Figure 1, bottom right) turned out to be significant at 11m before the CP, but non-
significant at larger distances. The following findings were robust against different binnings of the “acceleration 
alphabet”, although the maximum entropies changed: The entropies of cyclists’ critical situations were signifi-
cantly larger than for all other remaining situations. However, the entropies of motorists’ uncritical encounters 
were significantly larger than the remaining ones, which could reflect anticipation in terms of realising evasive 
actions. While approximately 70% of the cyclists were relatively behind motorists, cyclists disarmed conflicts 
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by speed adaption while motorists behaved very similarly to unaffected situations. In case of uncritical encoun-
ters, motorists reduced their speeds reflecting to be aware of cyclists; anticipation/disarming the conflict was 
realised by the motorists. Thus, H can be a suitable measure to quantifying surprise and anticipation in road 
user interaction. As shown in [3] the DT worked well to predict conflicts, but was trained on 10 situations as-
sessed by experts only. Further, situations with PET2.5s were not included, which might lead to biased data, 
particularly for uncritical encounters. A detailed investigation of crossing situations with larger PET values is 
necessary. Next, we will try to gain more insight in the importance of acceleration, particularly in terms of 
measuring anticipation or surprise in road user interaction. We think that considering solely accelerations might 
be only one side of the coin leading us to compute a joint entropy with speeds, pPET and distances to the CP. 

  

  

Figure 1. Confusion rates of cyclists (top left) and motorists (top right); pPET values for critical and uncritical encounters 
over distance to CP dcp (bottom left, outliers and antennas are not shown for reasons of clarity); entropies for critical, 
uncritical and unaffected acceleration functions of cyclists and motorists (bottom right). 
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1 INTRODUCTION 

Globally, active mobility (AM) has been rising as a popular mode of transport over the last few years, 
especially during the COVID-19 pandemic, when such "domestic travel" made up for the restrictions to 
international travel. In Singapore, a highly dense city-state, cycling activity has been observed to pick up with 
on-road cyclists are one particular group that has been observed to increase in number.  

With more cyclists on roads, potential conflicts with other road users can arise. The European Commission 
[1] reported that cyclist accidents are the only type of accidents where there has been no decline in fatalities 
since 2010 in European countries.  This could be a result of the increase in cycling activities, increasing the 
exposure on the roads. Over the past 2 years, there have been several online posts and comments on cycling, 
including errant cyclist behaviour, offences and accidents involving cyclists on Singapore roads [2].  With the 
cycling population getting bigger, it is thus prudent to examine the accidents in details, to put in place 
measures, so that accidents can be prevented or mitigated. 

 

2 LOCAL CYCLING LANDSCAPE AND SAFETY PERFORMANCE 

2.1 Cyclist activity and volume on Singapore roads 

Examining Strava data [3] in Singapore, cycling trips had increased in 2020 and 2021, which coincides with 
heightened restrictions during the COVID-19 pandemic. Once international travel resumed from 1Q2022, 
cycling trips started to decrease (see Figure 1).   

Counts were extracted from available CCTV video footages in 2021 to give an overview of the volume of road 
cyclists along these popular routes. Peak-of-the-peak volumes typically occurred on weekend mornings 
between 6am-8am, with the highest peak recorded at 755 cyclists per hour along one of the popular on-road 
cycling routes. 

 
Figure 1: Cycling trips extracted from Strava, 2023 

ICSC2023_ID014



– 8 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

2 

2.2 Overview of AM device accident statistics in Singapore 

Accidents involving bicycles have accounted for the majority of AM-related on-road accidents (see Figure 2). 
Since 2017, on-road accidents involving bicycles and power-assisted bicycles (PABs) had been on a downward 
trend until 2019. Then, the trend reversed, and accidents started to increase again in 2020 and 2021, aligning 
with the trend of increased cycling trips. This also coincided with the ban on motorized personal mobility 
device (PMDs) on footpaths starting in 2019, which could have resulted in some users switching to 
PABs/bicycles as motorized PMDs are also not allowed on roads. In 2022, the total number of on-road AM 
accidents had decreased compared to 2021. This coincides with the opening of international borders, as well 
as recent regulatory, education and enforcement initiatives (e.g. new regulations on cycling group size, safety 
handbook) undertaken to improve road safety.  

 
Figure 2: On-road accidents involving different AM devices 

A total of 727 road accidents involving bicycles (inclusive of PABs) had occurred in 2022, equivalent to an 
average of 2 cases a day. As for PMDs, there were still some accidents involving PMDs on roads after 2019, 
though the numbers had dropped significantly as compared to the years before the footpath ban on PMDs 
was announced in 2019, and before the decrease in usage of PMDs.  

Accidents involving bicycles and PABs between 2017 and 2021 had occurred most frequently at two-way 
divided roads (32%), intersections (31%), followed by slip roads (19%), one-way roads (11%), then two-way 
undivided roads (5%).  Figure 3 shows the heatmap of where accidents involving bicycles and PABs had 
occurred between 2017 and 2021. The locations where accidents had most frequently occurred were along 
major arterial roads. There was a slightly higher occurrence of AM accidents involving bicycles and PABs on 
Fridays and Saturdays, from 7AM to 9AM.  This coincides with the peak on-road cyclist volumes. 

 

Figure 3: On-road bicycle and PAB accident heatmap (2017-2021) 

3 METHODOLOGY 

A total of 6 years of road traffic accident database (between 2017 to 2022) from Traffic Police was used to 
study the case-by-case investigation.  Only fatal accident records were used in this study as it is the most 
complete with a comprehensive reported summary of the accidents. 

Overall, fatal on-road accidents involving AM devices made up a minority of all fatal accidents involving other 
road users. Cyclists and their pillions had accounted for around 10% of total road fatalities (or less than 20 
fatalities each year) and PMD fatalities had accounted for less than 5% of all road fatalities. Between 2017 
and 2022, there were a total of 76 fatal on-road accidents involving AM device users. For each fatal crash, 
accident attributes such as vehicle type involved, location type, day/night, collision type movement type 
were extracted.  
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3.1 Descriptive analysis 

Frequencies and proportions were conducted on all accident attributes, to identify the characteristics of AM 
device fatal accidents. Almost three-quarters (71%) of the accidents had involved bicycles, and 16% had 
involved PABs. PMDs and PMAs accidents constituted less than 7% each of fatal on-road accidents, and they 
had all occurred at road crossings. About 60% of the accidents involved AM device users collided with a larger 
vehicle (i.e. bus, trailer, lorry) than car. 

More than a third (38%) of the fatal on-road accidents involving AM devices occurred at signalised pedestrian 
crossings at junctions, followed by along arterial roads (21%), then at unsignalised junctions (12%) and zebra 
crossings (12%).  Half of the accidents at signalised pedestrian crossings at junctions involved vehicles hitting 
AM device users either from the left or right, while 24% had occurred between left-turning vehicles and AM 
device users. Most of the drivers had claimed that the traffic lights were in their favour during the accident. 

3.2 Determining the potential of infrastructure intervention 

For each fatal accident, the pre-crash movement was studied and possible engineering intervention (if any), 
that was believed to have prevented the accident from happening was proposed. This cause and intervention 
matching allowed one to determine the percentage of the fatal accidents that was preventable. Table 1 
shows that close to 83% of the fatal accidents were avoidable if the interventions were to be implemented.  
It was assessed that engineering and enforcement intervention could have prevented 47% and 33% of the 
fatal cases respectively. For 13 cases, longer term softer measures e.g. education, could have been 
introduced.  They include cases where cyclists and vehicles being too close to one another (either rear-end 
or side-swipe), cyclists hitting stationary parked vehicles, etc. 

Table 1: List of interventions that can prevent the fatal accidents 

Cause Type 
Intervention Type No. % 

Right angle collision between vehicle approach zebra crossing and AM 
device user Traffic calming before slip road zebra crossing 9 12.0 
Right angle collision between exiting vehicle from development access 
with AM device user Traffic calming at development access 8 10.7 
Left-turning traffic hit AM device user at signalised pedestrian crossing Early ped headstart 5 6.7 
Side swipe collision between vehicle and AM device user during starting 
off at signalised junction Bike box for cyclist 2 2.7 
Tripped over pot hole on the road Fix pot hole 1 1.3 
AM device user hit by vehicle while crossing the road illegally More designated crossing/buildout kerb 4 5.3 
Right-turning vehicle hit AM device user on the signalised pedestrian 
crossing Controlled right turn 4 45.3 
AM device user lost control on a slope Traffic calming measure 2 2.7 
Traffic calming at the mouth of the unsignalised junction Traffic calming at the mouth of the unsignalised junction 2 2.7 
Non-engineering infrastructure treatment Enforcement 25 33.3 
 Erroneous human behaviour 13 17.3 
 Total 76 100.0 
    

4 CONCLUSIONS 

This research provided a good appreciation of the on-road AM accident situation in Singapore. It also 
demonstrated the possible reduction in future fatal accidents, if suitable interventions are introduced.  More 
work has to be done to identify islandwide/mass application of the interventions, where necessary. 
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1 INTRODUCTION 

With the increasing uptake of active mobility (AM) in Singapore, the probability of pedestrians and AM device 
users coming into conflict with each other on the paths increases. Taking on board extensive public feedback, 
the Land Transport Master Plan (LTMP) 2040 was launched in May 2019, with a key goal of encouraging 
walking, cycling, and riding public transport the way of life for Singaporeans [1]. Aligning with the LTMP 
targets to provide healthier lives and safer journeys, it is pertinent for Singapore’s Land Transport Authority 
(LTA) to undertake a systematic approach to the investigation, treatment, and monitoring of accident 
blackspots on the paths. This paper elaborates on the multi-pronged approach taken by the Authority and 
the possible future enhancements to path safety in Singapore.  
   
2 METHOD 

LTA had adopted a multi-pronged approach that systematically manages the safety of AM device users. The 
approach follows the safe system approach which focuses on infrastructural design and improvements, 
public engagement, and enforcement. The key initiatives include the planning and implementation of 
dedicated cycling paths for AM device uses, regulation of AM device usage and the introduction of the 
blackspot programme. The paper focuses on the implementation of the blackspot programme.  

 

2.1 Introduction of a Paths Blackspot Programme 

Blackspots are defined as locations with clustering of accidents that occurred in close proximity. LTA has 
embarked on the identification and conflict mitigation of such hazardous locations through the introduction 
of a paths blackspot programme. The paths blackspot programme draws reference from our well established 
on-road blackspot programme which was introduced in 2005 [2]. The five main steps of this data-driven 
initiative are the establishment of a good accident database, identification of blackspots, diagnosing the 
identified locations, implementation and monitoring of the mitigating treatments.  
 
2.1.1 Identification and Diagnostic of Blackspots 

Firstly, LTA had established a geographic information system based (GIS) accident database which tracks and 
monitors accident trends spatially and temporally (Figure 1). To set up the database, LTA geotagged and 
coded accident reports according to the respective accident contributing attributes. An example of an 
accident contributing attribute could be the presence of a blind spot. Potential blackspots are identified by 
overlaying a fixed mesh grid over the island wide AM accidents between a selected time-period and 
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identifying clusters via GIS. LTA would proceed to shortlist and analyze few of the largest clusters in an effort 
to treat the following blackspots in descending order. 
 

 
Figure 1: Tracking of AM accidents via GIS (2020-2022) 

 
To illustrate, Figure 2 depicts an example of a potential blackspot with 6 accidents along the road when using 
a 400m x 400m mesh grid during the blackspot identification process. A 400m-by-400m grid was selected as 
it is the average block length (distance between two major arterial roads) in Singapore’s local residential 
areas. Further adjustments can also be made to the grids to include surrounding accidents or account for 
local site constraints within a 400m by 400m mesh width. Taking into account path characteristics, we further 
cluster the data points along routes of movement for analysis.  
 

 
Figure 2: Clustering indicating potential blackspot 

 
During the identification of the blackspot programme, a statistical analysis of its accident contributing factors 
is also conducted. The analysis will also look potential factors such as the date and time of AM accident, type 
of AM devices involved and locality of the accident. Accident causation factors analysed and possible 
mitigating treatments that can reduce the chance of similar accidents from occurring were proposed.  
 
2.1.2 Implementation and Monitoring of Safety Measures at Blackspots 
From the blackspot analysis, LTA will implement the appropriate safety engineering measures to tackle each 
unique blackspot which was locality depended. For example, at locations with a reported trend of AM 
accidents with collision type-side swipe, LTA could explore safety measures such as the widening of footpaths 
or implementation of dedicated cycling paths for AM device users to travel on segregated paths (Figure 3). 
LTA could also explore the creation of a by-pass path behind the bus stop to mitigate conflicting movements 
between AM device users and commuters aligning and boarding the buses (Figure 4). If there are potential 
line of sight issues, LTA can explore the trimming of vegetation or relocation of hard structures. After the 
implementation of safety measures, LTA will continuously monitor the blackspot locations in the subsequent 
years to see if there is an improvement or drop in the number of AM accidents at the said location and assess 
if further safety treatment would be required.  
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3 CONCLUSION 

The blackspot programme should be complemented with other proactive measures that identify potential 
conflicts and/or accidents prone locations via cycle safety audits or the evaluation of ad hoc feedback. With 
AM growing as a popular form of commute, LTA has embarked on this multi-pronged approach to 
systematically manage the safety of AM device users from various angles. This paper has examined the 
various initiatives taken by LTA with a focus on the blackspot programme. As LTA continuously supports the 
adoption of AM commute, more studies would need be conducted along with adequate safety 
enhancements work towards the provision of a safe and more gracious environment that favours AM as a 
mode of transportation. We would also like to highlight that as we had only recently launched the blackspot 
programme, we are currently monitoring the effectiveness of the proposed safety measures mentioned 
above in the local context.  
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Figure 3: Dedicated cycling path 
with red segment for AM device 

users  
 

Figure 4: Provision of by-pass behind 
the bus stop 
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1 INTRODUCTION 

Collisions involving cyclists and e-cyclists often occur because they are overlooked by car drivers. Personal 
visibility aids are a promising means to reduce such accidents. A Danish study concluded that overall, yellow 
bicycle jackets significantly reduce (self-reported) collisions of cyclists with other road users [1]. Various other 
studies show that fluorescent and reflective materials improve detection and recognition performance in 
daylight respectively in the darkness [2–4]. It can therefore be assumed that high-visibility (hi-vis) vests also 
provide a safety benefit. According to a recent observational study, 5% of cyclists and e-cyclists in Switzerland 
wear a hi-vis vest at dusk or in the dark. The respective percentage in daylight is 3%. There are differences 
between the types of vehicles: e-cyclists – especially riders of speed-pedelecs – wear hi-vis vests significantly 
more often than riders of conventional bicycles. 

In order to be able to promote the usage of hi-vis vests among (e-)cyclists, it is important to know the reasons 
for not wearing them. The aim of this study was to identify the relevant barriers that prevent (e-)cyclists from 
buying/wearing a hi-vis vest. 

2 METHOD 

An online survey was conducted among 2721 adult bicycle and e-bike riders in the German and French 
speaking part of Switzerland. The participants were drawn from the panel of a survey institute. People who 
never wear a hi-vis vest (Non-Doers) and people who do at least occasionally wear a hi-vis vest (Doers) were 
surveyed. The rate of Doers was increased through targeted recruitment. According to the self-reports, 799 
of the participants were categorized as Doers and 1922 as Non-Doers. The questionnaire was developed by 
incorporating findings from the literature on safety product use, variables from various psychological models, 
and insights from preliminary qualitative interviews. Descriptive analyses were conducted to identify barriers 
to hi-vis vest use. In addition, comparisons were made between Doers and Non-Doers with respect to several 
variables of interest. The Doer/Non-Doer analysis was performed using bivariate procedures (cross-
tabulations, chi-square test) as well as multiple logistic regression. The multiple logistic regression was used 
to identify the most relevant variables for the prediction of hi-vis vest wearing or non-wearing. The 
dependent variable was the wearing behavior (Doer vs. Non-Doer, independent of daylight). In a first step, 
all factors potentially linked to the outcome were tested in binary models. Except for age, all other variables 
were treated as categorial variables. Stepwise, the variables with the highest p-values in the model were then 
eliminated, until only variables with a p-value of <0.05 (for at least one value) were left in the model. 

3 RESULTS 

Analyses of the overall sample of respondents showed that (e-)cyclists are probably not sufficiently aware of 
the problem of being overlooked in daylight. Almost half of the participants believe that being overlooked by 
motorists in daylight is a (rather) rare cause of collisions between cars and (e-)cyclists. The usefulness of hi-
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vis vests is seen primarily in twilight/darkness, less so in daylight. In relation to darkness, 62% think that hi-
vis vests are very helpful to avoid collisions between cars and (e-)cyclists. In relation to daylight, this share is 
31%. 
 
Generally, hi-vis vests are seen as something rather cumbersome (time consuming to put on, cumbersome 
to take along / store). (Suspected) handling problems emerged as one of the top three barriers to wearing a 
hi-vis vest. The most important reason for not wearing them is the fact that people have never thought about 
it before. The second most important reason is that they do not consider hi-vis vests important for 
themselves personally, e.g. because they already consider themselves sufficiently visible, because they ride 
carefully or only in places or at times where they find the hi-vis vest unnecessary (e.g. no riding in the dark). 
 
The multiple logistic regression resulted in a model with 17 variables. The variables are listed in Table 1. For 
reasons of space, the variable values are not reported.  
 

Table 1:  Relevant variables identified in logistic regression analysis on the wearing of a hi-vis vest, independent of 
daylight 

Variables  

Assessment of effectiveness of hi-vis vests to prevent collisions between cars and bicycles in darkness 

Assessment of effectiveness of hi-vis vests to prevent collisions between cars and bicycles in daylight 

Agreement with statement: When you ride a bicycle/e-bike with a hi-vis vest, you feel safer. 

Agreement with statement: With a hi-vis vest one receives more respect from drivers (e.g. more 
distance, right of way). 

Agreement with statement: With a hi-vis vest you do not need a helmet. 

Agreement with statement: Hi-vis vests are uncomfortable. 

Agreement with statement: With hi-vis vests one does sweat more when cycling. 

Agreement with statement: Hi-vis vests are cumbersome/impractical (e.g. to take along, deposit). 

Agreement with statement: Hi-vis vests are something for construction workers/police officers, but not 
for cyclists. 

Bicycle type (only classical bicycle, only e-bike, both) 

Frequency cycling in rural areas 

Frequency cycling in dense urban traffic 

Frequency driving a car (as a driver) 

Frequency experiencing critical situations while cycling 

Number of collisions experienced while cycling 

Age 

Region (German or French speaking part of Switzerland) 
 
 
In the majority of cases, the expected associations emerged. For example, people who believe that hi-vis 
vests are an effective means of avoiding collisions between cyclists and motorists in darkness as well as in 
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daylight are more likely to wear them. Doers are also more likely to believe that if one wears a hi-vis vest, 
one gets more respect from motorists (e.g. more distance, right of way). As expected, the type of bicycle 
ridden and personal experience also play a role: e-cyclists are statistically significantly more likely to wear a 
hi-vis vest. Those who often experience critical situations or have already experienced several collisions are 
also more likely to wear them. With increasing age, the odds of wearing a hi-vis vest increase too. Participants 
from the French speaking part of Switzerland are almost twice as likely to wear a hi-vis vest than participants 
from the German speaking part of Switzerland. Other variables did not reach a p-value of 0.5 and therefore 
were not included in the final model, such as gender, or the assessment of one's own collision risk 
(vulnerability). Contrary to binary analysis, knowledge about the problem of being overlooked in daylight did 
not reach the level of significance in the multiple logistic regression.  
 
4 CONCLUSIONS 

Various barriers and influencing factors for (not) wearing a hi-vis vest could be identified. Important factors 
are, for example, the knowledge about the effectiveness of hi-vis vests in daylight, the perception that these 
vests are something cumbersome and simply the fact that one has never thought about the topic. From this, 
different awareness-raising measures and promotional opportunities to increase the usage of hi-vis vests 
could be derived. For example, an attempt could be made to increase the knowledge of the effectiveness of 
these vests during daylight hours. Ideally, opportunities could also be found to make the wearing and carrying 
along / depositing of hi-vis vests less cumbersome. The fact that the most important reason for not wearing 
hi-vis vests is that people have never thought about it suggests that any awareness-raising or promotional 
activity could be a winner. 
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1 INTRODUCTION 

Over the past few years, e-scooters have emerged as a popular alternative to motorized vehicles for short 
journeys ranging from 0.5 to 2 miles [1]. The emergence of shared-scooter providers is the main factor behind 
this phenomenon. These companies, which debuted on the streets of Santa Monica and San Francisco in 
2017 [2], operate in various cities and allow users to ride and pay by the minute. Compared to private modes 
of transport, one of the significant challenges for public transport is the first-last mile dilemma that the e-
scooter-sharing services aim to address. However, the study by Badia and Jenelius [3] indicates that e-
scooters are primarily used for leisure activities, with over half the rides accounting for social and recreational 
activities. This pattern of use indicates that e-scooters are not used just as a mode of transport. 

The growing number of e-scooter users has resulted in new kinds of traffic conflicts with bicyclists and 
pedestrians [4] and other road users, including heavy vehicles. As the number of riders increases, so does the 
importance of ensuring the safety of e-scooter riders and other road users.  The e-scooter phenomenon 
accompanies a rise in the number of e-scooter rider injuries and hospitalizations [5], with about 38 fatalities 
documented worldwide until 2019 [6]. Study by Stigson and Klingegård [7] indicates that most e-scooter 
crashes and injuries in Sweden are single events involving sliding or hitting curbs. 

However, the crash causation mechanisms and the rider behavior that precipitated the crash still need to be 
explored due to the scarcity of this information in crash databases. To prevent crashes or reduce their 
severity, it is essential to comprehend the events that precede a crash and particularly the e-scooterist’s 
interaction with other road users. Naturalistic data (ND) are a widely acknowledged source for analyzing and 
modeling the behavior of road users to enhance traffic safety. The gravity of the present situation warrants 
and necessitates naturalistic data collection using e-scooters. A naturalistic data collection setup has been 
devised specifically for logging data using the e-scooters in collaboration with Voi. This paper reports the 
current status of analyzing the mechanisms leading to safety critical events using the Voi naturalistic data. 

2 METHODOLOGY 

2.1 Data Collection 

Besides the customary Internet-of-things (IoT) hub that the Voi’s e-scooters come equipped with, a Data 
Acquisition System (DAS) was developed to gather 22 variables from a range of sensors on the e-scooter. The 
log consists of the timestamp, 3-axis acceleration, 3-axis angular speed, speed of the wheel, the position of 
the throttle and the brakes, and the battery state logged at 10 Hz. Complementary to these sensors, the DAS 
is equipped with a video logger developed as a part of a master thesis [8]. The forward-facing video camera 
provides visual information about the riding environment. No personal or demographic data were collected, 
and the camera only captured the road, with no identifiable features of the riders recorded, preserving the 
anonymity of the data. An encrypted container with restricted access stores the data collected. The 
established procedures ensure the security and privacy of the data according to Swedish regulations. Sixteen 
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e-scooters are instrumented and are operational in the streets of Gothenburg, Sweden. The dataset compiled 
so far comprises a total of 3216 rides taken by 2339 riders between July to December 2022. 

 
Figure 1 A fleet of Voi e-scooters equipped with data acquisition system and a frame of the video recorded. 

2.2 Data Reduction and Analysis 

The pre-processing of the data collected is carried out to synchronize the video and sensor data. The pre-
processing also comprised meta-data generation to facilitate video coding. A well-established and 
comprehensive video annotation protocol based on the bikeSAFE study [9] was adapted to include the 
updated definitions and new variables specific to e-scooter rides. Based on the video annotation protocols, 
data reductionists reviewed the video data and coded each of the events. To identify the Safety Critical Events 
(SCE), the outliers in the longitudinal and lateral accelerations were considered. This study aims to examine 
how different factors (such as phone usage, intent of the ride, etc.) influence the occurrence of an SCE. 
Thereby, for each of the SCE, three baseline events were selected, which act as references for evaluating the 
impact of each of the variables. The baseline events were identified to match the SCE in terms of geographical 
location, time of the day, speed of the scooter, and weather conditions. These criteria are added to ensure 
that the baseline events accurately represent the SCE. The video annotation was carried out for the SCE and 
the baseline events. We use the odds ratio to quantify the risk associated with each variable. 

3 RESULTS 

Overall, 37 safety critical events have been identified in the dataset. Cars were involved in 15 events, 
pedestrians in 10, both cars and pedestrians in one. Seven events involved e-scooters or bicycles, and four 
were single e-scooter crashes. The preliminary odds ratio for the different factors is presented in Table 2.  

Table 1:  Risk of various factors of the ride. Bold indicates statistical significance 

Factor Odds ratio 95% CI 

Intent of the ride: Leisure vs. Commute 6.55 [1.147, 37.352] 

Object on handlebar 2.65 [1.004, 6.862] 

Phone 3.29 [0.990, 10.934] 

Day of the week: Weekend vs. Weekday 1.43 [0.625, 3.313] 

Pack riding 2.03 [0.857, 4.794] 

Hands: Single handed vs. both hands-on handlebar 6.17 [0.543, 70.141] 

The preliminary analysis conducted on the dataset indicates that when the e-scooters are used for leisure 
riding, the riders are 6.55 times more likely to be involved in an SCE than when used for transport. The riders 
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having an object (except for a mobile phone) hanging on the handlebar or holding it with their hands are 2.65 
times more likely to experience a critical event. Notably, all leisure rides with SCEs have an object on the 
handlebar. Two types of phone usage when riding an e-scooter are observed, with handheld usage 
contributing to two crashes. In contrast, the phone mounted on the holder present on the e-scooter 
contributed to four critical events. The combination of these two usage patterns indicates that phone usage 
may increase the likeliness of the occurrence of safety critical events by 3.29 times. However, given the 
limited data, statistical significance could not be achieved here. 

4 DISCUSSION 

Our study confirms that e-scooters do not only serve as a mode of transport but are also used for leisure 
activities. Further, our study suggests that, when used for leisure, e-scooters are more dangerous than when 
used for transport, possibly because of the unsafe behavior of their users. By continuing our analysis of SCE, 
we will investigate such behaviors more in detail to suggest how to educate users and create policies that 
will favor the safe use of the e-scooters. 
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1 INTRODUCTION 

Micro-mobility is an emerging term used to describe short-distance transportation using small, compact, 
lightweight, and usually single-person mobility devices for commuting [1]. Recently motor assisted micro-
mobility devices such as E-bikes and e-scooters are becoming increasingly popular as these devices enable 
riders to cover significantly longer distances with minimum effort. Easy availability due to rental service, light 
weight, compactness, and environmental friendliness are some of the driving factors for micro-mobility 
devices [2]. Furthermore, micro-mobility has been considered a prominent and affordable solution for 
sustainable transportation to bridge the gap between first and last-mile transportation. In fact, many 
governments and concerned authorities are promoting micro-mobility as a step closer to sustainable green 
mobility to reduce congestion and pollution and provide seamless connectivity in transportation.  

The new class of mobility devices includes electrically assisted vehicles having small wheels( 8-16 inches) and 
a much shorter wheelbase (800-900 mm). These are the most recent additions to modern transportation, 
and little is known about their safety performances. The lack of proper design guidelines, experimental data, 
increasing number of accidents involving other road vehicles or pedestrians, and injuries to riders and 
pedestrians are some challenges micro-mobility faces. Moreover, it is interesting to note that the maximum 
accidents involving these micro-mobility devices are single-vehicle accidents. Moreover, loss of control, falls 
from the vehicle, and encountering road obstacles and pedestrians contribute to the major cause of accidents 
and injuries [3]. Similar outcomes have been reported for E-bikes [4]. One of the important questions is how 
safe these devices are in terms of their design. Therefore, it is essential to experimentally evaluate the 
rideability and safety of these small wheel and compact micro-mobility devices. Thus, we conducted 
experiments to evaluate braking, acceleration, and obstacle-overcoming performance considering the fact 
that most accidents are single-vehicle in nature. The test devices differ in terms of braking type, riding 
postures, operating motor power, and battery capacity and most importantly these devices are much shorter 
than conventional bicycles and E-bikes.  

2 METHOD 

Figure 1 shows test devices and an illustration of the instrumentations and the experimental and analysis 
procedure. A 3-axis accelerometer from EnDAQ has been used to collect the data. The sensor is attached to 
the main frame for the braking and accelerations test and to the handlebars for the obstacle roll-over 
tendency test. The acceleration data were collected at a sampling rate of 3200 Hz. Furthermore, a 
Butterworth filter was applied to remove the noise from the data. Braking and acceleration were conducted 
at 3 speed assist modes roughly close to 15, 20, and 25 km/h. However, the obstacle roll-over test was carried 
out at 10 km/h. The experiments were repeated 3 times for each speed.  

The acceleration test was carried out to find the setting off acceleration of different test devices at different 
speed assist modes. The aim is to achieve the speed corresponding to the assist mode as quickly as possible 
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either by (i) pressing the throttle (e-scooters) or (ii) activating the hub motor with pedals(e-bikes) or (iii) 
pedelling as fast as possible (mechanical bike). 

 

Similarly, the braking experiment is carried out to evaluate the performance of different braking system 
types, including foot brakes, electronic brakes, and disc brakes. After cruising at a predefined speed for some 
time, the rider applied hard braking to lock either the rear wheel or both wheels. Finally, an obstacle roll-
over experiment is carried out to evaluate the handlebar acceleration or the jolt experiences by the rider, 
which could potentially cause loss of control while going over obstacles. Multiple plywood were staged 
together to achieve different obstacle heights ranging from 24 mm to 72 mm.  

3 RESULTS AND DISCUSSION 

Figure 2 (a) and (b) shows both wheel and rear wheel braking performance of these small wheel devices and 
compare them with the ISO recommended minimum braking performance. E-bikes generate a braking 
deceleration greater than ISO recommended minimum value. However, an e-scooter with electronic braking 
has much lower braking deceleration compared to ISO recommendations and other E-bikes with disc brakes. 
Moreover, the experiment also revealed that the rear wheel of the small wheel E-bikes has a large tendency 
to skid while applying the rear wheel brake for speeds close to 20 km/h or more. The results show a safety 

(a)    (b)                                                                 
 
 
 
 
 
 
(c)                                                                                                                (   (d) 

(a) (b) 

Figure 2: Experimental results (a) both wheel braking (b) rear wheel braking (c) setting off 
acceleration and, (d) handlebar jolt when front wheel encounters obstacles.  

Figure 1: (a) Test devices and (b) instrumentation and data analysis methods 
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hazard when these small wheels are braked hard at a speed of more than 20 km/h. The result could also 
highlight the effect of using 160 mm disc rotors which are designed for big wheel bikes on small wheel sizes.  

It becomes evident from Figure 2 (c) that the starting acceleration depends on the motor ratings. E-scooters 
with higher motor rating shows almost twice the acceleration of 250W-rated e-bikes. Although the 
acceleration of a mechanical bike depends on the rider, the starting acceleration is generally lower than the 
electrically assisted devices [5]. Any cargo load at the rear rack of such compact devices significantly alters 
the weight distribution, and a powerful motor that accelerates rapidly on such compact devices could easily 
make the front wheel lose contact. Moreover, rapid acceleration is also known to reduce the self-stable 
speed range, and the vehicle could even become unstable[6, 7]. Therefore, a high starting acceleration could 
be a potential safety risk to the riders.  

Similarly, Figure 2 (d) shows the vertical acceleration, or the jolt experienced by the rider when encountering 
obstacles/bumps of different heights. The smallest wheel e-scooter yielded a significantly high handlebar jolt 
and could not roll over the bump when the height was more than 48 mm. Similarly, the 12-inch wheel devices 
showed a sudden increase in vertical acceleration/jolt when the bump height was more than 48 mm. The 
results recommend a minimum wheel size of 14 inches, considering the unevenness of the terrain and the 
road defects that the rider regularly faces on the road. Moreover, suspension at the front could help dampen 
the handlebar jolt for small wheel devices.  

4 CONCLUSIONS 

In the experimental investigation, we analyzed the rideability and safety performance of a new class of small-
wheel micro-mobility devices that are extremely compact and lightweight compared to traditional bicycles 
and E-bikes. The results showed that the e-brakes on the e-scooters may not provide effective braking. On 
the other hand, these small wheel devices have a large tendency to skid when braked at 20km/h and more. 
In addition, the motor power needs to be regulated for decent acceleration and safety. Finally, a wheel size 
of 14 inches or more is recommended for better rideability and safety.  
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1 INTRODUCTION 

As cycling grows in popularity among European countries, it is increasingly important to understand cyclists’ 
behavior in urban areas. This knowledge will help to develop accurate behavioral models to be used in active 
safety systems and automated vehicles (AVs). In fact, even as overall traffic fatalities are decreasing, the 
share of cyclists’ fatalities is steady or increasing. Over 70% of cyclists’ crashes with motorized vehicles 
happen at intersections, and in most cases the intersections are unsignalized and the two road users share 
the path [1]. By law, in Sweden motorized vehicles must give priority to cyclists and allow them to cross first 
at unsignalized intersections; however, in 42% of car-cyclist interactions the vehicles did not yield [1]. 

Few studies have quantitatively investigated the interactions between cyclists and motorized vehicles at 
unsignalized intersections. Of these, Silvano et al. developed a logistic model to predict the cyclists’ yielding 
decision at an unsignalized roundabout [2]. In another study, Velasco et al. showed videos of oncoming 
vehicles to participants (as cyclists) wearing virtual reality headsets and asked the participants whether they 
would yield to the vehicle or not [3]. The authors found that two factors, the distance between the car and 
the bicycle and who has the right of way, most affected their decision to yield. So far, the interaction between 
cyclists and motorized vehicles has only been investigated for passenger cars, not trucks or taxis (which are 
driven by professional drivers). Previous literature has found that truck drivers demonstrate riskier behavior 
compared to passenger cars’ drivers in urban areas, especially in interactions with cyclists [4]. 

In our previous study, we investigated some factors affecting cyclists’ yielding decision during interactions 
with passenger cars. In this work, we compared how passenger cars, taxis, and heavy vehicles interact with 
cyclists.  

 

2 METHODOLOGY 

The data for this study were obtained at an unsignalized intersection in Gothenburg, Sweden (GPS 
coordinates: 57°42'31.1"N, 11°56'22.9"E). Stereovision and an AI-based sensor from Viscando [5] mounted 
at the corner of the intersection recorded video of the trajectories of all road users for 14 days in June 2019. 
Interaction events between bicycles and motorized vehicles were extracted from six days of data (from 6:00 
to 18:00). An interaction event is defined as two road users sharing the road, who may try to communicate 
and determine each other’s intent as they each attempt to follow a comfortable, safe path [6]. This definition 
was used to confirm the interaction events in the trajectory dataset using the videos. Figure 1.a shows an 
example of the vehicle and bicycle trajectories. We extracted the interaction information for all events 
comprising one bicycle and one motorized vehicle (with no other road users present). The bicycles’ kinematic 
information was acquired from the trajectory dataset and enriched by adding visual information about the 
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cyclist after watching the video. The visual information included pedaling, hand gesture, and head turn. From 
the trajectory dataset, we extracted possible interaction events with a DTA (difference in time to arrival at 
the intersection) of less than seven seconds, and then confirmed them by watching the corresponding videos. 
The DTA shows which road user arrives sooner at the intersection and by how much. Vehicles were 
categorized as passenger cars, taxis, or heavy vehicles. For each interaction event, the post-encroachment 
time (PET) and projected PET were calculated as surrogate measures of the safety of the interactions. Thus, 
the information for each interaction event consists of bicycle and vehicle kinematics, visual information, and 
safety indicators. The variables in the model were calculated before the decision point, the point at which 
cyclists decided whether to cross the intersection first (8m before the intersection points of trajectories). 

Figure 1- Studied intersection: a) layout of the intersection, b) intersection view from the mounted VISCANDO sensor. 
The yellow box represents the conflict zone 

 

3 RESULTS 

In total, 153 interaction events between bicycles and motorized vehicles were selected: 113 with passenger 
cars, 16 with heavy vehicles, and 24 with taxis. In 60% of cases, cyclists crossed the intersection first; 36% of 
cyclists were women. Descriptive statistics of the numeric variables are shown in Table 1.  

 

Table 1- Descriptive statistics of numeric variables 

Numeric 
variables 

Bike initial 
speed (m/s)  

Vehicle initial 
speed (m/s) 

DTA (s) PET 
(s) 

Projected 
PET (s) 

Mean 3.98 3.38 1.83 2.6 4.06 
STD 1.06 1.25 2.22 1.04 2.47 
Min 0.42 0.26 -2.92 0.89 0.68 
Max 7.58 8.52 8.83 6.8 12.5 

 

Interaction events were compared based on vehicle type; the results are depicted in Figure 2. The mean 
PET value is 2.6 s, 3.47 s, and 2.57 s for passenger cars, heavy vehicles, and taxis, respectively.   

    
(a) 

   
 

(b) 
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Figure 2- Summary statistics of yielding cases (a), and initial speed (when the two interacting road users see each 
other) for each vehicle type (b) 

  

4 DISCUSSION 

Based on the preliminary analysis of the interaction events, cyclists yielded more often to heavy vehicles and 
taxis than to passenger cars. This can be attributed to the riskier behavior of professional drivers. Taxi drivers 
had higher approaching speeds and lower PET values than the other groups. Full results will be presented at 
the conference and included in our paper. Our models will include: 1) the cyclist’s yielding decision based on 
the significant variables and 2) a comparison of different modeling approaches for predicting the cyclist’s 
decision to yield.  
 

REFERENCES 

[1] I. Isaksson-Hellman and J. Werneke, “Detailed description of bicycle and passenger car collisions based 
on insurance claims,” Saf. Sci., vol. 92, pp. 330–337, 2017, doi: 10.1016/j.ssci.2016.02.008. 

[2] A. P. Silvano, H. N. Koutsopoulos, and X. Ma, “Analysis of vehicle-bicycle interactions at unsignalized 
crossings: A probabilistic approach and application,” Accid. Anal. Prev., vol. 97, pp. 38–48, 2016, doi: 
10.1016/j.aap.2016.08.016. 

[3] J. P. N. Velasco, A. de Vries, H. Farah, B. van Arem, and M. P. Hagenzieker, “Cyclists’ crossing intentions 
when interacting with automated vehicles: A virtual reality study,” Inf., vol. 12, no. 1, pp. 1–15, 2021, 
doi: 10.3390/info12010007. 

[4] C. Llorca, A. Angel-Domenech, F. Agustin-Gomez, and A. Garcia, “Motor vehicles overtaking cyclists 
on two-lane rural roads: Analysis on speed and lateral clearance,” Saf. Sci., vol. 92, pp. 302–310, 2015, 
doi: 10.1016/j.ssci.2015.11.005. 

[5] “VISCANDO,” [Online]. Available: https://viscando.com/. 

[6] P. Thalya, J. Kovaceva, A. Knauss, N. Lubbe, and M. Dozza, “Modeling driver behavior in interactions 
with other road users,” Proc. 8th Transp. Res. Arena TRA 2020, April 27-30, 2020, Helsinki, Finl., pp. 
1–16, 2020. 

 

ICSC2023_ID019



– 25 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

1 

In-depth analysis of scenarios and injuries in crashes between cyclists and 
commercial vehicles in Germany 

R. Schindler*, H. Jeppsson# 
* Autoliv Research,  

Wallentinsvägen 22, 447 83 Vårgårda, Sweden 
email: ron.schindler@autoliv.com 

# Autoliv Research,  
Wallentinsvägen 22, 447 83 Vårgårda, Sweden 

email: hanna.jeppsson@autoliv.com 

 
Keywords: bicycle, bus, heavy goods vehicle, GIDAS. 

1 INTRODUCTION 

There are many benefits of choosing cycling as a mode of transport. It is good for the environment and the 
health gains when being physically active are many. Cycling for everyone is promoted through the global 
agenda by the UN’s Sustainable Development Goals and is mentioned in several different targets, for example 
goal 1, 3 and 11 [1]. However, travelling as a cyclist on the roads is not without danger. Every year, 1.35 
million people die related to road traffic, and cyclist fatalities and injuries are frequent [2]. Around 41,000 
road traffic fatalities are cyclists [2]. In Europe, there were 2,035 cyclist fatalities in 2019, accounting for 9% 
of all road fatalities [3]. Cyclists are the only mode of transport where no decline in fatalities can be seen over 
the last 10 years [3].  
Amongst potential crash opponents, commercial vehicles seem to pose a significant threat to cyclists. Buses 
have been involved in 1.8% of crashes in Germany in 2021, with 0.8% of these being fatal [5]. While buses 
are one of the safest means of road transport today, at least for the occupants inside the bus that are well 
protected, it can do a lot of harm to the people outside of the bus, especially pedestrians and cyclists. An 
Australian study [4] shows that the most common bus-bicycle crashes occur at intersections. Of the non-
intersection crashes, crashes involving lateral movement are most common and have also the highest 
probability of fatalities. Another Australian study [6] interviewed bike riders and bus drivers, with the result 
showing that only 10% of the bike riders felt comfortable when interacting with buses, and only 8% of the 
bus drivers felt comfortable interacting with bicycles.  
Similarly, heavy goods vehicles (HGVs) are perceived as dangerous as well. While the latest numbers from 
Germany [5] show that on a national level, around 1% of all crashes are fatal, this percentage increases to 
3.4% when an HGV is involved. Furthermore, although HGVs are involved in 2.2% of crashes in Germany, 
their share in fatal crashes increases to almost 8%. This overrepresentation in fatal crashes has been also 
identified in previous studies [7-10]. In particular, conflicts at intersections were identified as the most 
common conflict scenario when cyclists are involved, similarly to what has been identified for buses, 
especially where the HGV turns right and the cyclist wants to continue going straight [8, 10-12]. 
 
2 AIM 

As conflicts between cyclists and commercial vehicles pose a serious threat especially to the cyclists, it is 
important to understand current safety issues related to these vehicles, to facilitate identifying and 
developing safety interventions that could address them. The aim of this study is to describe the 
characteristics of and injuries resulting from crashes between cyclists and commercial vehicles (in particular 
buses and HGVs) recorded in the German In-Depth Accident Study (GIDAS). 
 

ICSC2023_ID020



– 26 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

2 

3 METHOD AND DATA SOURCE 

The data used in this study is based on the latest version of the German In-Depth Accident Study (GIDAS) 
from January 2023. The database was queried for all fully reconstructed cases that involved either a heavy 
goods vehicle (HGV) with a gross weight above 3.5 t or a bus. Afterwards, these crashes were filtered for 
those that involved a cyclist. The resulting dataset was the basis for the following analysis and descriptive 
statistics provided in the next section.  
 
4 RESULTS 
In total, 98 crashes where both a bus and a cyclist were involved, were found. In these crashes, 101 cyclists 
sustained 309 injuries. For cases where both a HGV and a cyclist were involved, 295 crashes were found with 
303 cyclists sustaining 1,397 injuries. For simplicity, only buses and HGVs will be referenced throughout the 
rest of the paper, but these are still all crashes that involve a cyclist as well. 
The crashes with cyclists typically occur within city limits (98% bus, 96% HGV) during daylight conditions (87% 
bus, 89% HGV) on dry surfaces (90% bus, 86% HGV) and with clear weather (96% bus, 93% HGV). The most 
common HGV types are articulated HGVs, HGVs with a special body and box trucks, each with a share of 
around 21%. The most common bus types are city buses (43%), followed by articulated buses (39%).  
The cyclists involved in these crashes are mainly male (62% bus, 57% HGV). While people under 18 account 
for 28% of crashes with buses, their share is only 16% in crashes with HGVs. On the other hand, these 
percentages are flipped for people above the age of 60 (26% of cases with HGVs, 17% of cases with buses). 
The most common crash scenarios for buses are crossing scenarios, followed by turning off a road crashes. 
For HGVs, these are also the most common crash scenarios, although their order is inversed. Notably, crashes 
where the bus and cyclist are moving along in the same carriageway have quite a high share, which is not the 
case for HGVs. When looking at the drivers' actions during the collision sequence, it was coded that there 
was no action of the driver most of the time. The second most common action for both vehicles is braking, 
while this is closely followed by accelerating for HGVs. 
These different crash patterns and driver actions also result in different speed distributions for both vehicle 
types. While around 30% of HGV related crashes have an initial speed of 0 km/h (i.e., start from stand still, 
for example after stopping at a red traffic light), these account only for around 15% of cases for buses. This 
also results in generally higher initial speeds for buses compared to HGVs. These higher initial speeds for 
buses then also result in higher collision speeds, compared to HGVs. While the 80% mark for buses is around 
35 km/h, it is only slightly above 20 km/h for HGVs.  
For buses, in 45% of crashes the cyclist impacted the right vehicle side and in 34% the vehicle front. For HGVs, 
both categories account for 40% of cases. Along the x-axis of the bus, 80% of impacts are within the first 7 m 
of the bus, while for HGVs they are within the first 4.5 m. 
In bus related crashes, the MAIS3+ injured cyclists account for around 7% of cases, while this share is 15% for 
HGV related crashes. These AIS3+ injuries are predominantly to the head and lower extremities in bus related 
crashes, and head and thorax for HGV related crashes. In bus related crashes, these injuries are mostly caused 
by the road surface and front of the bus (in particular the windscreen and wheels), while run-overs play an 
important role in HGV related crashes. 
 
5 DISCUSSION 
The results show that most of the crashes happen in urban settings, which was to be expected as cyclists are 
most commonly travelling in urban areas. As a result, most of the buses are city buses, as these most 
commonly share the same environment. However, it was quite surprising to see such a high number of 
articulated HGVs as crash opponents, as these are typically heavy long-haul vehicles that should probably not 
be present in more urban settings. As these vehicles have particularly large blind spots, it can create 
dangerous conflict situations especially at intersections.  
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Even though collision speeds in HGV-related crashes are on average only half those of bus-related crashes, 
the share of severe injuries is two times higher for HGVs. This suggests that injury mechanisms in HGV-related 
crashes are less speed related, but stem from other sources. Namely, run-over crashes have been identified 
as a major contributing factor, especially for thorax and lower extremity injuries. In bus-related cases, the 
road surface has been identified as the main injury causing part for the cyclists, especially for head, lower- 
and upper extremity injuries. This suggests that the initial impact with the bus is potentially not as severe as 
the secondary impact to the road surface – which, in addition to the higher collision speeds, then leads to 
severe injuries.  
One notable result was also that the third most common action by the HGV drivers during the conflict was 
accelerating. While this seems counterintuitive at first, it is in line with the crash scenarios identified. Right 
turn maneuvers are the most common conflict type, and with the low initial speeds it seems to suggest that 
these conflicts are likely to happen after the HGV has stopped, with cyclists potentially entering the blind 
spot without the drivers noticing. The HGV drivers then accelerate and perform the turn maneuver, 
sometimes not even noticing the collision with the cyclist. Nonetheless, even at these low speeds, these 
crashes result in serious injuries for the cyclists. 
 
6 CONCLUSIONS 

Large vehicles such as buses and HGVs cause severe injuries to cyclists. In bus crashes, collision speeds are 
typically below 35 km/h and injuries to lower extremities and head dominate, where the injuries are caused 
by the road surface and front of the bus. In HGV crashes, collision speeds are typically below 20 km/h and 
injuries to the head and thorax are most common, mainly caused by being run-over. These results provide 
more detailed and actionable insights for manufacturers and agencies that can help to address safety 
concerns – to make cycling safer. 
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1 INTRODUCTION 

The collision of a truck and a cyclist is one of the most dangerous situations in road traffic. In Europe, up to 
25% of all fatal cycling accidents are due to collisions between a truck driver and a cyclist. The risk of being 
killed as a cyclist in an accident with a truck is thirteen times higher compared to accidents with other road 
users [1]. In particular the blind spot of the truck in turning scenarios is of high risk [1], but truck drivers are 
also required to be extremely attentive in other situations. Assistance systems, e.g. turning assistants, can 
help to improve road safety. However, their effectiveness and acceptance have not yet been studied in detail. 

Different methods are used in the project to investigate the research topic. Traffic accidents from the national 
statistics of Austria were analysed. Accidents from the database CEDATU (Central Database for In-depth 
Accident Study) were fully reconstructed and reaction behavior of HGV (heavy goods vehicle) drivers and 
cyclists analysed. The behaviour, perception, and attitudes of truck drivers and cyclists were investigated in 
qualitative and quantitative surveys. 

2 ACCIDENT ANALYSIS 

The Austrian accident types are divided into ten main groups, comprising approximately 100 different 
accident types. The accident types in Figure 1 results in more than two thirds of the accidents between HGV 
and cyclists. Approximately 80% of bicycle accidents take place in the urban area. Accidents involving electric 
bicycles, however, are more frequent in the rural area. 

The most frequent accident type between a truck and bicyclist takes place when the truck is turning, 
specifically to right, and the bicyclist is in the blind spot (Type 312). Another critical situation occurs when a 
truck overtakes with insufficient side distance and changing the lane too early (Type 112). Further high 
relevance are accidents at intersections and property exits (Type 511 and 948). This is particularly the case 
when there are sight obstructions from bushes, hedges, fences, etc. A rather high percentage of accidents 
was not associated with any particular type of accident by the police (Type 991) or could not associated to a 
specific junction accident type (Type Junction). There are also situations in which cyclists enter the lane of 
trucks and may not pay enough attention to the traffic (Type 951). 

Females are more than twice as often in turning to right accidents compared to males although males are 
generally more likely to be involved in accidents. Females, however, are more likely to be fatally injured. 
There is a tendency towards higher injury severity for males on electric bicycles. The average injured cyclist 
of a conventional bicycle is 51.7 (SD=20.4) years old. The age of a e-bike cyclist, however, is 60.2 (SD=21.4). 
Females are at average 53.8 (SD=20.5) years old and males are 50.3 (SD=20.5). 
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Figure 1: Most frequent heavy goods vehicle vs. cyclist accident types 

CEDATU's in-depth analysis indicated that both truck drivers and bicyclists were equally at fault for or initiated 
the accidents. The most frequent accident-causing factor for trucks was identified as the blind spot. The 
second most causing factor was the lack of safety distance and/or insufficient reaction time response to the 
danger situation. Furthermore, insufficient attention or distraction is of high relevance, as well as the right of 
way violations. From the cyclist’s perspective, a similar tendency was observed, although there is no blind 
spot for cyclists. The most frequent causation factors for cyclists were identified as lack of safety distance 
and/or insufficient reaction time response to the danger situation followed by insufficient attention or 
distraction and right of way violations. The most frequent environmental contributing factors was identified 
as sight obstructions and road course. 

3 PERCEPTION – BEHAVIOUR - ACCEPTANCE 

The views of cyclists and truck drivers were collected qualitatively through focus groups and individual 
interviews with in total 26 individuals. The aim of the qualitative survey was to identify road safety-relevant 
behaviour of cyclists and truck drivers, to identify challenges and attitudes regarding assistance systems and 
to prepare content for the quantitative survey. 

In the quantitative online survey, cyclists and truck drivers were asked about their own behaviour in relation 
to truck/bike encounters, the acceptance of driver assistance systems, as well as other measures to increase 
road safety. A total of 251 cyclists and 110 truck drivers took part in the survey. Statistical data analysis was 
carried out to draw conclusions about the characteristics in each and between the two groups. 

The results of the surveys showed that, 

- Both truck drivers and cyclists are aware of the problem of blind spots, with truck drivers seeing it as 
a more serious problem and cyclists underestimating the actual range of blind spots. 

- Cyclists consider the small lateral safety distance when overtaking as the biggest problem when 
meeting trucks, while truck drivers don’t see it as a problem and stated that they take care to 
overtake cyclists with a large lateral safety distance. 

- The poor or limited communication possibilities between cyclists and truck drivers are reported 
considerably more frequently by cyclists. 

- There is in general a high acceptance of assistance systems amongst truck drivers. The acceptance of 
driver assistance systems, however, is higher among truck drivers who use assistance systems, while 
those who do not yet use them are more skeptical. 
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- Separate cycling infrastructure is seen by both groups as an effective measure to increase cyclists' 
road safety. 

- Awareness campaigns for cooperation in road traffic are considered an important measure. 

- Both cyclists and truck drivers assume that driver assistance systems have a potential to increase the 
road safety of cyclists, but that an overall concept is needed that combines infrastructural and 
awareness-raising measures with technical solutions. 

- Cyclists do not consider assistance systems for bikes as appropriate measure to improve the traffic 
safety of cyclists. 

 

Figure 2: Perception of difficulties cyclists versus truck drivers 

4 CONCLUSIONS 

The relevance of driver assistance systems is confirmed by this study. Both the accident analysis and the 
qualitative survey show the potential of such systems to prevent accidents, mainly in two cases: 

1. The blind spot when the truck is turning right: Both the accident data and the survey data show the 
relevance of this case. It is the most common and most fatal type of accident between trucks and 
bicycles and truck drivers also rate it as the most serious problem. 

2. Overtaking manoeuvres: The accident data suggests that truck overtaking cyclists with insufficient 
space correlates with accidents. This coincides with the experience of cyclists who rate it as the most 
serious problem. 

Both groups show acceptance for driver assistance systems for trucks. However, cyclists are not open for 
using assistance systems on their bicycles. Other measures that are supported by both cyclists and truck 
drivers are a separated cycling infrastructure and awareness campaigns for more consideration in traffic. 
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1 INTRODUCTION 

In urban areas, most accidents between bicycles and motorised traffic happen in junctions. Three recent 
studies from Denmark [1] have provided new and clarifying knowledge.  

Especially right-turn accidents are a great concern when it comes to signal-controlled junctions (countries 
where traffic keeps to the right). In Denmark, a truncated cycle track (see Figure 1) is a measure. The safety 
performance of this measure has to some extent been investigated in Denmark but barely not in other 
countries. Previous studies have not clarified the safety effect, so the first study compares a truncated cycle 
track with three other typical designs. 

Roundabouts benefits the overall traffic safety, especially in rural areas, but there are some safety concerns 
in relation to cyclists’ safety in urban areas. A lot of studies have studied the safety of roundabouts and some 
of the most important in relation to cyclists’ safety are the work by Daniels et al. [2], [3], [4] and Jensen [5], 
[6]. When it comes to design of roundabouts the previous work shows some differences according to cyclists’ 
safety, but the type of bicycle facility seems important. A weakness is often the lack of good bicycle counts.  

In the second study the frequency rates of bicycle accidents in relation to different roundabout design has 
been calculated. Previous studies show that roundabouts worsen cyclists’ safety compared to other types of 
junctions but while some studies show large negative effects other studies only show minor effects. The third 
study compares the number of bicycle accidents when converting junctions to roundabouts and vice versa.  

2 METHODS 

The following only presents the results in relation to accidents with cyclists and small mopeds (maximum 
speed 30 km/h). Small mopeds are included because they must ride on bicycle facilities or roads like a bicycle.  

2.1 Bicycle facility in signal-controlled junctions 

A before and after accident evaluation of 159 converted approaches at a total of 113 signal-controlled 
junctions (see Figure 1). The evaluation is based on police reported right-turn, left-turn and merging accidents 
resulting in rear-end or side-on collisions. 112 accidents before and 78 accidents after has been observed. 
Corrections have been made for general accident development and local changes to traffic over time, but 
also possible regression to the mean. Homogeneity and significance tests have been performed. 

2.2 Design of roundabouts 

A categorised accident analysis regarding the connection between police reported accidents, roundabout 
design and car and bicycle traffic in terms of accident frequency rates. Roundabout design considered is e.g. 
type of roundabout and type of bicycle facility. The analysis is based on 459 urban 1-lane roundabouts and 
92 urban mini roundabouts and altogether 1,062 accidents. The amount of bicycle traffic is based on counts 
in one third of the approaches, assessed volumes by the municipalities based on local knowledge in one third 
and assessed volumes by the research team in the last third. 
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2.3 Junction or roundabout 

A before and after accident evaluation of 149 urban junctions which have been converted to or from a 
roundabout. 81 accidents before and 150 accidents after has been observed. Corrections have been made 
for general accident development, and possible regression to the mean. Homogeneity and significance tests 
have also been performed. Roundabouts are divided into mini and 1-lane roundabouts with or without 
bicycle facility in the roundabout and 1-lane roundabouts with setback cycle path outside the roundabout. 
Junctions are divided into signal-controlled junctions and priority junctions. 

3 RESULTS 

3.1 Bicycle facility in signal-controlled junctions 

The study of signal-controlled junctions clearly underlines that truncated cycle tracks (Type 4) are the safest 
design for cyclists of the examined bicycle facility designs (see Table 1). On the other hand, full-length cycle 
tracks (or lanes) without separate right-turn lane (Type 2) are least safe. 

Table 1:  Effects of conversion between the four types of approaches in Figure 1. 

Type, 
before 

Type,  
after 

No. of 
junctions 

Acc. after, 
expected 

Acc. after, 
observed 

Effect Homogenic? Significant? 

Type 1 Type 2 25 7.3 17 +131% Yes 90%-level 

Type 4 Type 2 11 2.3 8 +255% Yes 90%-level 

Type 1 Type 3 6 2.5 2 -20% Yes No 

Type 2 Type 3 32 25.7 11 -57% No Yes 

Type 4 Type 3 30 7.4 25 +237% Yes Yes 

Type 1 Type 4 17 4.2 2 -52% Yes No 

Type 2 Type 4 30 30.5 11 -64% Yes Yes 

Type 3 Type 4 8 5.9 2 -66% Yes No 
 

 
Figure 1: 4 different types of design in the evaluation of signal-controlled junctions. 

3.2 Design of roundabouts 

The accident frequency rates depending on type of bicycle facility for mini roundabouts and 1-lane 
roundabouts are presented in Table 2. It is obvious that the safest roundabout for cyclists is the 1-lane 
roundabout with setback cycle path where the duty to give way is imposed on the cyclists. The least safe 
design for cyclists is a coloured bicycle facility but at some roundabouts the coloured markings may have 
been applied to solve a safety problem already there. The analysis also showed that the number of bicycle 
and moped accidents per cyclist depends on the car traffic volume in the roundabout. The more vehicular 
traffic the higher rate. This may explain some of the variations in Table 2, because the choice of both type of 
roundabout and type of bicycle facility may depend on car traffic volume. 
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Table 2:  Accidents per million cyclists by bicycle facility in mini roundabouts (mini) and 1-lane roundabouts (1-lane). 

Type of bicycle facility No. of sites/acc.  
(mini) 

Rate  
(mini) 

No. of sites/acc. 
(1-lane) 

Rate  
(1-lane) 

None 40/45 0.74 37/29 0.86 

Cycle lane, all 45/70 1.84 232/513 2.07 

Lane, coloured marking 21/51 2.07 53/148 2.20 

Lane, no coloured making 24/19 1.42 179/365 2.02 

Cycle track, all 5/8 1.73 130/377 1.60 

Track, coloured marking 2/8 3.18 54/256 1.83 

Track, no coloured making 3/0 0.00 76/121 1.26 

Setback cycle path 2/1 1.74 53/19 0.45 

Total 92/124 1.20 459/938 1.65 
 

3.3 Junction or roundabout 

Based on these studies it seems that the safest urban junction design for cyclists is a signalised junction rather 
than a roundabout (see Table 3). Probably due to the great importance of the chosen design in both junction 
and roundabout (e.g. type of bicycle facility), the two significant results are not homogenic. 

Table 3:  Effects of conversion of junctions to roundabouts and vice versa. Most rare combinations excluded. 

Type, before Type,  
After 

No. of 
sites 

Acc. after, 
expected 

Acc. after, 
observed 

Effect Homo-
genic? 

Signifi-
cant? 

Priority Mini, no lane/track 19 3.7 5 +35% Yes No 

Priority Mini, lane/track 17 3.4 8 +127% Yes No 

Priority 1-lane, lane/track 59 20.3 54 +166% No Yes 

Priority 1-lane, setback path 18 4.8 3 -38% Yes No 

Signal-controlled 1-lane, lane/track 18 10.9 47 +330% No Yes 

1-lane, lane/track Signal-controlled 7 5.9 2 -66% Yes No 
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1 INTRODUCTION 

Improper design of the geometric elements and facilities of bikeway systems could endanger cyclists’ safety 
and comfort, resulting in an increased risk of bicycle accidents; such accidents sometimes have severe 
consequences, namely casualties. As it is stated in the literature that if the bikeway infrastructure is not 
properly designed,the bikeway itself will be a cause of accident, even there is no automobile approaching[1]. 

The method of expression for cyclists’ safety and comfort and the question of how the correlation of these 
factors with bikeway characteristics—such as the design of geometry and facilities—can be quantitatively 
described are the key problems facing for a reduction in accident risk. However, there has been little 
quantitative expression research on this cyclists’ safe and comfortable feeling, and the qualitative methods 
like expert evaluation method and survey questionnaire are the mainly used ones[2]. Cycling workload can 
be employed to assess cyclists’ safety and comfort. But there is even no clear definition of cycling workload. 
Hence, we did this research to address the quantitative expression method of cycling workload, in order to 
develop guidance for the safe design and operational management of bikeways, which is also essential for 
controlling conditions that might induce overworking and discomfort among users.  

2 CYCLISTS COMFORT AND SAFETY FORMATION MECHANISM 

In this paper, the concept of cycling workload is defined based on cyclists’ comfort and safety formation 
mechanisms: 

Bicycle operation involves a process of the interaction among a human, a bicycle, and a road environment—
a human–bicycle–road environment system—in which the human is the dominant factor. External 
information from the road environment is the input to the human’s brain through their sense organs, such 
as their eyes, ears, etc. Then, the information is further processed by the central nervous system. Once 
analyses and judgments are made, the corresponding loco-motor organs (hands and feet) receive 
instructions and take actions to brake, accelerate, turn, or yield to other road users. Along with any behavior 
change, a change in cyclists’ psycho-physiological status also occurs, which can be reflected in the 
physiological signal(as shown in Figure 1). The mental workload and physical workload shown in Figure 1 
comprise cyclists’ workload in dynamic cycling tasks on traditional bikeways in everyday life. Cycling workload 
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therefore can be interpreted as the demands of cycling tasks or the mental and physical stress experienced 
by cyclists under the road, traffic volume, and environmental conditions when they cycle on a bikeway. 

 
Figure 1: Cycling safety and comfort formation during cycling task 

In order to determine a safe and comfortable cycling workload level for cyclists, it is important to choose 
suitable measurement techniques to measure cyclists’ safe and comfortable cycling experiences; these 
measurement techniques must be sensitive to both the mental and physical workload while aiming to 
measure the total workload. 

3 QUANTITATIVE MEASURE FOR CYCLING WORKLOAD 

Through a literature review and a comparative analysis, it is inferred that heart rate variability (HRV) can be 
used as a quantitative measure and the low-frequency–high-frequency ratio (LF/HF) can be used as a 
physiological signal to quantify cycling workload.   

In addition, given the principle of practical and easy operation, by combining cognitive psychology, 
information processing, and cycling risks, this study classified cycling status into a three level system with a 
subjective scale, as shown in Table 1. 

Table 1:  Subjective scale for the cycling workload level. 

Cycling Workload Level Subjective Scale Description Cycling Performance 

Safe, comfort 
In the best condition; feeling 

energetic, awake, calm, free to 
ride, and quick to react 

Plenty of riding space, the bicycle is safe 
and easy to handle, and it is easy to stay 

riding at a certain width 

Safe, a little stressful 
Sober; can respond; a little 

more alert; able to deal with 
emergencies 

Riding space is small and the handlebars of 
the bicycle wobble more but are still 

controllable 

Stressful 
Cannot fully adapt to the road 

conditions; riding control is 
hectic, nervous, worried 

Lack of riding space; large swing of the 
bicycle; difficult to control handlebars; need 

to use brake or stop 
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In order to form various cycling workload states and to obtain the relationship between LF/HF data and 
various bikeway characteristics, we designed a field cycling experiment to test our hypothesis that, combined 
with subjective scales for workload level, the LF/HF physiological signal could quantitatively express cycling 
workload.  

4 CYCLING EXPERIMENT DESIGN AND RESULT 

4.1 Experiment design 

In order to consider how the context of road and environment impact workload condition of cyclists, we 
designed a field experiment conducted by 24 participants who wore a physiological measuring apparatus 
under three different bikeway characteristic scenario types including variations in cycling width, direction, 
and bikeway edges at four cycling speeds in the 10–25 km/h range, the relevant scenarios are as shown in 
Figure 2~Figure4. 

              
Figure 2:  Cycling workload scenarios—different widths       Figure 3:  Cycling workload scenarios—different road edges   

 
Figure 4:  Cycling workload scenarios—different route scenarios  

4.2 Experiment results 

Statistical analysis was used to address the collected LF/HF values and the subjective scale results, and a 
quantitative model for assessing cycling workload was established as shown in Equation(1). 

∆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿

)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿

)𝑖𝑖𝑖𝑖    (1) 

where  

△HRV:  The correction of HRV; 

(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿

)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖: The LF to HF ratio of the i-th rider at time j; and 

(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿

)𝑖𝑖𝑖𝑖: The median of LF to HF ratio of the i-th cyclist in a calm condition. 
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By adopting a classification and regression tree (CART) algorithm as a data-mining method, the classification 
threshold values (△HRV) of three cycling workload levels were obtained: 19 indicated a level between 
comfortable and a little stressful; and 79 indicated a level between a little stressful and stressful. 

 
5 CONCLUSIONS 

A high cycling workload caused by an inappropriate design of the geometric elements and facilities of 
bikeways contributes to the rates and severities of bicycle accidents. Without a quantitative expression 
method and safe threshold values to determine cycling workload, it is hard to control the workload on cyclists 
effectively. Based on the concept proposed here for cycling workload, and as per the quantitative measure 
obtained by analysis, the cycling workload was  categorized into three levels—comfortable, a little stressful, 
and stressful, and the threshold was figured out among the different levels. The research can contribute to 
the design of safe and comfortable bikeways and their operational management to reduce the risk of bicycle 
accidents and provide theoretical and practical support for determining the reasonable technical parameters 
for bikeway characteristics. 

Due to the limited space, please refer to [3] for the detailed research content.  
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1 INTRODUCTION 

In 2022, the German transport sector failed to meet its greenhouse gas reduction targets under the Federal 
Climate Change Act for the second year in a row. It is the only sector in Germany that was unable to reduce 
its emissions by 2019 compared to 1990 [1]. In this context, measures to promote a mobility transition are 
indispensable. 

One component of a strategy to create a sustainable transport system can be the promotion of cycling. The 
bicycle is considered a climate-friendly and accessible means of transport. Nonetheless it is comparatively 
little used in Germany. Around 11 % of all journeys in Germany are made by bicycle. In Stuttgart, this figure 
is only 7 % [2]. This raises the question how cycling can be promoted. 37 % of all people perceive cycling as 
not at all or rather not safe. A low sense of safety is one of the most common reasons for people to not cycle. 
Improving cycling safety is therefore not only important to reduce accidents and injuries, but also to shape a 
sustainable transport sector [3,4,5]. 

The most stressful situation for cyclists is to be overtaken by motor vehicles [6]. German road traffic 
regulations prescribe a minimum lateral distance of 1.50 m for motor vehicles while overtaking cyclists in 
built-up areas. Research to date has shown that this value is often not adhered to. Various studies have found 
that between 43 % and 75 % of overtaking manoeuvres between motor vehicles and cyclists are carried out 
too closely [7,8]. The aim of this study is to investigate which factors affect the lateral distance between 
overtaking motor vehicles and overtaken cyclists. Focus is set on the type of cycling infrastructure and on 
traffic volume. Recommendations for action can be derived from the findings, through which safety of cyclists 
can be improved. 

2 METHODOLOGY 

In order to investigate the research question, scientific measurements were carried out within the city of 
Stuttgart, Germany. 13 inner-city measurement routes were systematically selected. On all selected routes, 
cycling is either carried out in mixed traffic or on cycle lanes. In mixed traffic cyclists and motor vehicles share 
the same lane. Cycle lanes are special lanes for cyclists on the roadway, that are marked by solid or broken 
white lines. Measurements were carried out by one single subject on a Pedelec. The lateral distances of 
overtaking processes were recorded by an ultra-sound sensor. The sensor used was the OpenBikeSensor, 
developed by the Stuttgart-based association of the same name. Measurements on each route were carried 
out over three set time periods (07:00 a.m. to 10:00 a.m., 12:00 a.m. to 02:00 p.m., 03:00 p.m. to 06:00 p.m.). 
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1 INTRODUCTION 

In 2022, the German transport sector failed to meet its greenhouse gas reduction targets under the Federal 
Climate Change Act for the second year in a row. It is the only sector in Germany that was unable to reduce 
its emissions by 2019 compared to 1990 [1]. In this context, measures to promote a mobility transition are 
indispensable. 

One component of a strategy to create a sustainable transport system can be the promotion of cycling. The 
bicycle is considered a climate-friendly and accessible means of transport. Nonetheless it is comparatively 
little used in Germany. Around 11 % of all journeys in Germany are made by bicycle. In Stuttgart, this figure 
is only 7 % [2]. This raises the question how cycling can be promoted. 37 % of all people perceive cycling as 
not at all or rather not safe. A low sense of safety is one of the most common reasons for people to not cycle. 
Improving cycling safety is therefore not only important to reduce accidents and injuries, but also to shape a 
sustainable transport sector [3,4,5]. 

The most stressful situation for cyclists is to be overtaken by motor vehicles [6]. German road traffic 
regulations prescribe a minimum lateral distance of 1.50 m for motor vehicles while overtaking cyclists in 
built-up areas. Research to date has shown that this value is often not adhered to. Various studies have found 
that between 43 % and 75 % of overtaking manoeuvres between motor vehicles and cyclists are carried out 
too closely [7,8]. The aim of this study is to investigate which factors affect the lateral distance between 
overtaking motor vehicles and overtaken cyclists. Focus is set on the type of cycling infrastructure and on 
traffic volume. Recommendations for action can be derived from the findings, through which safety of cyclists 
can be improved. 

2 METHODOLOGY 

In order to investigate the research question, scientific measurements were carried out within the city of 
Stuttgart, Germany. 13 inner-city measurement routes were systematically selected. On all selected routes, 
cycling is either carried out in mixed traffic or on cycle lanes. In mixed traffic cyclists and motor vehicles share 
the same lane. Cycle lanes are special lanes for cyclists on the roadway, that are marked by solid or broken 
white lines. Measurements were carried out by one single subject on a Pedelec. The lateral distances of 
overtaking processes were recorded by an ultra-sound sensor. The sensor used was the OpenBikeSensor, 
developed by the Stuttgart-based association of the same name. Measurements on each route were carried 
out over three set time periods (07:00 a.m. to 10:00 a.m., 12:00 a.m. to 02:00 p.m., 03:00 p.m. to 06:00 p.m.). 
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The times are based on German guidelines for traffic counts [9]. During the measurement periods, each 
measurement route was travelled continuously and alternately in both directions. The total gross driving 
time for each route was eight hours. The subject used the same equipment on each trip. This was a yellow 
bicycle helmet, a yellow high-visibility waistcoat and street clothes. 

3 FINDINGS 

A total of 790 km were covered during the project and 4,081 overtaking manoeuvres were recorded.  42.2 % 
of the recorded overtaking manoeuvres were carried out with a lateral distance of less than 1.50 m. Within 
this group most overtaking manoeuvres show lateral distances between 1.00 m and 1.49 m. Overtaking 
manoeuvres with lateral distances lower than 1.00 m occur more rarely. The mean value of all overtaking 
manoeuvres is 1.59 m. 

 
Figure 1: Lateral distances of all recorded overtaking manoeuvres 

Based on the data collected, three hypotheses were tested. Hypothesis 1 states that lateral distances on 
routes with cycle lanes are lower than on routes with mixed traffic. This hypothesis was confirmed by the 
data collected. In mixed traffic 36.2 % of overtaking manoeuvres were below 1.50 m. On cycle lanes this 
figure is 44.1 %. The effect was proven by an analysis of variance (F(1, 4079) = 26.856, p < 0.0001). The effect 
size can be classified as medium (η² = 0,06). Therefore, the type of guidance is not expected to be the decisive 
influencing factor on the lateral distances of overtaking manoeuvres. 

Hypothesis 2 states that low motor vehicle traffic volumes lead to high lateral distances. In Germany, when 
planning cycling infrastructure, roads are divided into one of four categories based on the maximum 
permitted speed and the motor vehicle traffic volume. Each category is assigned a possible selection of 
guidance forms for cycling. The motor vehicle traffic volume of a road is therefore to be considered a central 
element of planning [10]. However, hypothesis 2 could not be confirmed with the available data. A linear 
regression analysis with the motor vehicle traffic volume of each route as independent variable and the 
respective mean value of lateral distances proved no significant effect (R² = 0.108, F(1,23) = 2.971, p = 0.108). 

Hypothesis 3 states that during peak traffic times, lower lateral distances occur than during off-peak times. 
This hypothesis could not be confirmed. An analysis of variance proved no difference between the mean 
values of lateral distances between the three measurement periods (F(2, 3153) = 0.973, p = 0.378). In total, 
the same average lateral distances are to be expected at all times of day. 

German cycling infrastructure guidelines specify which kind of guidance forms are suitable dependent on 
lane width [10]. While not part of the initial evaluation, findings show that lane width seems to be a significant 
influencing factor on lateral distances. If vehicles are permanently parked at the edge of the lane the effective 
usable lane width of a road is reduced. Within the group of routes with mixed traffic, five of the six routes 
with the lowest mean values of lateral distances seem to be affected by this effect. The actual lane width of 
said routes is within the margins specified by the guidelines. Nonetheless the effective usable lane width is 

57.8 %
36.6 %

5.2 % 0.3 %
>= 1.50 m

1.00 m - 1.49 m

0.50 m - 0.99 m

< 0.50 m

n = 4,081 
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smaller. This effect incites narrow overtaking manoeuvres. For routes with bike lanes no such effect was 
detected. Further research is necessary to investigate the influence of lane width on lateral distances. 

4 CONCLUSIONS 

The promotion of cycling can only succeed if cycling is perceived as safe. The collected data shows an urgent 
need for action to improve the safety of cycling. Bike lanes are perceived as safer by cyclists than mixed 
traffic. Therefore, bike lanes lead to more bicycle traffic. In consideration of overtaking situations, bike lanes 
are less safe than mixed traffic. Even on roads with low vehicle traffic volumes, cyclists are exposed to close 
overtaking situations. These findings must be taken into account in planning practice. The positive effects of 
bike lanes on bicycle traffic must be weighed against the negative effects on lateral distances. Further 
research is necessary to investigate the key factors on how to design cycling infrastructure that is accepted 
by people and offers a high level of safety.  
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1 INTRODUCTION 

Right Turn On Red at traffic lights for cyclists (RTOR) is a low-cost and easy-to-implement improvement in 
cycling provision which has been introduced in the Netherlands in the 1990th and is applied today in many 
European cities (e.g. Basel, Brussels, Copenhagen) [1–3]. Existing studies do not find strongly negative effects 
of RTOR but they show that interactions between cyclists and pedestrians are likely to increase. For example, 
the evaluation of RTOR in Basel (Switzerland) found that cyclists do not always follow RTOR regulation: 22 % 
of cyclists arriving on red light still waited until the traffic light turned green. Most conflicts (27 conflicts in 
552 hours of video recording) due to RTOR were observed with pedestrians, but no accidents occurred [1]. 
Other evaluation studies also find only minor changes in behaviour after introduction of RTOR [2, 3].  

This study is based on a before-after study in nine German cities funded by the Federal Ministry for Digital 
and Transport under direction of the Federal Highway Research Institute [4]. It aims to determine the 
behavioural adaption of cyclists and related changes in conflicts after the introduction of RTOR and to 
develop, on this basis, recommendations for the application of RTOR in the German context. 

2 METHOD 

Before and after data from video observations was collected at 43 intersection approaches in nine German 
cities, for 1,414 right turning cyclists (before) and 1,765 right running cyclist (after). Study sites were selected 
according to their cycling infrastructure and suitability to apply the RTOR. The before-video observations took 
place in September and October 2018. The RTOR traffic sign was mounted subsequently at the sites in early 
2019 based on a special legal approval for these pilots including the obligation for cyclists to stop at the stop 
line as this is generally requested in the German Highway Code. The after-video observation took place from 
May to August 2019 so that a period of familiarization with the new RTOR regulation of at least three months 
was guaranteed at all sites. Video data was recorded similarly for the before and after period for one work 
day out of which a period of three hours in the afternoon was analysed (including PM Peak Hour). 
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Video data was analysed manually by instructed surveyors with the same methodology for before and after 
observations. For all right turning cyclists, it was coded on whether they arrive at the traffic light at green or 
red light and (if they arrive on red) whether they turn on red without stopping, on red with stopping or on 
green. This data was used to analyse the acceptance of traffic regulation and compliance with traffic rules.  

Conflicts of cyclists with other users were determined for six pre-defined conflict types (① - ⑥) as shown in 
Figure 1a. For each of these conflict types, the severity of conflicts was classified using four qualitative conflict 
levels which were determined based on the decision tree as shown in Figure 1b. Conflicts of level 0 describe 
the interaction of two users whose routes cross each other, but whose compliance with traffic regulations 
constitutes a clear traffic situation. Conflicts of level 1 and level 2 require a reaction, and, thanks to this 
reaction do not lead to a collision. The reaction is missing or insufficient in conflicts of level 3 resulting in a 
collision. The Post-Encroachment-Time (PET) was recorded for conflicts of level 1 and level 2 to measure their 
severity. Conflict rates were used to evaluate the number and intensity of these conflicts. Trajectories were 
recorded in addition for each right turning cyclist. 

  
Figure 1: a) pre-defined conflict points; b) decision tree for the qualitative conflict indicator 

3 RESULTS 

The changes in the behaviour of road users in general and of cyclists turning right were generally minimal 
with the introduction of RTOR. The acceptance of traffic regulation for cyclists turning right was low before 
and remained low after the introduction of RTOR – the share of cyclists turning on red increased from 80 % 
to 93 % with RTOR. On average only 6 % of cyclists using RTOR complied with the obligation to stop. A positive 
effect was found for the trajectories and for the acceptance of cycling infrastructure: before the introduction 
of RTOR, 40 % of cyclists decided to leave their cycling facility and change onto the sidewalk to avoid a real 
red-light violation, afterwards only 30 % of cyclists did so.  

The overall number of observed conflicts was low but a tendency can be seen that conflict rates increased 
slightly with the RTOR. For 543 cyclists turning on red before introduction of RTOR, 411 conflicts were 
recorded. For 884 cyclists turning on red with RTOR, 816 conflicts were identified. This is on average less than 
one conflict per cyclist and (at 43 study sites) less than 20 conflicts per site. The share of conflict levels was 

− level 0 conflict: 20 % before; 23 % after 
− level 1 conflict: 71 % before; 70 % after 
− level 2 conflict: 9 % before; 7 % after. 
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This means that there was only a minor share of level 2 conflicts when road users who did not violate traffic 
rules needed to react to users with traffic rule violations and, in addition, this share did not increase with 
introduction of RTOR. Collisions (level 3 conflicts) were neither observed in the before nor after observation.  

In terms of conflict types, more interactions were recorded in the approach (① in Figure 1a) and with users 
from left (③in Figure 1a) after introduction of RTOR. The majority of conflicts in the approach (①) occurred 
with other cyclists which means that cyclists before RTOR introduction might have only turned on red if there 
was the possibility to do this without interacting with other cyclists. With RTOR they seem to wriggle through 
other users to use the newly introduced regulation and to minimize their waiting times. Conflicts with users 
from the left (③) were observed mainly with other cyclists. Those conflicts are characterised by the lowest 
PET values compared to other conflict types. PET values were low before and after the introduction of RTOR. 

Conflicts on the crossings (② and ⑤ in Figure 1a) occurred equally often between cyclists and pedestrians 
and cyclists and cyclists. They did not change significantly in number and severity after the introduction of 
RTOR. Conflicts on the sidewalk (⑥in Figure 1a) occurred less frequently after introduction of RTOR because 
less cyclists rode on the sidewalk. Conflicts with participants turning left from the opposite (④ in Figure 1a) 
were too low in numbers to allow for a quantitative evaluation. 

A general finding for behavioural adaption with the introduction of RTOR is that overall, the critical time gaps 
(PET < 2s) across all conflict types decreased on average.  

4 CONCLUSIONS 

The introduction of RTOR showed positive and negative effects on conflict indicators but overall, no major 
changes in behaviour were identified, mainly because RTOR was already practiced by cyclists before its 
introduction. In terms of acceptance of traffic rules, the obligation to stop was hardly ever followed. We do 
not know to what extent this can be attributed to a lack of knowledge among cyclists or to a deliberate 
disregard of the rules even though cyclists knew them. The results show that this does not have any negative 
impacts on other users.  

Less cycling on the sidewalk and a lower share of critical time gaps (PET) belong to the positive effects of 
RTOR whereas more conflicts in the approach are a negative effect. RTOR should consequently only be 
implemented where sufficient space for overtaking other cyclists is given. One critical point in all observations 
are good sight visibility conditions because PET values of cyclists turning right versus cyclists from the left are 
particularly low. It is therefore of highest relevance that users can see the approaching traffic not only from 
a stop position but also when they approach the intersection. 

Based on these results, the approval of RTOR was recommended for Germany. RTOR has now been 
introduced for cyclists in the amendment of the German Highway Code and many cities have implemented 
this new traffic regulation at several intersections. A long-term accident analysis could help to better 
understand the effect of RTOR on safety. 
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1 INTRODUCTION 

Studies using a survey or field observational approach show that secondary task engagement has a negative 
impact on cyclists’ performance [1, 2]. Prohibiting handheld phone use, while allowing hands-free use via 
headphones, is applied to reduce safety critical impact of secondary task engagement [3], and headphone 
use is now the most prevalent type of secondary task engagement among cyclists [4]. Hands-free secondary 
task engagement limits visual-motor distraction but increases cognitive distraction. Therefore, effects of 
cognitive distraction on cycling performance should be examined.  

While some evidence of detrimental effects of visual-motor distraction on cycling performance exist [2, 5], 
no study focused specifically on the effects of cognitive distraction. For drivers, results are mixed showing 
different effects in different situations and even reduced crash risk in non-demanding situations in which 
simple behavioral reactions such as braking are required [6]. In accordance with Wickens´ multiple resources 
theory [7] the results indicate that detrimental effects of the secondary task engagement mirror the overlap 
in resource need in both tasks. It should be examined if this also applies to cognitive distraction among 
cyclists.    

Based on the above, this study investigates the behavioral effects of engagement in secondary cognitive tasks 
while cycling with a particular focus on overtaking behavior and behavioral response in potentially critical 
situations. The study follows a controlled experimental approach using the bicycle simulator at the 
Department of Traffic and Engineering Psychology at the Technische Universität Braunschweig. 

 
2 METHOD 

2.1 Participants and procedure 

The study is planned for May 2023. We recruit 60 participants through online platforms of the Technische 
Universität Braunschweig, the department’s mailing list, and among previous participants who agreed to be 
invited to future studies. Participants are assigned to one of three distraction groups (none vs. Acoustic 
speech (AS) task vs. Podcast task). We inform participants about the study, how to handle the bicycle, and 
ask them to sign informed consent. Participants familiarize themselves with the bicycle and virtual 
environment in a practice scenario before the experimental ride. The duration of the experimental ride is 30 
minutes. After the experimental ride, AS task participants receive feedback about the number of correct 
replies, and the podcast task participants are asked to answer questions regarding the content of the podcast. 
Finally, all participants complete a questionnaire with questions on demography, cycling habits, phone-use 
while cycling, and perception of the experimental ride such as safety, distraction, and own performance.  
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2.2 Material 

The bicycle simulator runs with the software SILAB 7.0 [8] and consists of a woman’s bicycle standing on a 
platform which allows slight vertical tilts to the sides (left/right). Twelve monitors assembled with hexagon 
provide the cyclist with a 360◦ view. Noise cancelling over-ear headphones provide surrounding noises such 
as motor vehicles, and additional in-ear headphones provide the participants with acoustic input relevant for 
the secondary tasks. The test ride includes 12 road segments matching a typical German urban environment. 
The participants cycle on a cycle lane with a width of 2m, a footpath with pedestrians and houses to the right, 
and a two-way street with car traffic to the left of the cyclist. The demarcation between the cycle lane and 
the road differs (Figure 1) and is presented in randomized order. In nine segments a second bicyclist cycles 
in front of the participant at a slow speed to make the participant overtake. After the overtaking, participants 
turn right into a side street and at a T-junction thereby entering the next experimental road segment. In three 
of the 12 segments, the second bicyclist is replaced by one of three potentially critical situations: a traffic 
light, a construction zone, and a crossing pedestrian (Figure 2). The single line demarcation is used in these 
three events. 
 

   
Figure 1 Screenshots illustrating the three different demarcations included 

 

   
Figure 2 Screenshots illustrating the three potentially critical events 

 
 
2.3 Experimental design 

We apply a 3-level two-factor between-subjects design with secondary task engagement as the independent 
variable (none, Acoustic speech task (AS), Podcast). The AS task was used in previous studies [9] and involves 
acoustic input giving spatial information, visual representation and speech output. In the podcast condition 
participants listen to a podcast of own choice (three different available). To ensure active engagement with 
the tasks, participants in the AS task receive feedback regarding the number of correct replies, while 
participants in the podcast task are asked to answer questions about the content of the podcast after the 
ride. With regard to the behavior before and while overtaking (lateral position before overtaking, standard 
deviation of lateral position (SDLP), mean speed, overtaking yes or no, distance to other cyclist being 
overtaken, speed while overtaking), the demarcation is analyzed as a second factor (single line, large 
separation, separation with bollard). As each participant experiences every demarcation three times, a mean 

ICSC2023_ID027



– 46 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

3 

value is computed over these three repetitions. The potentially critical events include a pedestrian that 
suddenly crosses the cycle lane, a traffic light turning red, and a construction zone on the cycle lane (Figure 
2). The three events differ with regards to their degree of predictability. In each of these events, reaction 
times are computed (brake reaction for the pedestrian, stopping at the red light and starting again at the 
green light, braking or slowing done or steering to avoid the construction zone). Additionally, we register the 
number of correct answers for the AS and Podcast tasks.   
 
3 RESULTS AND DISCUSSION 

We expect engagement in the secondary tasks to affect cycling behaviour. More specifically, we expect 
participants in both secondary task conditions to cycle closer to the middle of the cycle lane and to choose a 
slower riding speed compared to participants not engaging in secondary tasks. Further, we expect reaction 
time (RT) to be longer for participants in the secondary task conditions compared to participants who do not 
engage in secondary tasks. Finally, we expect larger effects of secondary task engagement in the AS condition 
compared to the Podcast condition, due to a higher cognitive demand for active participation in the AS 
condition and also the visual representation of this secondary task in working memory. 
 
The results will provide insights into the impact of hands-free engagement in secondary tasks while cycling. 
Hands-free engagement in secondary tasks is legal in many countries, but knowledge on behavioural effects 
is limited. Additional insight into behavioural effects of hands-free secondary task engagement is therefore 
relevant in order to support safe cycling in the future. The study will contribute to fill this knowledge gap.  
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1 INTRODUCTION 

Cargo transport on bicycles has gained a lot of attention, as more and more cargo bicycles join traffic in our 
cities. Not only cargo bicycles can be used for the transport of goods though: The classic bicycle is often 
equipped with a bicycle rack and trailers can be used. We study the question which concept is preferable in 
terms of open and closed loop stability by assessing different bicycle concepts through simulation. 

2 BICYCLE MODELS, STABILITY AND CONTROL 

Three different cargo transport concepts are considered in this work as shown in Figure 1. A conventional 
bicycle with a loaded bicycle rack (b), a conventional bicycle with a trailer (c), as well as a single-track cargo 
bicycle with the load in front of the rider (d). For reference we include an unloaded conventional bicycle (a). 
 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 1:  Sketch of the Different Bicycle Concepts. 

2.1 Modelling and Parametrization 

A linearized Whipple model [1] is implemented in Matlab and parametrized, as well as validated, with the 
values found ibidem. The complete formulation of the linearized Whipple model can be found at the same 
place. The equation of motion for the heading angle of the bicycle is shown in Equation (1), which yields (2) 
when the trailer is added and considered to be coupled friction free: 

𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑡𝑡𝑡𝑡�̈�𝑦𝑦𝑦𝑝𝑝𝑝𝑝 + 𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇�̈�𝜑𝜑𝜑 + 𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇�̈�𝜓𝜓𝜓 + 𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇�̈�𝛿𝛿𝛿 − 𝑣𝑣𝑣𝑣𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇�̇�𝜑𝜑𝜑 − 𝑣𝑣𝑣𝑣𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹 sin𝜆𝜆𝜆𝜆 �̇�𝛿𝛿𝛿 = 𝑤𝑤𝑤𝑤𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣, (1) 

(𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇𝑥𝑥𝑥𝑥𝑡𝑡𝑡𝑡 + 𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴)�̈�𝑦𝑦𝑦𝑝𝑝𝑝𝑝 + 𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇�̈�𝜑𝜑𝜑 + (𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴2 )�̈�𝜓𝜓𝜓 + 𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇�̈�𝛿𝛿𝛿 − 𝑣𝑣𝑣𝑣𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇�̇�𝜑𝜑𝜑 − 𝑣𝑣𝑣𝑣𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹 sin 𝜆𝜆𝜆𝜆 �̇�𝛿𝛿𝛿 = 𝑤𝑤𝑤𝑤𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣. (2) 

Here, 𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇 and 𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇 are mass and the longitudinal position of the centre of gravity (COG) for the bicycle, 𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 
and 𝑥𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 are the same for the trailer, 𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 and 𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 are moments of inertia of the bicycle, 𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 of the trailer 
and 𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇 of handlebar and fork. 𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇 and 𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹 are gyrostatic constants of both wheels respectively the front 
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wheel, and 𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 is a force acting on the front wheel. Furthermore, 𝑦𝑦𝑦𝑦𝑝𝑝𝑝𝑝 is the location of the rear tire contact 
patch, 𝜑𝜑𝜑𝜑 is the lean, 𝜓𝜓𝜓𝜓 the heading, and 𝛿𝛿𝛿𝛿 the steering angle, 𝜆𝜆𝜆𝜆 the head tube angle and 𝑤𝑤𝑤𝑤 the wheelbase. 
Subsequently, we parametrize the model for our reference bicycle, which is then complemented with a load 
on the rack. This load causes a change in mass parameters. For the addition of the trailer, we make use of 
the same Whipple model for the baseline bicycle. As shown in [3], the position of the trailer only depends on 
the heading angle of the towing vehicle. The influence of the trailer on the dynamic behaviour is thus 
expressed in the equation of motion of the rear tire contact point of the Whipple model as shown in Eq. (2). 
The Whipple model is parametrized according to [2] for the cargo bicycle and equipped with the load. 

2.2 Open Loop Stability and Control 

The bicycle is inherently unstable, even the ideal model of it tips over when the smallest disturbance is 
applied. This is shown in Figure 2 a) – c) in terms of the speed dependent real part of the Eigenvalues. 
Negative values for the real parts of the Eigenvalues characterize a stable system, while even a single positive 
value of a real part results in instability. In order to stabilize the bicycle models and have them perform 
defined driving manoeuvres, a linear-quadratic regulator is used and parametrized equally for all concepts. 

2.3 Closed Loop Test Manoeuvre and Performance Index 

In order to assess the stability of the different bicycle concepts, we simulate the bicycles driving straight 
ahead when a disturbance of 1 Nm is applied to the steering. This corresponds to e.g. hitting a pothole. 
Assessment is done by the help of a stability index from [4] which is adjusted to incorporate steering work. 
It includes the work performed by the rider for lean and steer as shown in Equation (3) 

𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡  =
1

∫ |𝜑𝜑𝜑𝜑|𝑡𝑡𝑡𝑡
0 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ (∫ �𝑇𝑇𝑇𝑇𝜑𝜑𝜑𝜑�̇�𝜑𝜑𝜑�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑡𝑡𝑡𝑡
0 + ∫ �𝑇𝑇𝑇𝑇𝛿𝛿𝛿𝛿�̇�𝛿𝛿𝛿�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑡𝑡𝑡𝑡
0 )

, (3) 

where 𝑇𝑇𝑇𝑇𝛿𝛿𝛿𝛿 is the torque applied for steering and 𝑇𝑇𝑇𝑇𝜑𝜑𝜑𝜑 for leaning. Thus, 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡 incorporates the steering angle 
over time and the work done in order to stabilize the bicycle. It incorporates the reference response as well 
as the disturbance response of the controlled bicycles while penalizing lean angles over time. 

3 RESULTS 

We simulate the closed loop test manoeuvre for speeds of 2 to 6 m/s and assess open loop stability for speeds 
up to 10 m/s. Fig. 2 a) – c) shows open loop stability of the concepts and Fig. 2 d) shows the stability index 
for the respective bicycle concepts. For the bicycle with rack, open loop stability is increased and the stable 
speed range of 3.59 to 4 m/s is even slightly larger than for the reference. This can be explained by the fact 
that the overall COG is lower than for the reference. Adding the trailer enlarges the stable speed range and 
shifts it to higher speeds (3.91 to 4.66 m/s). Note that the modelled cargo bicycle does not have a stable 
speed range. 

For high speeds, the bicycle with rack shows the lowest value of controllability in terms of 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡 as shown in 
Fig. 2 d). The bicycle with trailer is worse at low speeds than reference. For low speeds, the cargo bicycle 
shows better controllability in terms of 𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡. This could potentially be traced back to the comparatively low 
wheel load of the front wheel of the cargo bike, given that the load in our simulation is far smaller than the 
body weight of the rider. Furthermore, the cargo bike has the longest wheelbase by far. This results in a 
smaller influence of the disturbance acting on the front wheel. 

4 CONCLUSION 

In the regarded driving situation and with the given parameters, the cargo bicycle performs best by the means 
of our chosen stability index for low speeds. Since abstraction of driving behaviour is a very active research 
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field though, other stability indices can be applied to our models as well. When assessing the different bicycle 
transport concepts by the help of this work, one should consider that the simulated load is very low for the 
cargo bicycle and high for a bicycle with a rack. Future works can therefore focus on the behaviour of cargo 
bicycles with higher loads or different geometry. More sophisticated models, e.g. including a shift of the 
entire COG due to the rider’s movements or other assumptions for coupling the trailer, can be studied too. 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 2:  Real Parts of Eigenvalues and Stability Index of the Respective Bicycle Concepts in Relation to Forward Speed. 
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1 INTRODUCTION 

Living labs are places where novel technology and experimental urbanism are deployed on a small 
scale with human subjects in their everyday lives. Some scholars describe them as real-world places 
that foster user ‘co-creation’ [1]. To this end, these labs are a useful tool for co-creating the future 
of urban cycling and vulnerable road users with novel transport technologies. One area of living lab 
experimentation to date has been with autonomous vehicles (AVs). Given the current rapidly 
accelerating deployment of AVs as fixed-route shuttles, and more recently as free-floating 
‘taxi’/transportation network company (TNC) services in the United States there is a need to 
understand how this novel technology implicates bicycle use. Combined with the future anticipated 
uptake of AV technologies over the coming decades [2], it is important to understand their impacts 
on behaviour and attitude of both bicycle users and potential bicycle users as non-occupants. 
Scholars describe non-occupants are those who are present around AVs while they are operating 
[3, 4]. For example, an area of particular importance is understanding the impact of AVs on 
sustainable urbanism objectives through active transportation and bicycle mode share targets. 
Sustainable mobility targets remain largely oblivious to how AVs will affect non-occupant travel 
behaviour. The purpose of my presentation is to outline implications for bicycle urbanism by 
employing a proposed ‘coexistence’ model. 

2 BACKGROUND & METHODS 

I will share findings from an in-depth empirical study titled ‘Ride the Autonomous City’. The study 
employed surveys, focus groups, and interviews with everyday stakeholders of living labs where 
AVs are operating in North America and Scandinavia. The findings are intended to inform 
policymakers, elected officials, and transportation planners to make iterative, responsive, and 
practical bicycle infrastructure solutions for all ages and abilities in the age of Autonomous 
Vehicles. The study’s findings have implications for fostering safe interaction between cyclists and 
connected/automated vehicles. Results from the study include behavioural, observational, and 
attitudinal data from five living labs. Data from ‘Ride the Autonomous City’ describe how bicycle 
user confidence, lived-experience, and infrastructure design impact the bicycle user experience in 
a variety of different bicycle infrastructure configurations.  

The data were collected using a mixed-methods approach that combined surveys, focus groups, and 
interviews. Surveys are the primary source for data included in statistical analysis below and were 
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delivered online to stakeholders in the living labs who can experience AVs in their everyday life. A 
targeted engagement approach where study invitations were distributed to residents’ homes within 
a 300m radius of the AV test routes in question. Survey respondents were also recruited for focus 
groups and semi-structured interviews as their availability permitted. 

3 RESULTS 

3.1 Preliminary Analysis 

Statistical analysis of the likert-scale survey data (n= 415) was undertaken using Spearman’s rho 
correlation to understand the linkages between AV exposure in daily life and respondents’ 
tendencies to cycle under different cycling infrastructure configurations (namely separate or 
shared with AVs). 

Table 1:  Spearman’s correlation check (highlighted cells 𝛼𝛼	≤	0.05) 

  cyclist-class 
class-bike-
regularity trust-pre 

av-shared-
cyclemore 

av-separate-
cyclemore 

cyclist-class Correlation Coefficient 1.000 -.311** -0.008 .108* 0.004 
Sig. (2-tailed)   0.000 0.888 0.028 0.940 
N 415 415 351 415 415 

class-bike-
regularity 

Correlation Coefficient -.311** 1.000 0.028 -.209** 0.089 
Sig. (2-tailed) 0.000   0.600 0.000 0.071 
N 415 415 351 415 415 

trust-pre Correlation Coefficient -0.008 0.028 1.000 .206** .190** 
Sig. (2-tailed) 0.888 0.600   0.000 0.000 
N 351 351 351 351 351 

av-shared-
cyclemore 

Correlation Coefficient .108* -.209** .206** 1.000 -0.091 
Sig. (2-tailed) 0.028 0.000 0.000   0.064 
N 415 415 351 415 415 

av-separate-
cyclemore 

Correlation Coefficient 0.004 0.089 .190** -0.091 1.000 
Sig. (2-tailed) 0.940 0.071 0.000 0.064   
N 415 415 351 415 415 

Note: inverse correlation shown in this table is a result of inverted ordinal scales 
 

 

A selection of variables gathered, and their respective correlations, are shown above in Table 1 
that highlight: 

• Bicycle user classification (cyclist-class) (see ref [5, 6]) 
• Bicycle use frequency (class-bike-regularity) 
• Participants’ trust in AVs before interaction – recalled (trust-pre) 
• Participants’ tendency to cycle in shared bicycle/AV infrastructure (av-shared-cyclemore) 
• Participants’ tendency to cycle in separated bicycle/AV infrastructure (av-separate-cyclemore) 

 
Figure 1: Survey visual aid depicting shared AV/bicycle configuration 
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3.2 Discussion 

Only the tendency to cycle in an environment with shared AV/bicycle facilities (Figure 1) has 
statistically significant modest correlation at the 95% level with bicycle user classification, bicycle 
use frequency, and AV trustworthiness pre-interaction. This may suggest that those who currently 
feel safe cycling in mixed traffic, ride a bike regularly, and currently consider AVs trustworthy will 
continue to feel safe and those who do not feel safe will not automatically feel safe when more 
vehicles are driven by autonomous technology. Consequently, population-level cycling benefits 
will only materialise if safe, separated, all ages and abilities cycling facilities continue to be a 
priority in the age of AVs. 

4 CONCLUSION 

My presentation will conclude with sharing a proposed ‘coexistence’ model and learnings that 
could influence amicable coexistence of AVs and active transportation as well as key extracts and 
broad themes raised in focus groups and interviews highlighting concerns and lived experiences 
from individuals who have been participants in the living labs that this study has observed. The 
findings will be useful for researchers to build upon and engage with as well as for policymakers, 
transport engineers/planners who work with bicycle infrastructure design and traffic policy in the 
cities of tomorrow and want to understand how AI-enabled mobility will impact their work. 
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1 INTRODUCTION 

Lateral passing distance (LPD) between cyclists and vehicles has been researched as of the 1970s [1], but has 
only recently gained prominence as a safety issue. This was partly influenced by technical developments and 
the availability of affordable sensors and measurement methods. Instrumented bikes, equipped with a 
variety of sensors, have been used in a number of studies [see Gadsby and Watkins, 2]. 

Rubie et al. [3] listed 12 different ways in which lateral passing distance was previously defined, ranging from 
“bicycle tire to outside edge of motor vehicle tire” to “outermost part of the cyclist to the outermost part of 
the motor vehicle or something sticking out of the motor vehicle, i.e. side mirror”. The difference in distance 
between those two extreme defini�ons can be more than 50 cm. 

Another methodological issue arises from the technological advancement of instrumented bikes. Modern 
sensors with high frequency of data recording produce a number of measurements for each passing event. 
The minimal distance recorded by sensors can o�en differ from the distance measured at any point during a 
passing event – a method extensively used in the past [1][4]. 

In this paper, we aim to explore if different defini�ons of LPD produce comparable results and if LPD 
measured as a single measurement during a passing event is representa�ve compared to con�nuous 
measurement by sensors with a high frequency of data capture. 

 

2 METHODS 

2.1 Lateral passing distance defini�ons 

Traffic camera footage was collected in the town of Brandýs nad Labem, Czechia, in March 2019. 59 passing 
events were extracted from a video recording. For each passing event, a lateral passing distance was 
measured using three defini�ons: (a) �re to �re, (b) edge of bicycle handlebar to body of car, (c) from 
outermost point of cyclist to outermost point of car. The propor�on of passes under 100 cm and 150 cm was 
calculated for each defini�on of LPD. A logit model for the probability of the close pass depending on the 
distance of the cyclist from the edge of the road was calculated for each defini�on of LPD.  

 

2.2 Measurement frequency 

We used an instrumented bicycle equipped with two TFmini-S LiDAR sensors with a frame rate 50 FPS to 
measure passing events in real traffic in the city of Olomouc, Czechia in March 2023. An instrumented bicycle 
was also equipped with a buton for manual recording of the passing event. 34 passing events were recorded 
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(excluding overtaking maneuvers by buses). The minimal distance during the passing event measured by both 
sensors and the distance measured at the moment of manual recording were compared. 

 

3 RESULTS 

3.1 Lateral passing distance defini�ons 

The propor�on of passes under 100 cm and 150 cm differs significantly for each defini�on of lateral passing 
distance. The propor�on of passes under 150 cm ranges from 15 % to 86 % for extreme defini�ons of LPD.  

 

Table 1:  Percentage of close passes depending on definition of LPD. 

Defini�on of LPD % of passes < 100 cm % of passes < 150 cm 

Tire to �re 0 % 15 % 

Edge of handlebar to body of car 7 % 69 % 

Outermost points of cyclist and car 12 % 86 % 

 

Previous studies show that the closer the cyclist rides to the kerb, the larger the LPD [4][5]. We used a logit 
model to describe the probability of a close pass under 150 cm, depending on the distance from the kerb, for 
all three defini�ons of LPD. The distance from the kerb is evaluated as significant predictor (p < 0.05 for 
defini�ons (a) and (b), p < 0.1 for defini�on (c)), the shape of the logit func�on, however, differs (see Figure 
1). 

 

3.2 Measurement frequency 

In more than 90 % of cases, the distance measured at the moment of manual recording of the passing event 
was lower than the minimal distance measured by sensors during the passing event. The median difference 
was 5 cm, with the difference being greater than 31 cm in 25 % of cases. 

 

4 CONCLUSIONS 

The defini�on of the lateral passing distance influences the measured distance during the passing event. The 
difference in distances between the various defini�ons can be more than 50 cm, which makes the results of 
various studies of LPD incomparable. A very common result of studies of overtaking manoeuvres is the 
propor�on of close passes (with various distances used as the cut-off point for a close pass). We have shown 
that the defini�on of distance not only influences the propor�on of close passes (from 15 to 86 % dependent 
on defini�on) but also the shape of models which aim to explain it. 

Another incomparability issue stems from technological advancements. Modern sensors are capable of 
capturing up to tens of measurements for a single passing event. When the distance is measured at only one 
point during a passing event, the measured distance is o�en (> 90 %) greater than the minimal distance 
measured by sensors during the passing event. 
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Figure 1: Shape of relation between probability of close 
pass (< 150 cm) and distance from kerb differs for each 
definition of LPD. 

Figure 2: Distance measured at moment of manual 
recording differs from minimal distance measured by 
sensors during passing event. 
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1 INTRODUCTION 

Cycling for transportation and recreation is gaining in popularity, especially in the older age groups. The rise 
in electric assisted cycles (EAC) certainly has a role to play. With an increase in the number of cyclists comes 
an increase in prevalence of crashes. There is a lack of data on cycle crashes in older age groups, cycle crashes 
with an EAC and crash studies including exposure data.  

Our research team conducted a Retrospective study in Belgium and the Netherlands published in Accident 
Analyses and Prevention in 2023 [1]. Retrospective studies have the advantage that larger study populations 
can be reached, and that data can be collected in a relatively short time period. On the other hand, 
retrospective studies face their own limitations, e.g. recall bias [2]. To circumvent these limitations a 
prospective study design was used to collect cycle crash data.  

2 STUDY AIM 

The aim is to study the probability of reporting a cycle crash, with a conventional (CC) or EAC, while controlling 
for individual characteristics and cycling frequency during a study with a Prospective research design. 

ICSC2023_ID031



– 57 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

2 

3 METHODS 

Following the retrospective cross-sectional survey-based study (AAP, 2023) participants were invited to 
continue their participation by filling out a short questionnaire containing questions relating to their socio-
demographic and health characteristics and transport behaviour every 3 months during a one-year period 
(Prospective research design). If a cycle crash occurred during the 3-month period, a longer questionnaire 
about the crash characteristics had to be filled out. The study includes male and female cyclists aged 40+ 
years and is conducted in Belgium and the Netherlands. Binary logistic regression modelling will be used to 
calculate the odds of reporting a cycle crash with a conventional or electric assisted cycle. Main and 
interaction effects will be studied. 

4 RESULTS 

Participants filled out a total of 2621 questionnaires. 149 crashes were reported during the 1-year 
prospective study period. Results from the regression modelling are being analysed in April and May 2023 
and will be available for the ICSC conference in November 2023.   

 

REFERENCES 

[1] de Geus B, Ampe T, Van Cauwenberg J, Schepers P, Meeusen R 
Odds of self-reported minor cycle crashes with conventional and electric assisted cycles adjusted for 
cycling frequency in Dutch and Belgian adults a retrospective study 
Accident Analysis and Prevention, 179, 2023, 106893 

[2] Vanparijs J, Van Cauwenberg J, Int Panis L, Vanhecke E, Gillis D, Sudharta G, Meeusen R, de Geus B. 
Cycling exposure and infrastructural correlates in a Flemish adolescent population 
Journal of Transport & Health, 16, 2020, 100812 

ICSC2023_ID031



– 58 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

1 

A Matter of Space and Perspective - Cyclists’ and Car Drivers’ Assumptions about 
Subjective Safety in Shared Traffic Situations 

R. von Stülpnagel *, H. Rintelen # 
*Abteilung für Kognitionswissenschaft 

University of Freiburg  
Hebelstr. 10, 79104 Freiburg, Germany  

email: rul.von.stuelpnagel@cognition.uni-freiburg.de 

# FixMyCity GmbH 
Karlsgartenstraße 12, 12049 Berlin, Germany 

email: heiko@fixmycity.de 

Keywords: subjective safety, risk perception, vulnerable road users, urban cycling guidelines. 

1 INTRODUCTION 

A successful promotion of cycling as a mode of transportation depends on assuring the safety of cyclists. Next 
to the analysis of crash risks and how to reduce them, cyclists’ subjective safety has attracted a lot of research 
in the last couple of years. Subjective safety has been found to differ depending on, for example, gender [1] 
or age [2]. Other studies assessed which streets and traffic situations are perceived as more dangerous or 
safer across individual cyclists (e.g. [3], [4]). In these studies, higher speed limits decreased subjective safety. 
Furthermore, bike lanes separated by a large buffer or bike boulevards were perceived as safer than cycling 
on the road, but significantly less safe than any form of protected bike tracks. However, subjective safety is 
not only determined by the traffic infrastructure itself, but by the behavior of and the interaction with other 
road users. Only of a very limited number of studies has been concerned with risk perception and subjective 
safety of the same traffic situations from the perspective of different road users. These studies were primarily 
concerned with educational issues and did not include systematic comparisons between different 
perspectives (e.g. [5]). The crucial question is whether a given street design conveys the same subjective 
safety to different user groups, and what happens if it does not. This is highly relevant because risk perception 
has been found to affect the likelihood of risky behavior (e.g. [2], [6]). Thus, we argue that it is important to 
consider (subjective) safety not only from cyclists’ perspective, but contrast it to that of drivers as well. If one 
group of road users experiences a traffic situation as safe, they may adjust their behavior in a way that leads 
to further impairments of the subjective safety of the more vulnerable road user group. 

2 METHOD  

We investigated the large-scale survey developed and conducted by ‘FixMyCity GmbH’, where participants 
rated the safety level of a wide range of traffic situations illustrated via computer-generated images. The 
survey was published in the winter 2019/2020 on the website of ‘Der Tagesspiegel’, a newspaper based in 
Berlin City, Germany. Participants were first asked to answer demographic and cycling-related questions. 
Next, they were presented a block of ten randomly selected images showing the perspective of a cyclist (i.e. 
with a handlebar visible on the bottom of the screen). They were asked to rate how safe they would feel 
when imagining to cycle at each of the presented locations on a four-point scale (0 = ‘unsafe’; 1 = ‘rather 
unsafe’; 2 = ‘rather safe’; 3 = ‘safe’). Participants could opt to rate additional blocks consisting of ten new 
images each. In the additional blocks, they could also choose the perspective of a pedestrian (not considered 
in this research) or of a car driver (with a steering wheel, a dashboard, and a central rear mirror visible at the 
edges of the screen). Within three months, about 21.500 people participated in the survey and rated about 
460.000 images. For further details concerning the survey, see https://radwege-check.de/report. In this 
research, we focus on two specific cases. The first case concerns cyclists and cars sharing minor streets. The 
central variable concerns the designation of the street as a cycling boulevard. In the second case, we look at 
the design of unprotected paint-on cycling lanes at main streets. A detailed description of all factors included 
or excluded from our analysis is beyond the scope of this summary and will be described in [7]. 
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3 RESULTS 

For both cases, we computed a generalized linear model, with the safety rating as an ordinal dependent 
variable, and various demographic and road design variables as independent variables. Due to space 
constraints, we refrain from providing statistical details, but summarize the most central effects and findings.  

3.1 Case 1: Effects of designating minor streets as cycling boulevards 

The central variable of Case 1 was whether the road was designated as a cycling boulevard with a prominent, 
blue indication or rather unobtrusively with a small, white indication. These instances were contrasted to a 
standard road. The distribution of the corresponding safety ratings from cyclists’ and drivers’ perspective, 
respectively, is shown in Figure 1. In general, mixed traffic in minor streets is perceived as rather unsafe or 
unsafe by the majority of both cyclists and drivers. We also found a strong interaction between road 
designation and perspective. In particular, a prominently indicated cycling boulevard increased the safety 
ratings of cyclists more than that of drivers. This was the only situation we identified where cyclists rated a 
traffic situation as safer than the car drivers did. In other words, prominently designated cycling boulevards 
do apparently impress the intended priority of cyclists over cars. 

 
Figure 1. Distribution of safety ratings in Case 1, separately for perspective and road designations. 

3.2 Case 2: Effects of cycling lanes on main streets 

An initial inspection confirmed that both cyclists and drivers greatly disliked travelling on main roads in mixed 
traffic featuring no dedicated cycling infrastructure. In contrast, physical separations resulted in a very high 
safety score for both user groups. However, the discrepancy between cyclists’ and car drivers’ safety ratings 
across all types of cycling lanes was quite pronounced and deserved further investigation. 

The central effect of Case 2 was a three-way-interaction between perspective, cycling lane width, and right 
buffer. Figure 2 shows that cyclists rated wide cycling lanes next to parked cars only slightly less safe than 
drivers did, and almost equally safe in the absence of parked cars. On narrow cycling lanes, there is little 
change in drivers’ safety ratings of, but a severe drop in cyclists’ safety ratings. This drop is particularly 
pronounced when cyclists travel along parked cars. Without parked cars, cyclists’ safety ratings approach 
that of drivers’ again. In other words, drivers do apparently not account for the effect of parked cars in their 
evaluation of the safety of a traffic situation, although this is a major source of discomfort for cyclists. 

4 CONCLUSIONS 

This research represents one of the first systematic comparisons of the subjective safety different road user 
groups associate with specific road designs. Our findings imply that discrepancies between the perception of 
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different road user groups are an as of yet under-researched topic with the potential to shed light on 
mechanisms underlying subjective and objective traffic risks. Taken together, sharing a road without physical 
separation or clear prioritization feels unsafe for cyclists and drivers alike. The assignment of sufficient space 
is crucial for subjective safety, especially in the presence of parked cars. A narrow cycling lane improves 
drivers’ subjective safety at the expense of cyclists’ subjective safety, thus counteracting its original intention. 

 
Figure 2. Distribution of safety ratings in Case 2, separately for perspective, cycling lane width, and right buffer. 
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1 INTRODUCTION 

The ‘Safety in Numbers’ (SiN) effect proposes that when the volume of cycling traffic increases, the number 
of crashes increases less (relative to the cycling volume). A meta-analysis supported the general idea of a SiN 
effect, but also highlighted the heterogeneity of its strength ([1], [2]). The mechanisms producing the SiN 
effect are still unknown. Possible explanations are (i) that safer street regulations and designs are more likely 
to exist in societies with more walking and bicycling; (ii) changes in the behavior of people walking or cycling; 
or (iii) changes in the behavior of drivers. However, all of these explanations have their shortcomings [3]. The 
authors of the meta-analysis also conclude that the SiN effect is stronger at the macro-level than at the micro-
level, but bears no clear relationship to the quality of the cycling infrastructure. A recent approach aimed at 
linking the SiN effect to specific road types featuring different combinations of speed zones and cycling 
infrastructures [4]. This study provided preliminary evidence for a SiN effect for those road types with a high 
average cycling volume (and cycling boulevards in particular). However, this study did not distinguish 
between street segments and intersections, and did also not account for the local car traffic volume.  

In this paper, we outline a work-in-progress research addressing the mentioned shortcomings. In addition to 
the crash-based SiN effect (i.e. the actually observed number of incidents, relative to the number of cyclists), 
we also aim at investigating a possible ‘subjective’ SiN effect (based on the number of reports about 
subjectively dangerous cycling locations crowdsourced from the general population, relative to the number 
of cyclists). The underlying reasoning is that cyclists may feel subjectively safer and less anxious to be 
overlooked by car drivers, the more other cyclists travel along with them. All data are currently aggregated. 
Results will be available for the conference. 

2 DATA SOURCES AND METHODS 

2.1 Study area 

Our investigation is focused on two German cities, Aachen (about 260.000 inhabitants, modal split cycling: 
11 %) and Bonn (327.000 inhabitants, modal split cycling: 16 %). The road network, which is retrieved from 
OpenStreetMap (OSM), forms the basis on which all information is aggregated. All public roads accessible by 
motor vehicles are considered for this study. As the risk of cycling-related crashes and the types of crashes 
differ greatly between junctions and road segments, the road network is subdivided accordingly into 
junctions and the sections in between. A junction is defined as two roads crossing or touching each other. If 
the distance between two junctions is less than 25 m, the junctions are merged. The complexity of a junction 
is defined by the number of segments that compose the junction. The road sections between junctions are 
divided into segments of up to 25 m in length.  
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Speed limits are estimated based on vehicle telematics data (see 2.5) because the corresponding data in OSM 
is partly missing or outdated. For junctions, the minimum and maximum speed limits of the corresponding 
roads are considered. Cycling facilities are retrieved from OSM and matched to the road network. The cycling 
facilities are classified into seven categories: 

• bicycle_lane: Cycle lane markings on the road 
• bicycle_boulevard: Roads that prioritize bicycle traffic but permit motor traffic 
• bicycle_separated: Separated cycle tracks with less than 12.5 m distance to the road 
• bicycle_separated_far: Separated cycle tracks with distance to the road equal or greater than 12.5 m 
• bicycle_opposite: One-way streets where cycling is allowed in the opposite direction 
• bicycle_buslane: Shared bike and bus lanes 
• bicycle_none: No cycling facilities 

Furthermore, the road model includes information about road class, traffic signals, bus stops, tram stops, 
and tram tracks. These data are retrieved from OSM and are matched to the closest road segment or junction. 

2.2 Crash statistics 

Crash statistics are sourced from the German federal office of statistics (unfallatlas.statistikportal.de). This 
data set contains all crashes with personal injury reported to the police. We selected all crashes of cyclists 
with vehicles, pedestrians, or cyclists within the study area occurring in a 3-year interval (2019-2021), and 
linked them to the respective road or junction segment. In total, 987 bicycle crashes occurred in Aachen and 
1424 bicycle crashes in Bonn during this time period. We do not account for crash type or injury severity.  

2.3 Reports about subjectively dangerous locations 

Complementing the crash data, we included reports from the website www.gefahrenstellen.de, where road 
users can mark dangerous locations on an interactive map and provide additional information in a 
standardized format (e.g. the source of danger or the road user at risk). Users can also comment and support 
existing reports (for details see [5]). We included reports from a similar time period as the crash data (2018-
2021). A total of 939 danger spots with a support count of 4,516 were identified in Aachen, along with 759 
danger spots with a support count of 1,847 in Bonn. Each report and the number of supports was linked to 
the respective road or junction segment. An in-depth analysis of the individual report is beyond the scope of 
our investigation. However, reports from crowdsourcing projects concerned with cycling safety have been 
found representative for a larger population [6]. 

2.4 Cycling volume 

Cycling volume data were collected as part of the ‘City-Cycling’ campaign (www.city-cycling.org/home) 
during a three-week period in the summer of 2022. During the campaign, cycling activities of several 
thousand participants were tracked and collected with a smartphone app. The data was further processed 
and projected onto the OSM road network (see [7]). The resulting cycling volume provides a solid estimate 
of the relative frequencies for each road and junction segment.  

2.5 Car traffic volume and speed limits 

The car traffic volume (and information about speed limits) were provided by HUK-COBURG, a leading 
provider of motor insurance in Germany and a pioneer in applied telematics. The HUK-COBURG telematics 
system can capture kinematic and positional data through an in-car sensor and a smartphone App. This 
system analyses the behaviour of participating customers with regard to braking, cornering speed, and 
acceleration, and rewards a safe driving style with a discount on their insurance premium [8]. For our study, 
the HUK-COBURG Datenservice und Dienstleistungen GmbH aggregated anonymized driving data from a 1-
year period (April 2021 - Mai 2022) to provide an estimate of the average daily traffic load (DTV). Using the 
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telematics data, DTV values were computed for each individual road and junction segment, resulting in a 
granular representation also for small side streets. The telematics-based DTV values were validated with 
official measurements from traffic census, showing a high level of congruence. Anonymized telematics data 
were also used to define the speed limit of each road segment through the 85th percentile of the measured 
speed distribution of the moving traffic on that segment. 

2.6 Statistical approach 

The planned statistical analysis consists of generalized linear models. The ratio of crashes (and reports about 
subjectively dangerous locations, respectively) to cyclists per road/junction segment is the dependent 
variable. The main predictor is the cycling volume itself. A negative effect (i.e. a higher cycling volume 
predicting a lower crash-ratio) would support the assumption of a SiN effect in general. We will extend the 
initial models with various infrastructure features (e.g. complexity of junctions, speed limits, cycling facilities, 
etc.) and the volume of motorized private transport. Interaction terms between these variables and cycling 
volume allow to examine whether and to what extent the SiN effect is affected by the various road attributes. 

3 RESULTS 

The data sources described above are currently aggregated. Results will be available for the conference. 

4 CONCLUSIONS 

The approach outlined in this paper promises detailed insights into the so-far only poorly understood SiN 
effect. It also extends the analysis of the crash-based SiN effect to a possible ‘subjective’ SiN effect, thus 
providing additional insights into the relationship between objective and subjective cycling risks. The 
inclusion and analysis of highly detailed information about both cycling- and car-traffic volume on a street-
level is particularly novel. Our results have the potential to provide urban planners and decision makers with 
guidelines supporting a safe and inviting urban cycling infrastructure. 
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1 INTRODUCTION 

A considerable proportion of Dutch inner-city traffic consists of cyclists. For this reason, the infrastructure in 
the Netherlands is one of the most cyclist-orientated in the world [1]. Many Dutch people use their bicycles 
for everyday activities such as recreating, going to friends and family, shopping, or commuting [2]. 
Unfortunately, however, the popularity of cycling also brings a major disadvantage: the number of cycling 
crashes and fatalities in the Netherlands have substantially risen over the past years [3]. Cyclists remain very 
vulnerable road users and there is still much to improve with regard to their safety. 

Research indicates that older cyclists have an increased risk of being severely injured or killed after a bicycle 
crash [3,4,5]. There are multiple possible mechanisms behind this increased risk, either associated with age-
related decline in physical or cognitive abilities, increased physical fragility, or a combination of these [5]. 
Because cycling is a highly effective means of transportation, and also contributes to healthy ageing, it is 
important to support older cyclists and prevent crashes from occurring [6]. With regard to cognition, research 
has shown that age-related decline in executive functioning, reaction speed, and information processing 
speed may be related to the increased crash risk of older cyclists [5]. Even though it is known that (older) 
cyclists may compensate for such impairments, for example by avoiding crowded times or situations, 
selecting (or avoiding) specific types of infrastructure, or taking more time while cycling (i.e., decreasing 
speed), there is little information available about the relationship between specific cognitive performance 
measures, age, and concrete on-road cycling behaviour. For this reason, the aim of this study is twofold: (1) 
to compare cycling behaviour of older and younger cyclists through inner-city traffic and (2) to explore 
potential relationships between cognitive test performance and cycling manoeuvres in a realistic traffic 
context. 

2 METHODS 

In 2017 and 2018, we performed studies in which older and younger cyclists performed three 
neuropsychological tasks, followed by a bicycle ride on their own bicycle. During the bicycle ride, the 
participant’s cycling behaviour was observed and measured while cycling a predefined route through the city 
of Groningen. In addition, the participants answered multiple questions about their experience during the 
ride and their own cycling behaviour. 

2.1 Participants 

A total of 34 older and 41 younger cyclists participated in the study. Participants were recruited by the 
informal network of the researchers and through the word of mouth. The mean age of the older cyclists was 
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69.6 (SD: 5.0) years and the younger cyclists were on average 21.1 (SD: 1.6) years old. The main requirement 
for participation was the ability to cycle independently through city traffic and having an age under 25 years 
or above 60 years for the younger and older cyclists, respectively. 

2.2 Lab tasks 

At the start of the session, each participant first performed three neuropsychological tasks on a laptop 
(Vienna Test System; Schuhfried [7]). With these tasks, neuropsychological abilities such as attention (Trail 
Making Test; TMT), reaction time (RT), and building an overview of traffic situations (Adaptive Tachistoscopic 
Traffic Perception Test; ATAVT) were measured. 

2.3 Bicycle ride 

After the neuropsychological tasks, each participant made a bicycle ride of approximately 6 km through the 
city of Groningen on his or her own bicycle. During this ride, cycling behaviour was video recorded with a 
small GPS action camera mounted on the handlebars of the bicycle. The participants did not know the route 
beforehand and a researcher provided turn-by-turn instructions (through a walkie-talkie) while cycling 
behind the participant. The researcher’s bicycle was instrumented with a similar camera as well to observe 
the participant’s behaviour from behind (e.g., head movements, indicating direction with the arms). The 
route consisted of multiple types of infrastructure (e.g., one and two-directional cycle paths, roads shared 
with motorized traffic, intersections with and without traffic lights, and a roundabout). After passing three 
intersections on which the participants made a left-hand turn, they were asked to shortly park their bicycle 
and evaluate the invested mental effort while performing that particular manoeuvre. 

2.4 Analyses 

Lateral Position (LP), amount of swerving (Standard Deviation of the Lateral Position; SDLP), and speed (km/h) 
were determined based on the recorded video and GPS data. Behaviour of older and younger cyclists is 
compared on different types of infrastructure and correlations between neuropsychological test scores and 
in-traffic manoeuvres will be analysed. 

3 RESULTS 

The first preliminary analyses show that the younger participants completed the ATAVT and TMT-B task in 
significantly less time than the older participants. The mean reaction times of the younger participants were 
significantly shorter as well. The overall “Traffic Overview” scores on the ATAVT, however, does not differ 
between the older and younger participants. With regard to cycling behaviour, older cyclists approached an 
intersection on which they turned left significantly slower than younger cyclists. Furthermore, only in the 
older cyclists group, a significant moderate correlation was found between the approaching speed before 
the intersection, and the time to complete the TMT-B test. This relationship was not found in the younger 
cyclists group. 

4 CONCLUSIONS 

The results may potentially be used to support older cyclists (with cognitive decline) by means of a targeted 
approach. 
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1 OBJECTIVE 

The road safety of cyclists is a major concern for many individuals and organizations around the world. We 
will focus on exploring in-depth accident data and how the findings can be used to improve the safety for 
cyclists. We will delve into the ways in which detailed accident data can be used to identify patterns and 
trends, understand the causes of accidents, and help to develop effective strategies to prevent future 
incidents. These valuable insights can support several stakeholders to derive safety strategies, e.g., city 
planners, policymakers, researchers, and cyclists themselves. We will explore how data analytics and accident 
scenario evaluations can be leveraged to support the development of vehicle connectivity, and hence to 
avoid bicycle accidents. Our aim is to spark new ideas and approaches that can ultimately make public roads 
safer for all. 
 
2 DATA SOURCE 

Data from the German In-Depth Accident Study (GIDAS) database is used for this analysis. Since 1999, GIDAS 
has been collecting data on accidents with personal damage in two investigation areas in Germany (Dresden 
and Hanover) and their surroundings. For each accident, investigators record about 3,500 individual data 
points directly on the spot and in the hospital. Additionally, the entire accident sequence is reconstructed in 
high detail, starting with the accident initiation phase and the reactions of the involved participants, followed 
by the collision up to the final position of the involved participants. Characteristic variables such as braking 
behavior, initial and collision speed of the involved road users are determined. A detailed sketch of the 
accident scene is made, and the involved participants are interviewed after consent. After the application of 
a weighting procedure, GIDAS data can be considered as representative for the German accident scenario. 
 
The pre-crash phase, defined as the sequence before the first collision, is stored in a database called GIDAS-
PCM (Pre-Crash-Matrix). The datasets include the movement behavior and a replication of the environment 
like vision-obscuring objects and road markings (displayed in Figure 1). This provides information about the 
position of the accident participants over time.     
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Figure 1: Visualisation of the pre-crash-phase of a crossing bicycle with right of way from bicycle lane right and straight 

(green – bicycle, red – passenger car, ocher – buildings) 

The GIDAS database currently contains 14,920 cyclists who were involved in crashes from 1999 to 2022, from 
which 3,445 are included in the GIDAS-PCM. 
 
3 ANALYSIS OF CONFLICT SITUATIONS 
In the GIDAS database, the accident type [1] is coded, which characterizes in detail the conflict situation that 
caused the accident. Based on this accident type, we identified the ten most frequent conflict situations in 
car-to-bicycle accidents. Using the available information about the injury severity of the involved cyclists, the 
conflicts in which the most severe injuries occur can be determined as shown in Figure 2.  

 
Figure 2: The top-ten conflict situations plotted against the injury severity of the cyclist. 
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The most frequent conflict situation, also for serious injuries, is the crossing bicycle coming from the right 
from a bicycle lane or sidewalk. Subsequently, we evaluated the movement trajectories, speeds and 
braking behavior before the collision for this conflict scenario.  

    
Figure 3: Trajectories, boxplot of velocities, and frequency of visual obstructions for the most frequent conflict situation 

between cyclists and passenger cars - crossing bicycle coming from the right from a bicycle lane or sidewalk (342) 

By evaluating the movement behavior in conjunction with an environmental analysis and evaluation of the 
participant interviews, specific causes of accidents can be identified, which can concern e.g., the 
infrastructure and traffic routing, visual obstructions, and/or incorrect behavior of all participants (Figure 3) 
[2]. This methodology is also transferable to single bicycle accidents, which have increased in frequency in 
recent years. 
 

 
Figure 4: Radio-based communication model between road users: Received Signal Strength Indicator (RSSI) - blue, 

distance of road users – red, line of sight - black 

Furthermore, we have developed a methodology to calculate the Time-To-Collision based on the current 
movement behavior and to evaluate the criticality of the situation in the course of the pre-collision accident 
phase in order to assess a scenario. This could be used to find suitable safety strategies for collision 
avoidance, e.g. ADAS, connective systems as well as the design of bicycle routing and the change of the 
human behavior. To apply connective systems in conflict scenarios, we designed a software-based method 
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that complements the pre-crash data sets with modeled values for signal reception strengths for radio-based 
communication between road users (Figure 4) [3][4]. This would allow the cyclist to be warned about the 
passenger car, which is not visible until shortly before the collision.  
 
4 SIGNIFICANCE 
The study concludes that in-depth accident data can provide valuable insights into cycling safety and help to 
develop effective countermeasures to reduce the number of accidents and improve the overall safety of 
urban cycling. 
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1 INTRODUCTION 

Although the number of traffic fatalities in the EU is decreasing, about 20,000 people still die on the roads in 
the EU [1]. Approximately 1,900 cyclists are killed every year and the number of cyclists killed remains almost 
constant over the past years. Passenger cars are the most frequent opponent of fatally injured cyclists in the 
EU. Collisions with heavy goods vehicle (HGV), however, are more severe due to the high mass and the like-
lihood of being run over [2–7]. 7 % of the fatal cyclists are victims in collision with heavy goods vehicles. The 
most frequent crash scenario are right-turning HGVs and the cyclists hit by the front or right side of the 
vehicle [6]. A major cause of truck versus bicyclist crashes is the inadequate visibility conditions when bicy-
clists are in the vehicle's blind spot [3,6,8,9].  

There are different ways to reduce the number of cyclists killed. The risk can be reduced by increasing the 
danger awareness of all parties involved, i.e. vehicle drivers as well as cyclists (e.g. blind spot problematic [3]. 
Likewise, infrastructure measures (e.g. separate signal phases [10,11]) can be taken. Advance driver assis-
tance systems (ADAS) can also positively influence the avoidance of accidents with cyclists (e.g. blind spot 
monitoring [12]). ADAS are expected to be highly effective in preventing accidents. The European Commis-
sion has therefore decided that new vehicles may only be registered with vulnerable road user detection and 
warning systems in 2022 [13].  

The extent to which these systems might influence bicycle accidents has not yet been adequately studied. 
The objective of the study is to investigate the minimum longitudinal and lateral view of an ADAS in prevent-
ing heavy goods vehicle versus bicycle accidents. 

2 METHOD 

 
Figure 1: Junction accident with turning to right HGV crossing the bicycle’ path (left: front overview; mid: driver’s view 
and obstructed cyclist due to A-pillar; right: top view of the accident scene and the sketch of an ADAS system view) 

The methodology used is referred to as prospective effectiveness assessment [14]. In this approach, real 
traffic accidents are reconstructed to build the baseline. In a second step the reconstructed accidents are 
simulated again but the vehicles are virtually equipped with an ADAS. This simulation is called treatment. 

y 
x 
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Within the treatment simulation the minimum longitudinal and lateral view of an ADAS is evaluated able to 
completely avoid a collision. A symptomatic accident is given in Figure 1. The HGV intends to turn right at the 
intersection and the cyclist is going straight. The cyclist is obstructed by the right A-pillar of the HGV and is 
thus not visible to the driver. An ADAS is positioned on the HGV and is continuously monitoring the blind 
spot. Two different systems were analysed: a) a warning and b) an autonomous strategy. For both strategies 
the requirements on the system in longitudinal and lateral direction (field of view) of the sensor were exam-
ined (Figure 1 right).  

Table 1: Intervention strategies of different systems to avoid a collision for the assessment of the minimum requirements 

 Unit Warning system Autonomous system 
Reaction time [s] 0.8 0.2 
Build up time brake [s] 0.5 0.5 
Braking acceleration [m/s²] 5 5 

The accidents used in this study are based on the road accident database CEDATU (Central Database for In-
Depth Accident Analysis) [15]. 38 accidents of HGV with cyclists were available. Most of them are accident 
scenarios in which the HGV was turning to right and the cyclist going straight (Figure 2, left). Further, crossing 
accidents and accidents at entrances and accidents in which the HGV is turning to right or left are of im-
portance. Overtaking accidents and lane change accidents are second most important in the national statis-
tics but underrepresented in the CEDATU sample. In about 60% of accidents in Austria, the cyclist is in an 
area that is not sufficiently visible from the truck, i.e. the accident can be associated to the blind spot.  

3 RESULTS 

 
Figure 2: Accident type distribution of the investigated sample (left) and relative trajectory of the cyclist in relation to 
the truck with the collision position and the field of view requirements for a sensor to avoid a collision for warning systems 
and autonomous intervening systems (right) 

Figure 2 (right) shows the relative trajectory of a cyclist in relation to the truck as an example of an accident 
with a truck turning right and a cyclist going straight ahead. The collision position was on the right side of the 
truck. With the assumptions made in the Table 1, a warning system would require a view of 11 metres longi-
tudinal and 5.2 metres lateral. An autonomously intervening system would need 9 metres in longitudinal 
direction and a lateral view of 5.5 metres to avoid this collision. 

4 CONCLUSIONS 

The driving path of a HGV differs significantly from that of a passenger car. In order to turn right at an inter-
section, a truck may have to move out to the left, as the driver has to take into account the trajectory of the 
trailer.  

According to the manufacturers' specifications, systems become active only at a speed of 10 km/h. About 
one third of the trucks were accelerating from a stopped position (e.g. at a junction) and failed to see the 
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cyclist. For these accidents, even an assistance system would not be effective. In particular, if cyclists are 
outside of the field of view, it is not possible to avoid the collision after the sensor has been activated. 

At the time it becomes apparent that the HGV and cyclist are crossing each other’s path, it is not possible to 
stop in time before the collision due to physical limitations. To avoid these accidents, the cyclist's driving path 
would require to be known in advance. 

For optimum effectiveness, the appropriate lateral zones must remain free from obstructions, i.e. parked 
vehicles, vegetation, etc. 
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1 INTRODUCTION 

For years now, cyclists form the largest group of people (67%) visiting the Emergency Department after a 
traffic accident [1]. In the period 2011-2020 the number of serious injuries with cyclists has increased with 
28%, see figure 1.  

One fifth of the cycling victims is aged between 12-24 years old. A current development is the increase of 
electric bicycles (i.e. e-bikes). This increase is also seen in the number of traffic victims riding an e-bike that 
visit Emergency Departments. Besides a strong increase among people aged 55 years or older, an increase in 
e-bike victims can also be seen among the age group of 12-24 years. However, it is still unknown what causes 
these traffic accidents among youngsters riding an e-bike, and if the chances of visiting an Emergency 
Department are higher when riding an e-bike compared to riding a normal bicycle.  

 

 
Figure 1: Traffic injuries; yearly number of Emergency Department visits with serious injuries due to a cycling accident, 

corrected for changes in demographics[1,2] 
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2 METHOD 

Information on traffic victims on Emergency Departments are obtained from the Dutch Injury Surveillance 
System (DISS) of VeiligheidNL. This is a unique national accident register, consisting of a continuous data 
collection from Emergency Departments of a representative number of hospitals in the Netherlands. In order 
to get an up-to-date overview of causes and consequences of traffic accidents involving cyclists and mopeds, 
VeiligheidNL conducts periodic research among victims of traffic accidents. The most recent study appeared 
in 2022 [3]. Victims of bicycle accidents who have been treated in one of the Emergency Departments 
participating in DISS, have been send a questionnaire about their accident. In this questionnaire the victims 
could indicate in detail how the accident occurred, what role other road users played, but also, for example, 
the role of infrastructure and the weather. More than 10,000 victims of cycling accidents received the 
questionnaire. To gain insight into the risks, a comparison was also made between bicycle and moped riders 
who had had an accident and a representative group (motorized-)bicycle and moped riders who had not had 
an accident.  

 

3 RESULTS 

Between September 2020 and October 2021, a total of 4,208 victims (bicycle and moped) filled in the 
questionnaire (response rate 39%). Twenty percent of the youngsters aged 12-24 years, rode an e-bike during 
the traffic accident. In the control group, a total of 3,102 people filled in the questionnaire, of which 21% 
owned an e-bike. Our first analysis has shown that for the age group 12-24 years, a slight increase in injuries 
with e-bikes was observed since 2016, but strongly surged in 2021 to a few hundred e-bike victims per year 
on the Emergency Departments. Further data (i.e. influence of speed, smartphone use and driving under the 
influence of alcohol or medication) on e-bike accidents among youngsters are currently being analyzed and 
will be presented at the ICSC in November 2023. We will also look at differences between driving an e-bike 
compared to a normal bicycle among 12-24 year olds.  

 

4 CONCLUSIONS 

Even though e-bikes already exist for some time, we now see an increase in the number of traffic accidents 
involving youngsters riding an e-bike. VeiligheidNL is currently analyzing this increase in accidents with 
youngsters and will present their findings at the conference. Knowledge about causes of these traffic 
accidents can reduce the number of victims by using a risk-based approach.   
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1 INTRODUCTION 

Cycling safety is an important issue in the Netherlands. Numbers of casualties and severe injuries rise, 
especially under the elderly. Authorities and professionals discuss the possible solutions and measures to be 
taken, like ‘Should cyclists wear helmets’? In these discussions the opinions of cyclists themselves are not 
included. Therefore the Royal Dutch Touring Club ANWB did a research among its cycling  members to hear 
their experiences with cycling unsafety and to explore the support base of possible solutions and measures. 
The Royal Dutch Touring Club ANWB is a non-governmental organization with 5,1 million members with the 
following mission statement: ‘We want all our members to be on the way in a safe and enjoyable way in a 
sustainable society.’ 

 

2 THE RESEARCH 

 
2.1 Research method 

The research was conducted in our panel of ANWB-members. The target group was 18+ members that cycle 
at least once a month. The number of respondents is 6093. Fieldwork took place during two weeks in July 
2022. Respondents filled in an online questionary. The research is representative for age and gender of 
ANWB-members.  

  
2.2 Major results 

Different types of cyclists, bicycle use motives and judgement of own safety  

In the research we distinguish two groups, riders with a non-electric bicycle and riders with an e-bike 
(pedelec). They both ride a lot, 8 out of 10 riders ride several times a week. The pedelec is often used for 
recreational motives. The non-electric bicycle is mostly used for daily care duties.  

Both groups stand out in the judgement of their own way of cycling, rated with an 8.4 for safety and an 8.6 
for confidence. To ride safely 85% says to always use bicycle lights and 73% takes good care of their bicycle. 
Respondents with a pedelec tend to take more of these measures than the other bicyclists, and respondents 
with a pedelec also wear a helmet more often (13% vs 8%). Especially the older people with a pedelec wear 
helmets (66 year and older is 23%). 

16% of the respondents were involved in a bicycle accident in the last three years, of which 50% was a one-
sided accident. 
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Respondents do not fear the fines they could get when riding without bicycle lights, crossing a red light or 
riding in the wrong direction.  

 

Feelings of unsafety 

20% of the respondents always or often feel unsafe because of other road users. Situations in which this 
occurs is for example other road users being distracted by their telephone. A majority of 69% experience 
these unsafe feelings sometimes. 

20% of respondents always or often feel unsafe because they have to blend with other traffic. Especially 
vehicles passing by too close and the velocity of other vehicles make cyclists feel unsafe.  

The difference in speeds and sizes on cycle paths make 23% of cyclists always or often feel unsafe . This is 
especially the case for elder people. 

The maintenance of cycling paths is important, although this point was addressed less (always or often 10%) 
in relation to unsafety. 

 

Best measures according to cyclists  

Respondents were asked to judge different kinds of cycling safety measures, within the themes of 
infrastructural improvements, law enforcement and new or adjustment of legislation.  

Although the maintenance of cycling paths was a less addressed issue regarding feelings of unsafety, 
infrastructural improvements are the most popular cycling safety measures. Improving the quality of road 
surfaces and widening cycling paths are mentioned by at least half of the respondents. A third of respondents 
mention the removal of poles and other obstacles.  

Law enforcement comes second, especially the enforcement of car speed limits, use of bicycle lights and red 
light crossing by cyclists.  

New or adjustment of legislation comes third. One measure stands out here, 59% of respondents mention 
priority rules at roundabouts and crossings.  

Finally respondents were asked their opinion on specific cycling safety measures. The enforcement of rules 
regarding the speed of pedelecs and enforcement of offences by cyclists were the two most popular 
measures according to 81% of respondents. 71% of respondents thought a maximum speed of 25km/hour 
would be a good measure to make cycling safer. An obligation to wear a helmet is less popular; 64% thinks 
children under 10 years should be obliged to wear a helmet, 50% is in favour of an obligation of helmets for 
pedelec riders (but only 35% of pedelec riders agree) and 37% say yes to an obligation for cyclists over 60 
years old.  

 

3 PUBLICATION OF THE RESEARCH 

The Royal Dutch Touring Club ANWB published the results of this research in November 2022 
(https://www.anwb.nl/nieuws/fiets/2022/november/fietsers-voelen-zich-niet-veilig-op-het-fietspad). It got 
good attention in the media. We use this research for public affairs purposes, convincing local governments 
to take measures to improve cycling safety within city limits.  
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4 CONCLUSIONS 

I look forward to present this research at the International Cycling Safety Conference 2023. I think this 
research is important because cyclists themselves were asked to share their experiences with cycling safety 
and to give their opinion on possible cycling safety measures. Knowing their opinions will rise the support 
base for safety measures. Cycling safety is a matter of all stakeholders, including cyclists themselves!  
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1 INTRODUCTION 

Cycling is increasingly gaining attention as a sustainable transport alternative and bicycle safety is recognized 
as a main barrier for increasing cycling demand [1]. To explore the hotspots and potential causes of bicycle 
crashes, most studies used crash data recorded by police or hospitals.  However, such crashes mostly involve 
severe injuries or insurance claims, whereas many minor crashes are often unreported [2]. To overcome the 
issue of underreporting, bicycle near-crashes, which are incidents that do not cause or only cause slight 
injuries [3], has been suggested to be surrogate measure for analyzing crash risks [4]. With sensors embedded 
in bicycles becoming more universal, large amounts of near-crash/crash data can be collected (e.g., [5]), 
making crowdsourced data a robust source to have precise and profound insights into bicycle safety studies 
[6]. However, there is still a lack of understanding of the characteristics of bicycle near-crashes, and only few 
studies conducted a comparative analysis between bicycle crashes and near-crashes (e.g., [7] and [8]). 
Therefore, this study aims to compare occurrence rates of crashes and near-crashes and to analyze their 
variation across different infrastructure types. 

2 DATA AND METHODOLOGY 

2.1 Data sources 

Two datasets were used in this study. One is crowdsourced bicycle near- crash data from Hövding - a head 
protection airbag for cyclists worn around the neck [9].  A sensor in the helmet tracks the movement and 
acceleration of cyclists and continuously determines the current safety state.  Safety states include normal 
state and three levels of near-crashes (i.e., to what extent the helmet is about to deploy). Overall, 129,818 
near-crashes were recorded from 2019 to 2021 in Metropolitan Copenhagen. The other data source is crash 
data from the police, which contains conventional crashes reported to the police involving cyclists. Overall, 
4,220 crashes were recorded in the same area and period.  

2.2 Statistical models of bicycle near-crash and crash 

To understand the risk of (near-)crashes and which infrastructure features affect the (near-)crashes risk, 
occurrence rates of (near-)crashes on each road segment were calculated by dividing the frequency of (near-) 
crashes by the total bicycle traffic (i.e., exposure). For Hövding near-crashes, the exposure was directly 
obtained from the users (i.e., we know where each Hövding user has traveled), making the risk assessment 
more precise [10,11]. For police crashes, however, we do not have such information available, and thus we 
approximate cyclist flows from a traffic model [12]. We then use a negative binomial (NB) model to model 
the (near-) crash rate. We chose to use a NB model since using a Poisson model caused overdispersion issues. 
Equation 1 shows the specification of the NB regression model, where the logarithm of occurrence rate is 
modeled by a linear combination of explanatory variables. 
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𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(
105 × (𝑁𝑁𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁)𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅 𝑓𝑓𝑓𝑓𝑁𝑁𝑁𝑁𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝐴𝐴𝐴𝐴𝑙𝑙𝑙𝑙𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 × 𝐿𝐿𝐿𝐿𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴𝑙𝑙𝑙𝑙𝑅𝑅𝑅𝑅ℎ𝑖𝑖𝑖𝑖

) = 𝛽𝛽𝛽𝛽0 + 𝛃𝛃𝛃𝛃𝟏𝟏𝟏𝟏 × 𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐢𝐢𝐢𝐢 + Ɛ𝑖𝑖𝑖𝑖  (1) 

Here Occurrence 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 denotes how many crashes or near-crashes that occur per 100,000 bicycle-kilometer 
traveled on each road segment 𝐴𝐴𝐴𝐴  per year. 𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈  denotes column vectors of infrastructure 
variables, including 15 road types, 4 surface types, and 8 point-based infrastructure types. 𝛽𝛽𝛽𝛽0 denotes the 
intercept, and 𝛃𝛃𝛃𝛃𝟏𝟏𝟏𝟏 is a row vector containing coefficients for infrastructure and Ɛi is the residual. 

3 RESULTS AND DISCUSSION 

Overall, we modeled Hövding near-crash rates and police crash rates. To address which infrastructure 
features that cause higher occurrence of near-crashes and crashes, we calculated the expected annual 
frequency of Hövding near-crashes and Police crashes shown in Figures 1a and 1b, respectively, by 
multiplying estimated (near-)crash rates with exposures. Generally, the expected number of near-crashes is 
far higher than the expected number of crashes, identifying risky locations. Compared to crashes, more near-
crashes occurred on the small paths or roads that are mostly pedestrian-oriented. This tendency is especially 
obvious in the southern part of the city center. This might be because cyclists have a higher chance of having 
near-crashes with pedestrians on such paths or roads, while crashes were not severe enough to be reported 
to the police. Compared to near-crashes, crashes occurred more often at signalized intersections and 
roundabouts, which could be due to more cyclists-vehicle conflicts. Overall, bicycle near-crashes and crashes 
have different occurring patterns, emphasizing the value of stand-alone bicycle near-crash research.  

     
Figure 1. Expected Annual frequency of (a) Hövding near-crash and (b) Police crash per road length 
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4 CONCLUSIONS 

We used large-scale crowdsourced and conventional crash data to explore and compare how different 
infrastructure features affect the frequency of both bicycle near-crashes and bicycle crashes. We found that 
the considerable number of bicycles near-crashes available in the data can be used to reveal risky or 
uncomfortable locations that cannot be identified solely by crash data from police. It is well-known that 
conventional crash data lacks information about specific types of crashes, e.g., solo-crashes, due to 
underreporting. In this study, we found that near-crashes occurred frequently on pedestrian-oriented roads, 
while crashes occur frequently at intersections. Therefore, this study filled gaps in existing studies regarding 
bicycle near-crashes by focusing on modeling bicycle near-crashes across places with different infrastructure 
features and identifying unrevealed risky locations. Overall, this study concludes that bicycle crowdsourced 
near-crashes data and conventional crash data can be used complementarily to effectively disclose crashe-
prone hotspots remaining unrevealed, making near-crashes valuable measures for policymakers to improve 
cycling safety. 
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1 INTRODUCTION 

The reluctance of individuals to choose a bicycle as a means of transport can be attributed to the fear of 
driving in traffic, as evidenced by numerous Czech and foreign studies. In order to achieve national and 
European sustainability objectives, the underlying reasons for this reluctance must be carefully examined 
and addressed. 

To this end, our study employs both qualitative and quantitative research methods to investigate the 
attitudes of car drivers toward cyclists on Czech roads. Specifically, we explore drivers' perceptions of cyclists' 
legitimacy to use the road infrastructure, as well as any associated attitudes, stereotypes, and prejudices. 
Additionally, we examine the circumstances that shape drivers' attitudes toward cyclists to identify factors 
that may influence their behavior and actions. 

By analyzing these data, our study seeks to provide a better understanding of drivers' attitudes toward 
vulnerable road users in the Czech Republic. These attitudes can significantly impact drivers' behavior toward 
cyclists, as previous research has suggested [1]. Therefore, by identifying the root causes of negative attitudes 
toward cyclists among drivers, our study aims to contribute to effective attitude change efforts and improve 
relations between individual participants in traffic, ultimately enhancing road safety. 

2 METHODS 

This research utilizes a mixed-methods approach that combines qualitative and quantitative data collection 
methods. The combination of these methods provides a comprehensive understanding of the current 
situation on Czech roads. 

The qualitative phase of this research involved conducting two focus group interviews (2 x 8 participants) 
with car drivers with varying levels of driving experience. The focus groups aimed to explore how drivers 
perceive the presence of cyclists on the road, the emotions that such encounters evoke, and the attitudes 
that are activated. The group dynamics of the discussion allowed participants to recall their experiences of 
encountering cyclists in traffic. This qualitative phase of the research served as a precursor to the quantitative 
phase, aiding in formulating research questions, hypotheses, and the creation of the questionnaire. 
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The second phase of the research involved collecting quantitative data through an online survey completed 
by car drivers (n=500). The investigation sought to ascertain drivers' attitudes towards cyclists and their 
perceptions of cyclists' legitimacy on the road. Additionally, the investigation aimed to identify factors that 
influence drivers' attitudes towards cyclists and their perceived legitimacy, as identified in previous foreign 
research [2]. The study examines the perceived behavior of cyclists and drivers, cyclists' typology and 
perceived characteristics, communication between these two groups, the influence of infrastructure on 
drivers' attitudes, and drivers' attitudes towards other social issues such as the environment, politics, and 
autonomous mobility. 

3 RESULTS 

3.1 Qualitative research 

The focus groups provided valuable insights into Czech drivers' perceptions of cyclists in traffic. Our research 
aimed to understand their attitudes towards cyclists, which have been previously found to be negative in 
studies such as Basford et al. [3] and a study conducted for the Department for Transport in London in 2010 
[4]. These studies explained that drivers tend to blame cyclists for negative behavior while excusing 
themselves and other drivers, seeing cyclists as an "out-group." Our findings are consistent with these claims 
and highlight the role of fear of hurting cyclists in shaping drivers' attitudes towards them. Drivers' negative 
emotions towards cyclists were often triggered by perceived "careless" behavior, whether it be overly 
cautious or reckless. 

Furthermore, participants perceived a lack of legitimacy for cyclists on the road, with almost all agreeing that 
it is problematic that cyclists do not have to attend a driving school. This contributes to the perception that 
cyclists are being favored, as police do not punish them as severely as motor vehicle drivers. Most 
participants believed that cyclists should not be considered equal road users and should be subject to stricter 
rules and enforcement. Infrastructure for cyclists was also a topic of discussion, with respondents advocating 
for separate protected bike lanes, as long as they are not at the expense of other modes of transport. Mutual 
communication between drivers and cyclists was seen as a challenge, with respondents frustrated by the 
perceived inability to communicate with cyclists about their intentions. 

3.2 Quantitative research 

This part of the research is in progress; the results will be available during the summer of 2023. 

4 CONCLUSIONS 

The findings of this study confirm the results of previous research that indicate some drivers hold negative 
attitudes towards cyclists. These negative attitudes appear to stem from several factors, including the 
vulnerability of cyclists, their perceived unpredictable behavior, and the belief that they do not belong on the 
road. These findings highlight the importance of addressing these negative attitudes towards cyclists in 
efforts to promote active and sustainable mobility, as well as enhance road safety for all users. Further results 
are needed to gain a deeper understanding of the root causes of these negative attitudes and develop 
effective interventions to change them. 
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1 INTRODUCTION 

Group cycling has a long history and is popular in many countries. Despite the popularity of riding in groups, 
the relative safety of groups compared to single cyclists has received little attention from cycling safety 
researchers (Heeremans et al., 2022). A recent systematic review of motor vehicle passing cyclists studies 
concluded that little is known about the relative safety of group cyclists compared to individual cyclists when 
motor vehicles pass (Rubie et al., 2020). The only known studies that have examined LPD, motor vehicle 
speed and group cycling have focused on two-lane rural roads (Garcia et al., 2020; Kay et al., 2014; López et 
al., 2020; Moll et al., 2021; Savolainen et al., 2012) but group cycling also occurs in urban and suburban areas 
(Bauman et al., 2018; Garcia et al., 2020; López et al., 2020). The current study examined the relative safety 
of groups compared to individual cyclists being passed on two urban roads in Queensland using video 
recordings. Three safety metrics were examined: lateral passing distance (LPD) between the (inner) cyclist 
and the motor vehicle, passing speed of the motor vehicle, and following behaviour of the motor vehicle. 
Four hypotheses were proposed based on previous research: 

H1. When riding two-abreast, the LPD to the rider closest to the vehicle will be less than in passes of individual 
cyclists.  

H2. When riding in single file, group cyclists will be passed with the same LPD as individual cyclists.  

H3. The vehicle speed will be lower when passing group cyclists compared to individual cyclists.  

H4. Group cyclists will have a higher rate of being followed than passed compared to individual cyclists. 

2 METHOD 

The passing events used in this study were recorded in May 2015 as part of the evaluation of the Minimum 
Passing Distance law in Queensland (Schramm et al., 2016). The passing manoeuvre was not broken down 
into the four passing stages described by Dozza et al. (2016) because the video data only showed short 
sections of road. Only passes by cars (including medium-sized SUVs) were included. To maximize video clarity, 
only passes between the hours of 6.30 am and 3.30 pm were used. Two sites were chosen which had 
sufficient passing events of individual and group riders that were close to the camera to facilitate 
measurement of passing distance. The low-speed site was a busy urban, 40 km/h two-lane road with 
provision for parking on both sides of the road, as well as many pedestrians. The high-speed site was a 
suburban arterial with a 70 km/h speed limit and a wide paved shoulder delineated by an unbroken line. 
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Motor vehicle speeds were calculated manually using the technique described by Apasnore et al. (2017). To 
measure lateral passing distance, the first step was to measure the roadway lane width using Google Maps 
measuring tool, once this was completed, a still image was generated showing the closest stage of the 
relevant passing event. Using Microsoft Paint 3D, straight lines were drawn on each image so the distance 
could be calculated.  

Car following was defined as per Kassim et al. (2018) where a motor vehicle followed a cyclist or group of 
cyclists through the study area without attempting to pass. Passing events occurred if the motor vehicle 
passed in the study area. Group cyclists were matched to individual cyclists in time (within 30 minutes of the 
group cyclist pass), and when similar traffic factors were present.  

2.3 Analysis 

Descriptive statistics were reported for the number and characteristics of cyclists. To identify and model 
factors that influence LPD and motor vehicle speed for the two sites, General Linear Models (GLM) were 
applied (Field, 2018) using the backwards stepwise approach with alpha set at .05. Binary Logistic Regression 
(BLR) was applied (Field, 2018) to identify factors that influenced car following or passing behaviour.  

3 RESULTS 

On the low-speed road, 171 passes were analysed (108 individual, 51 single file group and 12 two-abreast). 
On the high-speed road, 72 passes were analysed (41 individual, 18 single file group, 13 two-abreast). 

3.1 Lateral passing distance 

LPDs were greater when cars passed group compared to individual cyclists on both the low- and high-speed 
roads. On the low-speed road, individual cyclists were passed 19 cm closer than two-abreast cyclists (after 
adjusting for parked and oncoming vehicles). The model for the low-speed road had a low predictive ability 
with an adjusted R² of 0.15, but the predictive ability for the high-speed road was greater (adjusted R² of 
0.51). Cyclists riding two abreast received the largest LPD, 112 cm further than individual cyclists. Single file 
group cyclists were passed 98 cm closer than two-abreast cyclists. H1, that the rider closest to the vehicle 
(when riding two-abreast) will be passed with smaller LPD was not supported. H2, that single file group 
cyclists will be passed with the same LPD as individual cyclists was also not supported. 

3.2 Motor vehicle speed 

The descriptive statistics and the GLM showed that cars passed lycra cyclists faster than casually clothed 
cyclists (45.74 versus 39.82 km/h) on the low-speed road but there was no effect of group configuration. No 
statistically significant model could be found for the high-speed road. H3 is therefore not supported, motor 
vehicle speed was not lower when passing group cyclists compared to individual cyclists on the low-speed 
road, no conclusion can be made for the higher speed road. 

3.3 Motor vehicle following behaviour 

Group versus individual cycling status did not significantly influence driver choice of following versus passing 
a cyclist within the study area. Oncoming vehicles was the only significant factor in the final model. H4, that 
group cyclists will have higher rates of following compared to individual cyclists was therefore, not supported. 

4 DISCUSSION 

On the two-lane, low-speed urban road in this study, LPDs were greatest for cyclists riding two-abreast, 
followed by single-file groups, which had a smaller difference to individual riders. This finding contrasts with 
that reported for two-lane rural roads in Spain by Garcia et al. (2020). However, it is consistent with the 
results from urban roads in Western Australia where the risk of an unsafe event was lower for groups riding 
two abreast in the traffic lane or having all riders in the bicycle lane, compared to riding single file in the 
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traffic lane (Fraser and Meuleners, 2020). One possibility is that drivers adopt different passing strategies on 
lower-speed roads because of a different perception of the risk to their vehicles of oncoming traffic. Similarly, 
the lack of significant differences motor vehicle speeds and following behaviour in passes of individual versus 
single-file group versus two-abreast riders is also inconsistent with the results presented by Garcia et al. 
(2020).  There is a need for further research in urban areas with large samples of passing events.   

5 CONCLUSIONS 

Are group cyclists objectively safer when sharing roads with motor vehicles? This study suggests that group 
cyclists are passed at a greater distance but not more slowly on low-speed urban roads. Such a finding implies 
that increasing the distances prescribed in Minimum Passing Distance laws around the world may work better 
than attempts to make drivers to slow down when passing cyclists. 
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1 INTRODUCTION 

According to the U.S. 2017 National Household Travel Survey (NHTS), about 46% of all single occupancy 
motor vehicle trips in the U.S. are three miles or less; yet NHTS survey results indicate that only 1% of all trips 
are accomplished by bicycle [1]. This mismatch is suspected to be in part due to the real and perceived danger 
imposed on cyclists when they share the same right-of-way with motor vehicles [2]. Many current cycling 
design guides encourage building separated cycling infrastructure when vehicle speeds are high to ensure 
that the design is suitable for cyclists of “all ages and abilities.” Research shows that separated cycling 
infrastructure (e.g., cycletracks, protected bike lanes) can lead to increased ridership and reduced crash risk 
[3, 4]. Research also suggests that people, regardless of cycling frequency or ability, state that they would be 
more willing to try cycling on roads with bicycle infrastructure that provides a buffer or separation from car 
traffic [5]. 
 
Cities are building this infrastructure, yet planners and engineers need to know how to prioritize cycling 
infrastructure projects that stand to have the greatest impact on the actual and perceived safety of cycling. 
Additionally, planners and engineers need to be able to communicate these impacts to decision-makers and 
the public. This research addresses these problems by outlining a framework for assessing new and existing 
infrastructure through BikewaySim, a shortest path calculator for cycling. 
 
2 LITERATURE REVIEW 

Over the past decade, researchers have utilized GPS-recorded cycling trips to investigate cyclists’ revealed 
positive and negative preferences for particular road attributes, such as the presence of a bike lane (positive), 
presence of on-street parking (negative), speed limit (negative for higher speed limits), and number of lanes 
(negative for more lanes). These studies have used discrete choice modeling to assess how cyclists choose 
routes based on trade-offs in utility for particular road attributes [6, 7, 8]. These studies show that cyclists 
prefer routes that are shorter, have fewer steep hills, have a higher percentage of bicycle infrastructure (both 
separated infrastructure and traditional bike lanes), and have fewer turns (especially left turns). 
 
Results from cycling route choice models are interpreted by converting model coefficients into average 
marginal rates of substitution (MRS). MRS values represent how much more of or less of an attribute a cyclist 
would trade for a one unit increase in another attribute to maintain the same utility. Typically, the MRS is 
calculated with respect to distance so that a change in an attribute is seen as a distance reduction or addition. 
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For example, an MRS of -0.5 for a 1-unit increase in the proportion of the route on a bike path would have 
the same effect as shortening the length of the route by 50%. However, more research is needed to address 
how these MRS values can be applied in shortest path routing for cycling infrastructure planning. Controlling 
for differences across route choice studies with respect to the variables employed and the intercorrelation 
of variables affecting route choice will be a statistically challenging task. Additionally, there is a need for 
developing metrics and visualizations that convey the impact of new infrastructure. To that end, this research 
provides a framework for assessing how new cycling infrastructure contributes to decreasing traffic stress 
and increasing bikeability (i.e., the attractiveness of, and accessibility provided by, cycling); so that 
infrastructure alternatives that stand to have the greatest impact are selected over those that would be less 
effective. 
 
3 METHODOLOGY 

This framework utilizes BikewaySim to find the shortest route through a network, given the preferences that 
cyclists have for road attributes (e.g., traffic speeds, cycling infrastructure, hills, traffic signals, etc.). 
BikewaySim is a shortest path model that takes in a network graph with link attributes, allows a user to specify 
custom impedance functions, and then outputs metrics and visuals for the ‘shortest’ path (lowest impedance 
path) between any origin-destination pair. To calculate the shortest path, BikewaySim relies on link 
impedance functions. Impedance, expressed in minutes, represents the friction associated with travel (i.e., 
travelers want to minimize impedance). For this research two impedance functions are used. The first 
impedance was link travel time, and the second impedance considered both travel time and cyclists’ 
preferences for road attributes (specifically regarding bike facility presence and type, speed limit, and the 
number of vehicle lanes). These two impedance functions were used to calculate shortest paths for 28,392 
possible origin-destination pairs. Additionally, two networks, one representing the existing street network 
and the other representing the existing street network with new cycling infrastructure were used. The results 
were used to create four visualizations: bikesheds, individual routing, betweenness centrality, and zonal 
statistics. 
 
Calculated bikesheds are shown in Figure 1. Bikesheds represent the extent of the road network one can 
access by bike within specified constraints. For this study, the bikesheds were limited to every location that 
one could reach in ten minutes at a speed of 8.0 miles per hour. Figure 1a shows the bikeshed using the 
existing street network and the travel time impedance and Figure 1b shows the bikeshed using the existing 
street network and the time and attributes impedance. The difference in accessible links when going from 
Figure 1a to Figure 1b is shown in Figure 1c. Links that have been added and removed from the bikeshed in 
moving from the time-only impedance to time and attributes impedance are shown in blue and red, 
respectively. When links are removed, either the links removed or the links leading up to the links that were 
removed had a higher impedance when attribute impedance was included (reaching these links may involve 
traversing high-stress links). When links are added, the new links or the links leading up to these new links, 
had a lower impedance when attribute impedance was included. For example, reaching these links may 
involve traversing dedicated multi-use paths, streets with cycling infrastructure, or low-speed streets (i.e.; 
links that people may be willing to travel further on compared to high-stress links). The expansion in the 
south area of the bikeshed is due to the presence of two extensive multi-use path trails in that area. The 
bikesheds were then re-calculated to include two major network improvements. The orange lines in Figure 
1d represent links added from these improvements. This example highlights one way in which BikewaySim’s 
visualizations can be used to assess the impacts of infrastructure improvements on bikeability. 
 
This is just one of the visualizations within the proposed network assessment framework. The others within 
the framework (betweenness centrality, individual routing, and zonal statistics) all offer additional insight 
into the potential impacts of cycling infrastructure. BikewaySim can also be paired with a transit shortest 
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path calculator, called TransitSim, to assess how new cycling infrastructure increases the accessibility of 
cycling as a first/last mile mode to/from transit. 

 
Figure 1: 10-minute bikesheds 

4 CONCLUSIONS 

Rising cycling and micro-mobility fatalities and injuries have put increased pressure on cities to expedite their 
plans to construct cycling networks build outs. While cities will build infrastructure, there is a need for 
systematic planning of safe and connected cycling networks. While BikewaySim does not create the most 
optimal bicycle network, it can inform decision-makers about the effects of potential infrastructure 
improvements. In addition, it has other applications in assessing the accessibility of bicycle trips as a first/last 
mile mode. 
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1 INTRODUCTION 

Compared to car driving simulators, experience with bicycle simulators used in experimental research studies 
has so far been very limited and is still characterized by their pioneering nature. Accordingly, studies on 
validation of bicycle simulators are still rare [1, 2, 3]. However, in order to transfer findings from behavioral 
studies with bicycle simulators to real traffic, sufficient validity must be confirmed.   

The aim of the validation study presented here is to examine both the physical-technical validity (i.e., the 
implementation of the bicycle dynamic in the simulation) and the behavioral validity (i.e., the subjects’ cycling 
behavior and experience while using the bicycle simulator). Objective and subjective measurement will be 
used to assess how accurately the simulator replicates a real-world bicycle dynamic and cycling experience. 
A special focus is placed on aspects such as acceleration, braking, steering, lean angle, as well as the cognitive 
load when performing the cycling tasks.  

In the presentation of the study, the focus will be placed on the methodological approach. 

 
2 METHODS 

2.1 Bicycle simulator and real bike 
The bicycle simulator of the BASt was developed by the Würzburg Institute for Traffic Sciences (Würzburger 
Institut für Verkehrswissenschaften, WIVW), as well as the SILAB simulator software. A 'real' Cube trekking 
bike equipped with sensor technology serves as a mockup. The mockup is mounted on a passive slightly 
movable carrier plate with the front wheel resting on a turntable and the rear wheel attached to a roller 
dynamometer. The virtual environment is presented to the subjects via ten large-format displays that allow 
a 300º horizontal and a 100º vertical field of view. During steering, the lean angle of the bike is simulated 
visually by the inclination of the horizon line. Via headphones, the subject can hear the noises of other road 
users, background noises and also navigation announcements and instructions from the test guides (via 
microphone). 
 
For the real-world test rides, an identical Cube trekking bike is used: Bike with a low step-in, 50 frame size, 
28 tire size and electric hub gears. The bicycle is equipped with measurement technology (see 2.3). 
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2.2 Procedure 

To validate the bicycle simulator, comparative rides with the real bicycle and with the bicycle simulator will 
be carried out in the summer of 2023. The real-world test rides will take place on the BASt test area (Figure 
1), on which three different test sequences will be marked. These three test sequences are reconstructed 
accordingly in the simulation (Figure 2).  
 

 
Figure 1: BASt test area for real-word test rides 

 
Figure 2: Bicycle simulator and reconstructed test area 

 
Test sequence I - Yellow marking (see figure 1): This sequence consists of a narrow route (width: 1,44 m) with 
a straight section (length: 100 m), a slightly curved chicane, a semicircle (diameter: 60 m) and a turning circle. 
Short outward and return journeys are to be made on this yellow-marked route under different conditions: 
- Cycling at free and predefined speed with and without additional cognitive load task 
- Mastering planned and unplanned braking maneuvers 
- Lane keeping on narrow, yellow line with and without additional cognitive load task. 
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Test sequence II - White road marking (see figure 1): The following cycling tasks are to be performed under 
consideration of traffic regulations: 
- Right turn from the main road into the side road 
- Left turn from the side road into the main road  
- Straight cycling past parked cars at the kerbside. 
 
Test sequence III: Slalom course 
- The test subjects are to cycle as fast as possible around a slalom course marked out by pylons. 
 
2.3 Data collection 
The following aspects of bicycle dynamics are measured: 
- Acceleration: Speed, pedaling force and cadence 
- Braking: reaction time, brake lever actuation force, braking duration, braking distance 
- Steering: steering and lean angle, lane keeping and distance keeping (to parked cars) 
 
These data are automatically recorded in the simulation by the Silab software.  
 
The following measurement technology is used for the real bicycle:  
- Data acquisition system with sensors for driving dynamics: GPS + 6DoF-IMU, roll angle, steering angle, brake 
pressure, pedal cadence and force. 
- Video technology (measurement of lane keeping, behavioral observation of cycling errors) 
For data postprocessing MATLAB will be used. 
 
In addition, subjects will be asked about the following behavioral aspects: 
- Perception of and ability to control speed, braking and steering 
- Cognitive load 
- Simulator sickness 
 
2.4 Sample 

Before the subjects ride the test sequences, a familiarization training session on the bicycle simulator will be 
conducted on a separate date. For this purpose, n = 50 subjects aged 18–65 years will be invited.  The subjects 
who pass the familiarization training and do not suffer from excessive simulator sickness will be invited to 
the actual test ride. This sample should be at least n = 40. The test rides will take place during the summer 
months of 2023. 
 

3 RECOMMENDATIONS FOR FUTURE STUDIES 

Based on the findings, suitable use cases for behavioral studies with the bicycle simulator will be identified 
and possible questions to be investigated will be discussed. 
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1 INTRODUCTION  

Traffic safety is a crisis in the United States, especially for people biking and walking. While less than 1% of 
all trips are made by bicycle, more than 2% of the total reported traffic deaths are bicyclists, indicating an 
over-representation of cyclists in crash statistics [1]. The number of crashes in the U.S. has been increasing 
in recent years; even though overall traffic fatalities declined between 2004 and 2019, bicyclist fatalities have 
increased, both in terms of the absolute numbers of deaths and as a share of all traffic deaths [2], [3]. 

Despite the many bicycle and pedestrian crashes, injuries, and fatalities occurring on publicly owned 
assets, transportation agencies and local governments have been unsuccessful at reducing crashes. While 
there are many reasons for this depending on the agency and locality, one of the more prominent challenges 
is that agencies and decision-makers have sparse information about how and when people are biking in the 
transportation systems – which limits what they can know and do about transportation safety problems. 
Without measures of exposure, engineers cannot create policies, or prioritize infrastructure projects with the 
goal of reducing risk, injury, and death. We will test a new methodology for estimating bicyclist volumes in 
this work. Using the state of Georgia (located in the southeast United States) as a case study, we will test the 
feasibility of generating exposure models using crowd-sourced data and Bayesian methods. 

2 CONTEXT 

Like the U.S. overall, Georgia and its largest city, Atlanta, have had troubling patterns of bicycle 
crashes in the last several years [4]. As with most states in the U.S., Georgia does not systematically monitor 
its roadway network for bicyclist traffic, even though vehicular travel is measured (or estimated) on all state-
owned assets. Traditionally, non-motorized count programs are typically designed and operated at state, 
regional, or municipal levels of government, often within a department of transportation or a regional 
transportation governance [5]. While state and local agencies collect non-motorized traffic counts for 
warrants and traffic impact analyses that are useful in themselves, these opportunistic counts do not capture 
enough information to inform safety initiatives; they are not regularly used to inform safety projects, nor are 
they used to direct network-level understanding of non-motorized activity. There is a clear need for new 
methods for estimating pedestrian and bicycle volumes in Georgia’s transportation system – preferably 
methods that make use of existing resources and minimize additional data collection needs. 
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3 DATA AND METHODS 

This work tests a method for using Strava Metro data to estimate patterns of bicycle activity in Atlanta and 
Georgia. Strava is a free smart phone application and social media platform that people use to track 
human-powered recreational and commute trips, including bike trips. Strava Metro is the research and 
data division of Strava [6], which provides researchers and public agencies with high-resolution data on 
non-motorized travel. These data contain segment-level hourly volumes for an entire roadway network – a 
notable advantage over other third-party (i.e., privately developed) datasets, which often can only generate 
area-level estimates of bike activity. A challenge of using Strava data, however, is that it does not capture 
all bike trips; it is inherently incomplete given that it is self-selected, and the data are biased towards 
young, white males [7]. This bias is systematic, however, and Strava data has been shown to produce good-
quality estimates of AADB when calibrated with counts collected from a variety of roadway types [8]–[10].  

We investigate novel ways of using Strava data to estimate highly granular daily and hourly 
segment-level biking volumes along a variety of roadway segments through a Bayesian lens. Often bike 
volumes are calculated as point estimates (e.g., annual average daily biking, or AADB) for simplicity, and 
these estimates are rarely available in Georgia. Average-based estimates may also be dubious; bike activity 
is highly varied throughout a day/day of week and often has bimodal hourly distributions, depriving 
average daily values of much meaning. A Bayesian approach applied to segment-level Strava Metro data, 
however, would allow us to generate distributions of daily and hourly estimates that can provide more 
detail of biking activity over many segments. Because Strava Metro data represents some of the bicycle 
traffic on roadways – albeit imperfectly – it can be viewed as a prior distribution in an empirical Bayesian 
model: 

P(Θ|Y!) ∝ 𝑃𝑃(𝑌𝑌"|Θ)P(Θ) (1) 

where 𝒀𝒀𝒕𝒕 = (𝒚𝒚𝟏𝟏, … 𝒚𝒚𝒏𝒏) are the observed counts of bicycles per time increment 𝒕𝒕, 𝑷𝑷(𝚯𝚯) is the prior 
distribution of daily bicycle volumes per segment that is empirically derived with hyper-parameters 
estimated from a subsection of Strava Metro segment data, and 𝐏𝐏(𝚯𝚯|𝐘𝐘𝐭𝐭) is the posterior probability 
distribution. The posterior probability distribution will be used to create posterior predictive distributions, 
which will then be compared to distributions of activity seen in the Strava Metro data.   

This work investigates the feasibility of this Bayesian-based approach for estimating cycling 
volumes. Data used to update the model will be collected to update this model as this project progresses. 
Counts will be conducted in Summer 2023 at a variety of locations, where the locations are selected to 
represent a cross-section of bicycle traffic and roadway contexts. The locations will be selected by dynamic 
time series clustering (specifically, dynamic time warping, DTW) on a subsection of Strava segments. The 
DTW approach minimizes the square root of the sum of squared distances between one pattern of activity 
and another, given one distribution of activity 𝑿𝑿 = (𝒙𝒙𝟎𝟎… , 𝒙𝒙𝒏𝒏) and another distribution of activity 𝒀𝒀 =
(𝒚𝒚𝟎𝟎… , 𝒚𝒚𝒏𝒏). 

𝐷𝐷𝐷𝐷𝐷𝐷(𝑥𝑥, 𝑦𝑦) = 𝑚𝑚𝑚𝑚𝑚𝑚> ? 𝑑𝑑(𝑥𝑥( , 𝑦𝑦())
((,,)∈/

 (2) 

where 𝜋𝜋 is a list of indexed pairs (𝑚𝑚0 , 𝑗𝑗0), with 0 ≤ 𝑚𝑚0 < 𝑚𝑚 and 0 ≤ 𝑗𝑗0 < 𝑚𝑚, and these indexed pairs begin 
with (𝑚𝑚1, 𝑗𝑗1) and end with (𝑚𝑚234, 𝑗𝑗534). We will experiment with shape-based and k-means algorithms for 
clustering, selecting the measures that perform best on a variety of indicators.  

Once the Strava Metro segments have been clustered, a sample of 20 randomly selected segments 
(dispersed over the clusters) will be designated for observational data collection. The local transportation 
agency will collect 48-hour counts of bicycle volumes reported in number of cyclists per hour at these 
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segments. The counts will be separated into training and testing data. The training counts will be used to 
update the Bayesian model (𝒀𝒀𝒕𝒕 = (𝒚𝒚𝟏𝟏, … 𝒚𝒚𝒏𝒏)), generating posterior and predictive distributions for each of 
the 20 segments. These posterior distributions will then be compared to the testing counts of hourly bicycle 
volumes. Results from these analyses will confirm or deny the applicability of Strava Metro data to be used 
by the Georgia Department of Transportation to inform bike project prioritization and safety models.  

This methodological exploration builds on existing literature of non-motorized traffic monitoring 
safety modeling in several ways. First, methods for non-motorized traffic monitoring in the U.S. follow the 
same approach as vehicular traffic monitoring: control counts conducted over a long period are used to 
create adjustment factors that extrapolate short term counts into AADB estimates [12]. But this approach is 
not amenable to highly variable data, and it historically is difficult for agencies to create counting programs 
to conduct these counts in the first place. Our approach may develop estimates that more realistically capture 
variation of bike activity using easily accessible data. Second, having more information about where and 
when people are biking will inform transportation agencies’ understanding of risk. As the project develops, 
we will investigate ways of using our estimates of biking data to crash prediction models that are calibrated 
by exposure to crashes – a needed improvement in crash modeling that can accurately inform safety projects. 
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1 INTRODUCTION 

Stakeholders in many municipalities worldwide are committed to promoting cycling and improving cycling 
provision. Scarcity of space is a major issue in most of these cities particularly for main streets which have 
significant movement and place functions. Multiple demands exist at these streets including moving 
pedestrians, cyclists and motorised vehicles, parking, people waiting at public transport stops or staying in 
the street for place activities. Mixing cyclists and motorised vehicles at the same space in the carriageway 
might be the only possible solution for cycling provision in these contexts which is applied in many German 
cities. Mixed traffic solutions for cycling for this study means that there is either no marking at all for cycling 
or bicycle pictograms. Marked advisory lanes are also considered as mixed traffic solutions in some 
references [1] but not part of this study.  

Schröter et al. [2] show in their overview of international guidelines on cycling provision that other European 
countries such as The Netherlands or Sweden are stricter than Germany and only allow for mixing cyclists 
and motorised vehicles in residential streets with low volumes and speed of motorised traffic. Existing studies 
on cycling provision in mixed traffic therefore mainly come from Austria, Germany and the U.S. These studies 
either focus on acceptance or on safety. Acceptance is usually measured as the proportion of cyclists riding 
on the carriageway (vs. the sidewalk): Cyclists might be legally requested to cycle in the carriageway next to 
the cars but prefer to cycle at the sidewalk even though they are not allowed to do this, just because they 
feel that this is safer for them. Low acceptance might then impact negatively on safety, e.g., by causing 
conflicts with pedestrians or when crossing intersections at the sidewalk, which is not prepared for cyclists. 
Studies on acceptance only apply descriptive and monocausal analysis methods to investigate the effects of 
single characteristics (e.g. speed limit, the existence of shared lane markings) on acceptance, e.g. [3,4]. 

The aim is to evaluate the acceptance of cycling in mixed traffic which we also measure as the proportion of 
cyclists riding on the carriageway versus on the sidewalk. It is based on a unique dataset of video observations 
on cyclist behaviour, exposure and infrastructure variables which allows for detailed descriptive and model-
based analyses. 

2 DATA 

The empirical work in this study is based on video observations at 334 locations with a total length of 151 km 
located in 13 cities in Germany. Location is defined as one side of a street at a street section including the 
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sidewalk and the part of the carriageway that is used to move towards the same direction. 321 of these 
locations have no marking for cyclists at all, 13 have bicycle pictograms. A total of 47.009 cyclists (39.839 
cyclists on the carriageway and 7.170 cyclists on the sidewalk) are recorded at these locations in the years 
between 2012 and 2019. Children and adults accompanying children are not included in the analysis, because 
they are requested to ride on the sidewalk until the age of eight and allowed to ride on the sidewalk until the 
age of ten years according to German law. Older cyclists are requested to cycle in the carriageway. Exposure 
data is collected on cyclist volumes at the carriageway and the sidewalk as well as on volumes of motorised 
vehicles and pedestrians. Additionally, infrastructure characteristics such as the number and widths of lanes, 
speed limit, the presence of parking as well as the types and usage of adjacent buildings are mapped. 

3 METHODS 

This study is based methodologically on the combination of descriptive analysis followed by regression 
modelling. Logistic regression models are applied to account for the binary character of the dependent 
variable on whether or not to cycle on the carriageway. The distribution of the dependent variable is assumed 
to be skewed towards one because legally, cyclists are requested to cycle on the carriageway. Formula (1) 
shows the basic form of the binary logistic model to explain the probability that cyclists ride on the 
carriageway that was applied for this study: 

log
πi

1-πi
 = β0+ β1x1 + β2x2 + … +  βkxk (1)1 

with 

πi Probability of cyclists riding on the carriageway 
xk Explanatory variables to be multiplied by the regression coefficients βk 

4 RESULTS 

Table 1 shows the model results for the proportion of cyclists on the carriageway. Volumes of motorised 
vehicles, lane widths > 3,00 m and city type have a significant negative influence on the acceptance of cycling 
on the carriageway. Cyclist volumes, shared lane markings and a speed limit < 50 km/h are found to 
significantly increase the likelihood to cycle on the carriageway. It is interesting that with increasing cyclist 
volumes, the proportion of cyclists on the carriageway also increases, which could be interpreted as 
‘acceptance in numbers’ effect. 

Table 1: Results of the logistic regression-model for the proportion of cyclists on the carriageway 

Variable Unit/ 
Characteristics 

Regression- 
coefficient β1  SE OR p2 

Constant term - 2,557 **** 0,268 12,901 **** 
Cyclist volumes in the direction of i Rf/h 0,011 **** 0,002 - **** 
Volume of motorised vehicles in the direction of i Vehicle/h -0,003 **** 0,000 - **** 
Shared lane markings (bicycle pictograms) no Ref.   Ref. 0,0547 
 yes 0,581 * 0,287 1,787   
Lane width < 3,00 m Ref.   Ref. 0,0869 
 3,00 to 3,50 m -0,720 ** 0,228 0,487  
 > 3,50 m -0,714 ** 0,238 0,490   
Speed limit 50 km/h Ref.   Ref. *** 
 < 50 km/h 0,498 *** 0,132 1,645   
City type city Ref.   Ref. ** 
 town -0,584 *** 0,169 0,558   
McF-R2 = 0,43 
AIC = 4.002,07 
1 Significance of the coefficient (forest test) * < .05 ** < .01 *** .001 **** < .0001 
2 Significance model effect (likelihood ratio test) * p < .05 ** p < .01 *** p < .001 **** p < .0001 
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The logistic regression model shows a good model fit with an McF-R2 of 0,43. The unexplained variance is 
assumed to result from user characteristics such as socio-demographic variables or levels of cycling practice 
as well as further variables such surface quality which are not considered in this study. 

Model results are used in the next step to forecast the acceptance of cycling on the carriageway in different 
scenarios with varying volumes of motorised traffic, speed limits and the existence of bicycle pictograms as 
shown in Figure 1. For other significant variables a fixed value is set. Cycling in mixed traffic without bicycle 
pictograms should only be recommended in combination with traffic volumes of maximum 400 vehicles per 
hour and a speed limit of < 50 km/h to achieve a proportion of cyclists on the carriageway of 90 %. The 
marking of bicycle pictograms increases acceptance.  

 
Figure 1: Predicted proportions of cyclists on the carriageway based on model results 

5 CONCLUSIONS 

This study shows cyclists’ sensitivities to their environment in mixed traffic situations. Cyclists do not follow 
the rules which request them to cycle in the carriageway when they do not feel safe. They prefer to cycle on 
the sidewalk with negative impacts on their own comfort and safety but also for pedestrians and possibly 
further user groups. Speed limits of < 50 km/h and lower volumes of motorised traffic significantly increase 
the acceptance. Bicycle volumes also have a positive effect which indicates an ‘acceptance-in-numbers’ 
effect. The logistic regression model developed in this study could help to update guidelines on cycling 
provision but it should be complemented by empirical analyses of safety implications. 
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1 INTRODUCTION 

Cycling is nowadays considered as a crucial means of achieving the climate-neutral goals set by the EU and 
United Nations for 2050 [1]. In this context, we expect a significant increase in the promotion and use of 
bicycles in the coming years. However, by increasing the number of cyclists, concerns about cycling safety 
may grow as well, highlighting the need for a strong understanding of bicycle dynamics to prevent falls and 
unexpected dynamic instabilities. 
The rider’s ability to stabilize the bicycle in an undesired state, such as when it is rolled by a gust of wind, 
steered when hitting a pothole, or slipping on icy road, depends on both the rider’s neuromuscular control 
and the bicycle’s dynamics. Tyres play a significant role in the latter, generating the lateral forces necessary 
for proper bicycle handling. Variation in the tyre compound, tread pattern, manufacturing process etc. as 
well as working parameters such as inflation pressure or vertical load also affect a rider’s ability to stabilize 
the bicycle [2]. To understand the impact of this variations, we have measured the lateral characteristics of 
a large batch of tyres representative of the ones commonly used on contemporary bicycles. We performed 
measurements through VeTyT (“Velo Tyre Testing”), a test-rig specifically designed for bicycle tyres (Figure 
1) [3,4].  
In this study, our aim is to investigate how changes in tyre properties can affect the rider’s control behavior. 
We plan to evaluate the stability of bicycle-rider models with tyre contribution by applying perturbation to 
the initial state of the system and studying the dynamics over time. Furthermore, we aim to replicate the 
same perturbations on a real bicycle to validate our models. To do so, we have implemented a “kick-plate” 
test for bicycles. This allows us to consistently perturb the bicyclist while simultaneously generating large slip 
angles. In this way, we can elicit nonlinear effects of the tyres. 

2 METHODS 

Kick-plate tests for cars are typically performed in dedicated circuits to study vehicle handling and train 
drivers to address dangerous situations. Following a similar conceptualization, we designed a portable kick-
plate device at the Technical University of Delft specifically for testing bicycles in different scenarios (Figure 
2). The device consists of a moving platform made of steel and actuated by compressed gas springs. The 
motion is limited in one direction only by means of linear guides. The displacement can be adjusted up to 
150 mm, and a trigger system implemented in Arduino environment actuates the motion by unlocking the 
springs, to create a step input disturbance in a second on the rear wheel. 
Tests will be performed with instrumented commercial bicycles and a balance assist bicycle [5], both 
equipped with IMU sensors and a torque sensor to record the torque applied by the rider to the handlebar. 
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Figure 1: VeTyT test-rig used to measure 
lateral characteristics of bicycle tyres. Figure 2: Kick-plate device design. 

Figure 3 shows a nonlinear simulation at an initial speed of 6 m/s of the Carvallo-Whipple bicycle model 
extended to include the linear effects of side slip, camber, and relaxation length on tyre lateral force and self-
aligning torque. A basic human controller has been also added to stabilize the bike.  

 
Figure 3: Non-linear simulations led on modified Carvallo-Whipple model, adding the tyre contribution.  

We activate the kick plate on the rear wheel with a 100 N pulse 𝐹𝐹𝐹𝐹𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 and show the response on steer angle δ, 
front and rear side slip (𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓, 𝛼𝛼𝛼𝛼𝑟𝑟𝑟𝑟), front and rear lateral forces 𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦,𝑓𝑓𝑓𝑓, 𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦,𝑟𝑟𝑟𝑟 respectively. The dotted lines show the 
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response when the slip and camber coefficients are reduced by 30%, representing expected differences when 
a tyre is deflated from 5 bar to 3 bar. 

3 CONCLUSIONS 

Bicycle tyres may affect the stability of bicycle-rider models. To investigate this further, we have modeled 
the kick-plate platform for applying a lateral disturbance to the contact point between the tyre and the 
ground. We have set the test protocol and are currently in the process of prototyping the kick-plate device. 
The result of our study may set a new benchmark for the implementation of homologation rules for 
micromobility vehicles in the near future. 
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Royal Dutch Gazelle. 
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INTRODUCTION 

In Denmark, almost 2,000 cyclists per million inhabitants are treated every year following multi-party 
accidents with other road users [1]. Previous research has shown that improving the visibility of cyclists has 
a significant safety impact on the number of multi-party accidents [2][3]. [2] was also a randomized 
controlled trial (RCT) with daytime running lights and showed 47% fewer multi-party accidents. 

The aim of this "Project Cycling Life" has been to repeat the RCT [2], but with a new and more powerful 
driving light, and thus again to investigate how cyclists' use of daytime running lights affects cyclists' 
accident risk in multi-party accidents. The project has hypothesized that the use of daytime running lights 
will make cyclists more visible in the traffic scene and thus achieve a reduction in the number of multi-party 
accidents. 

1 METHOD 

 Participants were recruited through the project website 
www.cykelliv.dk. The website was promoted through a variety of 
social media channels and a press release. Within a month we had 
5,380 participants in the project, half of whom received the light for 
a deposit of 13 EURO, and with the option to buy the light for 13 
EURO after the trial.  The other half was the control group, and this 
group could buy the light for 13 EURO after the trial - The market 
price of the light is 80 EURO. See the pictures to the right.  

The project ran over 13 months, with participants receiving a monthly email containing a link to a 
questionnaire asking them if they had cycled in the previous month and if they experienced any accidents 
while cycling. 

At the end of the study, the number of months that participants in the two groups had actively reported 
cycling and the number of cycling accidents was recorded. The accident rate in the test and control groups 
was then calculated as the ratio of the number of multi-party accidents to the number of 'active' months, 
and the effect was calculated as the ratio of these. 

2 RESULTS 

2.1 Reported accidents 

In total, participants reported for 36,503 months, and 230 accidents were reported, of which 60 accidents 
were accidents in which the participant sustained more serious injuries than bruises, which were defined as 
personal injury accidents. 135 of the accidents were multi-party accidents, of which 34 were personal injury 

Figure 1 NOVA daytime running lights 
from the company Reelight 
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accidents, and 95 were single-party accidents, of which 26 were personal injury accidents. Table 1 shows the 
reported accidents broken down by several parameters.  

Table 1:  Accident characteristics. Personal injury accidents cover accidents where the participant has sustained injuries 
more serious than bruising. 

Accident characteristics Test Group Control group 

 All accidents Personal injury 
accidents All accidents Personal injury- 

accidents 
Accidents in total  121 25 109 35 
Type 
Single accidents  59 14 36 12 
Multi-party accidents 62 11 73 23 
Season 
Winter (October-March) 79 18 70 22 
Summer (April-September) 42 7 39 13 
Lighting conditions 
Daylight 87 14 80 28 
Twilight 12 3 8 1 
Dark 22 8 21 6 

 

2.2 Safety effect of driving lights 

The participants in this project know which group they belong to, and they know the hypothesis of the project. 
Therefore, the results may be affected by demand characteristics. To get an idea of this bias, we have corrected 
the results with a correction factor formed from the participants' reporting of single accidents. The assessment 
has been that a possible bias in the reporting would also include the single accidents, as the participants would 
otherwise have realized that their "demand characteristics" would only include the multi-party accidents and 
not the single accidents. 
 
Table 2 and Table 3 show the corrected effects of daytime running lights on multi-party accidents, broken 
down into personal injury accidents and all accidents respectively. The column IRR (Incidence Rate Ratio 
which is the effect measure) should be read in such a way that at a value of 1.00 there is no effect, values below 
1 indicate a decrease in the number of accidents - e.g., a value of 0.75 indicates a decrease of 25% - and values 
above 1 indicate a corresponding increase. The 95% CI(IRR) column shows the 95% confidence interval for 
the IRR, and only if the confidence interval does not include the value 1 is either the decrease or the increase 
statistically significant. 
 
The project's main finding from Tables 2 and 3 is that the group driving with lights had 30% fewer multi-party 
accidents and 25% fewer multi-party accidents with injury. However, none of the results are statistically 
significant. 
 
Table 2: Incidence rates, incidence rate ratios (IRR), and 95% confidence intervals for multi-party injury accidents, 
corrected for over-reporting in the test group. 

Multi-party accidents involving personal injury (corrected) 

Multi-vehicle accidents 
involving personal 
injury 

Number of accidents Incidence rate * 1.000 
IRR 95% CI (IRR) Test 

Group 
Control 
group 

Test Group 
(Corrected) Control group 
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All 11 23 0,84 1,11 0,75 [0,23; 2,47] 

Winter 6 15 0,80 1,28 0,63 [0,16; 2,40] 

Summer 5 8 0,88 0,90 0,98 [0,23; 4,25] 
Daylight 7 17 0,53 0,82 0,65 [0,18; 2,36] 

Twilight 2 0 0,15 0,00 - [- ; -] 

Dark 2 6 0,15 0,29 0,52 [0,08; 3,36] 

Motorized counterpart 5 7 0,38 0,34 1,12 [0,25; 4,97] 

VRU counterpart 6 16 0,46 0,77 0,59 [0,16; 2,24] 
 
Table 3: Incidence rates, incidence rate ratios (IRR), and 95% confidence intervals for all multi-party accidents, 
corrected for overreporting in the test group. 

All multi-party accidents (corrected) 

Multi-party accidents 

Number of 
accidents Incidence rate * 1.000 

IRR 95% CI (IRR) Test 
group 

Control 
group 

Test Group 
(Corrected) Control group 

All 62 73 2,48 3,53 0,70 [0,39; 1,28] 

Winter 34 47 2,39 3,99 0,60 [0,31; 1,16] 

Summer 28 26 2,60 2,91 0,89 [0,43; 1,85] 

Daylight 52 51 2,08 2,46 0,84 [0,45; 1,58] 
Twilight 4 5 0,16 0,24 0,66 [0,16; 2,70] 

Dark 6 17 0,24 0,82 0,29 [0,10; 0,84] 

Motorized counterpart 23 22 0,92 1,06 0,87 [0,40; 1,86] 

VRU counterpart 39 51 1,56 2,46 0,63 [0,33; 1,21] 
 

3 CONCLUSIONS 

Project Cycling Life investigated the safety effect of a fixed daytime running light on bikes through a RCT with 
5,380 participants, half of whom cycled with the light, for 13 months and the other half were controls. The 
project showed that the group going with daytime running lights had 30% fewer multi-party accidents and 
25% fewer multi-party accidents with injuries. However, neither of the effects were statistically significant. 
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1 INTRODUCTION 

A range of studies has found that attitudes toward cyclists in low cycling countries are predominantly 
negative.  Worryingly, negative attitudes toward cyclists are associated with self-reported aggression and 
hostility toward cyclists. Public references to violence against cyclists are not uncommon and rarely given the 
same condemnation as, for example, violence toward women or bullying [1].  

In a pilot study, the authors [2] found that around half of non-cyclists held dehumanising beliefs about 
cyclists. Dehumanisation means treating people as if they are less than fully human, or not fully evolved, and 
it is usually applied to racial or ethnic groups, homeless people or psychiatric patients.  On-road cyclists look 
and act differently to ‘humans’: they move in a mechanical way and their faces are not often seen by 
motorists.  Critically, these dehumanising beliefs were correlated with negative attitudes to cyclists and with 
self-reported aggression such as throwing objects at cyclists or using a car to deliberately block a cyclist. 

The current study explores ways to reduce the dehumanisation of cyclists through public education.  If we 
can put a human face to cyclists, we may improve attitudes, increase support for cycling infrastructure, 
increase willingness to try cycling and reduce aggression directed at on-road cyclists. It may increase 
community willingness to support the investment in safe cycling infrastructure, reducing the likelihood of 
conflict in the first place. This could result in a reduction in cyclist road trauma or an increase in public 
acceptance of cyclists as legitimate road users. 

2 RESEARCH METHODS 

The research team designed a questionnaire that ostensibly tested reactions to a proposed media campaign 
promoting the new law requiring drivers to provide at least a metre between their vehicle and cyclists. Two 
aspects of the campaign poster were manipulated: whether the image showed the rider face-on and whether 
the image was a photograph or a graphical version of the photo. Half of the participants were shown the 
photograph and then the graphical version, both from the front. The remaining participants were shown both 
versions from the rear. Based on past research, it was expected that both the photographic version and the 
front-on images would be more ‘humanising’ than images from the rear or graphical images. 

After viewing the images, participants were asked a range of questions measuring: 
• Evaluation ratings of the poster designs (clarity, memorability and effectiveness) 
• Attitudes to cyclists using the Attitudes to Cyclists Scale (ATCS), developed by Rissel et al. [3] 
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• Aggression and harassment toward cyclists (how often they shouted at cyclists, threw objects at 
cyclists, etc) [4] 

• Two different measures of dehumanisation of cyclists, including the Dehumanisation Trait Scale [5] 
and the Blatant Dehumanisation Slider [6] 

• How often respondents drove a car or rode a bicycle (to classify people as cyclists, who ride a bicycle 
at least monthly, or drivers, who haven’t ridden a bike in the last year but drive a car at least monthly) 

For the attitude and dehumanisation scales, participants were asked to rate ‘riders like this’ (in the poster). 
The survey was advertised via paid Facebook ads as well as newsletters, ACT government email and social 
media.  A total of 379 people commenced the survey, with a final result of 267 responses (168 cyclists and 
98 drivers) after data cleaning and removal of incomplete responses. 

3 RESULTS 

This paper will focus on the results regarding how the design of the posters influenced attitudes and 
dehumanising beliefs. For each poster, the mean score on the Attitudes to Cyclists Scale was significantly 
higher (F(1, 243)=44.572, p<.01) for cyclists than drivers. The design of the image (front or rear view, photo 
or graphic) had no effect on attitude ratings. However, there was a statistically significant interaction (F(1, 
243)=6.372, p<.05) in which drivers reported more positive attitudes to the cyclist shown from the front than 
from the rear (25.0 vs 22.8), while this was not evident for the cyclist participants (28.1 vs 28.6). 

In contrast, poster design had a significant impact on measures of dehumanisation.  The two measures of 
dehumanisation found similar results, so we focus on the Blatant Dehumanisation (Ape to Human) Scale 
(where higher values represent lower levels of dehumanisation). The statistical analysis of these scores 
showed that participants who were cyclists rated the cyclist shown in the posters as more human than did 
the driver participants (91.6 vs 82.9, F(1, 240)=7.444, p<.01).  The rider in the photographic posters was rated 
as more human than the rider in the graphical posters (89.6 vs 87.8, F(1, 240)=11.831, p<.01). However, 
overall there was no statistically significant difference between the scores for the front and rear versions of 
the posters, although this did appear to have an effect on drivers.  

4 DISCUSSION 

Based on previous research, it was predicted that the lowest levels of dehumanisation would be reported for 
campaign posters showing face-on photographs of cyclists. The results from this study showed that using 
photographs did lead to lower levels of dehumanisation compared to using graphical representations of 
riders.  However, the reduction in dehumanisation resulting from showing the front of the rider instead of 
the back was not statistically significant.  These results suggest that using photographs in campaigns is more 
humanising than using graphical images, but that whether the rider is shown from the front or the back 
makes little difference.  While past research in other domains has shown that faces are humanising, we could 
speculate that the current findings reflect that drivers see riders from the back before passing, and so the 
rearview depiction may seem more relevant to the message being portrayed in the poster.  

Interestingly, there was little effect on poster design on attitudes to “riders like this”. The scores on the 
Attitudes to Cyclists Scale (ATCS) did not differ between the photographic and graphical posters or between 
those showing the rider from the front versus the rear. The only difference found was that drivers (but not 
cyclist participants) reported more positive attitudes to the rider shown from the front than the rear. This 
difference could indicate that attitudes to cyclists are more static and fixed, or at least that they are not 
sensitive to small changes in how cyclists are portrayed.  However, the dehumanisation measures appear to 
be more sensitive to context and portrayal of people on bicycles. 

The overall prevalence of dehumanizing beliefs is still concerning, with over half of respondents rating the 
bike riders in the posters as less than 100% human on the Blatant Dehumanisation Scale. Regardless of the 
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campaign design, people who ride bicycles themselves had more positive attitudes and more humanizing 
beliefs toward other cyclists.  This suggests that if we can get more people riding, we may set off a virtuous 
cycle that erodes dehumanizing beliefs and increases support for safe cycling infrastructure.  

5 CONCLUSIONS 

How cyclists are portrayed in public education efforts may influence the level of dehumanization, with the 
results suggesting that photographs of cyclists may contribute to lower levels of dehumanisation compared 
to using graphical representations. While past research has shown that faces are humanising, the rear view 
may be more relevant for messages about passing riders.  However, the type of image did not appear to 
influence attitudes to cyclists, suggesting that attitudes are more static and fixed. 
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1 INTRODUCTION 

Due to investments in cycling infrastructure and promotion of cycling as a green and healthy mode of 
transport, cycling gains popularity in many cities around the globe. These growing cycling levels lead to an 
increasing number of severe and fatal bicycle crashes, particularly in urban areas where more than half of 
the fatal crashes in the European Union occurred [1]. Therefore, understanding the factors affecting bicycle 
safety in urban areas is crucial to improve the wellbeing of cyclists and further promote cycling as a 
sustainable and healthy mode of transport. This paper aims to contribute to safer urban cycling by examining 
bicycle crash risk factors in Dutch cities. 

Bicycle crashes have a strong spatial and temporal character as these crashes tend to cluster at specific 
locations which is influenced by temporal variation in these crashes [2]. It is therefore important to consider 
this heterogeneity of crashes in space and time when investigating bicycle safety. To address this nature of 
bicycle crashes, the current study uses a high-resolution spatiotemporal dataset with hourly variation in 
bicycle crashes and exposure metrics on each road section of the cycling network. Other examined risk 
factors are network structure, cycling infrastructure, speed limits, and proximity of popular destinations for 
cyclists. Moreover, to provide transferability of the results, the cycling networks of the four largest Dutch 
cities are analyzed simultaneously.  

2 DATA AND METHODS 

2.1 Study area 

The study area covers the four largest Dutch cities: Amsterdam, Utrecht, Rotterdam, and The Hague. The 
infrastructure of Amsterdam and Utrecht is characterized by being more cycling-friendly, while in Rotterdam 
and The Hague the infrastructure is more car-oriented. This is also illustrated by the difference in cycling 
levels. These are the highest in Amsterdam and Utrecht, with around 40% of the short trips (1-7 km) made 
by bicycle and 25% by car. In Rotterdam and The Hague this is 30% for both the bicycle and the car [3]. 

2.2 Data 

The crash data includes all police-reported injury (light or severe) and fatal crashes involving at least one 
cyclist and that occurred on road sections and intersections in the analysed networks between 2015 and 
2019. The data for the predictors comes from a large variety of data sources, which is a consequence of 
analysing four cities in one study. For example, the data for the exposure metrics comes from GPS tracks, 
local hourly bicycle count data, local transport models, and local hourly motorised vehicle count data.  
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2.3 Methods 

The network-wide hourly exposure to cyclists is estimated by calibrating the hourly bicycle GPS data with the 
local bicycle count data. For motorised vehicles, the average relative hourly volumes from the local count 
stations are multiplied by the estimated weekly average volumes obtained from the local transport models. 
To investigate the effect of network structure on bicycle safety, intersection density and betweenness 
centrality are retrieved. The latter shows the degree of a network being reliant on a number of road sections 
[4]. Lastly, due to the hourly disaggregation of bicycle crashes, the number of zeros increased and the crashes 
are distributed over all hours of the week (168 hours). As a result, nearly all hours where at least one bicycle 
crash occurred only have one crash. This makes the bicycle crashes virtually a binary variable as there is either 
a crash or no crash. Therefore, logistic regression is used to estimate the probability of a bicycle crash 
occurring, defined as bicycle crash risk. 

3 RESULTS 

The focus of the results is on the main findings adopted from a general model that combines the data from 
all four cities. City-specific results are also presented as there are some significant differences between the 
studied cities. However, it is noteworthy that, despite the large variety of data sources (that may cause these 
differences to some extent), most results are quite robust across the cities. Figure 1 presents the 
standardized coefficient estimates for the significant variables of the general model and the four city-specific 
models.  

 
Figure 1: Results of the five logistic regression models. *Reference: for evening/night (18:00-06:00) is morning/day (06:00-18:00); for 

cycling infrastructure is 30 km/h with on-street cycling facilities; for municipality is Rotterdam. 

Both the exposure to cyclists and the exposure to motorized vehicles show a strong impact on bicycle safety 
in all cities. The results indicate that hours with larger exposure levels lead to a higher bicycle crash risk. 
Furthermore, it can be noticed that a relative increase in the exposure to cyclists has a slightly larger impact 
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than the same relative increase in exposure to motorized vehicles. Moreover, bicycle crash risk is lower 
during the evening/night hours (18:00-06:00) than during the morning/day hours (06:00-18:00).   

The betweenness centrality indicator has a relatively low impact on bicycle safety and results imply that the 
more central the road section is, the slight higher the bicycle crash risk. One reason might be that at road 
sections with high centrality, many routes come together, leading to increased interactions and conflicts 
between road users. The intersection density variables have an average impact on bicycle safety. The results 
indicate that bicycle crash risk is higher where there are more intersections per kilometer.  

For the cycling infrastructure variables, the results indicate that bicycle crash risk on 50 km/h roads with 
separated bicycle tracks is lower than the reference (30 km/h roads with on-street cycling facilities). This 
might be caused by the fact that for three out of the four cities only the higher volume 30 km/h roads are 
included and that such roads may have negative implications for bicycle safety. Secondly, no significant 
relationship between 50 km/h roads with on-street cycling facilities and bicycle crash risk is found in the 
general model. This result may be caused by the contradictory city-specific findings, as bicycle crash risk on 
this road type is higher than the reference in Amsterdam and The Hague, it is lower in Rotterdam, and in 
Utrecht no significant relationship is found. Lastly, the results show a counter-intuitive higher crash risk at 30 
km/h with separated bicycle tracks compared to the reference, but the impact on bicycle safety is low. 
Presumably, these roads are designed as 50 km/h roads with separated bicycle tracks, which may cause 
speeding as the design does not fit the intended speed limit. 

It is shown that cycling within 150 meters network distance of commercial facilities has a relatively strong 
impact on bicycle safety. The findings imply that in shopping areas bicycle crash risk is higher, presumably 
due to increased numbers of pedestrians or other road users. For the other destination types, this study 
found no significant relationship with bicycle safety in the general model. 

4 COCNLUSIONS 

The main conclusions of the study are as follows: 

1. The exposure variables (cyclist and motorized vehicles) have the largest effect on bicycle crash risk. 
2. Bicycle crash risk is lower during the evening and night hours than during the daytime hours. 
3. The most central road sections (i.e., betweenness centrality) in the cycling network have a higher bicycle 

crash risk, but the overall impact of centrality is limited.  
4. The higher the intersection density, the higher the bicycle crash risk.  
5. Compared to 30 km/h roads with on-street cycling facilities, bicycle crash risk on 50 km/h roads with 

separated bicycle tracks is lower.  
6. 30 km/h roads with separated bicycle tracks have a higher bicycle crash risk than 30 km/h roads with on-

street cycling facilities, but the impact on bicycle safety is limited.  
7. Roads close to commercial facilities have a higher bicycle crash risk than roads further away. The impact 

of commercial facilities on bicycle safety is relatively high. 
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1 INTRODUCTION 

Comfort is an important factor for people’s decision to ride a bicycle [1] [2, pp. 68-70]. The surface roughness 
of bicycle infrastructure is a well-established measure of bicycle comfort [3] [4]. Most works on measuring 
the surface roughness of bicycle infrastructure use acceleration data collected with inertial measurement 
units (IMUs) [5], being part of dedicated devices [6] [7] or smartphones [8] [9] [10]. In most cases, authors 
use vertical acceleration values, either by installing the IMU in such a way that one axis is perpendicular to 
the ground plane [6] [10], or by calculating the resulting vertical acceleration from all three axes [8] [9]. Some 
works use all three axes of the accelerometer directly [11]. Different methods have been applied to derive 
and quantify the roughness or comfort of the corresponding riding surface from acceleration. The 
International Roughness Index (IRI) [12, pp. 45-52] is a well-established roughness measure. Therefore, some 
works try to directly calculate it [9], while some consider closely related measures [6] [11]. Other works 
introduce own comfort measures not related to the IRI [8] [10]. 

While the findings of some of these works have been previously compared [5], a proper comparison of 
methods and their characteristics has not been conducted yet. Therefore, the aim of this work is to provide 
insights on the properties of different combinations of acceleration sensors and calculation methods for 
roughness and comfort. To this end, these combinations will be applied to the same test routes and the 
resulting assessments compared. 

2 EXPERIMENT DESIGN 

For creating a test data set to compare the assessments of different combinations of sensors and methods 
for roughness calculation, data from both a smartphone and a dedicated IMU will be collected during the 
same test rides. This data set will comprise asphalt, gravel, and cobblestone surfaces of different conditions. 
It will be made publicly available to allow for further method development and refinement.  

Roughness or comfort are usually derived for short segments of the test routes. There are works using 
segments of 5 [10], 10 [8], 20 [9] or even 100 [6] meters. The collected data will first be mapped onto a graph 
representation of the road network and then cut into these segments. Subsequently, the vertical acceleration 
component will be isolated and processed further using different methods from literature listed in section 
2.2. Some of these produce numerical assessments like the IRI [9] or the dynamic comfort index (DCI) [6], 
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others yield ordinal classes [8] [10]. Nonparametric statistics will be used for the evaluation of stability and 
reliability as described in section 2.3. Evaluation of each sensor-method combination, including the effect of 
segment length, will be performed per segment with at least five test rides. 

2.1 Used Sensors 

For collecting the test dataset, both a Xiaomi Mi 9X smartphone and an industry-grade IMU built into the 
XSens MTI-680G1 device are used. The selection of devices is based on different approaches for bicycle 
infrastructure assessment. Smartphone sensors, as well as low cost IMUs in shared bicycles, address the use 
case of acceleration data collected using a crowdsourcing approach. For example, providers of bicycle routing 
apps could integrate IMU measurements which result in detailed maps of surface roughness and comfort on 
users’ bicycle routes. These maps could subsequently be used to refine the routing based on the roughness 
indicator. The use of a dedicated sensor, on the other hand, is more relevant for acquiring acceleration data 
during planned test rides. These are usually conducted by either research groups, civil engineering 
companies, or public bodies responsible for infrastructure maintenance. This work will provide insights on 
the results to be expected using a certain type of sensor, allowing to select the best suited ones for a given 
task.  

2.2 Used Methods 

Of the six works on pavement condition listed by [5], only the methods used to calculate the DCI by [6] and 
the method to classify each segment into one of six classes by [10] were selected for comparison. The other 
four listed works were disregarded, as two did not describe any method to derive a roughness measure, one 
used a profilometer instead of an IMU, and the methodology of the last one was considered both poorly 
designed and described. Instead, the method to calculate the IRI from accelerations by [9] was added as the 
IRI is a well-established metric. The classification approach by [8] was added as a second method with ordinal 
output. Last, the method by [11] to derive a comfort assessment from all three axes of an accelerometer was 
selected to cover all recent, well-cited works on the topic. Depending on the use case, opting for numerical 
or ordinal assessments is the more natural choice. The results of this work will provide recommendations for 
the best suited method for either. 

2.3 Evaluation Metrics 

For each combination of sensor and calculation method, the stability and reliability of the resulting 
assessments will be evaluated. This will also yield the optimal combination for a given task. As stability 
measure, the dispersion of derived roughness or comfort measures on the same segment is considered. For 
numerical assessments the coefficient of variation will be used as dispersion metric. For ordinal assessments 
the dispersion as defined by [13] will be used. This metric is of special interest for planned test rides, as it 
determines the number of required test rides to achieve a stable assessment. This number is a major 
contributor to the costs and effort required to assess a certain predefined network. Also, for crowdsourcing 
approaches, this metric can be used to derive a reliability measure for sections with few test rides. 

As reliability measure, Spearman’s rank correlation coefficient ρ [14, pp. 140-148] is considered. A major 
advantage of using rank correlation is the comparability of numerical and ordinal assessments. Using it as 
reliability measure assumes an assessment agreed upon by several combinations to most likely be an 
accurate estimate of the actual roughness or comfort of a given test section. Therefore, this metric can then 
be considered an accuracy estimation for the individual sensor-method combinations. Based on these two 
metrics, a recommendation of which combinations to use for dedicated test ride- as well as crowd sourcing 
approaches will be provided. 

 
1 https://www.movella.com/products/sensor-modules/xsens-mti-680g-rtk-gnss-ins 

ICSC2023_ID060



– 120 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

3 

3 POSSIBLE RESULTS 

Three central questions should be answered with this work: 

1. For which applications, if any, is there an advantage in using dedicated, industry-grade IMUs over 
smartphones for the collection of acceleration data? 

2. Which combination of sensor and calculation method yields which assessments and how consistent 
are they? 

3. How many test rides are required for a reliable assessment per combination of sensor and method? 

The results of this work can be used to different ends. Civil engineers are able to select suited methods for 
bicycle infrastructure assessment. Bicycle routing providers can use the results to enhance routing 
preferences for different user groups and bicycle categories. Researchers could select the most promising 
approach as basis for their future research. Furthermore, they can prototype methods using the provided 
data set. And last, the described evaluation methodology can be used to evaluate whether newly developed 
systems outperform existing ones.  
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1 INTRODUCTION 

Micro-mobility in its different forms (walking, bike, e-scooter) is the sustainable and healthy but also the 
most vulnerable mode of transport in urban mobility. Therefore, safety of vulnerable road users is still a 
challenge. E-scooter is a new mode of micromobility which is showing high increase in the number of users 
and crashes. Although the lack of extended studies, the Italian “national Report on sharing mobility, 2022” 
[1], shows an increase of +250% in the travelled distance between 2020 and 2021 (41,2 Mkm in 2021) with 
634 accidents against the 201 incidents recorded in the bike-sharing system. Today, the e-scooter micro-
mobility shows the highest accident rate of 2.07 accident/100.000 km (0,74 for bike sharing system). E-
scooters are in a relative unique position where they are small enough to negotiate pedestrian traffic, yet 
fast enough to travel on roadways [2]. This enables an e-scooter operator to change when and where he 
rides, e.g., from traveling on a sidewalk to riding in a clear traffic lane to avoid a group of pedestrians standing 
at an intersection. Such changes may catch nearby motorists off-guard, thereby increasing the risk of a 
collision with the e-scooter.  

2 METHODOLOGY 

Compared to the other mode of transport that are moving to always higher levels of automation, the micro-
mobility vehicles (e.g. bicycle, e-scooters) suffer of a "digital divide" in terms of availability of technologies 
and sensors on board, often limited only to the smartphone capabilities (i.e. low frequency GPS, camera, 
accelerometers). That limits the opportunities for high dimension and quality data collection and analysis [3]. 
In such framework, an experimental test was carried out to collect data from different users with an 
instrumented e-scooter equipped with a multi sensor data acquisition system to define visual attention and 
rider behavior. 

2.1 Acquisition system 

A hardware architecture and processing system have been developed which acts as a data logger for different 
types of sensors. The system is modular and allows to acquire and synchronize high-frequency data from: 

A. Sensors of physical data related to driving dynamics: a GNSS/INS solution that integrates a multiband 
RTK/GNSS receiver coupled with 6-axis inertial sensor to improve the accuracy of position also during 
GNSS interruptions and the frequency acquisition up to 20 Hz.  
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B. Sensors related to driver behavior and workload (eye tracker, EEG, HR): 3 wearable devices: 1) an 
earphone which, by means of a biometric sensor, allows continuous measurement of heart rate, 
oxygen saturation and blood pressure; 2) a headset that allows to measure the electrical activity of 
the brain in the EEG power spectra (Alpha waves, Beta waves); 3) an eye tracker consisting of glasses 
with an integrated video camera. 

C. Cameras related to the Field of View: Two cameras can acquire high resolution videos at a frequency 
of 30 fps and 180° field of view (fov) which are synchronized with the other sensors. 

2.2 Description of the experiment 

The presented experiment test makes use of GNSS/INS system (A) to track at high resolution and precision 
the e-scooter and bicycle path.  We apply a visual analytics-based method to inspect e-scooter’ and cyclists’ 
gaze behavior as well as video recordings and accelerometer data. This method using multi-modal data allows 
us to explore patterns and extract common eye movement strategies. Multiple eye tracking experiments 
exist that analyze cyclists’ behavior [4-7], while more emerging is the topic related to e-scooter behavior [8]. 
In contrast to existing works, we are presenting a visual analytics-based approach to identify patterns in the 
field of view of cyclist by fusion of eye movement and video data in the context of riding speed and trajectory. 
The video stream together with the gaze estimation allow to develop a pipeline capable of extracting the 
semantic components of the scene and therefore obtaining a corresponding sequence of the fixated 
components over time (Figure 1). This sequence of object fixations is then correlated with other data on a 
time basis to extract patterns of riders’ behaviors. 

 

 
Figure 1 – Example of object segmentation from rider’s perspective. The red cross shows the estimation of the rider’s 

gaze. The stabilized gaze on time can be associated with the corresponding object (car in this case) 

To investigate riders’ behavior, we conducted an experiment, in which a panel of participants had to follow 
a predefined track—exclusive or shared with cyclist and pedestrians in an urban area in Poland. Testers were 
not informed about the purpose of the research but only about the working principles of the instrument and 
the route to ride on. 

After the performance, they completed a survey about the experience. They have been asked to provide 
information regarding their perception of path quality, the perceived visual information, by which elements 
their attention has been captured, which type of facilities they have perceived as more difficult to ride, and 
other personal information- e.g. regarding their cycling habits. 

Proportion of fixations and fixation time are assumed as a proxy of visual workload. Thus, the relative 
frequency of fixation has been used to rank those elements that draw cyclist attention. In addition, the 
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combination of multiple data sources, provides high precision and frequency GNSS information related to 
location, and continuous tracking of speed and heading. 

3 RESULT AND DISCUSSION 

The system has been evaluated and tested to ensure the accuracy and reliability of the collected data. We 
collected eye movement and trajectory data as well as a video recording to enable a holistic analysis of riders’ 
behavior during an encounter with a pedestrian or another road user. When investigating eye movement 
data in real-world traffic situations, we had to define a high number of Areas of Interests (AOIs). Therefore, 
we use the fov in front of the vehicle as reference image for mapping eye movement data onto AOIs. The 
visual analysis showed that the explorative analysis with multiple data streams leads to an efficient overview 
of the collected data. 

With the collected data, we want to answer multiple questions: 

• Which objects as well as obstacles are focused on most and how distracting are advertisements in rider’s 
fov of the road environment? • What common gaze sequences do riders perform? • What factors affect 
riding behavior and how rider adjust speed and trajectory to increase comfort and safety on shared-with 
pedestrian-cycling paths? 

4 CONCLUSION 

E-scooter riders are vulnerable road users and their safety is a serious issue to be addressed and the study of 
eye movements, correlated to kinematic parameters, can be a tool to understand visual behavior and to 
investigate which strategies are adopted by micromobility users. As a result, the proposed system allows 
safety researchers to select among a wide range of measures to analyze the behavior, workload and comfort 
of the riders in different road and traffic contexts.  
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1 INTRODUCTION 

Underreporting of bicycle accidents in the official statistics is a well-known problem [1, 2]. Most bicycle and 
e-scooter accidents are single accidents, and usually not registered by the police and hence not included in 
the official statistics. According to data from Oslo Emergency Ward the number of cyclists injured in road 
traffic accidents is twenty times higher than what is revealed in the official road accident statistics, and e-
scooter accidents are even less reported [2, 3]. 

The problem of underreporting of bicycle accidents is probably increasing due to the successful promotion 
of active transport and restrictions of car use in the cities, resulting in less crashes with motor vehicles, but 
possibly more single accidents. One consequence is that the risk factors influencing most bicycle accidents 
(single accidents) are neglected, i.e., issues related to infrastructure and maintenance. The risk factors being 
addressed are typically concerned with the risk of being hit by motor vehicles, even if the risk is dramatically 
reduced. The recent increase of e-scooters, and e-scooter single accidents in our cities, adds importantly to 
this picture, underlying the need to change both the focus and the data basis for safety efforts for these 
vulnerable road users in our cities. 

Given the vast underreporting of bicycle and e-scooter accidents, it follows that the locations of these 
accidents are also largely unknown. Hence, we do not know if there are accident black spots, and if so, where 
they are located. Accordingly, vital information to implement effective countermeasures is lacking.  

2 RECYCLIST – A NEW POWERFUL TOOL   

The project ReCyCLIST (Recording Cyclist Crashes and Long-term Injury Consequences by new Smart Tools) 
was launched in 2021 and has developed a new digital accident registration tool that is currently being used 
in several counties in Norway [4]. Accidents with bicycles, e-scooters and other micro mobility devices are 
registered at hospitals and emergency wards. The registrations are predominantly carried out by the patients 
themselves. When coming to the hospital / emergency ward they are informed about the project and asked 
to register their accident with their mobile phone by scanning a QR-code found on posters and leaflets on 
the premises. Health personnel can also assist in the registration on their mobile phone or by use of a project 
iPad.  

The QR code gives access to a digital questionnaire with questions about the vehicle, the accident type, and 
different characteristics of the accident. A new and powerful feature is the possibility to locate the accident 
site through Google maps and street view.  
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Registrations started in Agder county in the south of Norway on the 1st of June 2022, and registrations will 
continue (at least) throughout September 2023. Nearly 300 accidents were registered during the first six 
months. Officially, ca. 15 bicycle accidents are normally registered in Agder county during this period. Thus, 
the new tool captures twenty times as many accidents as the official numbers.    

2.1 General results  

A total of 346 accidents with bicycles, e-scooters and other micro mobility vehicles were registered in Agder 
county in the period from 1st of June 2022 to 30th of April 2023. Single accidents constitute the majority (81 %) 
followed by collisions (11 %) and falls due to near misses (8 %). 31 accidents were caused by playing/tricking 
and omitted from analysis. Thus, there are 315 accidents with bicycles, e-scooter and other micro mobility 
devices that are the basis for our analyses.  

Ordinary bicycles are most often used (48 %), followed by e-bikes (24 %), e-scooters (15 %) and other small 
vehicles. All age groups are represented, with peaks among children and teenagers (0-12 and 13-17) and 
adults and elderly (45-65+). Overall, men are victim in 60 % of accidents, and they dominate among ordinary 
bicycle accidents. However, women have more e-scooter accidents than men, and there are no gender 
differences for e-bike accidents. There is a clear association between age groups and vehicle types; the 
middle-aged and elderly have accidents on e-bikes and ordinary bicycles, whereas the young have accidents 
on e-scooters in addition to ordinary bicycles, cf. figure 1.  

 
Figure 1: Accidents distributed by vehicle type and gender (left) and vehicle type and age groups (right).  

Actual numbers, N=315. 

2.2 Accident mechanisms 

Accident victims were asked several questions about their accident such as surface and infrastructure 
conditions, e.g., whether they hit potholes, kerbs, stones, or other items, whether there were bike-technical 
issues leading to the accident etc. We have grouped the answers into three main categories: a) Infrastructure, 
b) technical issues and c) “own” failure. The last category contains issues like distraction, speed, risky 
behaviour, drinking and riding etc.  

According to the accident victims, one third of the accidents were due to conditions in the infrastructure; 
seven per cent due to technical failures, 40 per cent were caused by loss of balance, and 19 per because of 
collisions or falls due to near misses. The accident mechanisms seem to be evenly distributed over age 
groups, vehicle types and gender. However, e-scooters have more accidents related to the infrastructure 
than other vehicles and the “young adults” (35-44 years) report more alcohol-related accidents than other 
age groups. On average 10 % of both men and women say they were influenced by alcohol or drugs. In the 
age group 35-44 years, 24 % report to be influenced when the accident happened.  

102

37

13
19

4 1

50
39

11

28

4 4

0

20

40

60

80

100

120

Men

Women

0

10

20

30

40

50

60

70

80

Other

E-skateboard

Skateboard

E-scooter

Kick-bike

E-bike

Bicycle

ICSC2023_ID065



– 128 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

3 

2.3 Injuries and consequences 

The accident victims were also asked to consent to clinical follow-ups, i.e., to provide information about the 
injury, the medical follow-up and the course of rehabilitation. 60 % consented. Follow-up results are 
summarized after three, nine and 12 months. After three months, 9 % of victims still had considerable 
complaints, i.e., the inability to manage regular activities of daily life without great problems or disabling 
pain. If the injured cyclist were admitted as a trauma patient, the chance of having ”considerable complaints” 
at three months was 22%. Diagnosis of head-, neck, spine and complex injuries to knee and shoulders 
dominated the reasons for “considerable complaints” at three months follow up. 

2.4 Accident black spots 

A significant novelty of the registration tool is the inclusion of map and street-view functions enabling the 
identification of possible accident black spots. During the first months of registration several black spots were 
identified in the city of Kristiansand. One example is Bjørndalssletta in Kristiansand, see figure 2.  

  
Figure 2: Example of accident black spot in Kristiansand identified by use of Google maps 

2.5 Follow-up – countermeasures and evaluations 

Based on the registration of accident points, inspections were carried out at the sites to identify accident 
mechanisms and possible mitigating measures. After the inspections, video analyses were conducted to 
obtain further information about behaviour and accident mechanisms. Local road authorities will introduce 
measures that will be evaluated with the help of video surveillance before and after the introduction of 
counter measures, and if possible, by the development of accident figures at the sites.  
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1 INTRODUCTION 

During the United Nations General Assembly of 2018, the UN Member States agreed on 12 Global Road Safety 
Performance Targets to drive action worldwide to prevent fatalities and severe injuries Error! Reference 
source not found.. Target number 4 establishes that more than 75% of travel on existing roads is on roads 
that meet technical standards for all road users considering road safety. Since the declaration, two questions 
have arisen to clarify where countries should direct their investments on existing roads: (i) how to identify if 
the road meets the technical standards and (i) where 75% of travel is happening.  

Different methods can be used to answer question number two. The literature brings examples of road safety 
audits and inspection procedures for cyclists in the United States [2] and Europe [3]. A globally applicable 
assessment method is the iRAP Star Ratings. Star Ratings are an objective measure of the likelihood of a road 
crash occurring and the severity of the outcome in case the crash happens [4]. Scientific road safety evidence 
guided the development of the method that considers how road attributes influence the most common and 
severe types of crashes. Therefore, the target of 3 stars or better for cyclists can be used as a metric to analyse 
and compare safe road standards for cyclists.  

On the other hand, five years after the launch of the performance targets, it is still unclear how to establish 
the 75% of travel parameter. Identifying all the travel happening in a city demands massive data on flows and 
routes. The grey literature has documented initiatives to identify 75% of vehicle travel maps. As part of the 
iMOVE projects, telematic data combined with AADT to identify the links with higher Vehicle Kilometers 
Travelled (VKT) [5]. Alternatively, satellite images have been used to detect vehicle locations and speeds [6]. 
Nevertheless, these approaches cannot be used for vulnerable road users since their rates make it difficult. 
The satellite image resolutions and the flying view make it challenging to recognise pedestrians and cyclists 
in satellite images automatically.   

It is worth noting that Target 4 clearly states to consider all road users. However, especially in cities where 
the modal split is unfavourable to cyclists, calculating the 75% of travel routes considering all trips might bias 
the investments to continue to be redirected to more prevalent travel modes, like private vehicles. Neglecting 
the travel demands of other travel modes, like pedestrians and cyclists, can intimidate new users and even 
deteriorate current travellers’ road safety conditions. The lack of safe infrastructure has been documented 
as a critical barrier for cyclists in studies around the globe [7][8][9][10].  

This study aims to identify the 75% of travel routes for cyclists, compare if they differ from the other modes 
by gender, and determine if cyclists are riding on safe roads. The analyses are built on data collected in the 
city of São Paulo (RSMP) in Brazil. São Paulo is the second-largest metropolitan region in Latin America, home 
to 22 million people. The latest origin-destination survey for the Metropolitan region was collected in 2017m 
and is the primary source of data from this study. The database contains the coordinates of the origin and 
destination for all the trips, the travel mode and the socioeconomic characteristics of the individuals, to which 
gender is of particular interest in this analysis.  
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The cyclists’ routes were identified using the OpenRouteService tool [12]on the software QGIS. The Direction 
service returns the path between two locations based on a selected profile. For this study, it was requested 
the recommended route (not the faster route) for a regular cyclist (not a mountain bike). The recommended 
way avoids hills of steep roads.  

Route-generated links were ranked by the highest number of passing routes and the links with the 75% of 
travels per mode were identified and compared with the cyclists' map. The cyclist maps were also compared 
by gender, highlighting the differences in the origin and destination locations for men and women. Finally, 
where the star rating results are available for the city of São Paulo, it was checked if the routes meet the 
target 4 for cyclists.  
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1 INTRODUCTION 

In mixed traffic, cyclists are particularly vulnerable while sharing the road with motorized vehicles. Overtaking 
maneuvers by motorized vehicles with insufficient lateral distance can lead to near misses or collisions, 
causing cyclists to feel unsafe, stressed and uncomfortable. Situations like these can reduce their willingness 
to use the bicycle as a means of transport [1], [2]. In order to enable safe, comfortable cycling and a high 
level of cycling participation, it is necessary to consider not only the objective safety conditions but also the 
subjective perception of safety and well-being of cyclists [3]. 

Previous studies that addressed subjective perceptions of cyclists during overtaking maneuvers have used 
different methods such as surveys with videos and photographs [4], [5] or post-ride interviews [6]. First 
studies investigated subjective perceptions such as the experience of risk or safety during the actual ride (on-
ride methods [7]) by having cyclists press corresponding buttons on the handlebar [3], [8], [9]. 

Despite the importance of understanding cyclists’ subjective perceptions during overtaking maneuvers, field 
studies with a sufficiently large sample of different cyclists have not yet been conducted in Germany. This is 
especially interesting with regard to the reform of the German road traffic regulations in 2020, according to 
which motor vehicles have to keep a minimum distance of 1.50 m from cyclists in urban areas (§5 StVo). To 
date there is a lack of studies in Germany on the extent to which this distance is maintained in urban mixed 
traffic and how cyclists feel depending on the distance maintained.  

The overall aim of the study is to use an on-ride method to conduct a semi-naturalistic field study and 
investigate to what extent motorized vehicles in urban mixed traffic comply with the legal minimum distance 
when overtaking cyclists, also depending on the traffic infrastructure, and how cyclists feel depending on 
overtaking distances. Additionally, the study will examine the impact of other factors on cyclists’ perceptions, 
such as features of the infrastructure, the characteristics of the overtaking motorized vehicle, or attributes 
of the cyclists themselves.  

2 METHOD 

2.1 Procedure 

The study will be conducted from June to August 2023. Participants (approx. N = 50) will ride a bicycle 
equipped with technical devices along two predefined routes in urban mixed traffic in the city of Brunswick, 
Germany.  

The selected routes mainly include infrastructural sections where cyclists have to share the road with 
motorized traffic to allow for overtaking maneuvers. These includes cycling on the road (without cycling 
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facilities), on advisory or mandatory cycle lanes or on cycling boulevards. Overall, the selected routes vary in 
terms of road types, cycling facilities and speed limits. 

The participants cycle a total distance of 10.56 km, which is divided into two routes (route A: 4.61 km, route 
B: 5.95 km). Both routes start and end at the department, allowing for a break in between. Each route takes 
approximately 20 to 30 minutes to complete. The entire session, including the pre- and post-ride procedure, 
will take 90 minutes.  

In addition to the cycling task, the participants have to complete two other secondary tasks: Within 
5.0 seconds after the end of each overtaking maneuver, they have to press a button on the handlebar. 
Immediately afterwards, they are asked to verbally rate their perceived Mental Comfort [10], [11] on a scale 
from poor (1 or red) to good (5 or green) as shown in Figure 1. Mental Comfort is a construct that describes 
a kind of comfort that involves cognitive demands and perceptions such as stress or relaxation. Good Mental 
Comfort reflects that cyclists feel safe and can cycle stress-free as well as relaxed. In contrast, with poor 
Mental Comfort, they feel stressed, harassed and unsafe. Overall the rating is made while continuing the 
cycling task (on-ride) by speaking out loud the corresponding scale value or smiley color. The aim is to 
encourage participants to assess their experience quickly and intuitively while not distracting them from 
cycling safely. 

 
Figure 1: Illustration of the Mental Comfort Scale. 

2.2 Material  

This study will use a bicycle which is equipped with an OpenBikeSensor (OBS) from the open citizen science 
project to measure overtaking distances [12]. The OBS consists of a main body attached to the rack connected 
via a cable to a button and display on the handlebar. The main body contains an ultrasonic sensor that 
measures the lateral distance to the left and right within 3.00 m, a GPS module to determine the position 
and an acceleration sensor to measure the cyclists’ speed. Overtaking manoeuvres can be confirmed by 
pressing the button on the handlebar so that they are recorded and marked in the data. A forward-facing 
video camera is attached to the handlebar to capture the road environment and vehicle type. Additionally, a 
smartphone for route navigation, a laminated printout of rating scale (Figure 1), and a microphone to record 
the Mental Comfort rating will also be provided to participants.  

After completing cycling, participants fill in questionnaires on socio-demographics, mobility behaviour, and 
general attitudes towards traffic. 

3 RESULTS 

In the first step of the analyses, the measured overtaking distances will be analysed with regard to the 
different infrastructure features in order to assess their influence.  The second step focuses on the subjective 
rating of Mental Comfort and examines to what extent this depends on overtaking distance, but also on 
infrastructure features. From this, requirements for infrastructure design will be derived in order to promote 
safe overtaking distances that are also perceived as stress-free and relaxed cycling. 
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4 CONCLUSION 

The purpose of this study is to gather information on the safety of cyclists, both in terms of objective data 
and their subjective perceptions. Conducting the study in real traffic, using an on-ride method, provides a 
more realistic insight into the perception of cyclists compared to other methods such as surveys, simulator 
studies, or post-ride interviews. The findings of this study will improve our understanding of the needs of 
cyclists, and take a further step forwards creating a safer traffic environment where cyclists feel safe and 
comfortable.  
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1 INTRODUCTION 

In the field of urban transportation, “bikeability” has become an increasingly important concept as cities 
throughout the world attempt to promote cycling as a sustainable mode of transportation. Safety is a 
significant factor in the calculation of bikeability, as safety is essential for encouraging people to cycle [1]. A 
high level of safety can increase cycling participation and lead to a more bike-friendly environment. Built 
environment (BE) variables have been found to have a high correlation with cycling safety, and previous 
research has extensively studied the relationship between these two factors [2, 3]. However, there remain 
several gaps in the research that require further attention. 

One significant issue is the technical limitations that have historically made it challenging to obtain micro-
level built environmental variables for large geographic areas [4]. Traditional questionnaires and geographic 
surveys are time-consuming and require considerable human resources. Another problem arises from 
limitations in the completeness and openness of cycling infrastructure for large-scale areas, particularly in 
countries where data acquisition is restricted. Therefore, relevant research can be challenging to conduct. 

Furthermore, studies have identified that cycling safety and environmental variables have spatial 
heterogeneity in regional distribution [5]. Spatial heterogeneity can affect the generalizability of the results 
of previous studies, and further research is needed to investigate this issue. Additional matters, 
encompassing the impact of physical disorder defined as the disruption of both residents' lives and public 
spaces that arises from observable or perceptible visual indications [6], are yet to be examined. Among these 
concerns are road damage, construction fences' occupancy, littering, and other factors that could potentially 
compromise cyclists' safety. It is crucial to investigate these phenomena further to gain a better 
understanding of their implications for cycling safety. 

To address the aforementioned limitations and investigate the relationship between BE variables and cycling 
safety during the evaluation of bikeability, this study proposes a novel framework that utilizes a deep learning 
approach to extract BE variables for a large geographical area. The findings offer a new approach to explore 
critical factors that influence cycling safety, which may ultimately promote cycling as a safe and sustainable 
mode of transportation in urban settings. 

2 METHOD 

The research area selected for this study is Gusu District, an administrative region of Suzhou City, China. In 
order to extract micro-level BE variables, street view images were obtained from Baidu map at 100m intervals 
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along the road network. Deep learning models were employed for the extraction process, with an image 
classification model (Swin Transformer) (https://github.com/microsoft/Swin-Transformer) utilized to extract 
configurations of cycle lanes and identification of physical disorder. The remaining micro-level BE variables 
were extracted using a Semantic Segmentation model developed by CSAILVision 
(https://github.com/CSAILVision/semantic-segmentation-pytorch). At last, there are 8 kinds of micro-level 
BE variables are extracted, including cycle lanes category, physical disorder degree, relative road width, sky 
ratio, enclosure, green ratio, presence of waterfront and street lamp, respectively. Factor analysis was then 
employed to elucidate the associations among different factors. The resulting weighted values were used to 
generate an objective safety index for all road links in the study area. 

3 RESULT & CONCLUSION 

The study findings presented herein demonstrate the viability and effectiveness of a novel framework for 
evaluating cycling safety that utilizes deep learning methods. The model's high level of accuracy performance 
in both semantic segmentation and image classification tasks to extract BE variables confirms its potential as 
a valuable tool for assessing the safety of cycling environments. Moreover, the analysis supports prior 
research indicating a significant correlation between the presence of cycle lanes and cycling safety, which is 
further confirmed through the use of factor analysis and visualization techniques (see Figure 1). However, 
the study also reveals that cycling safety is influenced not only by the presence of cycle infrastructures but 
also by other factors such as physical disorder, enclosure, and road to building ratio, which contribute to 
spatial heterogeneity. 

The study's findings highlight negative associations between cycling safety, physical disorder degree and 
enclosure extent, indicating that cycling safety is negatively impacted by the presence of physical obstacles 
and a lack of street visual clearance. Conversely, the study indicates a positive correlation between safety 
and road to building ratio (relative road width), suggesting that wider roads and more open spaces can 
improve cycling safety. Based on these results, the study proposes that implementing protected cycle lanes 
in environments with wider road width, higher street visual clearance, and low enclosure extent is likely to 
enhance cycling safety. 

In conclusion, this novel framework emphasizes its capability to evaluate unsafe locations across an entire 
city, covering a large geographical area. Moreover, it can provide specific suggestions to promote cycling 
safety for different cycle lanes with varying built environments. By offering new insights into the relationship 
between built environment and cycling safety, this study stands out for its unique perspective on identifying 
the factors contributing to spatial heterogeneity through the application of deep learning. The findings of 
this study have significant implications for the design of safer cycling infrastructure and urban planning 
policies, which can help create safer cycling environments in specific cycle lanes. 
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Figure 1: Visualization of Safety and Related BE Variables 
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1 INTRODUCTION AND OBJECTIVES 

E‐scooters are treated as motorized bicycles if they have an output of 0.60 kWh or less now. From July 1, 
2023, those 16 years and older will be able to ride them without a driver's license or helmet. Currently, social 
experiments for deregulation of e‐scooters are being conducted mainly in Tokyo, and there are several 
businesses that offer paid rentals. Although efforts are underway to popularize e‐scooters in this way, 
ensuring their safety and creating a comfortable environment for their use are still insufficient. The high 
number of traffic accidents involving bicycles is a particular problem in Japan. However, the current 
regulations on e‐scooters, other than the speed limit, are not sufficient. 

A literature review conducted on the safety of electric kickboards revealed a survey on the intention to use 
electric kickboards, a study on the road structure based on electric kickboard riding, and a study on riding 
points related to riding comfort, but no studies were found that mentioned differences among vehicle types. 
However, there were no studies that mentioned the differences between different types of vehicles. 
Therefore, this study was conducted with the belief that clarifying the differences in performance and 
characteristics due to these differences in specifications would be very important basic data for establishing 
the safety of electric kickboards, which come in a wide variety of models. 

Therefore, the purpose of this study is to compare the operability and riding comfort of e‐scooters and e‐ 
bikes, which are becoming popular under various specifications, and to gain insight into their safety and 
comfort. 

 
 

2 METHODOLOGIES 

The purpose of this study was to clarify the differences in riding comfort and driving performance between 
different types of electric kickboards and their use. Eight subjects (7 males and 1 female) were asked to ride 
along the same route to collect data. The experimental route was set near Takanawa, Minato‐ku, Tokyo, 
because of the large number of vehicles available for rent, and was approximately 2,400 m around the route, 
which was completed only by turning left, for safety reasons. Data was collected using a triaxial acceleration 
sensor (using a smartphone) to record vibrations, or by having eight test subjects ride along a predetermined 
route, and having them rate the ride comfort, operability, and whether they felt scared while riding in a 5‐
point scale for downhill, flat, and uphill conditions, and to freely describe any points they noticed. The data 
was collected in two ways. The data collected by these methods were compared by averaging the data from 
the tri‐axial acceleration sensor vibration survey by car model to obtain the variance of each data, and the 
results of the questionnaire survey were compared by focusing on the 5‐ point evaluation of the downhill 
portion, where differences by car model are likely to occur, and averaging this evaluation for each car model. 
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In this study, three types of e‐scooters and one type of e‐bike were prepared. 

1) Loop: Maximum speed is 15 km/h, but there is no limiter, so the rider can accelerate downhill. 

2) Swing: Maximum speed is 15 km/h with a limiter. 

3) Movicle: Maximum speed is 30 km/h and has the same specifications as a motorized bicycle. 

4) Electric bicycles: Electric power assisted bicycles provide a certain ratio of power to human power up to 
24 km/h. They have a limiter and a maximum speed of 15 km/h. They have the same specifications as 
motorized bicycles. 

 
 

Figure 1. Exterior of e‐scooters and e‐bike 
 
 

3 RESULTS 

3.1 Speed and Vibration Characteristics 

The speed and vibration data from the triaxial accelerometers are shown in Table 1. On the table, the x‐axis 
means front‐back direction, the y‐axis means right and left directions, and the z‐axis means vertical direction. 
The differences between the different vehicle types are evident, with both the loop and swing vibration of 
the special‐purpose electric kickboard with limited speed being smaller than the others, and the difference 
between the two is also smaller than the other. The difference between the two is also small. However, the 
mobicle, which have a speed similar to that of mopeds, had significantly higher vibration than the others. 

3.2 Subjective Ride Quality Evaluation 

According to the results of the questionnaire survey on downhill (Table 2), the two special‐purpose electric 
kickboards were generally rated similarly, but there were differences in operability and other aspects of 
riding. This is thought to be related to the fact that only the swing model brakes at speeds exceeding 15 
km/h and is unstable, and that the swing model requires a large kick to move when starting off. In addition, 
mobicle treated as mopeds received significantly worse ratings than other vehicle types in all three questions 
on whether they felt scared. From the free descriptions, it is considered that the reason for this is that 
mobicle have the highest speed and the vehicle stability is poor. Electric bicycles received high ratings in all 
three questions on starting, despite their high vibration. This is thought to be because many people are used 
to riding these bicycles, and their large tire diameter makes them stable even with high vibration. 

 
4 CONCLUSIONS 

A comparison of electric kickboards with various specifications showed differences in the evaluation of the 
magnitude of vibration and riding comfort depending on the type of vehicle. In particular, the electric 
kickboards with a maximum speed limited to 15 km/h had low vibration and were highly rated by riders, 
while those treated as mopeds had high vibration and poor ratings. This is thought to be due to the tendency 
for vibration to increase at higher travel speeds and for rider evaluations to worsen. From these results, it 
can be said that for e‐scooters, running at low speeds is the key to ensuring stability, and that speed control 
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is important. On the other hand, it is difficult for the rider of a bicycle to feel the bike wobble, even though 
the rider is actually wobbling. However, it was found that the two subjects who were accustomed to riding a 
motorcycle on a regular basis did not feel fear even when riding a vehicle treated as a moped, which travels 
at a high speed. We plan to conduct more surveys with a larger number of subjects. 

 
 

Table 1. Speed and vibration characteristics 
 

 

Legal Speed Limit Observed Observed Ave. of 
Distribution of acceleration [m/s2] 

 [km/h] Max. speed [km/h] Max speed [km/h] 
x axis y axis Z axis 

Luup 15 25.1 20.3 0.642 0.880 0.777 

Swing 15 17.4 16.3 0.625 0.780 0.615 

Mobicle 30 43.0 34.7 1.032 1.231 0.903 

e-bike - 39.0 26.2 0.991 0.839 0.876 

 
 

Table 2. Average of subjective evaluation on downhill 
 

  Controllability   Feeling (Fear)   Stability  

Starting Riding Braking Starting Riding Braking Starting Riding Braking 

Luup 3.64 4.38 4.13 4.38 3.63 4.25 3.88 3.88 3.50 

Swing 3.38 3.75 4.25 3.63 3.88 4.13 3.88 3.38 4.13 

Mobicle 3.00 4.00 2.75 2.75 2.63 3.13 3.38 3.75 3.13 

e-bike 4.25 4.13 3.38 4.38 4.25 3.88 3.88 4.00 3.88 
Note: Controllability 5=Excellent, 4=Very Good, 3=Neutral, 2=Fair, 1=Poor 

Feeling 5=Excellent (not feel fear), 4=Very Good, 3=Neutral, 2=Fair, 1=Poor (feel fear) 
Stability  5=Excellent, 4=Very Good, 3=Neutral, 2=Fair, 1=Poor 
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1 INTRODUCTION 

If not exceptionally signalled, riding in the opposite direction on the bicycle path is a criminal offence 
(§ 2 para. 4 StVO) in Germany, regardless of hindering or endangering other cyclists (and pedestrians). Un-
fortunately, no official statistics are kept of such situations for Germany, although they often lead to critical 
encounter situations or accidents. According to traffic accident statistics in Braunschweig 2021 [1], illegal 
riding in the opposite direction is the second leading cause in 13% of accidents involving cyclists. Among the 
causes of road accidents with injuries caused by cyclists, illegal riding in the wrong direction of travel accounts 
for 9%. Currently, only observation studies shed some more light on such situations. Some of them show that 
the proportion of irregular use of the bicycle path in the wrong direction of travel varies widely. In case of 
separate bicycle paths, 20% of 39,000 observed cyclists use the wrong way, with values scattering between 
8% and 50% for each study area [2]. This study also shows that in 5% of the cases cyclists adopt the pedestrian 
walkway to overtake other cyclists or to avoid oncoming wrong-way cyclists. In [3] 16% of 2,549 observed 
cyclists took the wrong way due to time savings and convenience. However, the analysis of cyclists’ interac-
tions with wrong-way cyclists could help to identify and understand behavioural patterns of cyclists and help 
to improve traffic safety and conduct realistic simulation studies. In addition, the obtained results can be 
used to gain knowledge about road usage. In this paper, we will analyse the interaction between cyclists on 
the bicycle path with cyclists riding the wrong way.  

2 METHOD 

The observation took place at the AIM Research Intersection in Braunschweig, Germany. This large-scale 
research facility records trajectory data with 20 fps with 14 stereo-cameras at a traffic signal-controlled cross-
ing with bicycle paths. The trajectory data contains information about GNSS-based timestamp, location 
(UTM), velocity, acceleration, road user type (e.g., pedestrian, bicycle, car) and size of each detected road 
user. A total of 121 hours of video material were analysed (48 hours in February 2022, 73 hours in October 
2022), with interactions occurring most frequently between 6 a.m. and 6 p.m. No interactions between cy-
clists and cyclists took the wrong way were found after 8 p.m. and up to 6 a.m. The examined intersection 
has a separate footpath and bicycle path (see figure 1). It is only permitted to ride on the bicycle path in the 
direction of travel. This bicycle path is around 1.50m wide, which makes it difficult for two cyclists riding next 
to each other or to overtake. Therefore, most cyclists take the footpath. The field of vision of the sensor 
system (“area of interest”) is approx. 25m long and straight. For this analysis, cyclists were detected and the 
direction of travel determined. Subsequently, interactions between cyclists and cyclists who rode in the 
wrong direction were identified and analysed. In addition to determining the Euclidean distances between 
the object centres of the interacting couples, and other metrics, such as TTC, were computed. Assuming that 
the bicycles maintain their direction and velocity when passing each other, data gaps were interpolated lin-
early. 
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Figure 1: left: Satellite image of AIM Research Intersection (black: area of interest for this analysis); middle: trajectory 
sample of an interacting bicycle couple in UTM 32U (red: wrong-way cyclists; green: cyclists in the direction of travel); 

right: video image for this situation 

3 RESULTS AND DISCUSSION 

In the data set, 117 interacting couples were identified, in which a cyclist drove in the direction of travel and 
a cyclist took the wrong direction at the same time in the area of interest (see figure 1, middle and right). The 
interacting couples’ trajectories that were too short or broken were not used, thus 77 interacting pairs re-
mained for analysis. The average Euclidean distance 𝑑𝑑𝑑𝑑 between cyclists during interaction was approximately 
2.14m. In 27 cases 𝑑𝑑𝑑𝑑 was even less than 2m. The smallest 𝑑𝑑𝑑𝑑 was approximately 𝑑𝑑𝑑𝑑min=0.68m.  

Table 1: Scenarios of 77 interacting cyclist pairs with speed: |𝑣𝑣𝑣𝑣|, and mean of minimum distance between the cyclists 
during interaction: 𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and type “straight” for keeping their lane during they passed each other or type “cross-

ing” for first changed lanes 

No. Cyclistc Wrong-way 
cyclistwwc Type Number of 

cases 𝒅𝒅𝒅𝒅𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦,𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 [m] |𝒗𝒗𝒗𝒗| [m/s] 

1.1 

bicycle path footpath 

straight 57 (74.0%) 2.25 ± 0.06 
4.99 ± 0.19C  

4.10 ± 0.18WWC 

1.2 crossing 10 (13.0%) 2.13 ± 0.08 
5.26 ± 0.44C  

4.55 ± 0.35 WWC 

2.1 

bicycle path bicycle path 

straight 4 (5.2%) 1.33 ± 0.32 
5.44 ± 0.55 C 

4.91 ± 0.43 WWC 

2.2 crossing 3 (3.9%) 1.57 ± 0.07 
5.12 ± 0.11 C 

4.76 ± 0.64 WWC 

3.1 

Footpath bicycle path 

straight 2 (2.6%) 2.55 ± 0.39 
6.82 ± 0.57 C 

4.51 ± 0.77 WWC  

3.2 crossing 1 (1.3%) 0.68 ± 0.00  
5.29 ± 0.00 C 

4.22 ± 0.00 WWC 

On average, there were 11.0% wrong-way cyclists (n = 7,598). The proportion of wrong-way cyclists was with 
more than 20% the largest between 6 and 7 a.m. Normal driving and wrong-way riding cyclists do not always 
meet in the same way. The wrong-way cyclists most often drove on the footpath and did not have an observ-
able influence on the cyclist on the bicycle path. Table 1 shows a comparison of the different scenarios of the 
cyclists interacting with wrong-way cyclists. Particularly, column dmin,mean quantifies the minimum distance 
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during interaction; in column |v| the speeds of both, the normal driving cyclists (notation “C”) and the wrong-
way traveling cyclists (notation “WWC”) are shown during interaction. 

Cyclists and wrong-way cyclists can ride on the bicycle path or footpath. It appeared that in 70 cases the 
cyclist or the wrong-way cyclists rode on the bicycle path, and in seven cases both adopted the bicycle path 
at the same time. There were no examples found where both rode on the footpath. Within the area of inter-
est, it occurred that the cyclist and the wrong-way cyclist first changed lanes before they passed each other 
(see Table 1 “crossing”). Otherwise both cyclists kept their lane during the oncoming interaction (see Table 
1 “straight”). In each situation the speed of the WWC was lower than C. Perhaps C slowed down deliberately. 
The reason for this could be to ride more safely, because of the awareness that he/she was riding in the 
wrong direction. In 3 of 9 of the “crossing” cases it appeared that WWC had already driven on the footpath 
before the curve. In 6 cases, the WWC was already on the bicycle path. In the remaining 5 “crossing” cases, 
the WWC was not detected until the lane change. WWCs switched from the bicycle path to the footpath 
approx. 14.4m ± 3.7m before the interaction. When riding on the cycle path at the same time, small distances 
were measured.  

4 CONCLUSIONS & FUTURE PROSPECTS 

The analysis shows that the interaction of cyclists, while one was traveling in the wrong direction on the 
bicycle path, differed from each other and can be clustered. Mostly, the wrong-way cyclists and normal riding 
cyclists rode already separately on footpaths and bicycle paths before the start of the area of interest. A 
reason for this can be that wrong-way cyclists were aware of that someone was approaching, and—since the 
bicycle path is very narrow—they avoided riding on the bicycle path. This indicates that wrong-way cyclists 
had lower speeds than “normal” cyclists.  In some cases, wrong-way riders switched to the footpath within 
the study area or continued to ride on the cycle path. Further analyses of the trajectories could provide in-
formation about when cyclists avoid or keep their path and, if necessary, at what distance a speed is main-
tained or adjusted. 

We expect that riding behaviour and specifically bicycle-bicycle interactions differ depending on type and 
width of bicycle lane as well as of the bicycle type and the drivers themselves. Further investigations should 
be carried out to compare riding behaviour on other infrastructure and among different bicycles types and 
rider types. In the future, additional data of crossing cyclists will be collected and analysed applying further 
suitable metrics of traffic conflict technique in order to determine behavioural and kinematic patterns of 
interacting cyclists for developing reliable tactical and operational cycling models for safety simulation pur-
poses. Also, it may be possible to determine that wrong-way cyclists switch to the footpath at similar dis-
tances. 
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1 INTRODUCTION 

In recent years, the development of autonomous vehicles (AVs) has become a central focus of research and 
development and is expected to significantly impact road traffic in the future. While research on AVs has 
largely concentrated on the technology itself and the direct users of AVs, such as passengers in self-driving 
cars, the role of bicyclists who interact with AVs in traffic has not been explored in depth. As vulnerable road 
users, the needs, and expectations of bicyclists [1] must be considered when developing emerging 
technologies like AVs, especially if the number of bicyclists is expected to increase in the coming years [2] [3]. 
To ensure the safe and successful integration of AVs into future traffic, it is crucial to design a secure 
interaction between bicyclists and AVs that considers both subjective and objective safety measures, and to 
involve bicyclists in the development process. A key determinant of the successful adoption of AVs is the 
acceptance of this new technology by other road users, especially vulnerable road users (VRUs), such as 
bicyclists. 

Perceived safety and trust are the key factors that determine the acceptance of autonomous vehicles [4] [5]. 
People feel safe when they perceive a decrease in danger and an increase in comfort when interacting with 
technology [6]. While the objective safety of AVs can be improved through engineering, the perceived or 
subjective safety of these vehicles is critical to their adoption and use [7]. This is important not only for those 
actively using AVs, but also for those who share the road with AVs, such as bicyclists. the development of AVs 
must prioritize the establishment of trust as a prerequisite for their acceptance, as previous research on the 
acceptance of automated systems has shown [8]. Moreover, the perceived traffic safety is important even 
for those who are not actively using AVs, as it is linked to their fear of accidents [9].  

2 MATERIAL AND METHODS 

In literature, perceived safety and trust have been discussed as important factors in the subsequent 
acceptance of Avs. We want to examine how these factors are influenced by other variables, particularly 
cyclists’ affinity for technology. To gain new insights into these perceptions and attitudes of cyclists towards 
automated vehicles, we used a mixed methods explanatory sequential approach: An initial quantitative 
online survey (N=889) is followed by a qualitative data collection and analysis (N=19) to interpret the survey 
findings.  

The online survey was shared with various online bicycling communities in Germany and Austria (02-
03/2021). The survey included questions about socio-demographic factors, bicycling behavior, experiences 
in traffic, attitudes towards automated cars, and affinity for technology. Additionally, an open-ended 
question asked participants what they would wish for from a self-driving car. The Affinity for Technology 
Interaction (ATI) scale was used to assess participants' technological affinity. 
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The survey results were further explored in focus group discussions with lead users from the bicycling 
communities (04/2021). The focus group method was used to interpret survey results and explore attitudes 
and behaviors towards AVs. Participants were selected based on their affinity for technology score and 
discussed attitudes and perceptions towards AVs from a bicyclist's perspective and focused on the 
information they would like to receive from AVs and in what form. 

3 RESULTS 

3.1 Survey 

The survey was completed by 889 participants (67% male and 33% female; mean age 43.2 years). 58% of 
participants lived in cities with over 500,000 inhabitants and all reported riding their bicycles in traffic at least 
occasionally. To measure attitudes towards self-driving cars, two items were developed using a 5-point Likert 
scale, one focusing on trust in self-driving cars (As a bicyclist, I would trust self-driving cars., mean = 3.35, 1= 
strongly disagree, 5 = strongly agree), the other one focuses on perceived safety (As a bicyclist, I would 
consider self-driving cars as safe, mean = 3.41, 1= strongly disagree, 5 = strongly agree).  The Affinity for 
Technology Interaction (ATI) scale was used to measure affinity for technology, consisting of four items on a 
6-point Likert scale. The Cronbach alpha was high (α = .85) and a summability score was calculated for better 
internal consistency (summability = .59). Results showed that men had a higher affinity for technology than 
women (t = 10.49, p < .001). Multiple regression was used to explore the predictors of trust and perceived 
safety in self-driving cars, with ATI score, gender, and age as predictors and trust and perceived safety as 
dependent variables. The results showed that the ATI score was the strongest predictor of trust in self-driving 
cars, with men having more trust than women, and trust decreasing with age. Similarly, for perceived safety 
of self-driving cars, age was the strongest predictor, with men feeling safer than women. Participants were 
also asked whether they would like to know if they encountered an AV in traffic and whether they would like 
to know what the AV does next, with women showing a greater desire to know if they encountered an AV. 
Participants were asked an open question on what they would wish for in a self-driving car from their 
perspective as a cyclist, with many wishing for reliable technology, followed by signals of the car and it abiding 
by traffic rules. 

Table 1:  Results from multiple regressions on trust and perceived safety as dependent variables and gender, age and 
ATI score as independent variables [10] 

Trust B SE ββ p 

Gender -0.20 0.09 -0.08 < .05 

Age -0.01 0.00 -0.13 < .001 

ATI 0.15 0.03 0.14 < .001 

R Squared = 0.05 
(N = 889) 

    

Perceived Safety B SE ββ p 

Gender -0.25 0.09 -0.10 < .001 

Age -0.01 0.00 -0.14 < .001 

ATI 0.13 0.01 0.13 < .001 

R Squared = 0.06 
(N=889) 
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3.2 Focus groups 

In the more in-depth focus group discussions, it was found that participants felt safer when they were 
informed about the status and intentions of the autonomous vehicle (AV) they were interacting with. To 
convey this information to bicyclists, it is suggested that the AV should communicate that it is autonomous, 
follows traffic rules and has detected the bicyclist. This could be done through eHMI (external human 
machine interface), which recreates the eye contact that is exchanged between drivers and bicyclists in 
traditional traffic. Warning signals should also be used in certain situations, such as approaching intersections 
with high traffic volumes, to alert bicyclists if they have not been detected or if there is a potential danger. 
However, it was also noted that too many or poorly interpreted warnings could cause overstimulation or 
make bicyclists feel insecure. Some participants expressed concerns that sudden warning signals might 
startle bicyclists, leading to increased feelings of insecurity or recklessness. 

The study also revealed that trust in the AV is strengthened when it communicates its status (autonomous 
or non-autonomous), intentions, compliance with traffic rules, and correct detection of bicyclists to the rider. 
While participants assumed that technical errors would not occur in advanced autonomous vehicles, they 
still desired eHMI to convey this information. However, it was noted that participants did not imagine putting 
all their trust in a technical tool alone. The suggestion to use eHMI to communicate the status and intention 
of the AV was well received by the focus group participants, while 46% of survey respondents preferred a 
warning signal on the bike itself. 

4 CONCLUSION 

For AVs to be accepted in traffic, it is important to consider the needs of bicyclists. In our mixed-method 
study, we examined the trust and perceived safety of AVs among bicyclists, as well as their attitudes towards 
eHMIs and the factors that influence their acceptance of AVs. We used both quantitative survey results and 
qualitative data from focus groups to investigate these factors. Our study found that gender, age, and affinity 
for technology were significant predictors of both trust and perceived safety regarding Avs, which relates to 
other findings from survey studies [11]. The flawless functioning of AVs and clear communication of their 
intentions to bicyclists were deemed crucial factors for successful interaction between AVs and bicyclists. 

Affinity for technology was also a significant predictor for both trust and perceived safety, with higher affinity 
for technology leading to higher values in the dependent variables. This factor was not previously explored 
and can be considered as a strong factor in influencing the trust and perceived safety, as well as acceptance 
of automated vehicles in future studies. Furthermore, the qualitative findings show that using eHMIs to 
facilitate communication between bicyclists and AVs was a promising approach.  

The insights obtained from our study can serve as valuable guidance for the development of eHMIs that 
promote effective communication between bicyclists and AVs, and contribute to better understand the key 
factors that influence people's perception of AVs and their acceptance as a viable mode of transportation in 
future traffic. 
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1 INTRODUCTION 

In Germany, a bicycle street is a designated street for bicycle and E-Scooter traffic. According to a survey by 
the German Federal Ministry of Transport and Digital Infrastructure [1], 39 percent of respondents listed 
“more bicycle routes” as the most urgent demand for the government. Hence, bicycle streets need to become 
an important element in bicycle traffic planning to increase the safety and attractiveness of cycling in 
Germany [1]. To accomplish this, cars and other vehicles are allowed but with speed restrictions and special 
rules to increase the attractiveness and safety of cycling and create advantages over motor vehicle traffic.  

To implement bicycle streets are a set of technical regulations are used. These design rules are based on the 
analysis of objective safety. Often, they do not consider the subjective safety of cyclists. This can result in 
infrastructure that is objectively safe but does not feel subjectively safe for cycling, which can have a negative 
affect on the frequency of bike usage [2,3,4,5,6]. Here, three shortcomings in the existing research stand out: 
previous work rarely examines the influence of specific infrastructure characteristics of bicycle streets (lane 
width, lane markings, etc.) on subjective safety, there is limited information on whether bicycle streets that 
allow car traffic under special rules actually increase perceived safety, and studies evaluating the subjective 
safety of cycling infrastructure typically only include people who actually cycle, ignoring those who avoid 
cycling due to perceived safety concerns. 

To address these shortcomings, our study focuses on analyzing the influence of infrastructure features 
(implemented and potential) and special traffic rules (implemented and potential) on subjective safety while 
cycling along a bicycle route with allowed car traffic in the city of Chemnitz, Germany. The goal was to involve 
both people who cycle and those who typically do not cycle due to safety concerns.  

2 METHOD 

A two-staged experimental design was chosen for this purpose. In the first phase of the study, 18 factors 
were derived from literature which have an impact on the subjective safety of cyclists. The scale of subjective 
safety from the Bicycle Climate Test of the German Cyclist's Association (ADFC) was used to measure 
subjective safety [8]. The infrastructure elements were queried via photo examples from exemplary best-
practice bicycle routes. A sample of N = 182 students was surveyed using an online questionnaire.  
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Only individuals who engaged in moderate to frequent cycling participated in the initial trial, while those who 
seldom or never cycled did not participate. For this reason, a second phase was added to explicitly include 
the evaluation of people who do not currently use bicycles but would like to use them more frequently 
(people with moderate to frequent cycling also participated in the second phase as well). This part also 
evaluated the influence of specific infrastructure features for bicycle streets with allowed car traffic on 
subjective safety while cycling.  

3 MATERIAL 

Here, stereoscopic 360° recordings of infrastructure features of the bicycle street were created and 
presented through a self-programmed app that runs on stand-alone virtual reality (VR) headsets. The 
methodological structure of the second stage is presented in Figure 1. 

 
Figure 1: Outline of the methodological structure of the assessment of the subjective safety perception of cycling 

infrastructure via Virtual Reality 

The advantage of this app is that the presented images in VR allow viewers to better immerse themselves in 
the infrastructure measure shown, and thus an evaluation can be made independently of the use of the 
respective infrastructure measure [8]. N = 35 people will participate in this experiment, and the 
questionnaires used corresponded to those used in phase I except in phase II only implemented infrastructure 
features are evaluated. 

4 RESULTS 

For the first phase it was found that the subjective safety of cycling on the bicycle route was rated better 
than cycling in general in the city of Chemnitz. The difference can be described as a large effect (d = -2.4) and 
exceeded expectations. Furthermore, it was not confirmed that there is no difference in subjective safety 
between experienced and inexperienced/part-time cyclists. The highest predictors were the maximum speed 
of 30 km/h (ß = -0.27) and a wider road width (ß = 0.25) for the criterion of subjective safety. The model 
demonstrated a medium to high level of goodness of fit (R²corr = .32; f² = .47). 
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The second phase of this study is still in progress and will be finished in June.  

5 SUMMARY 

The presented studies provide insight into which infrastructure measures increase the subjective safety of 
bicycle streets with car traffic. The results can be used to select safety-promoting infrastructure elements in 
infrastructure planning or to implement them into existing infrastructure measures and regulations. 
Furthermore, the study applies an evaluation method in VR to make infrastructure measures and elements 
evaluable, regardless of whether they are familiar to the participants. The utilization of this virtual reality 
method has the potential to simplify and streamline future studies on cycling safety, making them more cost-
effective and efficient. This approach can supplement or even replace on-site surveys depending on the 
specific research context, allowing for greater flexibility and adaptability in the research process. 
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1 INTRODUCTION 

Research on cyclists’ gaze behaviour when interacting with conventional vehicles has shown that cyclists tend 
to look towards drivers in ambiguous situations such as uncontrolled intersections, bottlenecks, and during 
parking [1]. With the introduction of automated driving systems, the interaction between cyclists and 
vehicles might become increasingly complex as a human driver might not occupy the driver's seat. It has been 
proposed that vehicle motion cues may suffice in such interactions [2][3]. However, research on cyclists’ gaze 
towards vehicles and detecting driver presence or absence is currently limited. In this field study, we 
investigate how cyclists interact with manual and driverless vehicles by analysing cyclists’ gaze dynamics. We 
aim to identify the areas of focus for cyclists during interactions with approaching vehicles and their ability 
to detect the presence of a driver. This study will contribute to understanding cyclists’ interactions with 
driverless vehicles and the potential role of interpersonal communication. 

2 METHODS 

We examined cyclists’ gaze patterns using eye-tracking glasses in a Wizard-of-Oz field experiment. In a 
Wizard-of-Oz experiment, a hidden ghost driver controls the vehicle, creating the illusion that the participant 
is interacting with a driverless vehicle. Thirty-seven participants (23 males and 14 females) cycled a 
predetermined 530-metre route around a building at Delft University of Technology in the Netherlands while 
wearing Tobii Pro 3 eye-tracking glasses (see Figure 1). 

  
Figure 1: The cyclist participant is cycling straight with the vehicle approaching from their left-hand side. The driver is 

wearing a seat suit to imitate a driverless vehicle. 
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Participants cycled the route four times first without instructions, encountering a vehicle with a concealed 
ghost driver in two out of four trials. In a second session, the participants were briefly interviewed and then 
instructed to cycle the same route four more times. During each of these rounds, they had to read two letters 
on a sign approximately 5 seconds before passing the vehicle and then indicate whether they could detect a 
driver in the vehicle or not. After this session, the participants were interviewed a second time. 

Data was gathered through eye-tracking glasses, as well as via interviews. Instead of manual annotation, 
computer vision methods were employed for automatic gaze behaviour identification. The vehicle was 
identified using a pre-trained YOLO model for each video frame. The driver’s location was then estimated by 
taking a distance of 65% in width and 20% in height, calculated from the top left of the bounding box. The 
visual angle between the estimated driver position and the gaze point was calculated for each frame. A 
threshold angle of 4 degrees was applied [4]. When the angle falls below the threshold value, it can be stated 
that the cyclist was looking at the vehicle (driver), see Figure 2. 

 
Figure 2: Still frame from the video recorded by the eye-tracking glasses. The red circle indicates the participant’s gaze 

point, and the blue box is the area-of-interest surrounding the vehicle. The angular distance indicates whether the 
participant glances at the vehicle. The threshold for looking at the vehicle was set to 4 degrees. 

Due to the eye-tracker's imperfect accuracy, it is not unequivocally determinable whether the cyclist was 
looking at the driver or another aspect of the vehicle, particularly from a distance where the bounding box 
around the vehicle is small. We will define other target points, such as the centre of the front bumper and 
bounding box, to make probabilistic inferences about the cyclist’s gaze location on the vehicle.  

3 RESULTS AND DISCUSSION 

The experiment is complete, and the analysis is ongoing. Preliminary results indicate that the automatic gaze 
behaviour identification method is effective. The analysis of one participant’s results showed a brief sampling 
of the vehicle, alternating with looking at other locations, such as the bicycle path (see Figure 3), indicated 
by an angle larger than 4 degrees. As the car passes, the angular distance typically increases due to its lateral 
position in the participant’s field of view (see Figure 2).  

Although these findings pertain to only one individual, the findings revealed differences between the 
uninstructed Session 1 and the instructed Session 2, with longer vehicle observation in Session 2, possibly to 
determine the presence of a driver as requested. Specifically, the participant sampled the vehicle in 21.9% in 
Session 2 compared to 15.3% in Session 1.  In Session 2, the cyclist correctly detected whether the driver was 
absent or present in 4 out of 4 interactions. 

4 CONCLUSION 

The results may provide insight into whether cyclists look at vehicles and, if they do look at vehicles, whether 
they can detect the presence of a driver behind the wheel. In turn, these findings may inform the 
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development of automated vehicles, such as whether external human-machine interfaces (eHMIs) can 
compensate for any lack of interpersonal communication. 

Figure 3: Angular distance between the participant’s gaze point and the estimated position of the driver. Angular 
degrees of ≤ 4 indicate the participant was glancing at the vehicle (driver). t = 0 s is the moment the vehicle 

disappeared from the image (i.e., the moment the cyclist passed the vehicle) 
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1 INTRODUCTION 

In Denmark, cyclist advocacy groups have asked for a law regulating minimum lateral distance for cars that 
are overtaking cyclists. It has been referred to as the “Mallorca-rule” as such a law is in power in Spain and 
also in several other countries. A “borgerforslag” (citizens’ proposal to the Danish Parliament) was raised but 
didn’t get the necessary public backup in order to be presented to Parliament. 

However, the topic was also raised by the Transport Minister in 2021, so the Danish Road Directorate 
launched an investigation to gain knowledge from different experiences with law and other measures 
regarding lateral distance for cars when overtaking cyclists. This abstract contains a brief presentation of the 
findings. 

2 INVESTIGATION FRAME WORK 

A screening of the Road Traffic laws in 31 European countries as well as USA, Australia, Canada and New 
Zealand was carried out to see if the countries had laws defining a fixed overtaking distance. A number of 
questions was subsequently sent to the 14 European countries that had a law or similar on lateral distance 
when overtaking a cyclist. 

The questions related mainly to experiences with and evaluation of enforcement and compliance.   

Also, a literature study was carried out to collect experiences from different evaluations and investigations 
carried out on the broader subject of car driver behavior when overtaking cyclists.  

The investigation was carried out by Trafitec, a private consultant. The work was initiated in August 2022 and 
final report was handed in in November.  

3 FINDINGS 

The investigation showed interesting results that were useful for us in Denmark and could be interesting for 
other decision makers and law makers.  

3.1 Survey 

The aim when introducing a law that defines a lateral distance for cars overtaking cyclists is of course to 
improve the safety for the more vulnerable road user; the cyclist. The group “cyclists” also includes e-bikes, 
mopeds and e-scooters, vehicles that travel at relatively low speed on the road together with motorized 
vehicles unless there is a separate infrastructure, like a path. When they share the same wearing course as 
the motorized vehicles they are more at risk of being hit from behind. On rural roads with high speeds this 
often has a serious outcome for the cyclist. A Danish analysis based on 25 fatal accidents of this type showed 
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that the major part of the accidents had taken place on roads with no cycle infrastructure or very narrow 
edge lanes not fit for cycling.   

But will a law change driver behavior and  reduce the risk for cyclists? The investigation showed that although 
many countries had laws, there are challenges: 

• Not all drivers are aware of the law 

• The information about the law is seldom included in driving school curriculum 

• The Traffic Police does not enforce the law due to lack of measuring equipment that can be used in 
court  

The investigation also shows that the law text varies: 

• In some countries the law demands different distance on rural and urban roads 

•  Some countries also have regulatory or information signs about the distance 

• Ina some countries the law only applies when there is no separate cycle infrastructure 

3.2 Literature study 

A literature study was also carried out as a part of the investigation. The study found several investigations 
that pointed in the direction that a law on lateral distance when overtaking doesn’t have a significant effect 
in it self but has to be supported by enforcement and/or information. The study also referred to several 
conditions that had an effect on the actual overtaking distance. Here are a few of them: 

• The average overtaking distance increases when the road width increases 

• The average overtaking distance decreases when oncoming traffic increases 

• The cyclists’ gender, clothes, speed, helmet use only has little effect on the overtaking distance 

Some studies indicate that car drivers with negative impressions of cyclists tend to overtake with less 
distance.  
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1 OBJECTIVE 

Geometric characteristics of a bike-lane can affect safety for Micromobility (MM) users. Besides, MM users’ 
behavior is still understudied [1]. In critical segments like sharp horizontal curves with restricted sight 
distance, risky behavior patterns of users such as lane violation, lane transgressing, and speeding, could lead 
to serious safety concerns. The objective of this study is to propose a naturalistic data-driven methodology 
to identify surrogate safety measures that can be used to assess safety on isolated horizontal curves. The 
proposed procedures can be applied to any curve case study with a larger sample size to draw conclusions 
about any objective factor that may affect safety of users of horizontal curve of a bike lane. 

2 METHODOLOGY 

This study proposes a naturalistic data-driven approach to observe surrogate safety measures of speed and 
trajectory of MM users on bike lanes, using motion-analysis. An isolated sharp curve with critical geometry 
(small radius and sharp deflection angle) is selected for an initial analysis. This case study was selected from 
an available total sample dataset of 30 isolated curves, which were collected during fall 2022 in the city of 
Valencia, Spain. The data were collected using a set of Garmin VIRB Elite cameras and tripods (6 meters 
height). The dataset is labeled, segmentized, and undistorted using some scripts programmed in Python.   

The selected simple circular curve has a deflection angle of 89.02 degrees, and a radius of 6.280 meters. 
Three sections or points on the centerline of the curve were defined to trace lateral position and speed of 
MM users. These points of interest correspond with Point of Curvature (PC), Midpoint (MP), and Point of 
Tangency (PT), that will be used to shape and calculate effective trajectory curves and their corresponding 
effective radius from real trajectory of users. Direction of movement on the curve were also divided to Left-
Turn (LT) and Right-Turn (RT) movements.  

Four regions of interest were defined to assess displacement of the riders: on the center line (CL), within the 
lane (LN), on the opposite lane (OPL), and outside the bike lane (OTL). For the speed analysis, the average 
speed of each user along the horizontal curve was estimated from the observed speeds at the points of 
interest. In order to identify risky patterns of the users, the lateral position coordinates (x, y) and speed of 
each user type (cyclists and e-scooterists) were tracked by using the software Kinovea, after calibration of 
the griding system using references measured on the field. In total, the speed and displacement of 74 users 
(50 cyclists and 24 e-scooterist) were extracted, that were utilized to obtain effective radius, displacement 
heatmap, and speed patterns. The reliability of Kinovea to evaluate motion patterns is confirmed in previous 
studies [2] [3]. 

3 RESULTS 

In this section, effective trajectory arcs and correlated displacement of bike users on Left-Turn (LT) direction 
are presented so as to prove the usefulness of the proposed methodology. Additionally, a comparison 
between both travel directions –Left-Turn and Right-Turn– is included to illustrate the differences of effective 
radius among different directions and user types.   

ICSC2023_ID076



– 156 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

2 

 
3.1 Effective Radius  

The effective trajectory arcs and their centers for the LT movement of bike users are illustrated in Figure 1a. 
The black arc and blue center are representative of the actual curve and the colored arcs with their 
corresponding green centers are demonstrating the effective curve for 25 bike users in that direction.  Figure 
1b shows a box and whisker plot for both travel directions and type of user. Regarding this, a great dispersion 
of the effective radius was observed for LT movement. It can be explained by bikelane-side conditions, 
especially on bike lanes located on the sidewalk, that could impact the behavior of MM users. In this case 
study, for RT movement, due to the presence of vegetation on the left side of first tangent, users were 
tending not to violate their lanes, as it could leave them with no space to maneuver in case of encounter 
maneuvers. Accordingly, cyclists exhibit larger lateral acceleration, role angles, and steering angles 
comparing to e-scooters [4]. This can explain why e-scooterists had similar patterns regardless of their travel 
direction. 

      
(a) (b) 

Figure 1: Effective radius: (a) Cyclists’ path and (b) effective radius box and whisker plot 
 
3.2 Lateral Displacement   

A heat map is developed from the observed displacement of the MM users with respect to the centerline at 
each point of interest –PC, MP, and PT– (Figure 2). The resulted displacements were then grouped in four 
regions of interest: on the center line (CL), within the lane (LN), on the opposite lane (OPL), and outside the 
bike lane (OTL). To this regard, the highest displacement to the opposite lane in LT direction for bike users 
was identified at MP (Figure 2a). Nearly 52% of the users violated their dedicated lane as they moved towards 
the middle of the curve, perhaps to maintain their speed or to avoid pedestrians crossing or walking in the 
proximity of the bike lane. Nevertheless, in RT direction, the cluster of lateral violation were evident on the 
PT section (Figure 2b). This could be due to bike lane-side environment and other factors like the presence 
of pedestrians. Comparatively, for the scooters, a similar pattern was observed with 50% displacement on PT 
for RT movements, and 83% displacement on MP for the LT movements.  

 
(a)                                                                         (b)  

Figure 2: Lateral displacement for cyclist: (a) LT movement and (b) RT movement 
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3.3 Speed Analysis  

The speed of the users at the points of interest was estimated using tracking capability in Kinovea. The speed 
data were then used to calculate the 85th and 50th percentile speeds as well as maximum and minimum 
speed (see Table 1). 

Table 1:  MM users’ speeds expressed in km/h 
 
 
 
 
 

 

The 85th percentile speed, considered as operating speed, was around 25 km/h except of e-scooterists 
travelling in LT direction. It could lead to an increased severity of potential collisions as this speed is greater 
that the limit speed. Additionally, an ANOVA test was carried out to determine if there are statistically 
significant differences between users’ speeds. Accordingly, except between e-scooter riders on LT and RT 
directions, there was no statistically significant difference found. This shows that in terms of speed most 
users – cyclists and e-scooterists – on this case study followed a similar speed pattern. 

4 CONCLUSIONS 

The initial results of the case study have stressed out a high risk for head-on and side-angle crashes 
throughout the arc and exiting tangent. This is due to the fact that a high rate of lane violation pattern was 
evident inside the arc segment, that in case of mishandling or low sight, could potentially increase the 
likelihood of conflicts with the users on the opposite lane. The 85th percentile speed results are also 
illustrative of reduced handling capability for the users who violate their lane and try to avoid potential frontal 
conflicts. As cyclists do not show statistically significant differences in terms of speed, their behavior is not 
influenced by the direction of the curve, that is, their maneuverability is higher than that for e-scooterists. 
The differences in speed for e-scooterists traveling in opposite directions is evident. This could indicate that 
in right turn movements they feel more confident because they may even move into the lane for the opposite 
travel direction. However, their confidence seems to be reduced when taking left-hand turns. In this case 
study, this fact could be influenced by the proximity of the edge of the sidewalk. 
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User Dir*     Vav      Vmin      Vmax     V85     V50 

bike LT 21 10 33 25 21 

bike RT 20 11 32 26 19 

e-scooter LT 26 9 42 31 24 

e-scooter RT 19 9 32 26 18 
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1 INTRODUCTION 

The use of shared e-scooters has grown rapidly in recent years, making it a popular micromobility option in 
the US. However, concerns about the safety of this mode of transportation have arisen after several crashes 
involving e-scooters. In 2019, Nashville banned all electric scooters following a rider's death due to a crash 
involving an e-scooter and a car. Several studies have examined the relationship between e-scooter usage, 
accidents, and injuries, all with similar findings after accounting for exposure. The first notable study in Austin 
showed that during the early stages of the pilot program, there were 2.0 emergency department visits per 
10,000 e-scooter trips [1]. Another study over 17 months estimated a slightly higher rate of 2.1 emergency 
department visits per 10,000 trips, which remained relatively consistent over time [2]. In this study, about 
10% of injuries were due to collisions with cars, which suggests an injury rate of approximately 0.2 car-related 
visits per 10,000 e-scooter trips. Another study focusing solely on car crashes reported a similar rate of 0.26 
car-related crashes per 10,000 scooter trips [3]. 

Furthermore, both studies found that the risk of accidents or injuries at night is roughly twice as high as 
during the day. Despite these incidents, many micromobility operators and safety researchers have argued 
that shared micromobility, including e-scooters, can contribute to safer city streets. To address these 
concerns, researchers have examined the relationship between e-scooter use and crashes. 

Investigating patterns of shared e-scooter crashes and identifying factors contributing to these incidents is 
crucial for enhancing e-scooter safety. This study focuses on the most severe crash types, e-scooter crashes 
with vehicles. It analyzes an exposure measure, e-scooter vehicle miles traveled, against traffic levels and 
street type to understand the patterns of shared e-scooter crashes. The goal is to identify high-crash 
networks (total crashes on corridors) and high-risk networks (disproportionately high crashes controlling for 
e-scooter exposure).  

2 DATA SET 

To conduct our study, we utilized two distinct data sets: the Tennessee Integrated Traffic Analysis Network 
(TITAN) police database, which provided records of motor-vehicle-involved e-scooter crashes in Nashville, 
Tennessee, between September 2018 and January 2022. E-scooter crashes in that data set are relatively well-
coded, and researchers reviewed narrative summaries of all potential e-scooter crashes, ultimately 
identifying 82 geocoded crashes. The Shared Urban Mobility Device (SUMD) dataset offered link-level 
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information on e-scooter usage in Nashville between September 2018 and February 2020. For the remainder 
of our study, we obtained e-scooter trip data from Populus Technologies, INC, which curates e-scooter data 
for Nashville. By combining these two data sets, we were able to establish a comprehensive overview of e-
scooter usage patterns and associated crashes in Nashville, Tennessee, and draw meaningful conclusions 
about the safety implications of shared e-scooter use in this urban setting.  

3 METHODS  

In this study, we explore statistical differences in the crash rate (crashes per 100,000 e-scooter miles traveled) 
for different street types with the e-scooter trips as the exposure variable. To analyze the data, we will 
employ various statistical methods, including negative binomial regression, to model the relationship 
between the dependent and independent variables. We will conduct statistical tests to determine if there 
are significant differences in the crash rate for different street types with varying levels of vehicle and e-
scooter trip volume.  

To further understand the relationship between e-scooter crashes and urban infrastructure, we will conduct 
a similar analysis using the Census Tracts. Each census tract will be cataloged based on its street density and 
intersection density, and then use a negative binomial model to explore the statistical difference in crash 
rates. This analysis will help us determine if the street and intersection density impact the crash rate and the 
vehicle miles traveled for e-scooters. 

In addition to negative binomial regression, we will utilize other statistical techniques, such as clustering and 
classification, to identify patterns and trends in the data. By identifying the underlying factors contributing 
to e-scooter crashes, we can develop strategies for reducing the number of accidents and improving public 
safety. Our study aims to understand better the complex relationship between e-scooter crashes and urban 
infrastructure. By analyzing data from multiple sources and utilizing various statistical methods, we hope to 
gain insights into the factors contributing to these accidents and ultimately improve the safety of urban 
streets for e-scooter riders and the general public. 

 
Figure 1: Locations of crashes involving e-scooters and bicycles on streets in Nashville  

and the volume of e-scooters on those streets. 

4 CONCLUSIONS 

This research comprehensively analyzes e-scooter crashes in different street types, considering the e-scooter 
miles traveled in each street section as an exposure metric. We also examine specific street sections to 
understand crash patterns in high-risk environments better. Our study sheds light on the complex interplay 

ICSC2023_ID078



– 163 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

3 

between e-scooter usage, vehicle use, and crashes, highlighting the importance of targeted interventions to 
improve road safety for all individuals. 
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1 INTRODUCTION 

Cycling in a peloton or group is popular in many countries, including low cycling countries such as Australia. 
The literature shows that there are many potential benefits to riding in a group such as heightened personal 
security, easy wayfinding, increased visibility for motor vehicles controllers, and social enjoyment 
(Heeremans et al., 2022). Despite these benefits and popularity, the road safety aspects of group riding are 
not well researched (Fraser & Meuleners 2020).  
 
In low cycling countries, the main safety challenge that cyclists face is sharing space with motor vehicles 
(Fishman et al., 2012). Group cyclists share that safety challenge with individual cyclists, however, group 
cyclists also face unique challenges due to riding closely to each other, the larger space taken up on roadways, 
potentially higher speeds, and social norms that could increase risky behaviours (Heeremans et al., 2022). 
The aim of this paper is to increase understanding of the unique safety challenges faced by group cyclists, 
what behaviours group cyclists perform in response to these safety challenges, how group cyclists learn these 
safety behaviours and to increase knowledge of the unique road safety attributes of group cycling.  
 
2 THEORETICAL FRAMEWORK 

When studying groups, examination of individual behaviours alone does not allow an understanding of group 
behaviours as decisions are made as a unit and solutions to group problems are group solutions, not 
individual ones (Cooke, 2015). This current study therefore applies a Human Factors lens and uses a 
teamwork theory, the model of team effectiveness to increase understanding of the interconnectedness of 
the riders. The model of team effectiveness includes eight teamwork factors: leadership (direct and 
coordinate the team), mutual performance monitoring (monitoring team-mate performance), backup 
behaviour (anticipate needs of team-mates), adaptability (adjust behaviour to conditions), team orientation 
(team goals over individual goals), shared mental models (shared understanding), mutual trust (trust that 
team-mates perform their roles and protect each other), and closed-loop communication (communication 
that is acknowledged) (Salas et al., 2005). 
 
3 METHOD 

The qualitative study explained in this paper uses a deductive exploratory approach through in-depth semi 
structured interviews of experienced amateur sports group cyclists about group cycling. Interview questions 
were created using the eight factors of the model of team effectiveness. The data was analysed using a 
thematic analysis methodology underpinned by an understanding of human factors and teamwork.    
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The research captures the experience of twelve Australian based sports cyclists. Participants were recruited 
and interviewed in person. Female participants were purposively recruited as previous research suggest that 
females may be more likely to ride in groups than alone in a low cycling country (Beecham & Wood 2014). 
Due to the use of the model of team effectiveness as the theoretical framework, semi-structured interviews 
were chosen to allow space for unanticipated views and ideas while addressing the main areas of interest 
with all participants. Pre-prepared questions covered the features and experience of riding in groups, safety 
benefits and challenges and what can be done to make group cycling safer. Interviews were audio recorded 
and orthographically transcribed. As the model of team effectiveness was the theoretical framework, 
Thematic Analysis was used to understand participant’s experience. As themes were pre-determined, coding 
of sub themes was conducted. 
 
4 RESULTS 

4.1 Shared mental models 

One of the main motivations for riding with others was a perceived increase in safety. Every participant stated 
they were safer riding in a group. When asked details about why they felt safer important sub codes were 
found: participants did not just think they were more visible in a group but felt that the group made it 
impossible for them be ignored, that the group had a presence and that traffic as a whole respected them, 
even if individual motor vehicle controllers may become angry.  
 
All participants understood the need for shared language and the importance of the informal rules that 
govern group safety behaviours. Different participants learned the ‘rules’ in different ways. Female 
participants were more likely to have learned how to group ride through more formal ways such as through 
a bicycle club, reading about group cycling or seeking assistance from experienced riders they knew to help 
them learn before they started group riding. The males were more likely to “just turn up” and start riding in 
a group, but they were often grateful that other riders had gone out of their way to help them learn.  
 
4.2 Back-up behaviours 

Nearly all participants also mentioned back up behaviours: if there was an incident, or even a flat tyre at least 
some in the group would stop and help, you were never left on your own in a dangerous situation. Female 
participants were more likely to mention heightened security. They were more likely to feel safe riding at 
night or in isolated places with a group.  
 
4.3 Mutual trust 

Participants talked about the importance of trusting their fellow riders, when riding so close to each other it 
is important that each group member rides in a safe manner. Indeed a number of the participants talked 
about what they did when they found themselves behind a rider who’s safety behaviours were less than 
optimal, such as shifting themselves behind a safer rider or even leaving the group if they felt safety 
behaviours were not acceptable. 
 
4.4 Adaptability 

Many participants described how the group worked with traffic such as moving to a single file formation 
when the group thinks it is safer to do so. Circumstances participants mentioned included when the road 
narrowed or sight distance was compromised by the road configuration. 
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5 DISCUSSION 

The study explained in this paper explored the experiences of amateur sports group cyclists and their views 
of the safety challenges and benefits of riding in groups and related safe and risky behaviours. The Model of 
Team Effectiveness was found to be a useful theoretical framework as found previously by Heeremans et al., 
(2022) to categorise group cycling safety behaviours and explore the unique challenges and benefits of group 
cycling. The safety focus and informal team structure of group cyclists revealed by these interviews may 
inform transport system improvements that in turn increase cyclist safety. 
 
6 CONCLUSION 

As found previously by Aldred and Jungnickel (2012), the participants in this study held a large store of 
knowledge that they use to ensure they are safe when riding in groups. The participants took safety very 
seriously. Indeed, a feeling of increased safety was a main motivator for riding in a group. This study makes 
a unique contribution to literature as group cycling and the unique safety challenges and safety behaviours 
have received little prior attention. Given that the rules that govern group cycling are informal, and they are 
learned in different ways, the knowledge created by this paper could help inform interventions to ensure 
that group cyclists learn the correct behaviours, but it might also be that cyclists who do not ride in groups 
may benefit from group riding to decrease crash risk when riders find themselves in ‘accidental groups’. 
 

REFERENCES 

[1] O. Heeremans, E. Rubie, M. King and O. Oviedo-Trespalacios, “Group cycling behaviours: A systematic 
review”, Transportation Research Part F: Traffic Psychology and Behaviour 91 (2022), pp. 26-44. 

[2] M.L. Fraser, L.B. Meuleners, “Characteristics of unsafe events involving a motor vehicle for group 
riders in Western Australia: A naturalistic study”, Transportation Research Part F: Traffic Psychology 
and Behaviour, 74 (2020), pp. 40-51. 

[3] Fishman, E., Washington, S., & Haworth, N. “Understanding the fear of bicycle riding in Australia”. 
Journal of the Australasian College of Road Safety, 23(3) (2012). 

[4] N.J. Cooke, “Team Cognition as Interaction”, Current Directions in Psychological Science., 24 (6) 
(2015), pp. 415-419. 

[5] E. Salas, D.E. Sims, C.S. Burke, “Is there a “Big Five” in Teamwork?”, Small Group Research, 36 (5) 
(2005), pp. 555-599. 

[6] R. Beecham, J. Wood, “Characterising group-cycling journeys using interactive graphics”, 
Transportation Research Part C: Emerging Technologies, 47 (2014), pp. 194-206. 

[7] Aldred, R., & Jungnickel, K. “Constructing Mobile Places between ‘Leisure’ and ‘Transport’: A Case 
Study of Two Group Cycle Rides”. Sociology, 46(3) (2012), 523–539. 

ICSC2023_ID082



– 167 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

1 

Evaluation of the trial of smart bicycle lights  

H. Alavi*, D. Young#, H. Reddan#, J. Johnson#, N. Haworth† 

* HA Consulting  
Victoria St, Brunswick Victoria 3056, Australia 

email: hafez.alavi@haconsulting.com.au 
 

# Transport Accident Commission (TAC) 
Brougham St, Geelong 3220, Australia 
email: David_Young@tac.vic.gov.au, 

Helen_Reddan@tac.vic.gov.au; 
Jake_Johnson@tac.vic.gov.au 

†Centre for Accident Research and Road Safety - Queensland 
Queensland University of Technology (QUT) 

130 Victoria Park Road, Kelvin Grove 4059, Australia 
email: n.haworth@qut.edu.au 

 
Keywords: bicycle lighting, visibility, template, final symposium paper, formatting instructions. 

 

1 INTRODUCTION 

The role of active travel is becoming more prominent and crucial as the adverse consequences of a chiefly 
vehicle-based transport system manifest themselves. From serious road trauma, social life disruptions and 
negative impacts on the lives of children, the elderly and other more vulnerable community members to 
climate and environment degradation and societal costs due to noise, pollution and public health 
deterioration, active travel is shown to offer an effective, democratic, and sustainable solution. Cycling and 
the provision of safe, convenient bicycle infrastructure and technology play a crucial part in this emerging 
picture. Technology is playing a more and more defining and definitive role in cycling mobility and cyclist 
safety. Therefore, there is a need to investigate innovative methods and technologies to improve cyclist 
safety and mobility.  

In 2021, the Transport Accident Commission (TAC) launched the Light Insights Trial (LiT) to investigate the 
role and potentials of innovative bicycle light technology to increase cycling and enhance cyclist safety in 
Victoria, Australia. LiT was a 12-month trial which enlist a diverse group of 800 cyclists to use a See.Sense 
smart bicycle light (described in [1] and shown in Figure 1) The technology gathers data such as crash events, 
near miss incidents, abrupt acceleration and deceleration, swerving, road conditions, average speeds, dwell 
time and rider feedback. The light operates in tandem with a smartphone app, which transmits data, while 
additional safety features include a brighter flash in high-risk situations, such as intersections, and when 
riders brake. The trial participants (the triallists) were offered vouchers to contribute to their purchase of 
See.Sense bicycle light products, and a variety of products were purchased by the triallists. The cyclists 
recorded their data via the See.Sense app, providing a baseline of cyclist data and increased understanding 
of cycling behaviour. The trial aimed to inform policy and strategy and increase awareness of cycling as an 
alternative safe mode. An overview of the trial is provided in Figure 2. 

TAC offered road safety expertise and partial funding and led the trial's delivery and evaluation. See.Sense 
provided industry expertise and technology support, Deakin University was the research partner and partial 
funder, and the iMOVE Cooperative Research Centre provided partial funding. Painted Dog conducted 
behavioural research and qualitative stakeholder interviews. Bicycle Network Victoria, the Amy Gillett 
Foundation, and Aus Cycling advocated for the trial and promoted it to their members and databases. The 
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researchers, local governments, and other stakeholders were regularly invited to attend the trial's events, 
including webinars.  

 
Figure 1: The See.Sense smart bicycle light 

 

 
Figure 2: An overview of the Trial 

2 EVALUATION METHOD 

The evaluation comprised a) literature/document review, b) social and transport research findings review, c) 
in-depth interviews with some subject matter experts (SMEs) and technical experts, and d) technical 
workshopping of future options with TAC and some SMEs. 

During the literature and document review phase, trial inception, planning, implementation and 
reporting/presentation document were collected from TAC and other online sources. These documents were 
used in conjunction with ongoing project meetings with TAC (and in-depth interviews and the trial 
engagement events such as stakeholder webinars) to build a clear picture of LiT’s background, objectives, 
logic map, key stakeholders, and the schedule of key trial events. TAC engaged Painted Dog Research to 
understand perceptions from both trialists and stakeholders with regards to a) the extent to which LiT’s 

ICSC2023_ID083



– 169 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

3 

objectives were understood and met, and b) how these social research findings could inform the decision-
making process about the future of the trial.  

Deakin University carried out several research activities to: 

1. develop a data storage and management system suitable for the LiT trial 
2. examine approaches for data analysis to consider individual privacy and security while still 

providing specific road safety insights 
3. develop methods for data analysis as well as a reporting tool for effective communication of 

information and insights derived from the collected data. 

3 RESULTS 

3.1 Social research findings 

Some results of the June online survey of trialists’ perceptions showed that: 

• ~60% male, 75% 30-60 yo, ~90% ride at least once a week, 50% prefer dedicated bike lanes, +70% 
record often or always 

• Key barriers to recording: forgetting to, Bluetooth connection, multiple bikes, difficulty using the 
app 

• Motivation to continue: contribute to better cycling safety and planning, safer riding and their 
commitments to the trial 

• 80% are satisfied with the experience – light quality and duration 
• +90% are enthusiastic to remain a contributing member 
• ~60% said contributing to safer cycling is their main purpose of the trial. 

The qualitative surveys of the perceptions and expectations of some key stakeholders revealed and overall 
positive perception of the trial in terms of its safety impact, increase in cycling, new technology assessment 
and robustness of the trial (operation, trialist numbers and methodology).  

3.2 Cycling data collected 

LiT was able to build a cyclist-specific dataset that could be potentially used to inform future strategies, 
investments, policies, and planning/design. The dataset includes data on the purpose of cycling trips, 
demographic characteristics of cyclists, type of bicycle, safety and mobility indicators, and the time, length, 
origin-destination and routes of the captured cycling trips.  The trial data could also inform policy and strategy 
areas such as speed management, cycling promotion, bicycle infrastructure mandates, geofencing, and 
policies related to bicycle type and e-bikes. 

4 CONCLUSIONS 

The evaluation of the LiT found that the trial successfully established a network of committed and activated 
cyclists and served as a new stakeholder engagement avenue to reach out to the cycling community. The trial 
also provided valuable insights into cyclist demographics, riding behaviour, attitudes towards safety, 
technology, and road infrastructure, and cyclist crashes.  
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1 INTRODUCTION 

The integration of automated vehicles (AVs) into mixed traffic necessitates human-machine interaction. 
Vulnerable road users such as pedestrians and cyclists may not be able to communicate explicitly via gestures 
or eye contact, because there is no attentive driver anymore. This communication gap can be relevant in the 
context of cycling, which is simultaneously viewed as safety-critical [1] and promoted as a sustainable and 
healthy mode of mobility [2]. The potential disruption of established communication forms could not only 
raise safety concerns but also diminish the utilization of cycling as a mode of transportation. Hence, research 
into the communication processes between cyclists and AVs or manually-driven vehicles (MV) is needed to 
ensure objectively and subjectively safe interactions. In the context of pedestrian-AV interaction implicit 
communication, e.g., behavior such as slowing down before a pedestrian crossing, is considered an important 
determinant in interaction evaluation [e.g., 3–5]. However, research on cyclists remains limited and 
sometimes contradicting. For example, findings on the influence of automation status on cyclists' interaction 
evaluation are mixed. While results of a photo experiment [6] and VR study [7] revealed that the automated 
driving status of the interacting vehicle had little effect on the cyclist's behavior, another video-based study 
showed that cyclists tended to slow down when encountering AVs [8]. Results of the rare studies that look 
at implicit communication (e.g. driving dynamics or gap distances) between AVs and cyclists are consistent 
with findings in pedestrian studies. Implicit communication plays a crucial role in cyclists' decision-making 
processes [e.g., 7, 9]. However, such communication, especially via driving dynamics, can be ambiguous. For 
instance, vehicle turning implies deceleration, even if the vehicle does not come to a halt for a cyclist. 
Recently, research has shown that from a pedestrian's static perspective, a correct assessment of the 
vehicle/driver's intention is possible, even when the vehicle/driver only decelerates to make an appropriate 
turn [3]. This study aims to address the question of whether such assessments are also feasible for cyclists 
driving on a street. Specifically, the study explores the effects of automation status and driving dynamics of 
a left-turning vehicle on the perceived safety, intention to continue cycling, and brake anticipation of cyclists 
proceeding straight ahead. To accomplish this, a low-level simulator experiment was conducted. 

2 METHOD 

49 participants were recruited, but five were excluded for riding a bicycle less than once a week and two 
could not complete the experiment due to technical problems. Therefore, a total of 42 people participated 
(23 female, 19 male) aged between 18 and 73 years (M = 33.79, SD = 15.69). Participants were seated on a 
bicycle and watched videos, that were displayed on a large screen (102x198 cm) using a projector (EPSON 
EB-1795F). The videos depicted a vehicle approaching an intersection and intending to turn left into a road, 
while the cyclist was heading straight across this road (Figure 1). The interacting vehicle was either an AV 
(without a driver and indicated by a cyan-colored LED band) or an MV and approached the intersection with 
different driving dynamics. The driving dynamics (Figure 2) were derived from natural driving behavior 
(according to [10]) and were classified into three categories: active yielding, passive yielding, and no yielding. 
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These dynamics differ in the time advantage or disadvantage that the vehicle has compared to the cyclist 
when reaching the potential collision point. While passive yielding exhibits a continuous deceleration, active 
yielding shows a more pronounced but later braking, and no yielding proceeds through the intersection 
ahead of the bicycle. Additionally, a fourth variant was included in which a collision occurred (collision), 
resulting in a total of eight different videos (2x4 within-subjects design), which were presented twice. 
Following each video, participants were asked to rate their experience in terms of their perceived safety and 
intention to continue cycling. The video stopped automatically 0.5 s before the cyclists would reach a conflict 
point. Additionally, they could stop the video by pressing the right brake lever (braking time). The time at 
which the participants touched the brake lever (brake anticipation time) was recorded. 

3 RESULTS 

The dependent variables were analyzed using general estimation equations (GEEs). The odds ratio (OR) was 
used to describe the influence of the independent variables and control variables (gender, trial order) on the 
odds of perceiving the situation as safer and anticipating the need to brake. Main effects of driving dynamics 
were revealed (Figure 3 and Figure 4). People perceived passive yielding as safer compared to all other types 
of driving dynamics. While active yielding was perceived as safer than collision, there was no difference from 
no yielding. Still, no yielding was perceived as safer than collision. Given that some participants did not exhibit 
any brake anticipation (BA) in some of the trials, the study investigated the occurrence of reaching for the 
brake at all. GEE analysis revealed that the BA occurrence was lower for passive yielding than for any other 
driving dynamic. Additionally, participants showed a lower BA occurrence when confronted with active 
yielding than collision. The automation status did not affect perceived safety (p = .163) or BA occurrence (p 
= .560). There were no interaction effects between the automation status and driving dynamics. 
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Figure 1: Study set-up (left) and screenshot from one of the 
videos (right) 
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4 DISCUSSION AND CONCLUSION 

The results indicate that cyclists base their decisions to cross an intersection on the driving dynamics of the 
oncoming turning vehicle. Although all four driving dynamics include deceleration, either for turning or 
stopping, participants were able to assess them accurately. In particular, continuous and early braking 
(passive yielding) lead to a higher perceived safety, which was reflected in a lower BA occurrence. It appeared 
to be irrelevant whether the vehicle brakes more pronouncedly but later (active yielding) or accelerates to 
cross the intersection ahead of the cyclist (no yielding). No yielding was perceived as safer than the collision 
dynamic, but participants still anticipated braking at the same rate. This is likely because the objective safety 
of the no yielding dynamic is recognized later. The automation status appears to not influence the 
participants' evaluations or behavior. Further investigation of the data is needed to find out how the results 
are affected by braking time or if there are any observable effects on brake anticipation time.  

In conclusion, driving dynamics derived from real human behavior are a good starting point to model AV 
behavior. It is especially worth considering more complex movement patterns of vehicles, as in the present 
case. Even differences between decelerating to turn and decelerating to stop can influence the assessment 
of cyclists´ safety and their behavior.  
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1 INTRODUCTION 

Bicycle traffic represents a central aspect of inner-city traffic of the present and future. Less air and noise 
pollution and less traffic congestions compared to car use are some of the benefits [1,2]. Therefore, the traffic 
safety of cyclists is becoming a more critical issue in traffic planning. In general, bicycle facilities can be 
separated into different groups: (1) bicycle paths, which are exclusive for bicycles and pedestrians; (2) bicycle 
tracks – adjacent to roadways – that are physically separated from vehicular traffic and exclusively for bicycle 
use; and (3) bicycle lanes, which are on-road space intended for bicycle use and indicated by painted marking 
[3]. While bicycle paths are often described as the gold standard for safety, they could pose a challenge to 
city road authorities because of the limited available space. Regarding bicycle tracks and lanes, mainly at 
conflictive road sections, the discussion arises about whether a structural separation between the bicyclists 
and the vehicular traffic improves traffic safety as well as the safety perception compared to a design which 
separates the groups by painted marking. 

Therefore, the question of safety perception was investigated on a street in Zurich (Switzerland) with a high 
level of conflict for cyclists by implementing three different forms of bicycle facilities which either separated 
the bicycles from vehicular traffic physically or by painted marking. 

2 METHODS 

Bicyclists were surveyed before as well as after each implemented modification regarding their general safety 
perception as well as their safety perception at the road in question. Furthermore, it was determined 
whether demographic factors influence the safety perception. 

The survey periods were between May and July 2022. 

2.1 Setting 

Figure 1 shows the original bike lane (Fig. 1.1) and the three different modifications that were implemented. 
Vehicles entering the parking lot of a shopping mall must cross the bike lane, thus constituting a point of 
conflict. Bicycles have the right of way but are overlooked by some drivers. 

In a fist modification the implication of solid yellow lines was showing drivers where it is forbidden to enter 
the bike lane (Fig. 1.2). In a second modification round speed bumps were added (Fig. 1.3) and finally, a 
structural separation with guide beacons makes it impossible for cars to enter the bike lane without 
impacting the guide beacons. 
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Figure 1: The (1) original colored bicycle lane was supplemented by (2) a protective lane, (3) individual round speed 
bumps that allows to ride over them, and (4) a structural separation with guide beacons that do not allow cyclists and 

cars to ride over them. 

2.2 Participants 

Table 1 shows the demographics of the interviewed bicyclists. Both drivers of traditional and e-bikes were 
interviewed. Every interview took about three minutes. 

 
 Table 1: Sample of interviewed bicyclists  

 

Trial n who rides daily E-Bike usage 

Colored bike lane 96 (35% f, 64% m, 1% n.s.) 75% 31% 

Protective lane 124 (33% f, 67% m) 73% 28% 

Round speed bumps 112 (45% f, 55% m) 68% 31% 

Structural separation 117 (32% f, 62% m, 6% n. s.) 76% 22% 

F= female; m = male; n.s. = not specified 
 
 

2.3 Procedure 

Since bicyclists were interviewed spontaneously, the interview was kept as short as possible. First, 
participants were asked about their demographics before they were asked about the frequency of bicycle 
usage, if they were using an e-bike or a traditional bicycle, their general safety perception as a bicyclist in 
Zurich, their familiarity with this specific crossing and if they experienced a conflict there before. Finally, they 
were asked about their safety perception of the current and of the other three modifications on a six-point 
Likert scale. To better assess the modifications that currently were not in place, pictures were presented to 
the participants. 

1 2 

3 4 
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3 RESULTS 

A one-way ANOVA was carried out to investigate if the safety perception is different between the original 
design and the three modifications. Significant differences were found regarding the safety perception 
between the implemented measures (F (2, 440) = 3.861, p < .001). Post-hoc test revealed a significant 
difference between the original design (M = 4.68) and individual speed bumps (M = 5.18; p = . 013). 

In addition, a linear regression was calculated to investigate if the safety perception was influenced by 
demographics and other factors (see Table 2). Female gender, high general safety and fewer perceived 
conflicts were associated with higher safety perception. Age, frequency of bike usage, e-bike usage as well 
as familiarity with the study area showed no significant influence (see Table 2). 

Table 2: Sample of interviewed bicyclists 
 
 

Coefficients  
    Wald Test    
 Estimation Standard error z Wald-Statistic df p  

Intercept -2.376 0.855 -2.780 7.727 1 0.005 ** 
Gender -0.478 0.229 -2.083 4.339 1 0.037 * 
Age 0.110 0.156 0.709 0.503 1 0.478  
Frequency of bike usage -0.166 0.177 -0.936 0.876 1 0.349  
E-bike Usage -0.204 0.245 -0.832 0.692 1 0.406  

General Safety Perception in Zurich 0.566 0.105 5.389 29.046 1 < .001 *** 
Familiarity with the study area -0.132 0.248 -0.530 0.281 1 0.596  

Perceived conflicts -1.076 0.267 -4.027 16.219 1 < .001 *** 
Presented modification 0.287 0.102 2.827 7.991 1 0.005 ** 

 
 

4 DISCUSSION 

At the investigated point of conflict, regarding safety perception round speed bumps were preferred over 
the structural separation or markings on the streets. In the future we want to link the perceived safety of 
bicyclist with the statistics of near misses and accidents. 
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1 INTRODUCTION 

Due to the growth of the mobility of cyclists in the last years there are a lot of new technologies in the cycling 
industry. On the market there are multiple manufacturers who sell bicycles with an integrated electric motor 
(Pedelecs and E-Bikes), and in the sector of micro mobility e.g. scooters have been electrified. A new idea is 
not to electrify the bicycle itself, but a trailer that can be attached to the bike by using a normal coupling 
device. This technology of electrically propelled bicycle trailers has the advantage that the bicyclist can decide 
by his own to ride a normal bike, if desired with an electrified trailer to carry heavy loads or without a trailer. 

Electrically propelled bicycle trailers raise some new questions with regard to vehicle safety because of the 
possible influence of the additional engine in the trailer to the driving properties of the bicycle-trailer-
combination. In this project the goal was to find performance requirements for electrically propelled bike 
trailers regarding the active vehicle safety of the bicycle-trailer-combination. This aspect has been 
investigated with theoretical investigations, simulations and driving experiments. To limit the scope of this 
project only electrically propelled bicycle trailers with a power of up to 250 W and maximum support speed 
until 25 km/h (in line with German pedelec definitions) have been taken into account. 

2 TECHNICAL AND THEORETICAL BASICS 

An electrically propelled bike trailer introduces a second driven axle to the combination of bicycle and trailer. 
So, the most safety critical situation is assumed to be a pushing force from the engine of the electrified trailer 
that causes an unstable state of the bike-trailer-combination. Yaw and roll rates, the slip angle speed and 
yaw and roll angles were identified as stability-relevant parameters [1][2]. 

In general, there are two different types of electrically propelled bike trailers: Those that only overcome their 
own driving resistances, so that there is no pushing force from the trailer onto the bike (“Pulled Trailers”), 
and those that propel with more power than is needed to overcome their own driving resistance, so that 
there is a pushing force that acts from the trailer on to the bike (“Pushing Trailers”). 

In addition to the control strategy of the motor of the propelled trailer, the following bicycle-trailer-specific 
parameters are considered in this research project: a high or low drawbar (different leverage in combination 
with the pushing force), type of coupling, single- or multi-track trailers [3]. 
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3 SIMULATION 

A simulation offers the possibility to test safety-critical scenarios, such as what effect a push force caused by 
the engine of the electrically propelled bike trailer would have on the vehicle dynamics behavior of the 
combination. Test scenarios were created using the simulation software MotorcycleMaker from IPG in which 
different push forces (representing different masses of trailers and power of electric engines) and articulation 
angles between bicycle and bike trailer were introduced (s. Figure 3-1). Also, a braking scenario with a 
simultaneous push force was investigated. 

 
Figure 3-1: Push force model in simulation that represents the force of the engine of the bike trailer. 

The simulation results show that a braking scenario with a pushing trailer is the most critical. In order to 
ensure the safety of the bicyclist in this case, this condition has to be avoided, e.g. by functional safety 
requirements. 

4 DRIVING EXPERIMENTS 

Driving experiments were executed with an exemplary electrically propelled two-track, two-axle bicycle 
trailer. The trailer has a pedal sensor that confirms the bicycle rider is pedaling to ensure there is only support 
in this case [4]. Movement data of both trailer and bicycle was measured with an Inertial Measurement Unit 
(IMU), and the trailer brake status with a displacement sensor (s. Figure 4-1). 

 
Figure 4-1: Test bicycle with electrically propelled bike trailer equipped with measurement tools. 

To compare the vehicle dynamic behavior driving tests were carried out with the trailer engine on and off. 
Both conditions therefore could be directly compared. Test cases were a lane change maneuver, a stationary 
constant radius cornering and a braking. 

The results (e.g. the yaw rate of bike and trailer in Figure 4-2) do not show any significant change in the 
vehicle dynamic data, regardless whether the trailer was propelled or non-propelled. 
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Figure 4-2: Yaw rate in a lane change maneuver. Red: electrically propelled bike trailer. Black: normal bike trailer. 

5 CONCLUSIONS 

This project analyzed how an electrically propelled bicycle trailer influences the driving behavior of a bicycle-
trailer-combination. Theoretical investigations and simulations suggest that critical situations could occur if 
the trailer actively pushed the towing bicycle, so this condition should be avoided, e.g. by requiring functional 
safety for those trailers. In driving experiments, an exemplary electrically propelled bike trailer was tested in 
several scenarios which represented the most critical cases in reality (max. speed with drive support 25 
km/h). The results do not show any significant difference with the trailer engine on or off. It is thus assumed 
that propelled trailers have no negative influence on the driving dynamics of bicycle-trailer-combinations as 
long as the trailer is not pushing the bicycle. 
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1 INTRODUCTION 

Cycling is a healthy, green, and low-cost mode of transport and numerous policies and initiatives are 
employed for promoting cycling in the Netherlands. Despite various individual and societal advantages of 
prevalent bicycle use, the increasing number of fatal and severe injury crashes involving cyclists has raised 
concerns over safety of cyclists. In this regard, past studies have investigated effective environmental and 
traffic factors on cycling safety. In evaluating the relationships between cycling safety and probable effective 
factors, accounting for a reliable risk measure is critical. 

 
Exposure and the number of incidences are two important factors in crash risk measurement. Unlike 
vehicular crash analysis, a common limitation in analyzing cycling crash risk is the availability of extensive 
bicycle counts as the exposure variable [1]. In the past studies, bicycle counts, bicycle trips, and bicycle- 
kilometer-traveled are some proxies used as exposure variable (e.g., [1-3]). In this regard, Ding, Sze [1] 
revealed that application of trip-based exposure variable (expressed in bicycle-kilometer-traveled) resulted 
in outperformance of cycling safety models. Moreover, new machine learning methods used for prediction 
of number of crashes [4, 5] have enhanced crash risk estimations. Despite the new ideas developed in cycling 
safety analysis, past studies have failed to address how cyclists as “travelers” are exposed to traffic crashes 
along their trips from an origin to a desired destination. Thus, this paper suggests a methodological approach 
to introduce a trip-based risk index to estimate crash risk associated with specific trip purposes at specific 
locations. We applied this approach to estimate a trip-based index for crash risk indicating the cost associated 
with work trips by bicycle in the municipality of Utrecht. This city is known as the best-bicycle-city in the world 
in 2022 with a 51% cyclists population. This study is focused on postcode-level 5 (PC5) zones in Utrecht and a 
5 km buffer area. Various databases including road and cycling network, zonal socioeconomic and 
demographic chacrteristics, crash data, and Dutch national travel behavior data were used in the analysis. 

 
2 METHODOLOGICAL APPROACH 

This paper uses a 4-steps modeling approach coupled with a route choice model and safety model to develop 
a trip-based crash risk index estimating the potential crash risk associated with work trips between different 
origins and destinations. The mothodology consists of five main steps as follows. 

1) Configuration of OD trip distribution matrix: First, the PC5 zones were assigned as origins and 
destinations based on landuse and demographic characteristics of the zones. The trip distribution matrix was 
then generated based on the density of population and number of jobs in the zones. 

2) Route choice set generation: We generated choice sets for the OD pairs by minimization of six 
different impedance factors including (actual) travel distance, travel time, number of crossings, and perceived 
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𝑖𝑖𝑖𝑖
 

travel distances. We considered the perceived travel distances based on three scenarios in which the road 
types of mixed traffic, suggested cycling road and separated cycling lanes/paths were differently weighted. 

3) Assignment of trips on generated routes: The probability of choosing each route among others in 
the generated route choice set was calculated based on a path-size route choice model for cyclists. This model 
was developed by Ton, Cats [6] in the municipality of Amsterdam. Then, Eq. 1 was used to calculate share of 
potential work trips between ODs made by bicycle on each route (𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟); where, 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the potential number of 
work trips between zones i and j; and 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 is the probability of selection of route r between the Oi and Dj. We 
also took the share of bicycle use in making trips to/from work into account. According to data from Travel 
Survey in the Netherlands, this share was about 21.85% in the Province of Utrecht. 

 
𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟 = 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 × 21.85% 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (1) 

 
4) Safety modeling: In this study we included two types of sever and slight injury crashes in the 

analysis. We used the national crash data in the Netherlands to develop a safety model indicating the 
relationships between traffic, road network, and other environmental characteristics on crash frequency. To 
alleviate the problem of extenssive number of zeros in the crash data a resampling method [7] was also 
applied. Then the number of crashes were predicted based on this model developed by a machine learning 
method (XGBoost). 

5) Trip-based crash risk analysis on routes and in zones: In the last step, an index for trip-based crash 
risk assessment on the routes was developed that includes share of work trips made on the routes, number 
and cost of crashes of each type, as well as total exposure on routes (Eq. 2). The total exposure on route was 
estimated for 4 hours (during peak-hour traffic), during the working days in 4 years. The crash cost for severe 
injury crashes was considered equal to 1 million Euro (value of the Statistical Severe Injury (SSVI) in the 
Netherlands [8]) and the cost of slight injury crashes was considered equal to 5,000 Euro [9]. Finally, total 
value of crash risk costs for all potentail trips originating from each zone was calculated based on the 
summation of crash risk costs on the routes originated from each zone to all possible destinations. 

 
∑𝑇𝑇𝑇𝑇  (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁. 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑡𝑡𝑡𝑡  × 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) 

𝑃𝑃𝑃𝑃𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟 = 𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟 ×  𝑡𝑡𝑡𝑡=1 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
 

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 
(2) 

 
3 RESULTS AND CONCLUSIONS 

 
The insights gained from this study may be of assistance estimation of an index for crash risk imposed to 
travelers by accounting for route, mode, purpose, and time of the travel. Figure 1 depicts the histogram of 
such crash risk associated with work trips by bicycle on the routes. Figure 2 illustrates an example of 
generated cycling routes between zones 3438L and 3513A representing the results of estimated crash risk 
cost per year associated with work trips by bicycle between these zones. The routes are shown in different 
colors from red (the riskiest route) to dark green (the safest route). As this Figure shows, the route with 
smallest number of crossings which was the most probable route to be chosen by the cyclists. Whilst, the 
route with shortest distance found to be the safest route among others. This result could be due to small 
exposure value on this route. 

 
Figure 3 shows the estimated injury crash risk cost associated with work trips in the PC5 zones. This figure 
shows that zones located in the center and Eastern areas of the city were safer. This result can be related to 
slower motor vehicle traffic because of traffic congestions during the peak hours in these areas. Additionally, 
presence of high density of jobs and short distance between the locations in the city center zones results in 
more attraction of more bicycle trips in these areas leads to presence of a large number of bicycles on roads 
in these zones. A result of that would be drivers pay more attention to cyclists, specifically on the mixed 
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traffic roads and suggested cycling lanes. In contrast, the zones located in the Northwest and Northeast were 
less safe compared with other areas. This result can be explained by the high population density of the active 
population, as well as the high density of residential areas resulting in increased production of the work trips. 

 

Figure 1 trip-based crash risk costs on routes 
 

 
Figure 2 Alternative routes created 
between PC5 zones: 3438L – 3513A 

 
Figure 3 Total yearly average potential cost of crash 
risks associated with work trips by bicycle (€ per Origin) 
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1 INTRODUCTION 

Road Safety Education (RSE) is one of the key elements of safety programs and plays an important role in 
leading safety behavior. As an educational intervention method, there are studies that have examined the 
effects of education using the Theory of Planned Behavior (TPB) [1][2] and changes in knowledge and actual 
behavior [3][4], and based on these findings, correct understanding of RSE and more effective teaching and 
learning opportunities are needed. As a method to understand the actual cycling behavior, naturalistic cycling 
data has been used to understand users' behavior and evaluate their safety [5][6], but there are few examples 
of its use to verify educational or learning effects [7].  

The purpose of this study was to demonstrate the impact of workshop-style RSE focusing on the process of 
changing cycling behavior through exploratory learning. The Model of Behavior Modification (MBM) 
developed by the Advisory Group to the Norwegian Council for Road Safety was adopted in the workshop 
(WS) design and the factors affecting behavioral change was examined based on the Exploratory Teaching 
and Learning Model (ETLM) that utilizes naturalistic cycling data [8]. 

2 METHOD 

The RSE program was implemented in a mid-mountainous area where cycling to school was not expected to 
be popular due to issues such as school consolidation and poor public transportation service. The main 
objective of the project including the program was to improve the local road environment and school 
commuting issues by providing electrically power assisted bicycles (EPACs), safety education and community 
learning opportunities, and monitoring methods to high school students who were beginning to commute by 
bicycle. During the implementation of this program, three WSs on road safety and pre- and post-WS 
observation surveys were conducted. 

2.1 Naturalistic Cycling Data  

A naturalistic cycling observation was conducted to collect cycling data and behaviors of high school students 
during their commute to and from school. The equipment used on the EPACs was a 360-degree camera, a 
heart rate monitor, a cadence sensor, and a speed sensor. The bicycle was fitted with a 360-degree camera 
and a cycling computer with GPS that can be connected wirelessly to cadence and speed sensors and subjects 
were asked to wear a wireless wrist heart rate monitor. A total of 16 subjects were surveyed, and data was 
recorded for a total distance traveled of 959 km and 51.6 hours in the three phases shown in Table 1. Clip 
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videos identifying desirable or undesirable cycling and risk taking or avoidance behaviors were extracted 
from these behavioral records and used to share specific videos among students during the three WS. 

2.2 Structure of the WS and Intervention Effectiveness Analysis Method 

Based on the MBM, road safety WSs were conducted to allow comparison of different contents as shown in 
table 2. In WS-1, one group (Group B) was shown only dangerous videos and asked to discuss undesirable 
behaviors, while the other group (Group A) was shown both dangerous and safe videos and was asked to 
discuss desirable behaviors to avoid any dangers. In WS-2, multiple videos produced by a certain organization 
were provided to the three groups, so that students could acquire safety knowledge and hazard prediction 
skills together. In WS-3, the same contents with different behavioral videos as in WS-1 were provided. The 
WS utilized “Engage” and “Explore” in the ETLM to encourage spontaneous behavior change in students.  

In order to evaluate the subjective effects of the WS intervention, questionnaire surveys were conducted 
before and after the WS with respect to WS-1. The surveys included 11 questions on self-evaluation of usual 
behavior, 4 questions on confidence in behavior, 5 questions on sense of responsibility, and 1 question on 
intention to change behavior. In WS-2, a questionnaire survey including 12 questions on self-evaluation of 
cycling behavior was conducted after the workshop. In WS-3, the questionnaire surveys were administered 
before and after the workshop. The surveys included the following questions: 4 questions on normative 
awareness, 3 questions on behavioral confidence, 2 questions on sense of confidence, 3 questions on sense 
of responsibility, 2 questions on motivation to learn, 1 question on intention to change behavior. Common 
responses before and after the WS were compared using a t-test assuming equal variances, and where there 
significant differences, then the questions were scored and a multiple regression analysis was conducted to 
identify the factors that contributed to the change.  

For the comparison of cycling behavior, changes in the frequency of safe or dangerous behaviors were 
compared by counting six specific behaviors: driving while wearing earphones (days), ignorance of a stop sign 
(times), failure frequency on making a two-stage right turn (times), riding time on sidewalk (seconds), number 
of times checking for safety (times), and predicting and avoiding dangerous behavior toward cars (times)). 
For the log data, before-and-after comparisons by t-test assuming equal variances were also performed. 

Table 1: Summary of Naturalistic Behavioral Observation Surveys. 
Phase Before WS-1 After WS-1 Before WS-3 
Observation Date Nov.-Dec. 2021 Jan.-Jun. 2022 Jun. 2022-Jan. 2023 
Subjects (Gender) 4 boys / 2 girls 5 boys / 4 girls 5 boys / 2 girls 
Total Trips 60 trips 81 trips 70 trips 
Total Distance 210 km 287 km 462 km 
Total Minutes 628 min. 975 min. 1,491 min 

 
Table 2: WS Structure and Intervention Effectiveness Analysis Methods 

 WS-1 WS-2 WS-3 
Date Dec. 21, 2021 Aug. 31, 2022 Jan. 23, 2023 

Number of students Group A: 6,  
Group B: 6 

Group A: 6, Group B: 6, 
and Group C: 5 

Group A: 7,  
Group B: 6 

Contents of WS 
Group A: desirable + 

undesirable clips 
Group B:  

Only desirable clips 

Hazard prediction  
(all groups) 

Group A:  
Only desirable clips 

Group B:  
Only undesirable clips 

Specific elements in 
the ETML Engagement Engagement and 

Exploration 
Engagement and 

Exploration 

Focus elements in 
the MBM 

Group A: Knowledge, 
Insight, Motivation, and 

Engagement 
Group B: Only Knowledge 

Stimulate Knowledge and 
Insight 

Group A: Knowledge, 
Insight, Motivation, and 

Engagement 
Group B: Only Knowledge 
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3 RESULTS 

After the WS-1, there was a decrease in subjective self-evaluation (p<0.05) and an increase in the frequency 
of hazard avoidance behavior in the group (Group A) that was encouraged to change by showing both 
dangerous and safe behaviors. Analysis of actual behavior also showed that a 17% decrease in failure of stop 
behaviors at unsignalized intersections, a decrease in average speed for all six students(p<0.01), and a 
decrease in heart rate for four students (p<0.01), which suggested that most students gained the ability to 
utilize the EPAC without excessive fatigue. In addition, WS-3 increased "motivation" and "sense of 
responsibility" in the MBM in subjective evaluations (p<0.05) and increased the intention to change behavior 
(p<0.01) to "want to change my current behavior". 

4 CONCLUSIONS 

These results suggested that ETML using students’ naturalistic cycling data stimulates “Motivation” and 
“Commitment” in the MBM, then these factors lead to transformation of desirable cycling behaviors to avoid 
hazards. In terms of contents in WS, it was shown that "showing undesirable and desirable behaviors" was 
more effective in the voluntary transformation of desirable cycling behaviors.  

In the future, more detailed analysis on educational intervention, factors affecting behaviors, and behavioral 
change mechanism related with information provision. 
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BACKGROUND AND AIM 
Starting in the 2000s, a new type of bicycle infrastructure, the fietsstraat (bicycle street) emerged, and has 
been implemented throughout in the Netherlands. A bicycle street is a street on which a minimum of two 
functions are combined; a flow function for bicycle traffic, and an exchange function for motor vehicle traffic. 
Therefore on bicycle streets, cyclists are given priority and motorized vehicles are expected to adjust their 
behavior. This sharing of road space, where motor vehicles are subordinate to bicycles, makes bicycle streets 
interesting for transportation planners as they are more space efficient. However, mixed traffic conditions 
are often associated with increased crash risk for non-motorized modes [1]. A handful of studies have 
addressed the topic of bicycle street safety [2, 3, 4, 5]. Common findings from these conflict and perceived 
safety studies are that motor vehicle intensities, the road width (incl. rabat strip width), and speed are 
significant predictors for dangerous encounters and perceived safety. These studies provide a basis for 
understanding traffic safety on bicycle streets. However, little is known about how the traffic safety on bicycle 
streets compared with other facilities in terms of crash occurrence and risk for cyclists, and the effects of 
traffic volumes and  design on user behavior and crash rates on bicycle streets. This scarcity of research, in 
combination with increasing implementation of bicycle streets, is problematic, especially in times of 
increasing bicycle crash numbers in the Netherlands [6]. The aim of this study is to provide insight into the 
safety of bicycle streets, using historic crash data as well as the near crash events (i.e., conflicts).  

METHODS 
The study area consists of the four largest municipalities in the Netherlands, namely Amsterdam, Rotterdam, 
The Hague, and Utrecht. In addition to being the largest, a high number of bicycle streets is located in these 
municipalities. The safety evaluation is covered at two levels: 1) a road segment based crash cost rate analysis 
using historic crash data distinguishing property damage only, light injury, and severe injury/fatal crashes; 
and 2) a supporting conflict study at selected bicycle streets. Analyzing safety in terms of both crashes and 
conflicts allows for a more complete understanding of the safety of bicycle streets.  

Crash cost rate analysis 
First, BRON registered crashes [7] were mapped in GIS and linked to bicycle facility they are located on. Cyclist 
and vehicle traffic volumes estimated from a traffic model are used to calculate crash cost rate. Then, a model 
is developed to 1) test the average rates for significant statistical differences, and 2) develop Tobit regression 
models to quantify the relationships between crash cost rate on different bicycle facilities and various traffic 
and environmental variables. Two types of regression models were developed: 1) a model for each time 
period with all bicycle facility links, and 2) separate models for each bicycle facility per time period.  
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The crash cost rate was estimated for four time periods (average, rush, non-rush, and weekend) based on 
the sum of observed crash severities, the exposure at the time interval 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, the link length 𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖, and the 
relative severity of the crash 𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗 based on social costs related to the severity level 𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗 (Equation 1 and 2) [8]. 

𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
∑ 𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗 × 𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗
𝑗𝑗𝑗𝑗
𝑛𝑛𝑛𝑛=1

𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 × 𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖 × 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
× 106 (1) 

𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗 =
𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗

× 103 (2) 

Applying conventional models to censored data results in biased and inconsistent parameter estimates. 
Therefore, the Tobit regression model is used to overcome the zero-inflated data, since it can model 
segment-based crash data with zero crash segments (i.e. censored at zero), and a crash probability is still 
modelled [9].  
The limited number of bicycle streets leads to an imbalanced dataset for the analysis. Imbalanced datasets 
suffer from internal model biases where the majority overpowers the minority [10], and it can be difficult to 
model the effects of the minority classes. To overcome this issue the minority group (bicycle streets) is over-
sampled using ADASYN (Adaptive Synthetic Sampling Approach for Imbalanced Learning). 

Conflict study 
In the second level, a conflict study on a selection of four bicycle streets was performed to support the crash 
based study, by providing in-depth understanding of how and why crashes on bicycle streets occur. In the 
conflict study event characteristics (severity, interaction type, road users, evasive action, design) of safe and 
conflicting interactions are collected on four bicycle streets that vary in traffic volumes and road profile. On 
each bicycle street video data was collected between 7:00-11:00 and 14:00-19:00 on a weekday, covering 
both rush and non-rush hours. The interactions were given a severity score following Table 1, where the red 
line notates the threshold between a safe interaction between road users (above) and a conflict (below).  

Table 1 Conflict severity level on bicycle streets [11]  

Level Overtaking & oncoming traffic Car-behind-bicycle 
1 No hinder of each other, safe situation. At a comfortable distance. 
2 Adjusted behaviour (“make space”), but safe situation. Close to the cyclist (bothersome). 
3 Bothersome (high speed, at small distance), not comfortable, but 

through adjusted behaviour the probability of a collision is small. 
Hard breaking, close to cyclist 
(dangerous). 

4 Very bothersome, breaking or evasive manoeuvre is necessary to 
prevent collision. 

  5 Very dangerous (physical contact), in some cases leading to a crash. 

RESULTS  
The two sample z-tests on the average crash cost rates showed that bicycle paths are significantly safer for 
cyclists than bicycle streets, bicycle lanes, and regular residential roads, on average, and during rush and non-
rush hours. This is in line with the general perception that separating bicycle and motor vehicle traffic benefits 
cyclists’ safety. Due to the small bicycle street sample, no significant differences were found between the 
crash rates during different periods on bicycle streets.  
The regression dataset was resampled for the minority class bicycle street with majority class bicycle path. 
The neighborhood size (K=20) and balance level (β=0.05) were selected such that changes in variable 
averages are minimal, and the model performance (significance of coefficients) is optimal. Figure 1 shows 
the standardized regression coefficients of the four Tobit regression models developed for each time period. 
The bicycle facility type is modelled as a categorical variable, meaning that each dummy variable is compared 
with the reference group: bicycle street. Thus, these models show that for each time period the crash cost 
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rate on bicycle streets is significantly higher than on any other bicycle facility, when controlling for traffic and 
environmental variables. Motor vehicle volumes are positively related to crash cost rates on bicycle facilities. 
However, on bicycle streets specifically the findings, both in the crash and conflict part, are unreliable due to 
data limitations.  
On the other hand, both parts produced similar results on the effects of bicycle volumes on crash and conflict 
rates. Namely, increased bicycle volumes are related to increased crash and conflict rates on bicycle streets. 
The conflict study also showed that duo-cyclists are exposed to the highest conflict rates, and are strongly 
disadvantaged on narrow and/or high volume bicycle streets. Also, the results suggest that bicycle streets 
with very low motor vehicle volumes do not properly facilitate interactions with motor vehicles, as they are 
primarily designed to facilitate interactions between cyclists. 

 
Figure 1 Standardized regression coefficient of Tobit regression models, for each time period. Error bars show CI at 95%, 
and significant coefficients p < 0.05 filled bars, *categorical variables are modelled against the reference group: Bicycle 
street 

CONCLUSIONS  
The aim of this study is to provide insight into the safety of bicycle streets, through a comparison of crash 
cost rates on bicycle streets and other bicycle facilities, and a conflict study on bicycle streets to more 
specifically address the characteristics of, and related factors to unsafe interactions. The main finding of this 
study is that crash cost rates for cyclists are higher on bicycle streets than on other bicycle facilities such as 
lanes and tracks, and on regular residential roads, while controlling for traffic and environmental variables. 
To conclude, this study adds to the knowledge gap on bicycle street safety by comparing objective safety 
levels to other bicycle facilities and analyzing the “how” and “why” of unsafe events. It should be noted that 
these results are subject to some limitations in the crash and traffic volume data. However, the high average 
crash cost rates, and the regression model outcomes both show lower safety levels on bicycle streets. The 
conflict study provides characteristics of unsafe events and relationships between traffic volumes and unsafe 
events are identified. This study provides topics for future directions on bicycle street safety, and takeaways 
for policy makers and road designers for safer implementation of bicycle streets. 
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1 INTRODUCTION 

Increasing volume of cycling traffic and the associated requirements for greater cycling safety make it 
necessary to construct new cycling facilities. In order to increase safety in shared road space, the 
implementation of protected bike lanes with buffer spaces and physical separating elements from moving 
traffic is increasingly demanded by cycling associations [1]. During the pandemic, the temporary 
implementation of pop-up bike lanes with protecting elements was found to evoke positive resonances 
among cyclists and motorists [2]. Such installations on parking lanes or motorist’s lanes could be used for 
permanent rededication of shared road space [3]. 

Systematic influences on the safety perception of individual infrastructure features such as width and color 
of cycling facilities as well as types of buffer to motorist’s traffic have so far mainly been tested in online 
studies or field surveys [4], [5], [6]. There are positive effects on cyclist’s perception of safety for physical 
separation like bollards, flower boxes and curbs [4], [5], [6]. In contrast, such physical separators can also 
lead to higher injury risks [7]. Bike lanes with green surface coloring were found to increase the perception 
of safety [4]. Wider bike lanes are also associated with both higher ratings in subjective safety and more 
lateral space during overtaking other cyclists [4], [8]. The aim of the present study is to investigate the 
influence of the cycle lane features 'width', 'type of buffer', 'surface color' and 'position of cyclists ahead' on 
both, the subjective perception and the objective driving and overtaking behavior of cyclists.  

 
2 METHODS 

2.1 Procedure 

The study was conducted in a 3x3x2x2 within-subjects design with repeated measures on 50 participants on 
the bicycle simulator at the Department of Traffic and Engineering Psychology at the Technische Universität 
Braunschweig. The participants cycled on 18 different bike lanes that differed in the width (narrow: 1.60 m; 
medium: 2.00 m; wide: 2.40 m), the type of buffer on the left side of the cycle lane towards the motorists’ 
lane (wide line marking: 0.25 m; striped buffer marking: 0.75 m; bollards on striped buffer markings: 0.75 m 
with bollards placed in regular intervals in the middle of the striped buffer) and the surface color (asphalt 
grey or green) (see Figure 1). In addition, there were two cyclists riding ahead slowly on every bike lane for a 
specific section with one cyclist riding close to the curb (0.20 m from curb) and the other one riding more in 
the center of the bike lane (0.80 m from curb). Due to their low speed, participants were very likely to 
overtake these two slow cyclists. Each participant cycled each scenario, but in randomized order. After each 
scenario, participants were given a short questionnaire to rate their subjective level of safety, stress, 
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possibility of free riding as well as the lateral clearance to other cyclists and the motorist’s lane. Data for 
lateral clearance and speed were taken from the simulator. 

   
Figure 1: Screenshots of the different scenarios #01 on the left (narrow, wide line making, asphalt grey), #10 in the middle 
(medium, striped buffer marking, green) and #17 on the right (wide, bollards, asphalt grey).  

2.2 Bicycle simulator 

The bicycle simulator consists of a trekking bicycle standing on a motion platform that allows the bicycle to 
tilt slightly to the left and right. Twelve monitors assembled in a hexagon allows a 360°-view. Via noise-
cancelling headphones the participant can hear simulated surrounding noises such as motor vehicles. The 
simulator runs with the simulation software SILAB 7.0 [9]. 

 

3 RESULTS 

The results show an increase of perceived safety as well as greater overtaking distances to other cyclists and 
to moving traffic on wide protected bike lanes (3.25 m) with bollards as physical separators from moving 
traffic. Narrow cycle lanes with wide line markings (1.85 m), on the other hand, lead to irregular and risky 
overtaking maneuvers (see Figure 2). In general, greater widths are associated with an increase of perceived 
safety, the possibility to ride freely, better ratings for sufficient space to motorists and a decrease of 
perceived stress. Moreover, wider bike lanes lead to greater lateral passing distances to other cyclists and to 
motorists. For the type of buffer, positive effects on the subjective perceptions of safety and stress as well as 
more sufficient space to both, cyclists and motorists, are found for striped buffers and bollards respectively. 
However, on narrow or medium bike lanes, striped buffers significantly increase the possibility to ride freely 
over wide line markings or bollards. For lateral distances while overtaking other cyclists, bollards lead to 
decreased passing distances on narrow or medium bike lanes when the cyclists ahead are in the middle of 
the bike lane. For the cyclist’s position ahead, greater overtaking distances are found to cyclists riding close 
to the curb on the right side (0.71 m) and reduced overtaking distances to cyclists riding more in the center 
of the bike lane (0.43 m). In general, the results show no superiority for green surface coloring over asphalt 
grey on subjective variables or passing distances to cyclists or motorists. 

Figure 2: Cyclist’s lateral clearance to the right outer boundary of motorist’s lane while overtaking another cyclist 
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4 DISCUSSIONS AND CONCLUSIONS 

Using a bicycle simulator as compared to pictures and videos as in previous online studies, is a more realistic 
approach that enables the cyclists to experience the different infrastructure features while riding in a virtual 
environment. However, a bicycle simulator is not fully able to provide an experience like riding on a real bike, 
especially when it comes to cyclist-cyclist-interactions. However, the study provides the benefits of the 
experimental design of the simulator approach, that is a controlled setting and systematically varying specific 
characteristics of the cycling infrastructure.  

The results of this study show clear benefits of wider bike lanes and sufficient buffer space to motorists. In 
order to increase cycling safety, the widest possible bike lanes of approx. 3.25 m width should be built, 
protected by bollards from moving traffic. In contrast to previous findings, positive effects of green surface 
colorings are small and can be neglected considering a higher risk of slipping in wet conditions. Further 
research is needed on the influence of protected bike lanes on the driving behavior of motorists and the safe 
design of junctions. 
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1 INTRODUCTION 

A protected bike lane, also called separated bike lane, is an exclusive facility for micromobility users (bicycles 
and e-scooters) that is physically separated from motor-vehicles with a vertical element. They can be 
separated from the adjacent roadway with a variety of treatments including but not limited to raised curbs 
or medians, bollards, landscaping, or planters [1]. However, risk of crashes or falls can vary among protected 
bike lanes. For instance, the risk of crashing or falling was found to be elevated in some protected lanes with 
light separation, especially in crashes and falls at midblock not involving moving vehicles [2]. In fact, especially 
in older cyclists, there is a high risk of injuries and falls when colliding with infrastructure such as curbstones. 
Curbstones is the major contributor considering factors related to construction in single-bicycle crashes 
occurrence [3]. Head injuries are the most common injuries in this type of crashes, not only for cyclists but 
also for e-scooter users, which have increased in recent years. Head-ground impact velocities and locations 
after a cyclist [4] and a e-scooter user [5] falls caused by the collision with a curb have been evaluated with 
Madymo software and finite element models, respectively. 

When a micromobility user collides with the vertical element located at the buffer area, in addition to the 
risk of head injuries, there is also the risk of the user falling on the adjacent roadway with the corresponding 
risk of being run over.  

Current study focuses on the consequences when a micromobility user collides to different vertical elements 
located to separate bike lane users and motor vehicle traffic, considering both head injuries and the distance 
from the bike lane to the roadway where the user falls. The analysis is based on numerical simulations with 
PC-Crash software.   

2 METHODOLOGY 

In order to assess the safety risk for micromobility users in protected bike lanes when they collide to the 
vertical element installed, different scenarios have been simulated with PC-Crash software (see figure 1). PC-
Crash is a crash reconstruction program allowing the user to perform simuations with multibody objects that 
collide with 3D objects. In the current study, a bicycle (length: 1.821 m, width: 0.6 m, height: 0.992 m, weight: 
15 Kg), an e-scooter (length: 1.180 m, width: 0.680 m, height: 1.232 m, weight: 16 Kg) and their riders (height: 
1.75 n, weight: 80 Kg) multibody systems have been used. The modeled vertical elements are: bollards (20cm 
x 20 cm x 80 cm), parking stops (height: 10 cm and 20 cm), continuous concrete curb (height: 10 cm and 20 
cm), continuous mountable curb (height: 10 cm, width: 120 cm), and armadillo shape delineator in oblique 
configuration (length: 82 cm, width: 20 cm, height: 13 cm).  

 

 

ICSC2023_ID094



– 193 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

2 

  

   
Figure 1: Scenarios simulated with PC-Crash 

Numerical simulations have been conducted at different bicycle and e-scooter speeds (from 10 km/h to 30 
km/h). The results of these simulations have been analyzed considering the HIC (head injury criterion) and 
the fall distance into the roadway. Federal Motor Vehicle Safety Standards adopted HIC as injury criterion 
with the safety margin of HIC15=700. 

3 RESULTS 

Considering the results of the simulations, the variations in the HIC15 as a function of micromobility user 
speed for each type of user and for each type of separator element, as well as the fall distance, have been 
studied. Figure 2 shows the variation of HIC15 depending on the micromobility user speed for the vertical 
separators that present the worst results. In all cases, the e-scooter user is the one that suffers the most 
severe injuries. However, in no case the safety margin of 700 is reached. 

 
Figure 2: Variation of HIC15 as a function of micromobility user speed 

On the other hand, the distance from the bike lane to the roadway that each micromobility vehicle reaches 
depends on the dynamics of the own vehicle (see Figure 3). For instance, when a micromobility vehicle 
collides to a bollard, it rolls over, regardless of whether it is a bicycle or a e-scooter. However, when they 
collide to a 10 cm height parking stop or a 10 cm height continuous curb, whereas a e-scooter rolls over after 
the collision, a bicycle, thanks to its bigger wheels, jumps the curb and rolls over after that. Therefore, in that 
case, the fall distance is considerably higher for bicycles than for e-scooters. In all cases, the fall distance 
increases with the micromobility vehicle speed, and in some cases they even can reach the second motor 
vehicle lane with the consequent risk of being run over. 
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Figure 3: Variation of fall distance as a function of micromobility user speed 

4 CONCLUSIONS 

Protected bike lanes are one of the safest facilities for micromobility users. However, in case of collision with 
the vertical element used for separation at buffer area, crash dynamics are different regarding the chosen 
element. The consequences of a collision of a micromobility vehicles (bicycle and e-scooter) to different types 
of separators have been analyzed. This analysis has been based on the results of different scenarios simulated 
with PC-Crash. 

Results show that, in general, riding a bicycle is safer than rising an e-scooter since the observed HIC is lower. 
However, when colliding to a small curb (continuous or not), the bicycle jumps the curb thanks to the size of 
its wheels and invades more width of the roadway. This situation increases the risk of run over. 
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1 INTRODUCTION 

Overall, the number of road fatalities in the European Union has decreased over the last decade. Between 
2010 and 2019, the number of fatalities and serious injuries decreased by 23%. During the same period, the 
proportion of cycling accidents resulting in fatalities or serious injuries has increased from 7% in 2010 to 9% 
in 2019 [1].  
The most obvious way to improve cycling safety is by improving cycling infrastructure. However, in many 
urban areas the development of cycling infrastructure lags behind the demand for cycling. Moreover, 
independent of infrastructure, cycling in a safe manner also requires a set of competences, including bodily 
fitness, steering and balancing skills and knowledge of local traffic systems and rules [2]. Additionally, safe 
cycling in urban areas requires more elaborate cycling skills, such as recognizing traffic hazards or predicting 
traffic situations ahead [9] that have been shown to be equally important for preventing cycling accidents 
[9].  In exisiting cycling trainings, these skills are not included. Also, existing trainings focus on children and 
even trainings for adults are conducted in-situ, thus limiting potential participation particularly for adult 
cyclists, as such a program might not meet individuals’ schedules. [3]. 
The study at hand addresses these shortcomings by evaluating a cycling training program that focuses on 
safety motive related cycling skills, using an online training approach. A digital online training has the 
advantage that it is more convenient to participate. The study aims to answer research questions regarding 
the take-up of a cycling training, the acceptance of the training and whether cycling skills improve.  
 
2 METHODOLOGY 

Procedures: The study developed and implemented an online cycling training program that was designed 
specifically to develop cycling skill for adults. The concept of the online cycling training program was based 
on the concept of gamification [5], [6]. Thereby, established behaviour change techniques such as feedback, 
monitoring and tangible as well as intangible incentives were used to ensure users’ engagement with the 
training.  
Six relevant cycling skills had been identified in a prior survey study [7]. Skills were trained using 24 quizzes 
(3 quizzes for each of the six skills; 12 quizzes for each training block). For each cycling skill, a series of 
photographs, videos and sketches were developed to support questions and provide feedback. The online 
training was implemented in the survey software Qualtrics and pre-tested.  
The training consisted of three blocks: two training blocks and a final test, framed as challenge, to test the 
acquired skills. Potential participants were invited by letter to partake in the training.  The invite to each block 
was separated by approximately a one-week time gap. Participation was incentivized through a raffle.  
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Measures and data analysis: To evaluate the acceptance of the online cycling training this study applied the 
extended version of the Unified Theory of Acceptance and Use of Technology (UTAUT2) [8]. Four key 
constructs of UTAUT were adapted to the context of the online training: performance expectancy; effort 
expectancy , hedonic motivation, and facilitating conditions. Influence of these factors on usage intentions 
was measured by means of an ordinal regression analysis. 
The effect of the online cycling training on cycling skills was measured by participants' subjective assessment 
of their cycling skills prior to commencing with the training and after completing the training. Four skills, 
appropriate for the skills trained in the training, were from the cycling skills inventory [9]: Knowing how to 
act in particular traffic situations: (1) recognizing hazards in traffic, (2) predicting traffic situations ahead, (3) 
showing consideration for other road users and (4) knowing how to act in certain situations. Additionally, the 
item “Feeling comfortable while cycling” was included to measure an overall sense of mastery to cycle on 
urban roads.  To evaluate the effect of this repeated measures design, we analyze the results by multilevel 
regression models, with the cycling training as fixed effect and the individual as a random effect. Additional 
interactions (e.g. effect of cycling frequency) were explored as an interaction term in the analysis.  
 
3 RESULTS 

Sociodemographic: 9670 citizens between the age of 18 and 59 were randomly selected out of the Zurich city 
registry and invited per mail to participate in the online training program. 1182 participants completed the 
first block, resulting in a response rate of 12%. 723 participants completed all three blocks including the final 
test, resulting in a final response rate of 7.5%. Hence, the completion rate is 61%. The participants consisted 
of 53% men, 46% women and 1% of diverse gender. Mean age was 35.5 years, the median age was 34 years. 
72% of participants cycled several times per week, 20% cycled several times per month and 8% cycled once 
per month or less. 
Acceptance: Ordinal regression models were estimated to evaluate whether respondents would continue 
with the cycling training. Paradoxically, the acceptance is larger for participants that report higher levels of 
cycling frequency. The acceptance of the online cycling training is mainly driven by performance expectancies 
such as learning or winning prizes as well as by a hedonic motivation (participating in the online cycling 
training is fun). Factors such as the design, perceived ease of use or facilitating conditions seem not to 
influence acceptance on an online cycling training program. 
Cycling Skills: .  
 
Table 1 shows the results of a multilevel regression analysis for predicting the subjective assessment of 
cycling skills before and after taking part in the training.  
 
Table 1  Results of multilevel regression models evaluating subjective cycling skills, cycling frequency and the 
effect of the training.  
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Model results reveals that, considering self-assessed cycling skills, participants with lower levels of cycling 
benefit from the training. Most of these effects are small. Nevertheless, after the training cyclists that cycle 
less, report to have a similar level of skills as experienced cyclists, if the coefficients ‘After training’ and 
‘Cycling frequency[Low] x After training] are summed. Noteworthy is that the strongest effect is measured 
for comfort riding on urban roads. 
 
4 DISCUSSION 

The study shows that a considerable share of urban cyclists is willing to complete an online cycling training 
program to improve the mastering of complex traffic situations. Once started with the training, there is a 
relatively high rate of participants accepting to complete three waves of training. Moreover, the study reveals 
that motivating those target groups that benefit the most from the training turn out to be the most difficult 
to persuade to participate. Nevertheless, the study shows that an online training for cycling skills positively 
influences participants sense of comfort while riding in urban streets. An online training could be one 
measure to motivate a larger share of cyclists to use this sustainable and healthy mode of transportation. 
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1 INTRODUCTION 

In order to mitigate the – already tangible – effects of the climate emergency, the mobility sector needs to 
drastically change, shifting the focus from motorized forms of transportation towards active forms of travel 
like walking and cycling [1]. But what will the future hold? Looking at scenarios for future mobility, an 
emphasis on technology and smart city solutions, on multimodality, sharing and autonomous driving from 
an expert’s point of view can be found in the literature (see for example [2, 3]). However, citizens’ attitudes 
about future mobility remain unclear [4]. To shed light on this, a survey was developed by three out of a total 
of 14 projects within the interdisciplinary Munich Cluster for the Future of Mobility in Metropolitan Regions 
(MCube), funded by the German Federal Ministry of Education within the Clusters 4 Future initiative. The 
three projects aim at investigating a more sustainable future of mobility from different angles: The project 
Car-reduced neighborhoods for a livable city (aqt) looks at the influence of temporary interventions aiming 
at a reduction of motorized private transport on mobility patterns, while the project Holistic and user-
centered utilization concepts of vehicles for passenger as well as freight transportation (STEAM) looks at 
shuttle bus capacity optimization for passengers at peak times and freight at off-peak times. Lastly, the 
project Transformative mobility experiments (TrEx) looks at future mobility in the face of crises. The three 
projects started in 2021 and will continue until 2024, all focusing on Munich, a city of about 1,6 million 
inhabitants in the south of Germany, as a research site. Our research questions aim at investigating how 
people move in Munich and how safe they feel using different modes of transportation, but also how they 
think about interventions focusing on walking and cycling instead of driving. Additionally, we want to know 
what currently frustrates them when cycling and what they wish for with regards to the future – and whether 
their attitudes about the future differ from those posited by mobility experts in the literature.  

2 METHODS 

Within the aqt project, two neighborhoods in central Munich (Südliche Au, an area with around 11 000 
inhabitants, and Walchenseeplatz, an area with around 5 000 inhabitants, for a spatial overview see also 
Figure 1) have been selected for living labs focusing on car-reduction interventions. In the winter of 
2022/2023, several shorter living labs like a future mobility Christmas wish tree and curling rinks replacing 
several parking spots were already carried out in the two neighborhoods in preparation for a longer five-
month living lab that starts in May 2023. Then, parking spots will be completely removed and streets will be 
closed for motorized traffic, instead providing space for active forms of mobility and community events. This 
process is accompanied by before-and-after-surveys to investigate how citizens’ attitudes regarding mobility 
living labs change with time. The present study is part of the before-survey. 

For the survey, those in the living lab areas were recruited by posting the survey to their household mailbox 
via a specialized service. They received a letter informing them about the purpose of the study and providing  
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Figure 1: Overview over the selected neighborhoods in Munich, with interventions aiming at car-reduction being 
implemented at Südliche Au (left) and Walchenseeplatz (middle), while no such interventions are implemented in 

Untersendling (right). 

them with a link and QR code to the online survey. Additionally, they were given a neighborhood-specific 
code to insert on the first page of the online survey to ensure that only people from this neighborhood 
actually took part in the study (as only they had the code). Furthermore, to compare the results from 
respondents living in the living lab areas where interventions aiming at car reduction take place, residents in 
the Untersendling area in Munich (with around 15 000 inhabitants) where no car-reduction measures are 
implemented were also informed about the survey via posting the survey to their mailbox. Munich residents 
who didn’t live in one of the three neighborhoods selected for posting were informed via different online 
channels like the LinkedIn webpage of the MCube cluster or newsletters aiming at cyclists, motorists or 
pedestrians in Munich. This way, a convenience sample was recruited. Recruiting respondents from the two 
aqt and a reference neighborhood enables comparisons between those in whose surroundings interventions 
aiming at car-reduction are taking place and those where no such measures are implemented. Including 
respondents from the rest of Munich helps to additionally understand who is represented in the selected 
neighborhoods versus the rest of Munich and how their attitudes differ with regards to future mobility. 

3 RESULTS 

At the time of abstract submission (one week after survey start; total survey time is one month), N = 1 001 
respondents have filled out the survey. Preliminary results show that out of these respondents, 189 had no 
code and thus were not residents of one of the three neighborhoods that were informed about the survey 
by mailbox posting. Of those that lived in one of the three neighborhoods (N = 812), 49.1% lived in Südliche 
Au, 18.3% in Walchenseeplatz and 32.5% in Untersendling. 50.8% of the 1 001 respondents indicated they 
were male, while 42.2% were female; the rest had not indicated a gender or identified as diverse. On average, 
respondents were 45 years old (SD = 13.9 years, range from 16 to 91 years, N = 903). 37.4% said they cycled 
(almost) daily (N = 899), 10.3% drove (almost) daily (N = 902) and 67.0% walked (almost) daily (N = 908). 
46.7% said they very much identified with the group of cyclists (M = 3.8, SD = 1.34, N = 904), while 13.9% 
identified as motorists very much (M = 2.6, SD = 1.37, N = 904) and 45.0% very much identified as pedestrians 
(M = 4.1, SD = 1.02, N = 909; 5-point Likert scale for each item from 1 = not to 5 = very). Due to the length of 
the survey, not all respondents were asked all questions; for example, only those that had no neighborhood 
code were asked about their perceived safety and comfort when using different modes of transport. We 
found that participants generally rated walking as safer (M = 4.0, SD = 0.96, N = 151) and more comfortable 
(M = 3.8, SD = 0.91, N = 150) than cycling or driving, with respondents rating cycling as more comfortable 
(M = 3.3, SD = 1.09, N = 143) than driving (M = 3.0, SD = 1.16, N = 128), but at the same time perceiving cycling 
as less safe (M = 2.8, SD = 0.98, N = 142) than driving (M = 3.7, SD = 0.86, N = 127; 5-point Likert scale for 
each item from 1 = not safe/comfortable to 5 = very safe/comfortable).  

Based on an item of the Climate Anxiety Scale [5], the respondents indicated that they felt that the climate 
emergency had a strong impact on current (M = 4.6, SD = 0.77, N = 806) and future generations (M = 4.7, 
SD = 0.70, N = 806) and that they rather felt burdened by it (M = 3.6, SD = 1.13, N = 800; 5-point Likert scale 
for each item from 1 = not to 5 = very). When asked what frustrated them about cycling in Munich, aspects 
like the lack of cycling infrastructure as well as parking on cycling infrastructure, too many and especially too 
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many big cars and a general lack of space for cyclists were mentioned. In free-text fields, the respondents 
could paint a picture for future mobility as they envisioned it; we found that – in line with their frustrations 
voiced – most wished for better public transportation, more and safer cycling infrastructure and less cars. 
They stated that to achieve the future as they see it, change is very much necessary in Munich (M = 4.2, 
SD = 1.00, N = 705, 5-point Likert scale from 1 = no change necessary to 5 = change very much necessary).  

Presented with three different scenarios for the future of mobility in Munich in 5-10 years, the respondents 
indicated that they found a scenario on keeping the status quo with a focus on motorized private transport to 
be rather likely (M = 3.7, SD = 0.94, N = 794) and plausible (M = 3.1, SD = 1.21, N = 780), but not very desirable (M 
= 1.9, SD = 1.06, N = 790). In comparison, they rated a scenario with a focus on active mobility and participation 
to be more desirable (M = 4.0, SD = 1.30, N = 788) and plausible (M = 3.5, SD = 1.22, N = 784), but as less likely (M 
= 2.6, SD = 0.83, N = 796). A scenario focusing on technology-driven mobility with autonomous shuttles at the 
center was rated as moderately desirable (M = 3.2, SD = 1.29, N = 796), but as not that likely (M = 1.8, SD = 0.81, 
N = 798) and plausible (M = 2.5, SD = 1.18, N = 788; 5-point Likert scale for each item from 1 = not desirable/ 
likely/plausible to 5 = very desirable/likely/plausible). The respondents indicated that future mobility should 
rather be shaped by active modes of transport (M = 4.0, SD = 1.08, N = 807) than by private car ownership (M 
= 2.3, SD = 1.19, N = 802; 5-point Likert scale for each item from 1 = do not agree to 5 = very much agree).  

4 CONCLUSIONS 

Once data collection is completed, multivariate analyses of (co-)variance will be carried out to determine 
how the level of identification with the group of cyclists, pedestrians or motorists relates to perceived safety 
and comfort as well as to visions and scenarios for future mobility and the support of active forms of mobility. 
Furthermore, differences between the various neighborhoods that use or don’t use car-reduction 
interventions and possible effects on attitudes towards future active mobility will then be investigated. 
Additionally, in summer 2023, in-depth scenario workshops will be carried out with citizens on future mobility 
to reveal in further detail what exactly they envision. At this point in data collection, we can conclude that 
the finding that people wish for more and safer cycling infrastructure is not new [6–8]; however, our 
preliminary results from a citizen survey reveal that contrary to previous findings based primarily on expert 
opinions [2, 3], technology-driven scenarios are not seen as the desirable way forward. In order to shape 
future urban mobility in a sustainable and safe way, citizens’ wishes need to be respected in order to gain 
acceptance and support for implementation.  
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1 INTRODUCTION 
According to the last official mobility survey in Austria, which dates back 10 years, journeys to or from work 
account for almost half of the daily journeys of employed persons (44%) on working days. 7% of those 
commuting journeys are made entirely or at least partly by bicycle [1]. Since then, this share has risen. 
According to (unpublished) surveys commissioned by KFV (Austrian Road Safety Board), 21% of Austrians of 
working age used a bicycle at least occasionally to get to work in 2020/2021. AUVA, the social insurance for 
occupational risks for more than 3.3 million employees in Austria, recognized 12,264 commuting accidents 
in 2017, of which cyclists accounted for 25% (1,795 persons). In 2021, this share had risen to 29% (1,436 
persons). Comparing the proportion of persons who cycle to work with the proportion of commuters’ bicycle 
crashes, it is evident that bicycle commuters are a group of above-average risk and that targeted measures 
to reduce their crashes have a high prevention potential. Therefore, KFV and AUVA conducted a detailed 
study of bicycle crashes of commuters to develop prevention measures. 

2 METHOD AND SAMPLE 

2.1 Basic considerations 

Bicycle crashes in general and bicycle commuters’ crashes in special are difficult to investigate in official 
statistics because of the high proportion of (officially) unrecorded crashes. In addition, available statistics 
either do not include the purpose of the journey (e.g. official road accident statistics), or they include 
information on the purpose of the journey but lack relevant information about the crash itself on the other 
hand (e.g. AUVA’s statistics and hospital surveys such as IDB). The topic of commuters’ bicycle crashes could 
therefore not be approached with the available statistics. 

2.2 Method 

Therefore, AUVA and KFV decided to contact persons who had had a crash by bicycle while commuting and 
asked them to fill out a detailed questionnaire (online survey). In April 2019, AUVA sent a letter to all persons 
who had been involved in a crash while commuting by bicycle in the years 2016-2018 and asked them to 
participate in the online survey. To increase the response rate, participants could take part in a prize draw 
for vouchers. The online survey was available for 3 weeks. 

The purpose of the survey was to obtain the victims' subjective views on the causes and the course of the 
crash, to obtain a more nuanced and comprehensive picture of the occurrence of commuters’ bicycle crashes. 
The following topics were covered in detail: information about the crash (type, location, month, time of day); 
injuries, treatment, recovery; police record; information about the bicycle; behavior of other road users and 
own riding behavior and maneuvers; helmet use; road and weather conditions; visibility and sight distances; 
distraction, haste, time pressure, impairment; behavior changes as a result of the crash; subjective 
assessment of the person responsible for the crash; usage patterns; riding experience and ability; 
demographic data. 
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2.3 Description and representativeness of the sample 

Of the total of 5,628 persons who were contacted, 571 took part in the online survey, which corresponds to 
a response rate of 10%. The sample drawn from the completed questionnaires was compared with the entire 
AUVA data set in terms of gender, type of accident, month, time of day, etc. to ensure that it reflected the 
latter. In summary, it can be assumed that the persons who participated in the survey represent the basic 
dataset well in the mentioned framework parameters. The year 2018 is overrepresented in the sample. This 
may be due to the fact that recent accidents are better remembered. 

3 RESULTS 

The majority (93%) of all crashes occurred in built-up areas. Routes to work are mostly recurring routes, 96% 
of the persons knew their route well. The way to work is clearly more accident-prone than the way back: two 
thirds (64%) of the crashes occurred on the way to work. The split between singe-bicycle crashes and crashes 
involving third parties was nearly half and half (54% single-bicycle crashes vs. 46% collisions). There are large 
differences between single-bicycle crashes and collisions in their characteristics. 

Table 1:  Overview of the crashes in the sample by crash type. 

Type of crash Detail Sample Share in % 

Single-bicycle crashes  308 54% 

Crashes involving third parties total 
of which: with a car 
                 with a bicycle 

263 
173 

59 

46% 
66% 
22% 

Total  571 100% 

There is a very high proportion of crashes not reported to the police in the sample, both in singe-bicycle 
crashes and in collisions: Only 17% of single-bicycle crashes were recorded by the police, but also only 58% 
of crashes involving third parties. This means that a total of 64% of the crashes described are not included in 
the official road accident statistics compiled by the police. 

3.1 Characteristics of single-bicycle crashes 
Particularly striking is the high proportion of single-bicycle crashes, in which road conditions played a decisive 
role (76%): In detail, it was a slippery or wet road in 28%, in 18% tracks were involved, snow and ice in 12%, 
rolling chippings or gravel in 9%, other kind of dirt in 8% and kerbs in 8%. In addition, single crashes occur 
more often than average in darkness or dusk/dawn (23%), during precipitation (16%), while (internally or 
externally) distracted (21%), while in a hurry or under time pressure (26%), on a downhill slope (21%) and 
with the own speed (more likely) too fast for the conditions (20%). 61% of single-bicycle crashes involved a 
driving maneuver such as driving around bends (41%) or a lane change or swerving (20%). 

3.2 Characteristics of crashes involving third parties 
Crashes with other road users involved occur most frequently at intersections (both with and without traffic 
lights) (60%). An important factor in crashes with third parties is restricted visibility due to vegetation, 
objects, or other road users (21%). Own distraction is a contributing factor in only 9% of collisions, 2% 
disregarded rules or laws. By far the most relevant opponent is the car (66%), followed by other cyclists (22%). 
Pedestrians were the other party in 6% of crashes, HGVs in 5%. Also remarkable was the fact that 5% of third-
party crashes involved more than 1 opponent. 

Crashes with cars: Most crashes involving passenger cars occurred at intersections or road junctions (68%). 
55% of the accidents took place on the road in mixed traffic, 29% on cycle paths or mixed pedestrian and 
cycle paths. According to the respondents' assessment, the car driver was to blame for the accident in 94% 
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of the cases. The most frequent misconduct of the car driver was a violation of the right of way (55%), 18% 
were travelling too fast or at an inappropriate speed, 7% were dooring crashes. 

Crashes with other cyclists: One in 7 bicycle-bicycle-crashes had more than 1 opponent involved (14%). 86% 
of the opponents did not behave correctly. 12% of the participants assessed that they had caused the crash 
themselves, 75% blamed the other cyclist, and 13% another road user involved. The most common 
misconduct of others was violation of the right of way (24%), excessive or inappropriate speed (19%), or 
unexpected lane change (14%). 

Accident location: While cars are the by far the most frequent crash opponent on intersections (76%), the 
picture is different on sections without intersections, where only 45% of crash opponents were cars, 29% 
cyclists and 18% pedestrians. The most relevant crash causes on road stretches without intersection were 
dooring, unexpected lane changes and sudden crossings by pedestrians. 

3.3 Injury patterns and consequences in behavior after the accident 
80% of the crash victims were treated as outpatients, 20% had to be admitted to hospital as inpatients. The 
most common injuries were bruises (61%) and abrasions (53%), most often of the knees (32%), the shoulders 
(26%) and the head (25%). However, 17% of the injured did not or not (yet) fully recover after the accident. 
Among permanent injuries, bone fractures (58%) and tendon or muscle injuries (30%) were more common 
than in the overall sample. Permanent injuries mainly affected the knees (41%) and the shoulders (37%). 

After the accident, only 69% continued to use the bicycle for their commute to work. Of those who continued 
cycling to work, half (50%) changed their behavior after the accident, e.g., by riding slower or more carefully 
overall, by riding more carefully at the crash site or by changing the route. 

4 DISCUSSION, CONCLUSIONS AND OUTLOOK 

Commuters are a special cyclist group. They are mostly experienced cyclists, who travel on paths usually well 
known. Factors such as time pressure and haste are much more determining for them than for other types 
of cyclists. It is very unfortunate that almost a third of the cyclists involved in an accident are "lost" to cycling. 
This makes it even more important to prevent these accidents. A point that needs to be discussed and 
investigated in further studies is that the majority of participants – even if their opponents were other cyclists 
– believe that the opponents were to blame for the crash. Were those who were innocent of the collision 
more likely to respond to the survey, or is the subjective assessment of who is to blame partly wrong? 

Prevention measures should include improvements of (cycling) infrastructure conditions and surface, 
redesign of high-conflict intersections, speed limits in sensitive areas, or lower speed limits in built-up areas 
in general. Awareness-raising activities should focus on what cyclists can do to avoid accidents (e.g. braking 
techniques, behavior in adverse road conditions, improving their own visibility, strategies for coping with 
time pressure). 

An update of the study is planned, as the proportion of bicycle commuter crashes has increased due to the 
growing number of cyclists and the large increase in the number of bicycle messenger services since the 
pandemic. The update will also include e-scooter commuter crashes. 
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1 INTRODUCTION 

The submission to ICSC 2023 consists of a summary of a research article that is under review for the 
Transportation Reviews journal. This article is indicated by “the paper” in the text below. 

Many citizens and experts worldwide desire to promote cycling usage and safety. These intentions have 
sparked interest in Smart Cycling Technologies (SCTs), cycling experiences, and body sensors. SCTs employ 
smartness to help cyclists, for example, in case of speed adaptation systems (Kapousizis et al., 2022). SCTs 
are increasingly popular, are often integrated in e-bikes, and are increasing in market share (Berge et al., 2022; 
Nikolaeva et al., 2019; Oliveira et al., 2021), their influence on cycling experiences is important to understand. 
Cycling experiences are diverse, complex, and under- researched. Existing research shows that next to safety 
and stress, meaningful and memorable cycling experiences are highly valuable and desirable for cyclists (van 
Hagen et al., 2019). Cycling experiences interact with travel behavior and wellbeing, for example, when 
perceptions of unsafe conditions discourage cyclists from cycling more often (Popan, 2020; Spinney, 2009). 
Cycling experiences may be understood via data from body sensors, which are sensors directly connected to 
the human body, and which can measure variables like heart rate, breathing, brain activity, and body 
movements. These sensors can provide real-time data and are increasingly used in cycling research (Lai et al., 
2013; Lim et al., 2022). Body sensors may help to overcome limitations in well-known data collection. For 
example, approaches including crash statistics, qualitative data, and questionnaires are highly subjective 
and/or measure at suboptimal moments in place and/or time (Ryerson et al., 2021). 

Some studies have already employed body sensors to evaluate behavioral and experiential effects of SCTs on 
cycling research, yet several knowledge gaps remain in this specific domain of research. Not enough is known 
about the applicability of body sensors in evaluations of the influence of SCTs on cycling experience. The 
reliability and validity of sensed data is not always clear, not enough is known about causal analysis of data 
from multiple types of sensors in mixed methods approaches, and it is challenging to rule out effects of 
confounding variables when trying to understand causes for experiences (Bigazzi et al., 2022; Kalra et al., 
2022; Lim et al., 2022). To address these knowledge gaps, the paper proposes a conceptual framework for 
body sensor-based evaluations of the influence of SCTs on cycling experience. The framework is based on a 
systematic review of existing literature about body sensors for cycling experience evaluations. The framework 
and review guide future evaluations with knowledge about types of sensors, types of cycling experiences, 
factors that influence experiences with SCTs, and approaches for data analysis. 

2 METHODOLOGY & RESULTS 

The approach for the systematic literature review is based on the PRISMA method (Preferred Reporting 
Items for Systematic reviews and Meta-Analyses, (Page et al., 2021)) for searching, screening, and selecting 
the literature that is to be included in the review. This method ensures reproducibility, transparency, and 
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extended reach into existing literature, which overcomes omissions in many previous reviews that did not 
describe the review methodology used (Van Wee et al., 2016). 

The conceptual framework is depicted in Figure 1. The framework shows four categories of components: 
smart cycling technologies, cyclists and their experiences, evaluation methods, and contextual factors. The 
blue-filled boxes in the framework denote factors and methods that are important to consider in each of the 
categories. The blue lines between categories and components denote interactions. 

The paper draws several conclusions based on the literature review. In the existing literature, few papers 
exist about studies that use body sensors in field evaluations of SCTs. These studies are limited in scope, and 
their results are not conclusive. Sample sizes are generally small. The diversity, amount, and complexity of SCTs 
evaluated is generally rather low. Several types of sensors such as sensors for eye tracking and brain activity are 
only evaluated in a handful of studies which is not enough for strong conclusions. Various studies use different 
terms to denote the same and/or slightly different concepts. Several studies use the same or very similar 
physiological measurements to examine “perceived safety”, “stress”, “stress response”, “risk perception”, and 
“arousal”. Lack of replication and inconsistency in terminology makes it difficult to understand what the 
consensus is in studies that use this terminology. Moreover, body sensor data is subject to strong effects of 
confounding variables, which makes it difficult to link objective sensor data to specific subjective experiences. 
Nevertheless, interest in body sensors for analysis of cycling experience was and still is warranted because 
selected studies show that using these types of sensors has led to new knowledge and new opportunities 
about understanding what cyclists experience. 

 

Figure 1 - Conceptual framework of factors and methods in body sensor-based evaluations of the influence of Smart 
Cycling Technologies on cycling experience. 
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Seven studies were found that use body sensors already in field tests of the influence of SCTs on cycling 
experience. These studies show different ways of using the body sensors: only as input for human-computer 
interaction mechanisms in the bicycles (e.g., (Walmink et al., 2014)), only as input for evaluation by human 
experts (e.g., (Venkatachalapathy et al., 2022)), or as a mix of both (e.g., (De La Iglesia et al., 2018)). 
Evaluations of SCTs that use real-time experience data as input to determine actions of SCTs point to an 
interesting research field. In this research field, SCTs adapt their course of action to the experiences of the 
cyclists in-the-moment. One example is an e-bike that adapts the support levels of e- bike motors to cyclist 
fitness levels, and another example is a helmet that communicates heart rates visually to other cyclists to 
stimulate social interactions. Future research is recommended to investigate the mechanics and value of 
designs that use experience data in this way. Furthermore, it is important to mention that some types of SCTs 
may have only marginal influence which may therefore not be observed in sensor data (e.g., 
(Venkatachalapathy et al., 2022)). These conclusions point to a need for more rigorous research into methods 
for evaluations of the influence of SCTs on e.g., perceived safety, comfort ratings, etc. Also, these conclusions 
point to a need to investigate whether marginal influences of SCTs on experience will remain undetectable, 
or whether more accurate sensors will become able to identify differences in experiences with and without 
various types of SCTs. 

The conceptual framework and the literature review partially answered knowledge gaps that were open until 
now. Regarding SCTs, attention needs to be paid to: the goals of the SCT, degrees of being smart, positions 
of devices, communication types, and physical interventions. Regarding sensors, the paper shows which 
sensor types may fit to which experiences. For example, physiology data from heartbeats and skin response 
may link to stress response while brain activity data may link to cognition. The reliability of sensor data to link 
to certain experiences remains however relatively unclear and is therefore an interesting topic for future 
research. Regarding experiences, it is worth continuing the interest in improving safety and comfort. Yet, high 
novelty can be reached by investigating under-researched types of cycling experiences such as experiences 
of flow and bliss. Furthermore, future evaluations may appreciate the inclusion of novel types of sensors, for 
example, IMUs or sensors integrated in new types of material and new integrations with human bodies (Lai 
et al., 2013). Body sensor data as input to determine real-time actuation in human–computer interaction in 
SCTs deserves more attention. This way of using sensor data can lead to interesting kinds of experiences – see 
also other research on experiences with human-robot and human-AI interaction (Andres, 2020). To mitigate 
the complexities of mixed methods approaches, advancements in analytical approaches are required to work 
with subject- and context-level confounding factors and to determine causality. 

3 CONCLUSION & OUTLOOK 

The paper supports future evaluations by clarifying which types of sensors may fit to which types of cycling 
experiences, the factors that influence cycling experiences with SCTs, and how statistical methods for causal 
analysis should be advanced. Furthermore, the review shows that more rigorous research is necessary about 
linking sensor data to specific types of experiences, about more diverse types of experiences, and about 
emerging types of body sensors. Also, this review shows that SCTs can use real-time body sensor data in novel 
ways. Altogether, this study can help to determine which SCTs truly improve cycling experiences. 
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1 ABSTRACT 

This study aimed to conduct a systematic review of literature to identify factors associated with bikeability 
and select factors to develop the Bikeability Index of Singapore (Bikeability_SG). The review analyzed 25 
studies and identified six groups of factors that influence bikeability. 

The study highlights the increasing global interest in studying bikeability over the past decade and how 
advances in technology have led to innovative methodologies for defining bikeability. However, there is a 
need for greater consensus to establish a universally applicable set of factors that influence bikeability 
worldwide. The study proposes a framework for a bikeability index study for Singapore based on the 
framework used by most of the selected literature and the grouping of various factors.  

The paper also explores the potential applicability of these factors to bikeability indices in other cities. The 
study presents limitations that should be addressed, such as potential bias or errors in variable selection and 
different measurements of the selected variables.  

To develop a comprehensive and reliable bikeability index that matches user expectations, both objective 
and subjective data should be collected from a wide range of users. A robust bikeability index can provide 
policymakers, transport planners, designers, and implementation parties with a priority list for areas that 
require improvement in the city. 

 

2 INTRODUCTION 

There is increasing number of studies to assess what environmental and/or personal factors influencing 
cycling. Environmental factors include both the physical built environment and users' perceptions of their 
surroundings, which are often linked to personal factors. While some studies mentioned what specific 
environmental factors (i.e. street connectivity (Ma, L.et al, 2019), cycling infrastructure and its quality, land 
use density and traffic environment, etc.) influence cycling in various scales of community, no systematic 
review has yet been conducted to identify the most common environmental factors across various studies.  
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3 RECORDS SELECTEF FOR REVIEW 

This paper aims to conduct a systematic review of the literature published between 2012 and 2022 to identify 
the various factors associated with bikeability.  25 records are selected from 128 papers following the steps 
shown in Figure 1.   

 
Figure 1: Identification of Studies 

 

4 RESULTS FROM THE REVIEW 

The following items are derived from the systematical review for further evaluation. 

• Geographical Location of Bikeability Studies  

• Bikeability Measures 

• Factors and Components for Measuring Bikeability 

• Coefficient Ranking for Various Factors 
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1 INTRODUCTION 

The Covid-19 pandemic and the recent energy crisis motivated many people to switch to more active 
transport modes such as cycling [1]. Despite the numerous benefits of cycling, certain barriers, such as low 
fitness levels, topographical difficulties, and established habits, prevent more people from embracing cycling 
as their everyday transportation [2]. E-bikes can help overcome some of these barriers and people, especially 
elderly or commuters, are eager to use them since e-bikes require less effort to cycle. However, e-bikes 
potentially lead to a higher number as well as more severe crashes since they are usually faster and heavier 
than regular bicycles [3]. Worldwide, e-bike users are facing many crashes, and many countries are 
developing or adjusting bicycle infrastructure to address this issue. Despite the improvements in the 
infrastructure, countries such as the Netherlands, with the best and well designed bicycle network [4], still 
experience many e-bike crashes [5].  

Recent years have witnessed a growing academic interest in addressing cycling safety issues by adopting new 
technologies, such as bicycle sensors and the Internet of Things (IoT), to prevent and reduce e-bike crashes 
[6]. However, research to date has not yet determined users' intention to adopt new bicycle technologies 
that increase safety and comfort. To adress this gap, the aim of this study is twofold: 1) to investigate users' 
opinions of new technologies on e-bikes by collecting data from e-bike users and people interested in buying 
an e-bike across six European countries (Austria, Belgium, Germany, Greece, Netherlands and Switzerland) 
and 2) to examine the role of different safety-related factors such as available cycling infrastructure, 
perceived safety and shared road with motor vehicles on people's perception towards smart features on e-
bikes that enhance cycling safety. 

2 METHODOLOGY 

An online survey was launched between November 2022 and January 2023 in Austria, Belgium, Germany, 
Greece, the Netherlands and Switzerland. The survey was translated into five languages (Dutch, English, 
German, Greek, and French), targeting people who already use an e-bike or are willing to buy one. The 
countries were not selected randomly; on the contrary, we chose them due to the different quality of cycling 
infrastructure to understand people's perceived safety and cycling culture. These countries vary in size, cycling 
rate and cycling safety. While the Netherlands has a high-quality cycling infrastructure, a dense network, and 
a high bicycle rate [4], Austria, Belgium and Germany have medium cycling infrastructure and bicycle rates. 
On the other hand, Greece has scarce and low-quality infrastructure network and a low cycling rate [7]. 

The survey consisted of three parts. Firstly, screening questions such as mobility habits, bicycle ownership and 
intention to buy an e-bike were asked of participants. Secondly, questions were asked regarding the use of the 
e-bike and the perceived safety of new smart bicycle systems enhancing cycling safety by rating these systems. 
Lastly, sociodemographic characteristics were obtained. The questions in the first two parts were mainly asked 
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on a 5-point Likert scale. The survey provided quantitative data from 1354 cyclist participants from six European 
countries. 54% of the respondents were male, 56% were highly educated (university degree and higher), and 
33% earned more than 3000€ per/month net. Note, the Dutch sample is representative based on the Mobility 
Panel Data for e-bike users. No available databases for cyclists could be found to compare our samples for 
the rest of the countries.  

A Multinomial Logit model (MNL) was applied to the collected data estimating to what extent socio-
demographic characteristics, safety-related factors (i.e. perceived safety, traffic volume, cycling infrastructure), 
and cycling culture affect respondents’ opinion towards smart features on e-bikes. 

3 RESULTS 

This section presents the model estimated regarding the usefulness of new smart features on e-bikes to 
increase cycling safety and a correlation matrix of the variables can be found in Figure 1. Before we conducted 
the analysis, we clustered the respondents using k-means into three groups; based on respondents' 
perception toward bicycle technologies: 1) not useful, 2) moderately useful and 3) very useful. The estimation 
of the MNL model for the groups mentioned above is presented in Table 1.  

Figure 1: Correlation matrix 

 

The model uses the category technology is "not useful" as a reference group in order to estimate the results. 
The results of the second category, "moderately useful", indicate that age, education and cycling anxiety are 
the only significant variables with β = 0.021, β = -0.241 and β = 0.181, respectively. Indicating that elderly 
perceived that new technologies could positively affect their safety while cycling. Also, people who feel 
anxious when cycling have a positive opinion towards new bicycle technologies. In contrast, highly educated 
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people have a negative opinion of smart bicycle technologies. Considering the results from the third category, 
"very useful", males believe that smart bicycle technologies could positively affect their safety than females 
with β = 0.382. Furthermore, people who live in areas with high traffic have a positive view of these 
technologies, while people who live in areas with few bicycle paths do not think the smart bicycle 
technologies will affect their safety. Lastly, in a question related to cycling stress people who stated neutral 
stress when cycling believe that smart cycling technologies will not affect their safety β = 0.421. The 
remaining variables are not significant in both categories.  

4 CONCLUSIONS 

Using an European base survey, we identified which variables influence users' opinions towards smart bicycle 
technologies. This study provides novel results for the user acceptance of new technologies on e-bikes as a 
potential solution to improve e-bike safety and comfort. Despite the fact that this is the first survey 
investigating smart bicycle technologies, there is evidence that such technologies are perceived positively by 
an important portion of respondents.  

Table 1: MNL model results for users' perception towards bicycle technologies 

Reference Class: Technology is not very useful Moderately Useful Very Useful 

Variables Beta St.Error p-value Beta St.Error p-value 
(Intercept) - 0.319 0.762 0.675 0.309 0.843 0.714 
Age 0.021 0.005 0.0 0.002 0.005 0.727 
Income - 0.001 0.028 0.985 0.024 0.03 0.427 
Education - 0.241 0.059 0.0 0.079 0.065 0.229 
Male - 0.265 0.139 0.057 0.382 0.157 0.015 
Single crash - 0.105 0.134 0.432 - 0.196 0.149 0.189 
Cycling stress 0.13 0.144 0.366 - 0.421 0.164 0.01 
Cycling anxiety 0.181 0.076 0.017 - 0.081 0.088 0.363 
Cycling experience - 0.1 0.102 0.326 - 0.06 0.113 0.595 
There is a lot of traffic in my town 0.038 0.064 0.56 0.145 0.073 0.048 
Cycling is safe in my town 0.115 0.088 0.189 - 0.104 0.097 0.284 
Cyclists share the road with motor vehicles in my town - 0.046 0.061 0.451 - 0.028 0.069 0.679 
There is a lack of bicycle lanes/paths in my town - 0.092 0.065 0.156 - 0.159 0.072 0.028 
Children can safely ride a bike to their school in my town - 0.091 0.064 0.154 - 0.095 0.071 0.182 
Cycling is an important transport mode in my country - 0.031 0.058 0.596 0.024 0.065 0.708 
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1 INTRODUCTION 

In parallel with the introduction and rise of e-scooter mobility, questions concerning the safety of these 
vehicles arose. Road safety campaigns in this field are as new as e-scooters, which is why data-based or 
theory-driven road safety approaches have been rare until now. This study aimed to close this gap and 
develop a guide for e-scooter road safety campaigns focusing on education and information. Experiences by 
frequent e-scooter riders form the basis of this guide called the ‘E-scooter road safety matrix’ [1] and that 
practitioners can apply in designing road safety programs or campaigns.  

2 METHODS 

The guide was developed based on the results of a mixed-methods approach with a literature review and 
two empirical studies (one online survey and six online focus groups in Germany). 

Literature review 

A literature review was conducted to identify current gaps in e-scooter road safety campaigns and learn from 
best practices. Within this review, 35 existing e-scooter education and information road safety campaigns, 
their used formats/ media, the contents addressed, and the theoretical models (if applicable) they were 
based on were systematized. Moreover, literature reviews were consulted to identify relevant theoretical 
models, promising frameworks, and constructs to target e-scooter riders.   

Online survey 

The online survey collected quantitative data from 99 frequent e-scooter riders in September. The survey’s 
main focus was to collect incidences of critical events experienced by e-scooter riders (near-misses, actual 
crashes) and their characteristics (e.g., single-vehicle crashes, others involved). In addition, data on perceived 
risk factors and preferred formats (e.g., video clips, app contents, training) for road safety campaigns were 
gathered. 

Focus groups 

In November 2021, six online focus groups with twenty frequent e-scooter riders were conducted. Each focus 
group was led by two trained moderators and lasted around two and a half hours. The focus groups were 
script-based and recorded via the online meeting service Zoom. The records of the focus groups were 
transcribed and, utilizing the MAXQDA software, coded following a codebook. The main categories of the 
focus group scripts and the codebook included: e-scooter use, biggest risk factor, other risk factors and 
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insecurities, critical events, and crashes, handling of critical events, contents of road safety campaigns, 
formats/ media type of road safety campaigns, specific ideas for road safety campaigns.   

3 RESULTS 

The results from the literature review and the empirical studies were used to design the ‘E-scooter road 
safety matrix’ (see Figure 1 for an excerpt). The matrix header contains the definitions of the target groups 
of users of shared and private e-scooters, dos and don’ts in e-scooter road safety campaigns (e.g., “avoid fear 
appeals”), and straightforward advice on the design of the media formats: video clips, apps, and training (e.g., 
“pictured person should correspond with the target group”).  

Subsequently, the matrix is structured into three main categories: 1) critical events, 2) handling/ vehicle 
characteristics, and 3) traffic and behavior rules. The three main categories include twelve specific problems 
relevant to e-scooter road safety, e.g., dooring, standing position, and riding two on one vehicle, described 
in detail. For each of the twelve problems, the matrix provides practical information regarding: prevention 
aims, format requirements (specified for video clips, apps, and training), and more tips (e.g., parallels to 
cycling safety).    

 
Figure 1: Excerpt of the e-scooter road safety matrix, in [1]. 

4 CONCLUSIONS 

As e-scooter road safety work is still in its early stages, this study provides an essential basis for designing 
successful campaigns and programs. The developed guide is open to be used by practitioners, like the police, 
municipalities, road safety councils, and other stakeholders, to design and improve road safety campaigns 
for e-scooter riders. The described requirements for road safety campaigns are a starting point - sufficient 
time, capacity, pretesting, and evaluation are required to ensure a holistic, theory-based, and target group-
oriented implementation. As e-scooter mobility is still developing, the current state should be considered 
each time (e.g., a decline of first-time users) when designing new campaigns.  
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1 INTRODUCTION 

Electric kick scooters (e-scooters) still represent a relatively new group of powered-two wheelers that, in 
many countries, must be used on cycling infrastructure if available. Road safety concerns have been rising 
because e-scooter-related crashes increased rapidly [1–3]. One explanation for an increased crash risk might 
be shortcomings in perceiving e-scooter-related hazards in traffic.  

Perceiving hazardous situations in road traffic is considered a crucial ability of road users to prevent crashes 
and participate in traffic safely [4, 5]. While research on the hazard perception of car drivers is plentiful [6], 
there is only little evidence referring to the hazard perception abilities of vulnerable road users like cyclists 
[7] or pedestrians [8]. In particular, regarding e-scooter riding, it remains unclear what factors could play a 
part in contributing to a better perception of e-scooter-related hazards. One could assume that 
inexperienced e-scooter riders are less skilled at anticipating hazardous traffic situations than experienced 
ones. Still, other factors like experience in cycling, driving, or owning a driver's license could also enhance 
hazard perception skills when dealing with e-scooter-related hazards.  

The present study's objective was to evaluate the hazard perception and prediction skills of different road 
users when adopting the perspective of an e-scooter rider and being confronted with e-scooter-specific 
hazards.  

2 METHODS 

2.1 Survey design and procedure 

A hazard prediction test was created featuring hazardous driving situations recorded from the point of view 
of an e-scooter rider based on a structured approach of previous research [9, 10]. For this purpose, hazardous 
(and non-hazardous) driving situations for e-scooter riders were recorded and then implemented in an online 
survey. Findings on safety-critical situations of micro-mobility users were taken as a basis for the hazardous 
traffic-scene clips [7, 11, 12]. They were differentiated between hazards that might cause single-user or 
multiple-road-user events.  

The video clips were occluded before the actual hazard fully materialized with two different occlusion points 
as a controlling feature to consider a possible influence of varying imminence of hazards. Conditions were 
based on the moment when the actual hazard was inevitable, so-called point zero. In the first condition, the 
clips were occluded five frames before point zero while the hazard was already unfolding (proximal to the 
hazard). In the second condition, the clips were occluded 23 frames before point zero (approximately 600ms 
earlier than proximal occlusions), while they only contained hazard instigators before their materialization 
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(distal to the hazard). After occlusion, participants were asked to predict how the situation would develop by 
selecting one of four options [9]. A pre-test was conducted before the main study to generate distractors for 
the multiple-choice questions and test the video clips' general suitability. On top of that, before the hazard 
prediction question, participants were asked to rate whether they had seen evidence of an upcoming hazard.  

2.2 Sample  

In sum, 772 participants with varying road user profiles completed the main study by assessing 18 traffic-
scene clips, including multiple-road-user events, single-user events, and non-hazardous events. There were 
324 participants in the proximal occlusion point condition and 448 participants in the distal occlusion point 
condition. Participants were recruited via advertising on various social media sites. The request was 
distributed to students and employees of the university. Of the sample, 31.1 % (n = 240) indicated that they 
used an e-scooter before, whereas 68.5% (n = 529) had no experience with e-scooters. Furthermore, 6.1% 
(n = 47) of the total sample indicated using an e-scooter one to three times a week or (almost) daily. This very 
subsample is labeled as frequent e-scooter riders. 

3 RESULTS 

Descriptive data of hazard perception and hazard prediction rates are shown in Table 1. One can see that 
proximal hazards were better anticipated and perceived than distal hazards. In general, findings show that 
safety-critical situations involving other road users were more correctly predicted than those associated with 
the environment or road conditions. At the same time, the former hazards were considered more hazardous 
than the latter. Further results suggest that frequent bicycle use and holding of a driver's license enhance the 
performance of predicting hazardous events of e-scooter riding. However, regular e-scooter use did not 
contribute to better hazard perception abilities.  

Table 1: Rates of correct responses regarding hazard identification and hazard prediction per hazard. Total N = 772 (n = 
324 for proximal occlusion point; n = 448 for distal occlusion point), sample sizes for each video slightly differ due to 
missing responses to the hazard identification question. Recognition rates < 50% are in bold. HID = hazard identification; 
HP = hazard prediction. 

Hazard 
Proximal Distal 

HID HP HID HP 
n % n % n % n % 

Car overtaking too close 275 84.9 313 96.6 261 58.3 382 85.3 
Dooring 208 64.2 171 52.8 317 70.8 106 23.7 
Cyclist coming from the opposite direction 306 94.4 290 89.5 369 82.4 125 27.9 
Two bicycle lanes coalescing 267 82.4 271 83.6 384 85.7 365 81.5 
Overlooked by turning lorry 310 95.7 307 94.8 423 94.4 421 94.0 
Crossing pedestrian 311 96.0 310 95.7 412 92.0 396 88.4 
Car not disregarding the right of way when 
turning right 264 81.5 297 91.7 345 77.0 397 88.6 

Car disregarding the right of way at 
junction 282 87.0 302 93.2 406 90.6 413 92.2 

Pile of leaves on the cycleway 223 68.8 227 70.1 279 62.3 254 56.7 
Cobbled driveway 101 31.2 242 74.7 145 32.4 269 60.0 
On-road cycle lane suddenly ending 201 62.0 228 70.4 228 50.9 245 54.7 
Uneven manhole cover on the cycleway 95 29.3 193 59.6 94 21.0 197 44.0 
Crossing tramway tracks 288 88.9 299 92.3 393 87.7 393 87.7 
Road works on the cycleway 270 83.3 289 89.2 379 84.6 370 82.6 
Uneven dropped curb 128 39.5 267 82.4 179 40.0 334 74.6 
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4 DISCUSSION AND CONCLUSION 

The presented study is one of the first to examine the hazard prediction skills of various road users regarding 
safety-critical situations when e-scooter riding from the perspective of an e-scooter user. The study's results 
contribute to the road safety of e-scooter riders by identifying factors that influence the awareness of 
e-scooter-related hazards. The findings demonstrate that frequent bicycle use and holding a driver's license 
improved the accuracy of predicting hazardous events. In contrast, regular e-scooter use did not contribute 
to enhanced hazard prediction skills.  

It could be argued that e-scooter riders need to become more familiar with the cycling infrastructure and 
hazards related to e-scooter riding than expected. Considering that, yet, in Germany, everyone aged 14 and 
older can use e-scooters, independent of driver's license status and experience in bicycle riding, the issue is 
highly relevant. Thus, more educational efforts are needed to make users more aware of potential e-scooter-
related hazards and improve road conditions and infrastructure, which are desirable to preserve and enhance 
road safety. 

In conclusion, the developed hazard prediction test was an effective instrument for investigating anticipating 
skills regarding hazardous events associated with e-scooter riders. Given the physical vulnerability of the 
concerned users, evaluating these cognitive abilities was essential to better understand the causes of 
e-scooter-related crash risk. 
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1 INTRODUCTION 

An uncontrolled bicycle can be self-stable at some travel speeds due to the nature of its design [1]. This self- 
stability relieves the rider of some of the burden of control and at high speeds riders can balance a bicycle 
without much conscious thought. At low speeds, a bicycle becomes more difficult to control, increasing the 
chance of falls. It has long been hypothesized that adding electromechanical sensing and actuation can 
stabilize the vehicle relieving some of the human control burden. For safety purposes, I am interested in 
systems that share control with the rider but most past work focus on human independent “robot riders”. 

Van Zytveld [5] was likely the first to investigate and build a robot rider for his 1975 Stanford PhD thesis. He used 
an actuated inverted pendulum that mimicked rider lean, but was not successful in demonstrating what his 
theoretic control model predicted. It was not until the mid 1980s that someone successfully demonstrated an 
automatically balanced motorcycle [2]. Ruijs and Pacejka used a steering motor to stabilize the motion 
recognizing that simple positive roll rate feedback can stabilize the vehicle at low speeds, i.e. “steer into the 
direction of roll motion”. In 2005, the Murata Manufacturing company demonstrated “Murata Boy”, a bicycle 
robot which utilized a reaction wheel capable of generating stabilizing roll torques [8]. In 2006, several 
Dartmouth University undergraduates developed a simple motor driven flywheel encased in the front wheel 
that increases the front wheel spin momentum providing a roll motion stabilizing effect [6]. This application 
used the same principle as the rear wheel flywheel of the 1921 Giesberger Gyrocar [4]. In 2013, Lit Motors Inc. 
demonstrated a pair of control moment gyros capable of balancing a two seater enclosed motorcycle at low 
speed that used the same principle used in Brennan’s 1903 Gyro monorail [7]. There have been numerous 
other theoretical and realized machines that utilize one or more of these five actuation methods throughout 
the years. 

With over a century of innovations in automatically stabilizing single track vehicles, nothing has ever be- 
come commercially viable or demonstrated enhanced rider or passenger safety. In this study, I will describe 
how each of these roll stabilization methods work, what their advantages and disadvantages are, and discuss 
whether they can be useful for bicycle safety. 
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(a) Root locus of eigenvalue components with the LQR gain 
scheduling across speed. Blue lines are the passive bicycle 
dynamics and orange are the automatically controlled 
dynamics. Solid lines are real parts and dotted lines are 
imaginary parts. 

 
 
(b) Bode plots for rider applied steer to roll dynamics for the 
uncontrolled bicycle (blue) and automatically controlled bicycle 
(orange). 

Figure 1: Uncontrolled and controlled dynamics. 
 

2 STEER MOTOR SYSTEM 

As an example for this abstract, I will demonstrate roll and steer motion stabilization using an ideal motor 
actuator that applies equal and opposite torque to the steered frame from the ridden frame; same as [2]. I start 
by assuming that the bicycle’s basic state (steer and roll configuration and motion) can be accurately 
measured by using inertial measurement units and state estimation. The bicycle dynamics model is based 
on the linearized Carvallo-Whipple model from [1] but populated with more realistic numerical parameters. By 
assuming full state feedback, the system can be modeled by these linear state space equations: 

 (1) 

A represents the passive dynamics of bicycle and B gives the input dynamics from the rider or steer motor 
applied steering torque. Full state feedback can be used to drive the steering motor torque Tδ,m = −K x̄, 
giving the closed loop dynamics A − BK. The state and input vectors are: 

and ū = [Tδ] = [rider applied steer torque] (2) 

By applying a maximum torque scaled linear quadratic regulator (LQR) across all speeds the scheduled 
feedback gains K can be found to stabilize the vehicle at almost all speeds with minimal effect to the 
dynamics of the vehicle besides the positive aspect of stabilization, similar to [3]. Figure 1a shows that the 
bicycle can be stabilized down to 1 m/s and that the natural frequencies and time constants do not change 
drastically, leaving the bicycle’s dynamics intact. It is also important to note that from the rider’s perspective 
A −BK is simply a new plant they must control, yet through the same passive input filter which is a function of 

ICSC2023_ID110



– 221 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

the unchanged B matrix governing the rider’s steer input. Figure 1b shows that at 1 m/s the rider will 
experience a less damped response to steering in the 0.3 to 0.8 Hz bandwidth, so the handling is not 
necessarily maintained when applying automatic control. To keep the handling the same, more elaborate 
model reference control would be required. 

 

3  CONCLUSIONS 

In the presentation, I will share similar analyses for a moving mass actuator, paired control moment gyros, 
reaction wheel, and front wheel internal flywheel and show how most are equivalent ways of achieving the 
same goal. I will then compare them for feasibility and effectiveness. This will be presented in a both 
historical and modern context of realized vehicles and why the vehicles may or may not be able to enhance 
safety and be commercially viable. 
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1 INTRODUCTION 

The growing popularity of urban cycling has led to a need for bicycle designs that can accommodate increased 
payload capacity, while still maintaining good handling quality for user safety and comfort. However, the 
understanding of bicycle handling quality is not yet advanced enough to recommend highly controllable 
designs based solely on theoretical calculations. The literature on bicycle handling quality proposes several 
theoretical indicators such as HQM [1], modal controllability [2], Rideability index [3], lateral sensitivity [4] or 
the stability approach [5]. The HQM although promising based on its validity in aeronautics requires a 
significant computational complexity due to the adjustment of the controller gains. Modal controllability, or 
mode damping, provides a multi-dimensional quantification of the system whose link to handling quality is 
still unknown. Lateral sensitivity is unidimensional and requires a low computational cost. However, it is a 
static indicator mainly adapted to cornering. Finally, the Rideability Index is a one-dimensional, continuous 
and dynamic indicator that requires a relatively low computational cost. The latter, like the other indicators, 
lacks experimental validation. To address this issue, this study aims to compare the Rideability Index with the 
subjective experience of a group of individuals who tested two bicycles with vastly different designs. 

 
2 MATERIAL AND METHODS 

2.1 Model and Rideability Index 

Rideability index (𝐷𝐷𝐷𝐷) [3] was calculated thought the sequences presented in Figure 1. According to this 
definition, the greater D, the more difficult it is to ride the bicycle. 

 

 

Figure 1: Computational methodology of Rideability Index applied on Carvallo-Whipple model. Where 𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 
are the extreme singular values of the controllability matrix Q, and 𝐴𝐴𝐴𝐴 and 𝐵𝐵𝐵𝐵 are the linear state spaces matrices of the 

Carvallo-Wipple linear model. 
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𝐴𝐴𝐴𝐴 and 𝐵𝐵𝐵𝐵 were extended from Carvallo-Whipple model equations [6] to integrate �̇�𝑦𝑦𝑦𝐹𝐹𝐹𝐹 as a state variable. This 
change aims to consider path tracking objective instead of vertical equilibrium control. The 𝑄𝑄𝑄𝑄 matrix is highly 
speed dependent, thus 𝐷𝐷𝐷𝐷 was calculated across a range of speed (from 1 to 35 km/h). Numerical calculation 
used three sets of parameters: one per experimental bicycle considered (see below) plus the benchmark 
bicycle set of parameters from [6]. To take potential uncertainties in parameters estimation into account, 
mean value of 𝐷𝐷𝐷𝐷 and 95% confidence interval were calculated across speed range from measurement 
uncertainties for experimental bicycle and with a 5% variation of these input parameters for benchmark 
bicycle.  

2.2 Experiments 

Experiments aimed to evaluate the mean handling quality of two experimental bicycles (Strida foldable bike 
and Omnium cargo bike). Thirty young adults, self-declared as beginner to advanced riders, were instructed 
to ride two experimental bicycles while maintaining a constant speed and following a 9 cm wide white line 
painted on the track. The track consisted of one straight line, one left turn, a slalom, and a right turn. At the 
end of each lap, participants evaluate the experimental handling quality as the perceived difficulty of the task 
thanks to the Cranfield Aircraft Handling Qualities Rating Scale (CAHQRS) [7]. Which is from 0 to 9, where 9 
is the highest level of difficulty. The bicycles were equipped with one IMU (XSens DOT) on the rear wheel to 
estimate the mean bicycle speed of each lap.  

For each of the two experimental bicycles, a set of 25 design parameters was experimentally estimated and 
used as input for the Carvallo-Whipple model: masses were measured with a scale, geometries with a 
measuring tape and inertias were identified from oscillation periods measured with an IMU. 

2.3 Statistic model 

The effect of bicycle and speed on the experimental handling quality were tested with an ANOVA assuming 
that speed has a quadratic effect and considering the bicycle used as a categorical variable. 

 
3 RESULTS AND DISCUSSION 

 
Figure 2: Rideability Index mean value and 95% confidence 
interval for the experimental and benchmark bicycles. 

 
Figure 3: experimental handling quality measured on 
CAHQRS (0 to 9 scale, 9 being the most difficult) and 
statistic model (p<0.001). 

 

Figure 2 displays the Rideability Index over speed for the three bicycles. The overall shapes were similar for 
the three bicycles, with a peak around 1,5 m/s, a valley around 2 m/s and a close-to-linear increase with 
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speed for higher velocity. A small offset off Rideability index can be observed between the three bicycles 
despite their different geometries. 

Figure 3 displays the experimental handling quality over speed for the two experimental bicycles, together 
with the fitted model. The model was significant (p>0.001) but explain only a small percentage of the variance 
(R²=0.11), due to the large experimental variability. It shows a significant quadratic effect of speed (p<0.001) 
but no effect of the bicycles (p=0.28).  

This model thus highlights that experimental handling quality exhibit a non-monotonous effect of speed. This 
effect is consistent with theoretical results that exhibit high value of Rideability Index below 1.5 m/s and 
above 3.5 m/s. Rideability Index and experimental data does not exhibit the exact same handling quality 
optimal speed because, unlike D, the experimental data are track dependent. The absence of bicycles effect 
on the experimental handling quality is consistent with the theoretical results showing relatively small 
differences between bikes. It could also be explained by the non-specificity of the protocol to compare 
bicycles to each other. 

 
4 CONCLUSIONS 

These preliminary results tend to show that Rideability Index could be an interesting theoretical indictor of 
the handling quality experienced by the riders. Future work will consider more experimental designs in order 
to assess the Rideability Index's ability to compare bicycles with each other. 
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1 INTRODUCTION 

In North America, electric bicycles (e-bikes) have become increasingly popular over the past decade as a 
convenient means of transportation and recreational activity [1]. E-bike sales have surpassed electric car 
sales in the United States and are expected to continue to rise in the coming years, with COVID-19 
accelerating the industry's growth rate. Meanwhile, transportation-related carbon emissions in the US were 
estimated to be 1.7 billion metric tons in 2021, with personal vehicles accounting for 58% of that total [2].  

While e-bikes have the potential to accelerate the transition towards a more environmentally friendly 
transportation system by promoting a shift away from personal vehicles, the mode substitution choices can 
create safety challenges that require further consideration. Studies worldwide have found that the preferred 
mode substitution varied depending on the location and their characteristics [3]. For instance, studies have 
shown that e-bike riders would opt for buses or standard bicycles in China if e-bikes were unavailable [4]. In 
North America, e-bikes are most commonly used for commuting and personal errands [1], and in Australia, 
older adults are more likely to shift from private vehicles to e-bikes [5]. In the Netherlands, e-bikes were 
found to reduce car usage in commute and shopping trips, but longitudinal data suggested that substitution 
rates of transit and cars with e-bikes are less significant than previously reported [6-8]. Compared to other 
modes, e-bike users may have net safety impacts (positive or negative) based on: mode substitution from 
other less or more safe modes, e-bike riders may adopt different route choices based on safety perceptions, 
e-bike riders may have different characteristics and risk taking behavior than other road users (e.g., older, 
less experienced), and e-bike riders may ride differently because of the technology (e.g., ride faster) or trip 
purpose (e.g., recreation, utility trips). Understanding these questions requires high resolution data 
collection platforms that are enabled by app-based technologies. This study describes a research effort to 
track individual e-bike riders over time to assess high resolution rider behavior, augmented by machine 
learning tools, that can ultimately inform safety analysis of e-bikes and other sensor-enabled micromobility 
modes (e.g., shared bikes or scooters).  

In this study, we designed a low-impact instrumentation platform that utilizes the distinctive features of 
widespread smartphone usage to collect Global Positioning System (GPS) data and overcome inaccuracies 
such as self-selection bias, self-reported behavior, or the limitations associated with traditional GPS-enhanced 
travel dairies. Leveraging pre-existing technologies and incorporating rider feedback, we constructed an 
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efficient and unobtrusive instrumentation platform for gathering data on e-bike trips. We generated a novel 
and comprehensive two-year longitudinal dataset comprising data on the e-bike use of about 40 riders. 
Coupled with two surveys conducted before and after data collection, we investigated the behavior of 
utilitarian e-bike riders during the COVID-19 pandemic and compared the stated behaviors and choices to 
the real-world data collected from the same group of riders. 

 

2 METHODS 

We followed a multi-method approach with various components: First, we developed a low-impact 
instrumentation platform that takes advantage of the unique capabilities of both e-bikes and smartphones 
in terms of sensors and GPS data, as well as additional user input through our developed iOS application for 
the phone. Second, we gathered trip-related information from other resources, such as weather, and utilized 
them in addition to the extracted information from the GPS data to predict trip substitution modes and trip 
purposes with machine learning algorithms. We analyzed trip speed (e.g., average, percentiles, moving 
speed, cruising speed), trip duration, trip distance, and mode substitution and trip purpose patterns. 
Furthermore, we compared real-world data with trip distance and trip time estimations using the Google 
Distance Matrix API. Following the analysis and modeling of travel behavior, we were able to provide a 
comprehensive analysis of general e-bike use, changes, and mode substitution behavior over time. 

 

3 RESULTS 

Upon completion of the data labeling process, a total of 5771 trips made by 38 active riders (i.e., made trips 
for at least a typical week) were included in the analyses, covering a total distance of 42,355 kilometers during 
the data collection period. The number of trips by each purpose is 1113 commute (29% of them predicted 
labels), 1653 recreation (17% of them predicted labels), and 3005 social/errands (28% of them predicted 
labels). Due to the global outbreak of COVID-19 and associated restriction orders, there was a significant 
disruption to people's daily routines and activities, including travel behavior. Our data also showed a clear 
impact of the pandemic on trip purposes, particularly for commute trips. Starting from the second quarter of 
2020, participants dramatically reduced making commute trips, which was reflected in a sharp drop in the 
percentage of commute trips from 43% in Q1 2020 to 8% in Q2 2020 and 2% in Q3 2020 (Figure 1). 

 
Figure 1: Number of active users, trips, and rate of trips by trip purpose by month 

The average moving speeds were 18.46 km/h, 20.35 km/h, and 21.12 km/h for social/errand, commute, and 
recreational trips, respectively. On average, for commute trips, 63% of the distance was covered at a speed 
above 20 km/h and 6.7% at above 40 km/h. For recreational trips, 68% of the distance was covered at a speed 
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above 20 km/h and 4.9% at above 40km/h, while for social/errands trips, 51.8% of the distance was covered 
at speed above 20km/h and 5.5% at above 40km/h (Figure 2). To better understand substitution mode 
choices, we evaluated the trip characteristics considering both trip purpose and substitution mode. A total 
of 1113 commute trips were made by 24 participants, with an average of 46 trips per rider (SD=68.0, Min=1, 
Max=267, Median=15.5). Our data shows that regarding e-bike unavailability, participants would have made 
60% of the total commute trips using a car and around 31% of the total commute trips using a standard bike. 
However, it is essential to exercise caution in drawing conclusions from these findings, as some participants 
had very high numbers of commute trips and tended to only choose car or bike as the substitution mode. 
These choices changed throughout the data collection period. For commute and social/errand trips, car was 
selected as the substitute mode for 59% and 62% of the trips, respectively. For recreational trips, a bike was 
chosen as the substitute mode for 83% of the trips. Further comparisons of surveys, collected GPS data, and 
collected data from Google Distance API showed similarities and differences among reported and actual 
mode substitution choices considering distance and purpose of the trips. 

 
Figure 2: Distance traveled at above different speed values, arranged by purpose 

 

4 CONCLUSIONS 

As e-bikes become more popular, it is important to understand how riders are using them and how their 
behavior may differ among different types of users and trips. This information can be used to improve safety 
for all road users. This study aimed to investigate the behavior of e-bike riders and gain insights into the 
factors that influence their mode choice. While aware of the impact of the pandemic on travel behavior and 
choices, we used a descriptive approach to explain and compare the findings about modes of transportation 
among personal e-bike riders in the United States. Our findings demonstrate that e-bikes are increasingly 
used for trips previously made by other modes of transport, such as cars and bikes. The fact that our 
participants were utilitarian e-bike riders may indicate that switching from bicycles to e-bikes was more about 
improving the quality of cycling. Additionally, recreational and utilitarian e-bike rides have different travel 
characteristics and needs. While recreational e-bike riders may ride at an average faster pace than utilitarian 
riders, commute rides covered larger percentage of the trip distances at higher speeds. Substitution mode 
share is influenced by factors such as trip purpose, trip distance, and day/time of the trip. A large proportion 
of utilitarian e-bike trips are substitutes for car travel. This would improve system safety over time, but safety 
risks may arise during the transition period when more residents switch from cars to e-bikes without 
adequate infrastructure. Additionally, the average speeds tend to be faster for recreational trips, followed 
by commute and social/errand trips, but commute and social/errand trips cover a relatively greater portion 
of trip distances at higher speeds. Integrating surveys throughout the data collection period and additional 
data sources, such as Google travel information, can aid in assessing trips, travel choices, and shifts in mode 
preferences over time. 
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INTRODUCTION 

Falls during cycling are responsible for about two thirds of serious injuries among cyclists [1]. This is not 
surprising as the bicycle-cyclist system is inherently unstable [2]. A common emergency operation is 
recovering balance after an unexpected external perturbation. For some external perturbations a cyclist is 
likely to recover balance while for others not. To choose targeted and effective interventions to prevent 
falls, it is necessary to know the threshold for which the cyclist can no longer recover balance. This provides 
information what perturbations should be eliminated from the bicycle paths and which cyclist-bicycle 
combinations have a higher (or lower) risk of falling. The problem is that this threshold is unknown. 

A common approach is to use statistical models for drawing conclusions from experimental data. Although 
cycling balancing experiments have been performed in the past, none of these include actual falls, they all 
stay within the small perturbation regime [3]. 

Another approach to investigate the stability of a dynamical system is to investigate the effect of small 
perturbations about a steady motion in a model, the so-called linearized stability approach. For cycling, this 
approach works well because the dynamical models of the uncontrolled bicycle have been well established 
and recently much more is known about a model for the cyclist as a human controller [4]. Unfortunately, 
these models have never been validated for large perturbations where the rider falls. 

Therefore, the goal of this work is to predict the threshold of perturbations for which the cyclist will fall and 
the dependency of this threshold on forward speed and bicycle-cyclist system specific characteristics. For 
this we developed two models, a statistical model and a Newtonian mechanics model. Preliminary results 
show that the models can predict this threshold for a wide range of bicycle-cyclist combinations. 

METHODS 

The cyclist fall experiments were conducted in a safe environment, where the rider is riding on a treadmill, 
supported by an intelligent harness, and surrounded by a soft padding environment, see Fig 1(left). After 
getting used to riding the treadmill, the riders were perturbed during cycling at a constant speed by pulling 
at the handlebar by motor-controlled ropes. In order to find the boundary between falling and not falling, a 
random staircase procedure was used with varying size of perturbations. Recorded data was: forward speed, 
pull force and direction, kinematics of the bicycle-cyclist system, and arm muscle EMG. The experiments 
were performed with 24 healthy experienced Dutch cyclists, distributed evenly among young (20-35 y) and 
old (>65 y) and among male and female. 

The statistical model was a Bayesian multilevel logistic regression model with parameters that were estimated 
on data from cyclist fall experiments. The independent variables considered for the model were forward speed, 
cyclist's age, mass, length, reaction time, cycling skill and effort, the perturbation's magnitude, identification 
number and direction. The Newtonian mechanics model is based on the Carvallo- Whipple bicycle model [5] 
together with a one-parameter rider control model [6]. 
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Figure 1. (left) Overview of the experimental setup, with: 1-treadmill, 2-bicycle, 3-pull force motor (4), 4-pull rope (4), 5- 
force sensor (4), 6-speedgoat real-time controller, 7-intelligent harness, 8-soft padding (8), 9-disc wheel cover (2), 10- 
foot strap (2), 11-mechanical rotation limiter, 12-rear-brake handle, 13-helmet, 14-protective gloves (2), 15-motion 
capture camera (12), 16-IMU (4), 17-EMG measurement unit (4), 18-folding fence, and (right) threshold value for the 
steer impulse perturbation for which the cyclist (45 year, average skill) will not fall as a function of forward speed, the 
solid line is the mechanics model, the dashed line is the statistical model with a 50 % change of not falling, the dotted 
lines are the 66 % and 34 % boundaries. 

RESULTS 

Preliminary results for both the mechanics and the statistical model are shown in Fig 1(right). The threshold 
values for the steer impulse perturbation for which the cyclist will not fall from the mechanics model show 
a good agreement with the 50% of not falling from the statistical model. The threshold values show a 
decrease with increasing forward velocity. The basic balance mechanism on a bicycle is to steer into the 
direction of the undesired fall [5]. At higher forward speeds there is just not enough lateral space for this 
balancing action and the cyclist rides off the treadmill. This also happens in real life where there is usually 
limited lateral space. The figure shows the results for a middle-aged rider (45 y) with average riding skills. 
The trends are +/- 16% of the threshold values for younger (25 y) highly skilled and older (65 y) less skilled 
cyclists. 

CONCLUSIONS 

Preliminary results show that the two models perform good in predicting the threshold of perturbations for 
which a cyclist will not fall. The advantage of the mechanics model is that the effect of changes in the cyclist, 
bicycle and environment, on the threshold value for which the cyclist will not fall, can be determined. 
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1 E-SCOOTER PARKING AS A CHALLENGE 

Rental e-scooter were first introduced in German cities in 2019. Much of the success for rental e-scooters 
services is related to a free floating usage scheme, i.e. e-scooters can be picked up and dropped off at almost 
any place the user wants. This made it a very flexible, convenient and time-saving means of transport for its 
users. At the same time, it created inconveniences for others, primarily pedestrians, because suddenly parked 
vehicles were blocking access and right of way and producing obstacles on sideways (or even worse, creating 
hazards for blind, seeing-disabled, or walking-disabled people). Irregular parking is, beside unsafe e-scooter 
riding, a big challenge for cities and causes acceptance problems in the public [1]. Cities and e-scooter 
operators have acknowledged the problem and tried to improve the situation, either by educating users 
about correct parking, incentivizing correct or penalizing incorrect parking, creating designated parking 
spaces, or adding dedicated street furniture for e-scooter parking [2]. While these measures have proven to 
be somewhat effective, issues with misparked e-scooter persist even in cities where free floating schemes 
have been abandoned in favor for a net of dedicated parking zones (e.g. Paris). One of the current barriers is 
the lack of technical solutions to easily control and enforce stricter parking regulations. Geofencing is seen 
as a technology that might help to achieve this [3]. However, the lack of GPS/GNSS accuracy currently still 
causes problems with the practical implementation of geofencing based parking regulations. A location may 
be incorrectly identified as being outside a parking zone, leaving users frustrated because they cannot return 
an e-scooter. Or, users can still return the e-scooter outside a parking zone in a place that is actually 
prohibited. 

 

2 GEOFENCED BASED PARKING REGULATION FOR E-SCOOTERS: A CASE STUDY IN MUNICH 

2.1 E-scooter situation in Munich 

Currently, four companies operate about 17.500 e-scooter in Munich. The operation of e-scooters is 
regulated by a voluntary agreement between the city and the companies which was developed in 2019 and 
updated in 2022 by order from the city council in order to better regulate e-scooter parking and improve 
related safety issues in future. However, due to increasing numbers of rentals, complaints about e-scooters 
parking violations continued to occur. Given this situation, a new parking regulation for e-scooters was 
developed in 2022 in a cooperation between the municipal authorities and the e-scooter operators with the 
aim to decrease the amount of irregular parked e-scooters and to improve the safety for visitors of Munich’s 
old town district. 
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2.2 New parking regulation for e-scooters 

Forty-three designated parking zones were set up between May and Oct 2022 as part of a pilot project to 
improve e-scooter parking in Munich's old town. Many of the parking zones were installed on streets, at 
locations of former car parking spaces and all were marked by a street sign and road markings, sometimes 
including road furniture like posts or brackets. All parking zones as well as non-parking areas were defined 
digitally by geofences. E-scooter providers are required to implement zones and regulations in their back-
ends. Since Oct 2022 e-scooter parking is allowed only within (or close to) designated parking zones and 
restricted everywhere else in Munich’s old town. Due to the generally positive results of the pilot test, the 
new parking regulation was made permanent in the second quarter of 2023. 

2.3 Evaluation of the new regulation 

The implementation and evaluation of the new geofencing-based parking regulation for e-scooters was 
carried out as part of the activities in the European joint project GeoSence. Historical data on e-scooter 
locations for a period before (2021) and during (2022) the pilot and after the completion of the installation 
process (from October 2022) was used to analyse the impact of the regulation. Furthermore, an online survey 
was conducted to assess the impact and acceptance for the new parking regulation among the e-scooter 
users. The survey contained questions related to the effectivity of the regulation to improve e-scooter 
parking, its effects on e-scooter usage, experiences when parking an e-scooter, acceptance for the regulation 
and intentions for future usage. The survey was conducted in spring 2023 and was supported by all four local 
e-scooter companies, who invited their users to participate. The survey was completed by 347 participants. 

 

3 RESULTS  

3.1 Change in parking behaviour 

Comparing the e-scooter locations data within the Munich’s old town from October 2021 and 2022 revealed 
a higher clustering and density of returned e-scooters around the locations of established parking zones in 
2022. It indicates that users have parked more frequently within (or near) dedicated parking zones in 2022 
compared to 2021. Still, some vehicles were returned at locations where it shouldn’t be possible, indicating 
persisting problems to control and enforce desired parking behaviour. 

3.2 Impact and acceptance evaluation with the online survey 

When asked, whether the new regulation had an impact to reduce problems with misparked e-scooters, 
about 80 % of e-scooter users judged it to be slightly or highly efficient. More specifically, over 50 % of users 
rated that situations with lying or blocking e-scooters on sideways or at intersections had improved. Other 
aspects (order and tidiness in the cityscape, safety on sideways for pedestrians, or large numbers of unorderly 
parked vehicles in one spot) did also improve but to somewhat smaller degree.  

Despite its effectiveness for improving e-scooter parking, the new regulation also came with costs for 
important aspects of e-scooter usage. More than 60 % of users reported that flexibility and convenience of 
e-scooter usage, and aspects as time to reach a destination and quickly finding a place to park an e-scooter 
had worsened. Overall, more than 50 % reported that the new regulation resulted in disadvantages for usage. 

When asked for the acceptance of the regulation and how much users agreed to the implementation of the 
new regulation in the old town, 56% reported to agree with it and 29% disagreed with it. However, only 40% 
of users would agree with extending the regulation to other parts of the city, while 49% would disagree (11% 
had a neutral opinion). Concerning their intentions for future usage a majority of users (59%) responded that 
they would not refrain from a trip to the city center due to the new regulation, but 54% consider it somewhat 
or very likely to use some other means of transport instead in the future. Of these, 18% indicated they would 
use a private car for the journey. 
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Questions of the survey also focused on experiences and problems that occurred when returning an e-
scooter in a parking zone. 66% of users reported that returning the e-scooter during their last trip worked 
quickly and seamless. Still, 57% indicated problems with easily finding a parking zone near their destination. 
Distance of the parking zone (36 %) and unfamiliarity with the location (20%) where named as main problems 
when returning an e-scooter. Other reported problems were visibility of the parking zone, overcrowding of 
the parking zone with other e-scooters and technical malfunctions/problems (each about 15%).  

 

4 CONCLUSIONS 

Taken together, the evaluation indicates that the new regulation has led to an improvement in parking 
behaviour. E-scooters park more frequently and more densely in the vicinity of the established parking zones. 
In generally, this should lead to improved safety for other road users, especially pedestrians. However, it is 
presently unclear how many e-scooters are actually parked in the parking zones and whether there is an 
increased risk of obstructive parking near a parking zone now, as there is still a considerable amount if 
dispersion in e-scooter location data around the parking zones. A systematic survey via on-site observations 
has not yet been conducted. The dispersion can be partly explained by a tolerance range (20m) around 
parking zones within the system, which is presently necessary because the GPS signal is too inaccurate to 
achieve reliable positioning within a parking zone. In follow-up studies, additional sensors at parking zones 
will be tested and evaluated to improve the accuracy of the positioning. 

An improvement for parking e-scooters as result from the new regulation was also reported by a majority of 
participants in the online survey. At the same time, the consequences of the parking regulations are 
perceived by the majority of users as a restriction of important aspects of e-scooter use and are generally 
assessed as a disadvantage. Our analysis also revealed a number of problems experienced by users. Finding 
quickly a parking zone near to a destination was reported a problem by more than one third of the 
participants. This may be related to their visibility in city space but sometimes also to overcrowded parking 
zones, requiring users to look for a place to park somewhere else with negative side effects for travel time 
and costs. In addition, few reports indicate that the zones were not displayed consistently in the providers' 
software. And finally, technical problems occurred, e.g. the positioning in a parking zone was not recognised. 
Despite these problems, a majority of users agreed and accepted the introduction of the regulation in the 
Munich’s old town, but at the same time a majority also rather rejected an extension to other areas of the 
city. In addition, the answers indicated that there is a risk that users will either forego travelling to the city 
centre sometimes or switch to less sustainable forms of mobility in the future due to the regulation.  

To summarize, regulation has effects and leads to improved parking behaviour. We therefore expect that it 
also affects traffic safety in a positive way. How the regulation is perceived among non-users and visitors of 
the Munich’s old town will be evaluated in a follow-up study. However, the implementation of the regulation 
is not yet perfect and might be improved on several practical, technical and organisational aspects in order 
to increase its acceptance both among e-scooter users and other affected groups. 

The technical ecosystem implemented in Munich for geofencing-based regulation of e-scooter parking is also 
used for other micro-mobility services and can therefore also contribute to improve safety-related aspects 
for offers like shared e-bikes or cargo bikes. 
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1 Introduction and Research Contribution 

The issue of cyclist and motor vehicle interaction is a prominent concern for road safety, particularly when 
considering its longitudinal dimension [1]. Several studies have investigated the factors that contribute to 
road collisions involving bicycles, with the majority of them highlighting the importance of infrastructure 
characteristics, albeit not always with consistent outcomes [2]. In particular, there is a lack of established 
procedures to extract safety-relevant indicators from standard on-field surveys, which hampers the ability of 
researchers and practitioners to perform reliable and consistent road safety evaluations. A solution for this 
could be achieved by applying computer vision to accurately observe and analyze objects.  

The purpose of this study is to suggest a framework for short-term safety assessment for locations of bicycle 
traffic, particularly in sections where cyclists ride parallel – and mixed with - motor traffic. We aim to apply 
computer vision methods to extract trajectories from recordings and use these to identify parameters, which 
are relevant to interactions between cyclists and motorized vehicles. 

 

2 Experimental Setup 
To help develop the indicators, four locations were recorded during three days in the urban area of Hannover, 
Germany, all involving parallel cyclists and vehicular traffic. Two locations were supposed to showcase safety-
related situations, having cyclists and motorists sharing the same road surface or where the bike lane is 
trafficable by motorists in the absence of cyclists. Two other locations were supposed to be serving as 
references, having dedicated bicycle lanes. 

The obtained videos undergo a computer vision process composed of detection/classification, tracking, and 
projection. The obtained trajectories from tracking are in camera frame coordinates (pixels) and a 3D-
perspective view. To study interactions between objects using distance, speed, and acceleration uniformly 
at any region of the observed view, a transformation of the coordinates from the 3D perspective to the 2D 
plan is necessary. A set of reference pairs of points that match between the two views helps create the 
transformation (homography) matrix. Trajectories plotted in both views as well as the used matching points 
for the experimental spots are illustrated in Figure 1. The last step in the data preparation is filtering the 
trajectories data set to keep only situations with car-bicycle interaction.  
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Figure 1: Trajectories in camera perspective (left) and 2D top-down view (right) with matching pairs of points 

 

3 Parameter Extraction Methodology 

The strategy for identifying risk indicators under the conditions investigated in this study begins with 
identifying the nature of the interactions between a bicyclist and a neighboring vehicle. The first step was to 
identify the individual interactions between bicycles and vehicles based on the trajectories obtained. By 
referring to the period of time each recorded bicycle was riding, any vehicle detected at the same time and 
in the same stream was considered as a possible interaction. 

The second step was to distinguish the recorded interactions according to their type. Two main scenarios 
were defined with parameters calculated differently for each. The first scenario we considered was the 
longitudinal ‘Leader-Follower’ scenario, in which the following vehicle queues behind the cyclist if there is 
not enough space to overtake. It can also be considered as the initial scenario of any interaction since it 
includes those cases where the follower does not complete the approach phase within the field of view in 
time. In this case, the focus is on deriving the minimum Rear clearance (RC) between the rear wheel of the 
bicycle and the closest point of the following vehicle, Time-to-Collision (TTC), and Post-Encroachment-Time 
(PET). Secondly, we defined a lateral scenario, in which the following vehicle performs an overtaking 
maneuver. In this case, the parameters considered are the Lateral Clearance (LC) and the relative speed of 
overtaking (ΔV). 

Such safety indicators were calculated using formulas that consider the actual physical size of road users; this 
size was reasonably simplified as their 2D projected rectangle on the ground. For more details on the 
calculation of these indicators, the reader is referred to [3]. 

To determine the nature of an interaction, we consider the course of the trajectories in conjunction with a 
macro area division of the space around the vehicle. Depending on the position of the bicycle in comparison 
to the vehicle in each frame of the recording, we assigned a numerical index to the situation. Situations where 
both wheels of the cyclist are in front of the vehicle and where at least one wheel was within the area to the 
right of the car were assigned the indexes 1 and 0, respectively. If the position of the bicycle does not fit one 
of these two situations, an index of -1 is assigned. This approach is shown in Figure 2. 

 
Figure 2: Detection of bicycle position relative to the motorized vehicle 
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By observing the numerical sequence through the frames of each trajectory, it was possible to deduce the 
nature of the interaction. If the cyclist is in front (index 1) throughout the trajectory, the interaction was 
considered to be a Leader-Follower (LF) scenario. However, if the cyclist's sequence included a transition of 
numbers like (1, 0, -1), the event can be considered as a complete overtaking (OV).  If a sequence did not 
match any of the predefined scenarios, it was identified as an anomalous case and labeled as (NO). The 
percentage of 'NO cases' depended mainly on the location's characteristics and traffic. 

 

4 Results and Conclusions 

We extracted the aforementioned parameters on four case-study locations with varying infrastructure. In 
locations 1 and 2, a dedicated bicycle path is present, while in the other two locations, the motorized and 
non-motorized traffic is mixed. A longitudinal interaction was considered if the minimum rear clearance 
behind the cyclist was lower than 5 meters. Similarly, lateral interactions were considered if the minimum 
lateral clearance was lower than 3.5 meters. The results of the parameter extraction are shown in Table 1. 

Table 1: Results of the parameter extraction for the case-study locations 

 1ST SCENARIO – LONGITUDINAL – LEADER-FOLLOWER 2nd SCENARIO – LATERAL - OVERTAKING 

Loc No. Events 
(RC < 5m) 

[#] 

Min. 
Clearance 

[m] 

Average 
min. 

Clearance 
[m] 

Min. TTC 
recorded  

[s] 

Min. PET 
recorded  

[s] 

No. Events 
(LC < 3,5m) 

[#] 

Min. 
Clearance 

[m] 

Average 
min. 

Clearance 
[m] 

Avg. Rel. 
Speed ΔV 

[km/h] 

Max. Rel. 
Speed ΔV 
 [km/h] 

1 6 2.91 3.66 0.4 0.2 79 1.77 2.72 32.25 41.42 

2 3 3.09 3.15 1.7 0.6 4 1.41 2.21 15.28 18.10 

3 9 3.13 3.88 0.5 0.3 74 0.67 2.18 4.48 5.92 

4 12 0.93 2.83 1.2 0.2 59 0.93 1.42 3.95 15.64 

The calculated parameters were validated in samples based on the recorded videos. However, a more 
thorough validation of the parameters and resulting conclusions are planned in further research. We also 
aim to use the parameters to generate safety indicators for each interaction type, to ease the identification 
of problematic road sections. 
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1 INTRODUCTION 

Crash Simulation and Analysis aims to protect a diverse group of road users, with numerous studies examining 
occupants' and pedestrians' motion and their potential injuries. Although two-wheel vehicles remain common 
means of personal transportation, very few analyses have been conducted about other vulnerable road users, 
such as motorcyclists and bicyclists. Therefore, studying their kinematic behavior in multiple collisions will 
ensure safe and convenient travel. 

These road users may adopt various non-standard seating choices, leading to different kinematic behavior. 
Thus, analyzing crash simulation results extracted from unique initial positions is critical to protect humans 
in out-of-position load cases. 

Since dummies are established for specific crash situations, Human Body Modeling and Simulation remain the 
most accurate way to reproduce human motion and assess potential injuries in different crash scenarios. 
However, Human Body Models (HBMs) are developed only for the seating and standing postures, representing 
the occupant and pedestrian accordingly. Therefore, moving HBMs to adopt the desired target position is 
necessary. 

Due to the difficulty of the HBM positioning process, most currently published research on cyclist injury and 
kinematics is performed using multibody models and dummies [1], [2], where a small number of studies 
simulate cyclists using HBMs [3]. 

This study aims to develop a method that positions the HBMs in a target posture defined by experimental data. 
The positioning process of HBM was developed in ANSA Python scripts and using the ANSA HBM Articulation 
tool. 

Considering the expanding use of two-wheel vehicles and increased traffic accidents, data from typical cyclists' 
postures are extracted to illustrate the positioning tool. 

2 METHODS 

The reproduction of body posture is the accurate positioning of HBM to replicate the experimentally derived 
Subject's position. This procedure relies on precisely positioning specific anatomical landmarks, indicative of 
the whole body's position. These anatomical landmarks are easily identified and palpated points of human 
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bones and are selected via literature [4], [5], [6]. Consequently, the definition of corresponding anatomical 
points on the Subject's and HBM's Bones is essential in replicating an identical pose between the HBM and 
the reference Subject. 

Skin markers and imaging techniques are the most common ways to extract the coordinates of the Subject's 
landmarks. While imaging techniques can directly determine the position of bones as required, skin markers 
require further measurements of the Volunteer's skinfold thickness. Therefore, the coordinates of skin 
markers are modified as if they were set on the Volunteer's bones. 

However, due to anatomical differences between the HBM and the Subject, the HBM's articulation cannot 
occur by directly using the coordinates of the previously defined Subject's anatomical points. Thus, the goal 
is to articulate HBM to achieve the same slopes between its successive points with the Subject's successive 
markers. 

An optimized articulation method is built to calculate the slopes' differences in each articulation step. The 
articulation Procedure uses ANSA Python scripts and the Ansa HBM Articulation tool. The final HBM position 
is determined based on the minimum slope error. 

3 IMPLEMENTATIONS 

Experiments using Skin Markers techniques were conducted to implement the above-described methodology. 
The investigation involves bicycles and motorcycles with known typical dimensions. Volunteers with 
characteristics similar to the HBM (height and weight) ride the bike, and skin markers are placed in their final 
position. In addition, a caliper measures skinfold thickness on the markers’ positions. Then, the 3D coordinates 
of the markers are collected, and a data processing strategy using statistical methods is held. 

Finally, the HBM is moved to the reference posture, as determined by the explained methodology. Therefore, 
examining cyclists’ behavior in different crash situations using HBMs became feasible. 

4 CONCLUSIONS 

This study develops a method that positions the HBM in a target posture defined by experimental data. The 
data can be derived from any volunteer matching the features of the to-be-positioned HBM. Consequently, 
unique initial positions can be examined to protect the cyclist in non-standard load cases. 

 
 

 
Figure 1: Left: Reference Bicyclist Posture, Right: HBM Bicyclist Final Posture 
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Figure 2: Left: Reference Motorcyclist Posture, Right: HBM Motorcyclist Final Posture 
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1 INTRODUCTION 

Cycling is healthy, environmentally friendly, faster than walking, and uses less public space than a car, making 
the bicycle an attractive mode of transportation, especially for shorter journeys. Unfortunately, however, the 
numbers of fatalities and serious injuries among cyclists have been increasing in recent years in the 
Netherlands [1]. A proactive approach to preventing bicycle crashes and reducing crash severity requires 
identifying and avoiding risks to cyclists in the bicycle infrastructure network. Studies investigating safe 
cycling infrastructure often focus on design choices at road level, such as the provision of separated bicycle 
paths. In the Netherlands this has led to the development of Safety Performance Indicators to prioritize safe 
road design choices [2]. However, sometimes the safest option may be an alternative route altogether; 
therefore, it is worthwhile to consider how safety varies across different types of cycling routes. For cars, 
route safety indicators have already been proposed in 2011 [3]. With these as a starting point, this study 
proposes route safety indicators for cyclists based on established literature on safe cycling infrastructure. 

2 SEVEN INDICATORS FOR SAFE CYCLING ROUTES 

The proposed indicators for safe cycling routes bring together principles from Sustainable Safety, the already 
established indicators for cars, and existing literature on safe cycling infrastructure. 

2.1 Background 

As part of the Sustainable Safety vision, traffic with a ‘flow’ function should be separated from traffic with an 
‘exchange’ function (Functionality principle) and traffic with a high speed and/or high mass should be 
separated from traffic with a low speed and/or mass such as vulnerable road users (Biomechanics principle) 
[4]. For cyclists, the first priority is therefore a separation from motorized vehicles, especially where speeds 
are higher. In addition, a further distinction between cyclists in terms of their functionality (flow vs. exchange 
cyclists) or biomechanics (lighter and/or slower cyclists vs. heavier and/or faster cyclists) may be desirable 
depending on the feasibility of providing different infrastructure and route options for different target groups 
[5].  

A previous study [3] used the Sustainable Safety criteria to develop network safety indicators for car routes. 
From a safe route choice perspective, the safest car route should coincide with the fastest route. Dijkstra [3] 
identified nine criteria for safe car routes relating to safe transitions between road types (access, distributor 
and flow roads), limiting the share of the trip spent on access and distributor roads, minimizing travel distance 
and travel time to minimize exposure, and limiting the number of intersections and left turns.  

2.2 Indicators for safe cycling routes 

A literature review [6] has been conducted to identify factors at the levels of road design, route choice, and 
network structure which are important for the safety of cycling routes. Together with the original indicators 
for motor vehicles, this led to seven indicators which are relevant for cycling route safety: 
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1. Travel distance as short as possible:  
The shorter the distance of a route, the less risk a cyclist is exposed to.  

2. Travel time as short as possible:  
The shorter the cycling time, the less risk a cyclist is exposed to.   

3. As few intersections as possible, especially with distributor roads:  
Relatively many crashes happen at intersections, where cyclists come into potential conflicts with 
motor vehicles. Especially (at-grade) intersections between distributor roads should be avoided as 
much as possible as they are relatively unsafe for cyclists. At these intersections, roundabouts are 
preferred over signalized intersections.  

4. Cyclists should follow exclusive bicycle tracks as much as possible:  
Exclusive bicycle tracks are not bound to a road and are only accessible to cyclists. This makes the 
road segments safer compared to roads shared with motor vehicles.  

5. Cyclists should use distributor roads without separate bicycle tracks as little as possible:  
When speeds are higher than 30km/h, conflicts between motorized traffic and cyclists should be 
prevented. Therefore, roads with a 50 km/h speed limit or higher should have a separated bicycle 
track.  

6. As few left-turns as possible:  
Left-turns at intersections are known to be a risky maneuver for cyclists. They should therefore be 
limited as much as possible in a route.  

7. As few transitions and discontinuities as possible:  
Transitions between and discontinuities in the type of cycling infrastructure (e.g. a cycling path that 
continues on the other side of the street or changes into a cycling lane) lead to an increased safety 
risk and should therefore be avoided as much as possible. 

These seven indicators focus on limiting exposure and conflicts with motorised traffic. In addition, it may be 
advantageous to protect the most vulnerable road users (pedestrians and vulnerable cyclists) from large 
flows of fast and potentially higher-weight bicycle through-traffic and other potential users of bicycle 
facilities, like upcoming Light Electric Vehicles (LEVs). While research is lacking on the safety implications, an 
eighth route indicator may be considered regarding the separation of these different groups of cyclists (in 
line with the Sustainable Safety functionality and biomechanics principles).  

3 PRACTICAL APPLICATION 

The seven indicators identified above can be used to compare the safety levels of different route options 
between a given origin and destination (origin-destination pair) to identify locations in a network where route 
safety can be improved. Ideally, the most attractive and popular routes chosen by travelers in the network 
should also be as safe as possible for both the traveler and other road users. As routes remain the choices of 
travelers given the infrastructure available to them, for road authorities the route safety can primarily be 
influenced indirectly by measures taken at the levels of road design and network structure. Examples of 
measures to improve route safety at the network and road levels are shown in Table 1.  
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Table 1:  Measures at the network-level and road-level to improve cycling route safety 

Approach Measures for safe cycling routes 

Network-level 
measures 

• Separate motor vehicle flow traffic from access roads & bicycle traffic 
• Create direct cycling routes with minimal detour 
• Create exclusive bicycle paths where possible 
• Create bicycle through-routes on exclusive bicycle paths 
• Grade-separate or avoid cycle route intersections with distributor roads 
• Avoid left-turns and transitions between infrastructure types which require cyclists 

to cross motorized traffic 
• Make safe routes more attractive to cyclists, for example by increasing comfort or 

adapting traffic light settings  

Road-level 
measures 

• Create separated bicycle tracks along distributor roads 
• Limit speeds where conflicts between cyclists & motor vehicles can occur 
• No obstacles in the cycling infrastructure 
• Sufficiently wide bicycle paths 
• Quality surface: smooth, complete, clean, not slippery 
• Visual guidance  
• Forgiving cycle path/track edges and verges 

 

4 DISCUSSION AND RECOMMENDATIONS 

Consideration for where and how safe cycling routes fit into an infrastructure network is important not just 
at the level of road design—as is often the focus in cycling research—but also at the level of network structure 
and route design. The seven identified indicators of safe cycling routes are a tool to aid in decision-making 
when designing networks for new safe cycling routes and for identifying safety concerns in existing routes. 
As no weight factors have been estimated, it is at this point not possible to quantify the relative contributions 
of each indicator to an overall safety level. Rather, the indicators can be used in a primarily qualitative way 
to compare route alternatives with each other. Future research may focus on the different cyclist subgroups 
and functionalities and on realizing safe cyclist through-routes (flow function).  
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1 INTRODUCTION 

Accidents between bicycles and turning vehicles at signalized intersections are one of the most typical 
patterns of serious accidents [1]. The bicycle infrastructure can be categorized into bicycle track, bicycle lane, 
shared lane, and shared path, when these are connected to signalized intersections, in some cases interaction 
between bicycles and turning vehicles can cause dangerous conflicts. In order to better understand the 
mechanisms of these left-hook accidents in particular, and to guide countermeasures for protected 
intersections [2], it is necessary to focus on the driving behavior of bicycles and left-turning vehicles to 
identify design requirements for safer intersection that are compatible with the era of automated vehicles. 

Previous studies have suggested that bicycle accidents are associated with cognitive errors in motorists, and 
studies have been conducted on "selective cognition" or "inattentional blindness" [3][4]. Since these studies 
have focused on the oversight of objects, it is thought that the selection of conflicts among multiple objects 
by left-turning drivers may occurs at signalized intersections. 

Therefore, the purpose of this study is to identify the characteristics of selective conflicts between bicycles 
and left-turning vehicle based on trajectory data, and to compare conflict patterns using the Time to Collision 
(TTC) index [5], in order to gain insight into the design of intersection corners. 

2 RESEARCH METHODOLOGY 

2.1 Outline of Target Intersections 

In order to analyze the relationship between the type of bicycle infrastructure, cycling behaviors and left-
turning vehicle driving behavior, four signalized intersections were selected in the study. 

2.2 Classification of bicycle traffic patterns 

Because bicycles enter intersections in different ways depending on infrastructure conditions, nine patterns 
were prepared, A1, A2, A3, A4, B1, B2, C1, C2, and D, as shown in Figure 1. The initial letter A represents a 
bicycle traveling in the same direction with traffic, B represents a bicycle entering from a crossing direction, 
C represents a bicycle coming from the opposite direction, and D represents a bicycle stationary at a corner. 

2.3 Video Analysis and Evaluation Methods 

Video recording was conducted at each intersection during October 2020 to November 2021, each lasting 
approximately 3 hours. The analysis method used was DEEPSORT, which can track the type and coordinates 
of objects from the captured video using a Kalman filter, as shown in Figures 2 and 3. 

The risk of collision was evaluated using the Time to Collision (TTC) index. In this study, the two-dimensional 
TTC (vector type) index was used, in which potential collision point were calculated sequentially and the 
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distance to the point was divided by the velocity. To identify critical patterns, the selective conflict situations 
with multiple bicycles against one left-turning vehicle were classified as the first bicycle with the lowest TTC 
and the second bicycle with the second lowest TTC, and the average minimum TTC for each traffic pattern 
were compared. 

 

 
Figure 1: Bicycle traffic patterns (9 types) 

 

 
Figure 2: Tracking (frame: t) 

 
Table 1: Combination of passage patterns 

 Second bicycle 計  A B C D 

First 
bicycle 

A 22 4 3 6 35 
B 2 1 - 2 5 
C 2 - 1 1 4 
D - - - - 0 

total 26 5 4 9 44 
 

Table 3: TTC calculation results (First bicycle) 

 A B C 
n 35 5 4 

Mean 1.6 1.5 2.6 
SD 0.77 0.27 0.82 

 
Figure 3: Tracking (frame: t+1) 

 
Table 2: TTC Combinations 

 Second bicycle 計  <0.5 <1.0 <2.0 >2.0 

First 
bicycle 

<0.5 - 1 - - 1 
<1.0 - - 2 5 7 
<2.0 - - 6 18 24 
>2.0 - - - 12 12 

total 0 1 8 35 44 
 

Table 4: TTC calculation results (Second bicycle) 

 A B C D 
n 26 5 4 9 

Mean 2.3 2.2 3.5 - 
SD 0.74 0.20 0.29 - 
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3 RESULTS 

3.1 Conflict pattern 

The most common combination in the selective conflicts was A-A, as shown in Table 1, and the distribution 
of TTC showed that the TTC of the second bicycle was slightly larger than that of the first bicycle, as shown 
in Table 2. Here, there was a statistically significant difference (p<0.01) between the average TTC for the first 
and second bicycle. 

3.2 TTC by traffic pattern 

When comparing the average TTC of the first bicycle by traffic pattern, the TTC of A and B was smaller than 
that of C. The difference was statistically significant (p<0.01). 

The comparison of average TTC of the second bicycle by traffic pattern showed that, similar to the first bicycle, 
the TTC of A and B was smaller than that for C. The difference was statistically significant (p<0.01). 

4 CONCLUSIONS 

The results obtained and the suggestions based on them are as follows. 

The most common combination in the selective conflicts was A-A and the TTC of nearside bicycles tended to 
be the smaller, suggesting that avoiding multiple nearside bicycles entering the intersection at the same time 
may contribute to safety at intersection corners. 

The TTC of the second bicycle in selective conflicts was almost 2.0 seconds or longer, but in some cases the 
most dangerous situation was a pattern of nearside shortcuts that made it difficult for drivers of left-turning 
vehicles to predict the potential conflict point. 

The safety of bicycles entering the intersection varies with traffic patterns, and TTC values were significantly 
lower for nearside bicycles than for far-side bicycles, suggesting that this shortcoming left-turning drivers 
should be reflected in the design of intersection corners. 

ACKNOWLEDGMENTS 

This research was carried out as "Development of Traffic Safety Measures for Bicycles on Roadways based 
on Advanced Data Analysis.”, The commissioned research of "National Institute for Land and Infrastructure 
Management" under technology research and development system of "The Committee on Advanced Road 
Technology" established by MLIT, Japan. 

REFERENCES 

[1] Jennifer Warnera, David S. Hurwitza, Christopher M. Monsereb, Kayla Fleskesa, “A simulator-based 
analysis of engineering treatments for right-hook bicycle crashes at signalized intersections”, 
Accident Analysis and Prevention (2017), Vol.104, pp. 46-57. 

[2] Katerina Deliali, Eleni Christofa, Michael Knodler Jr, “The role of protected intersections in improving 
bicycle safety and driver right-turning behavior”, Accident Analysis and Prevention (2021), Vol.159, 
pp. 106295. 

[3] Hanne Beate Sundfør, Fridulv Sagberg, Alena Høye, “Inattention and distraction in fatal road crashes 
– Results from in-depth crash investigations in Norway”, Accident Analysis and Prevention (2019), 
Vol. 125, pp. 152-157. 

[4] Yingying Yan, Shiquan Zhong, Junfang Tian, Liang Song, “Driving distraction at night: The impact of 
cell phone use on driving behaviors among young drivers”, Transportation Research Part F, 
Psychology and Behaviour (2022), Vol. 91, pp. 401–413. 

[5] Miller, R., Huang, Q., “An adaptive peer to peer collision warning system.”, IEEE Veh. Technol. Conf. 
(2002), Vol. 1, pp. 317-321. 

ICSC2023_ID120



– 247 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

1 

Large cities are “enlargers” of cycling distractions: common technological and non-
technological distractions in >300 cities of different sizes 

 
Sergio A. Usechea*, Francisco Alonsoa, Aleksey Boykob, Polina Buyvolb, Isaac Castañedac, Boris Cendalesd, 
Arturo Cervantesc, Tomas Echiburue, Mireia Fausa, Zuleide Feitosaf, Jozef Gnapg, Mohd K. Ibrahimh, Kira H. 
Janstrupi, Ignacio Lijarcioa, Irina Makarovab, Rich McIlroyj, Miroslava Mikusovag, Mette Mølleri, Sylvain G. 

Ngueuteu-Fouakak, Steve O’Hernl, Mauricio Orozco-Fontalvom, Ksenia Shubenkovab, Felix Sieberti, Jose 
Soton, Amanda N. Stephenso, Yonggang Wangp, Ellias Willbergq, Phillip Wintersbergerr, Linus Zeuwtss, 

Zadir H. Zulkiplih, Javier Gene-Moralesa 
 

*Research Institute on Traffic and Road Safety (INTRAS), University of Valencia. 
Carrer del Serpis 29, 46022, Valencia, Spain. 

email: sergio.useche@uv.es 

 
 

a University of Valencia, Valencia, Spain 
b Kazan Federal University, Kazan, Russia 

c Anahuac University, Mexico 
d El Bosque University, Bogotá, Colombia 

e Universidad Católica de Chile, Santiago, Chile 
f Universidade de Brasilia, Brasilia, Brazil 
g University of Žilina, Briatislava, Slovakia 

h Malaysian Institute of Road Safety Research, Kajang, Malaysia 
i Technical University of Denmark, Copenhague, Denmark 

j University of Southampton, Southampton, England 
k Université de Dschang, Dschang, Cameroon 

l Tampere University, Tampere, Finland 
m Universidade de Lisboa, Lisboa, Portugal 

n Universidad Tecnológica de Bolívar, Cartagena, Colombia 
o Monash University, Melbourne, Australia 

p Chang’an University, Chang’an, China 
q University of Helsinki, Helsinki, Finland 

r Technical University of Wien, Wien, Austria 
s Ghent University, Ghent, Belgium 

 
Keywords: technological distractions, riding behavior, urban cyclists, cycling distractions, city size. 

 

1 INTRODUCTION 

Given its several benefits in terms of health, efficiency and sustainability contributions, cycling has acquired 
a main role for different stakeholders, including urban planners, public health practitioners, and policymakers 
[1]. Nevertheless, the growing use of bicycles in urban areas has brought with it a notable increase in crash 
rates in many cities worldwide, which is why the safety of cyclists has turned into a key issue to continue to 
promote an active, user-beneficial and reasonably safe mode of transportation [2]. 
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Although multifactorial, numerous risky cycling behaviors can increase the chances of a crash and injury (e.g., 
mobile phone use, and listening to music while riding). Previous research has analyzed the effects of using 
new technologies on cycling behavior (2,3). However, to the best of our knowledge, no previous research 
analyzed bicycle riding-related distracting behaviors related to the use of new technologies in relation to city-
size patterns.  

Therefore, this study aimed to compare the prevalence of common technology-related distracting sources 
among cyclists riding in cities of different sizes. According to the previous research (mostly retrieved from 
motor vehicle drivers), the specific traffic settings of larger cities (e.g., higher complexity, greater access to 
Internet-Connected Technologies – ICTs and app coverage) might increase the presence of technological 
distractions among road users, including bicycle riders [6,7]. 

2 METHODS 

This cross-sectional study used the information gathered from a sample of cyclists from 18 countries (≥ 300 
cities), which were categorized according to their population density in accordance with literature-based 
criteria, as follows: small city/town (population < 50,000), medium-sized cities (population 50,000 – 200,000), 
large cities (population 200,000 – 1,000,000), and megacities (population > 1,000,000). 

2.1 Participants 

The dataset of this study involved a total of 5,705 cyclists (39.7% females; age: 33.79 ± 13.55 years; weekly 
cycling hours: 5.40 ± 5.54 hours; typical trip length: 46.33 ± 39.50 minutes) from 18 countries on five 
continents which voluntarily participated in an electronic survey on cycling affairs. 

2.2 Survey contents 

For this research, participants responded to a set of questions about the use of technological devices while 
riding. Specifically, they were inquired about their engagement in both headphone and handheld electronic 
device use, with five possible answers (0= never ---- 4= always). Afterward, a set of third non-technological 
generic road distractions  (i.e., billboards, own thoughts, other users’ presence, other users’ behaviors, 
weather, and obstacles) were assessed through a dichotomous (yes/no) 6-item scale [4]. Finally, participants 
self-reported the number of traffic crashes suffered as a cyclist (regardless of their severity) during the five 
years before the study.  

2.3 Statistical analysis 

After basic data curation, descriptive analyses were conducted. The city size-based groups were determined 
as similar in terms of gender, age, and other sociodemographic parameters. Given that the purposes of riding 
reported by participants were often not single (e.g., one cyclist could choose both “commuting” and 
“leisure”), no segregated analyses were made on the basis of this variable. Rather, partial correlation analyses 
were used, in order to control for cycling intensity when assessing the relationships between city sizes and 
self-reported distractions. Further, one-way analysis of variance (ANOVA) was used to test the hypothesized 
differences between the four groups raised according to the cyclist’s city size. Effect sizes were assessed with 
eta partial squared (ηp2), where ηp2 < .06 constitutes a small effect, .06 ≤ ηp2 ≤ .14 constitutes a medium 
effect, and ηp2 > .14 constitutes a large effect. The post hoc testing was applied using the Tukey (HDS) 
adjustment; this method is especially advisable for non-normal distributions. All the statistical analyses were 
performed with IBMS SPSS (version 28.0; IBM Corp., Armonk, NY, US). 

 

3 RESULTS 

The correlational analysis outcomes are presented in Table 1. Among the most relevant correlations found, 
there stands out that the higher the city size (i.e., the number of inhabitants), the greater the frequency with 
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which cyclists engage in both headphones and handheld electronic device use. Further, and apart from the 
aforementioned, cyclists from more extensive urban areas tend to self-report a greater level of cycling 
distractions of both technological and non-technological nature. 

 

Table 1:  Partial correlations between study variables. 

Variable 2 3 4 5 

1 City size .086** .099** .129** .036* 

2 Headphones (frequency) 1 .375** .050** .093** 

3 Electronic devices (frequency) .375** 1 .082** .156** 

4 Generic distracting sources - NTb .050** .082** 1 .025 

5 Self-reported cycling crashesa .093** .156** .025 1 
Notes: Partial correlations controlled for cycling intensity. aThe time span used for self-reported 

crashes was 5 years; bNT= Non-technological distracting sources; **The correlation is statistically 
significant at the level p < .001.  

 

Secondly, there was found a set of significant effects of the city size on the three different issues addressed: 
first, the use of handheld electronic devices (F= 16.56, p < .001, ηp2= 0.01), headphone-wearing (F= 21.92, 
p< .001, ηp2= 0.01), and the overall self-reported exposure to other (i.e., non-technological) generic 
distracting sources (F= 86.73, p< .001, ηp2= 0.04). Descriptive statistics and Post Hoc (Tukey HSD) analysis 
can be found in Table 2, and graphically in Figure 1. 

 

 
Figure 1: City size-based prevalence of common distracting sources 
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Table 2:  Post-hoc (Tukey) analyses: Results divided per city size. 

Variable Gr. City Size N Mean Standard 
Deviation 

95% CI 
Lower Upper 

Use of headphones 

1 Small 1,100 1.133,4 1.50 1.05 1.23 
2 Medium 1,016 1.154 1.49 1.06 1.25 
3 Large 1,622 1.291,4 1.54 1.22 1.37 
4 Megacity 1,967 1.47* 1.51 1.41 1.55 
 Total 5,705 1.30 1.52 1.27 1.35 

Use of handheld electronic 
devices 

1 Small 1,100 .433,4 .79 .39 .48 
2 Medium 1,016 .493,4 .85 .44 .54 
3 Large 1,622 .641,2 1.00 .60 .69 
4 Megacity 1,967 .681,2 .95 .63 .72 
 Total 5,705 .59 .93 .56 .61 

Non-technological 
Distractions 

1 Small 1,100 1.41* .72 1.37 1.46 
2 Medium 1,016 1.33,4 .69 1.30 1.38 
3 Large 1,622 1.291,4 .67 1.27 1.33 
4 Megacity 1,967 1.64* .65 1.61 1.66 
 Total 5,705 1.44 .69 1.43 1.46 

Notes: *Statistically significant differences with all the rest of the groups; 1,2,3,4: statistically significant 
differences with groups 1,2,3, or 4, respectively; Gr.: Groups being compared; CI: 95% Confidence Interval. 

 

4 CONCLUSIONS 

This study aimed at comparing the prevalence of common technological distraction-related factors in urban 
cycling in accordance with city sizes. The most noteworthy finding was that riders from bigger cities, 
especially from megacities, uniformly self-reported the greatest use of handheld electronic devices and 
headphones and the affectation by non-technological common distractions. 

Additionally, the exploratory correlational analysis showed positive correlations between self-reported 
distractions and city sizes, suggesting that technological (but also non-technological) distraction sources, 
apart from being more present in big cities’ social and mobility-related dynamics, could be getting 
“normalized” in the absence of greater addressing from transport policing. 

Although there is a scarce number of previous studies addressing this issue among cyclists, the results of this 
research show consistency with them, as well as with studies carried out with motor vehicle drivers and 
pedestrians [5-7]. Further, the outcomes of this study highlight the need for further educational, normative, 
informative, and law-enforcing actions aimed at discouraging the use of technological distracting sources 
among cyclists. 
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1 INTRODUCTION 

In recent years, cycling has gained significant popularity in many countries due to various factors and 
dynamics. These include a growing environmental awareness, as well as the search for healthier and more 
convenient transportation options. Indeed, promoting modal shifts towards active transportation is widely 
recognized as beneficial for the population in terms of health, social and welfare-related aspects [2]. 
Moreover, the COVID-19 pandemic and the mobility restrictions imposed in some areas have further 
encouraged cycling as a safe and sustainable alternative for daily trips [1].  
 
The rapidly increasing cycling density has also led to higher involvement rates of cycling crashes in many 
regions [3]. In the Spanish context, recent studies have highlighted historical issues such as the lack of 
adequate infrastructure for cycling, inter-user conflicts, and a disregard for traffic rules by both cyclists and 
other two-wheeled riders, as posing significant threats to cycling safety [4]. Furthermore, especially in urban 
areas, the lack of experience, knowledge of traffic rules, and risk perception of "new cyclists" (typical in cities 
with lower degrees of cycling tradition) has been identified as a particularly concerning formula for short- 
and mid-term cycling safety [5,6]. 
 
The primary objective of this study was to examine the association between fundamental user characteristics 
and self-reported positive and risky cycling behaviors among cyclists in Spain 
 
2 METHOD 

In this study, we collected self-reported data from a sample of n=335 Spanish cyclists (M=33.71 years; 58% 
men, 41.8% women; 0.2% other) representing all 17 regions of the country. An online questionnaire was used 
to gather information on participants' demographic data (e.g., age, gender, experience), cycling patterns 
(e.g., trip frequency, duration, and most frequent motives), self-rated performance, and cycling behavior 
measured by the Cycling Behavior Questionnaire (CBQ) [7,8], which measures self-reported traffic violations, 
errors, and positive behaviors. Risk perception and self-reported cycling rule knowledge were assessed using 
the Risk Perception and Regulation Scale (RPRS), previously validated in several countries [8]. Additionally, 
the 12-item version of the Goldberg's General Health Questionnaire (GHQ) [9] was used to measure cyclists' 
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psychological distress. Lastly, participants were asked to report the number of cycling crashes they had 
experienced in the previous five years. 
 
After data curation, we conducted descriptive analyses, and scale scores were computed as per the authors' 
instructions. Spearman's rho correlation analysis was used to investigate potential associations between 
pairs of variables. Furthermore, a logistic regression model (Logit) was employed to estimate the impact of 
the study variables on the likelihood of experiencing cycling crashes in the past five years, with independent 
factors log-transformed. All statistical analyses were performed using IBM SPSS software, version 28. 
 
3 RESULTS 

In terms of descriptive statistics, the Spanish cyclists included in this study reported a weekly cycling intensity 
of M=3.6 hours and an average trip duration of M=34.9 minutes. Approximately one-third of the participants 
(35.2%) reported using their bicycle on a daily basis, while 35.8% used it for sport/fitness purposes. Less than 
half of the participants (43.6%) reported using their bicycle for specific trips, while approximately 60% 
reported having cycled in groups at least once. The bicycle was used as a job tool by only a small percentage 
of participants (5.4%). 
  

Table 1:  Bivariate correlations among study variables 

Study variablea Mean SDb 1 2 3 4 5 6 7 8 9 

1 Age 33.71 14.61 --         

2 Weekly cycling intensity 3.60 4.95 .298** --        

3 Self-rated performance 7.34 2.14 .193** .304** --       

4 Traffic rule knowledge 3.23 .76 .337** .270** .315** --      

5 Risk Perception 3.28 .77 .235** .065 .188** .562** --     

6 Psychological Distress 1.57 0.54 -.445** -.169** -.069 -.327      

Cycling behaviors 

7 Violations .49 .51 -.146** .248** .291** -.057 -.102 -.125 --   

8 Errors .38 .39 .032 .070 .135* -.091 -.044 .084 .501** --  

9 Positive behaviors 2.92 1.015 .228** .067 .319** .470** .539** -.223 -.170** -.086  

Safety outcomes 

10 Cycling crashes .52 1.23 -.52 .107 .135* -.016 -.102 .110* .274** .240** -.092 

 Notes for the table: aSelf-reported indicators; bSD= Standard Deviation; *The correlation (rho) is significant at the level .050 (two-tailed); ** The 
correlation (rho) is significant at the level .001 (two-tailed). 

 

The relationships between the continuous study variables were evaluated using bivariate analyses, which are 
fully presented in Table 1. The results show positive and significant associations between several bicycle user 
characteristics and their road risk-related behaviors. Notably, there was a negative correlation between 
cyclists' age and traffic violations, but a positive correlation between age and protective behaviors. 
Additionally, a greater weekly cycling intensity was associated with a higher frequency of traffic violations. 
Conversely, cyclists who had a greater perception of risk and cycling rule knowledge exhibited positive 
behaviors more frequently. 
 
 
 

ICSC2023_ID122



– 254 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

3 

Regarding self-reported cycling crashes, the study found a positive association between a higher self-rated 
cycling performance (i.e., cyclists' perception of their own riding skills) and the frequency of riding errors and 
traffic violations. Furthermore, a logistic regression model was used to predict the likelihood of self-reported 
cycling crashes based on the study variables. The model had an overall accuracy of 76.3%, a -2 log likelihood 
of 331.456, and a Nagelkerke's R2 coefficient of .242, explaining 24.2% of the variance. The results showed 
that self-rated performance, psychological distress, traffic violations, and riding errors (with a greater 
magnitude) were significant positive predictors of cyclists' involvement in crashes. These variables increased 
the odds ratios. Conversely, risk perception decreased the odds ratios. See Table 2 for more details on the 
logistic regression analysis. 

 

Table 2:  Logistic regression model to predict self-reported cycling crash involvement (dichotomous) 
based on individual factors and riding behaviors. 

Variable B SEb Wald Sig.c Exp(B) 
95% CI EXP(B)d 

Lower Upper 

Constant -4.255 1.225 12.071 *** .014     

Individual user features 

Age .006 .012 .279 .598 1.006 .984 1.029 

Gendera .112 .309 .126 .723 1.116 .609 2.047 

Cycling weekly hours .047 .032 2.141 .143 1.048 .984 1.115 

Typical trip length .002 .004 .288 .592 1.002 .994 1.011 

Self-rated performance .203 .091 4.98 * 1.225 1.025 1.464 

Traffic norm knowledge .188 .249 .57 .450 1.207 .741 1.968 

Risk Perception -.127 .066 3.52 * .881 .774 1.002 

Psychological distress .653 .301 4.73 ** 1.921 1.067 3.459 

Cycling behavior  

Traffic Violations .595 .381 7.761 * 1.781 .934 3.453 

Riding Errors 1.17 .390 8.986 * 3.221 1.499 6.921 

Positive Behaviors -.227 .188 1.454 .228 .797 .551 1.152 

Notes: aCategorical variable. Reference= Male cyclists; bSE= Standard Error; cp-value; dConfidence Interval at the 95% level; 
*Significant at the level < .050; **Significant at the level < .010; ***Significant at the level < .001.  

 

4 CONCLUSIONS 

In conclusion, this study sheds light on the relationships between the characteristics of Spanish bicycle users, 
their cycling behaviors, and the crashes they get involved in. The results reveal that both violations and errors 
of Spanish cyclists significantly contribute to the crashes they suffer, highlighting the need for effective 
strategies to promote safer cycling practices. Additionally, there is a positive link between self-rated cycling 
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performance and crash involvement, which raises concerns about cyclist overconfidence and greater risk 
assumptions, particularly in countries with a 'young' cycling tradition. 

Moreover, the study highlights the role of mental health issues and risk perception in self-reported crash 
involvement, underscoring the need to consider these factors in potential interventions. These findings can 
be of significant value for public policy decision-makers and urban infrastructure designers to develop more 
effective strategies to prevent and reduce cycling crashes. By addressing the identified factors related to 
cycling crashes, such as promoting safe cycling practices, addressing mental health concerns, and improving 
risk perception, policymakers and designers can help create a safer and more sustainable cycling 
environment for everyone. Overall, this study provides valuable insights into the relationship between cycling 
behaviors and crashes, highlighting the importance of promoting safe cycling practices and developing 
evidence-based interventions. 
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1 INTRODUCTION 
Underreporting of cyclist collisions in official police road safety reports poses a problem when compiling road 
safety statistics, particularly for single bicycle collisions (SBCs) where no third party is involved, and those 
collisions resulting in minor injuries. The extent of underreporting of cyclists injured in SBC’s requiring 
hospital treatment (admitted or attending an emergency department) is estimated between 2% and 4% [1–
3]. The consequences is that unreported cyclist collisions are excluded from road safety statistics used to 
identify road safety measures designed to reduce risk for cyclists and prioritise areas where improvements 
are required [4]. It is necessary to identify supplementary cyclist collision data sources to provide a more 
complete picture of the overall road safety problem for cyclists. Alternative data sources used to supplement 
these include hospital records [5, 6]. While hospital records provide details about the injuries sustained, they 
rely on retrospective surveys circulated to injured cyclists to establish details about the contributory factors 
associated with the collision circumstances. However these surveys are subject to patient memory recall 
issues [7] and may exclude patients with severe head or spinal injuries [8]. Only a few of these studies[5] 
examine the actual route and location where a collision occurred.     Knowledge about the geographic location 
where collisions occur in the road network including their proximity to intersections, bike lanes, and other 
road infrastructure is essential for understanding the road safety problem for cyclists [3]. There is a need to 
identify alternative collision data sources that provide both details about the injuries sustained and the 
location where the collision occurred.  

This study evaluates how effective emergency response records (ERRs) of injured cyclists attended by the 
Emergency Ambulance Services (EASs) in Dublin are for supplementing Police Collision Reports (PCRs).  Unlike 
hospital records ERRs are georeferenced to assist the EAS respond quickly to the injured party. The study 
uses the georeferenced information to integrate ERRs with other road environment data using spatial tools 
in a Geographical Information System (GIS) to establish details about the road environment. The study 
compares the collisions and contributory factors from the ERRs with PCRs to determine how effective they 
are for addressing the underreporting issue in PCRs.  

2 DATA AND METHOD 
This study compares PCRs with ERRs of cyclist collisions that occurred in Dublin City between 2006 and 2016. 
Data was provided from the Road Safety Authority and Dublin Fire Brigade and used for this analysis. In total, 
2299 cyclist collisions were reported to the police, and the EAS attended 1821 cyclist incidents in Dublin City 
between 2006 and 2016. Of the 2299 PCRs, 1876 (81.6%) involved a motorised vehicle and 257 (11.2%) were 
SBCs.  In contrast, of the 1821 ERRs, 1577 (86.6%) were SBCs and 118 (6.5%) involved a motorised vehicle.  
 

ICSC2023_ID124



– 257 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

2 

Both datasets included demographic and temporal information about each case. Georeferenced information 
was also provided for each case which enabled them to be examined and compared spatially in a GIS. Details 
about the road environment contributory factors were not included in the ERRs but were established by 
integrating them with road environment datasets using spatial tools in a GIS. The roads dataset was provided 
from the national mapping agency and included road classification and intersection types.  which enabled 
these details to be assigned to each record. For intersections, collision within a 25m proximity to a road 
intersection were assigned a junction value, otherwise they were treated as midblock collisions.  Other 
datasets used were the cycle network, bus lanes, traffic lights, tram lines and lane use. 

Descriptive statistics were undertaken to describe the characteristics of both datasets and to determine how 
effective ERRs are for supplementing PCRs. Pearson’s chi-squared tests (χ2) were performed to identify if 
there is a statistically significant difference between ERRs and PCRs in relation to collision type, age, time of 
day and the road environment where they occurred. Unadjusted odds ratios were computed to compare the 
probability of emergency services attending specific collision types, demographic, and temporal factors to 
the probability of collisions being reported to the police. 

3 RESULTS 
Most collisions attended by emergency services are SBCs where there are no other third parties involved. 
SBCs are 53 times more likely to be attended by the EASs (unadjusted OR: 53.10, 95% CI: 43.99, 64.11, P = 
0.000), whereas BMV’s are more likely to be reported to the police (unadjusted OR: 0.16, 95% CI: 0.13, 0.20, 
P = 0.000). Cramer’s V indicates a strong degree of association with the type of collision attended by EASs 
more likely to be SBCs (χ2  = 2362, p < 0.001, ϕc 0.76) while BMV’s (χ2  =2293, p < 0.001, ϕc 0.75) have a strong 
association with being reported to the police.  

Children under 12 and those over 65 are most likely to be attended by emergency services. Cramer’s V 
indicates a low association between under 12s and over 65’s (0.193 and 0.105 respectively) attended by EASs. 
However, EASs are 6 times more likely to attend children aged under 12 (unadjusted OR: 6.35, 95% CI: 4.57, 
8.83, P = 0.000) and almost 4 times more likely to attend over 65 years old’s (unadjusted OR: 3.73, 95% CI: 
2.48, 5.50, P = 0.000).  

EASs are most likely times to attend cyclist victims at night-time (unadjusted OR: 1.53 95% CI: 1.30, 1.80, P = 
0.000). The month of the year is also a factor, with the EASs more likely to attend injured cyclists during the 
summer month of June, July and August. emergency services attend twice as many incidents in August 
(unadjusted OR: 1.50, 95% CI: 1.21, 1.85, P = 0.000), whereas more collisions are reported to the police in 
some winter months including January (unadjusted OR: 0.77, 95% CI: 0.59, 1.00, P = 0.000) and November 
(unadjusted OR: 0.78, 95% CI: 0.63, 0,98, P = 0.000).   

EASs attend more collisions located on midblock road sections (unadjusted OR: 2.18, 95% CI: 1.92, 2.48, P = 
0.000) that do not have any cycle infrastructure (unadjusted OR: 0.29, 95% CI: 0.25, 0.33, P = 0.000).  EASs 
are less likely to attend collisions at intersections (unadjusted OR: 0.21, 95% CI: 0.19-0.24, P = 0.000). 
However, when junction types are analysed, the results indicate that emergency services are twice as likely 
to attend collisions at T junctions than those reported to the Police (unadjusted OR: 1.91, 95% CI: 1.58, 1.84, 
P = 0.000). In contrast, emergency services are less likely to attend collisions at crossroads or roundabouts 
(unadjusted OR: 0.48, 95% CI: 0.38, 0.61, P = 0.000) (unadjusted OR: 0.47, 95% CI: 0.25, 0.88, P = 0.000) 
respectively, which suggests cyclists are more likely to be involved in collisions with motorised vehicles at 
these types of junctions.  

Emergency services were less likely to attend incidents on second-class roads (unadjusted OR: 0.23, 95% CI: 
0.20, 0.27, P = 0.000), whereas they are over 5 times more likely to attend incidents on fourth class, 
residential roads (unadjusted OR: 5.10, 95% CI: 4.01, 6.47, P = 0.000). 
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4 DISCUSSION AND CONCLUSIONS  
The study demonstrates the effectiveness of using emergency ambulance data for supplementing police 
collision reports. Unlike PCRs that capture mainly cyclist collisions involving motorised vehicles, most 
collisions attended by EAS are SBCs. This study has shown how integrating ERRs with other road environment 
datasets in a GIS, it is possible to gain insight into different types of collisions particularly SBCs that are not 
reported to the police.  Knowledge about the location in the road network where collisions occur including 
their proximity to intersections, bike lanes, and other road infrastructure is essential for understanding the 
road safety problem for cyclists and can guide policy makers about where interventions in the road network 
must be implemented to reduce these risks in the future.  

While ERRs do have some limitations related to their locational accuracy data, this study demonstrates their 
benefits for supplementing police collision reports. It must be acknowledged that emergency response data 
was never collected specifically to supplement official police collision reports, however the results presented 
in this research compare favorably with those using retrospective hospital-based analysis. Given that ERR 
data is collected in real-time on a continual basis, this study highlights the potential of using ERRs to 
supplement PCRs when compiling road safety statistics. Their inclusion can help inform policy makers on 
where to targeted interventions aimed at improving cyclist safety that are would otherwise be excluded from 
PCRs.   
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1 MOTIVATION 

Cyclists are exposed to a high risk of injury in road accidents [1]. Various approaches are being explored to 
create a safer environment for cyclists, such as dedicated lanes or the separation of motorized and non-
motorized traffic [2]. As infrastructural solutions are not possible everywhere, alternative options should also 
be considered. For example, technology-based support could make drivers aware of cyclists, e.g., when turning 
right [3], when overtaking [4], or to prevent dooring [5, 6]. 

We believe it is equally valuable to provide cyclists with tools to identify hazards they may not notice or easily 
overlook. There are some approaches to assist cyclists in potentially dangerous situations through on-bike 
systems, e.g., [7, 8]. In our view, the main benefit of hazard notifications is to make cyclists aware of potential 
hazards. They could enable them to react deliberately when a hazard appears, instead of being surprised. 

2 HAZARD NOTIFICATION SYSTEMS FOR CYCLISTS: POTENTIAL AND CHALLENGES 

Based on the findings of three user studies (N=77) that we conducted in simulated situations (mixed reality and 
on a test track), we outline how hazard messages could be presented to cyclists and the challenges to 
implementing digital support for cyclists. Two studies were focused on potential dooring situations and one on 
hazards from overtaking vehicles [9, 10]. Participants experienced rides with and without awareness messages 
of potential hazards.  This work is intended to provide a framework for further research on early hazard 
notifications directed at cyclists.  

2.1 Hazard Detection 

Information about the cyclist’s surroundings and other road users is required to detect hazards. Due to the 
limited range covered by on-bike sensors [7, 8], we considered using connected traffic technologies [11] to 
cover a  wider area. In addition, technological advances, such as 5G, connected traffic, and related technologies 
[11, 12], could enable real-time hazard detection. In combination with powerful smartphones, cyclists could be 
effectively supported.  In our user studies, messages were generated based on a few pieces of information: 
Position of the cyclist and hazard, direction, speed, and, in dooring situations, vehicle occupancy. 
Implementation challenges include the distribution of necessary sensors for data collection and the prediction 
(accuracy) of potential hazards.  

2.2 Provision and Communication of Hazard Notifications to Cyclists 

Adequate timing of hazard notifications is important. The time frame provided should allow for (1) noticing an 
incoming message, (2) becoming aware of the current situation, (3) making a decision, and (4) taking action if 
necessary. In conditional automated driving, where the driver may be asked to regain control of the vehicle, 7 
seconds to complete these steps were considered appropriate [13]. We provided notifications 9 seconds in 
advance of a potential hazard, which was perceived as adequate by most of our participants to assess the 
situation and prepare for it. 
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However, some hazards may not be identified at this early stage. It is an open question whether this time frame 
can be met for most potential hazards. Warnings should be used in situations where hazards can only be 
detected just before they occur. It must also be ensured that the messages are displayed in real time. 

Hazard notifications should be easy-to-understand and non-distracting. Related work has contributed insights 
such as which modalities work best to use in a cycling context [14]. As part of our research, we were able to 
deduce that a combination of visual cues with a supporting cue should be used to alert cyclists to potential 
hazards at an early stage. A head-worn device with a see-through display, audio output, and/or integrated 
tactile motors could therefore be suitable for conveying feedback. In this way, unlike other approaches, the 
messages could be received at all times regardless of the direction of gaze or hand contact with the handlebars 
[15]. Furthermore, we concluded that hazard notifications should inform the user of the elapsed time (indicates 
the approach to the hazard), the hazard type, and its relative position to the cyclist. Our participants responded 
positively to the information provided. They also preferred either auditory (about 60%) or tactile (about 30%) 
feedback as a supporting cue. These additional modalities should be used to make cyclists aware of an incoming 
notification and update them about closing in on a hazard (redundancy). 

A major challenge is the simultaneous presence of multiple hazards. Prioritization must be performed here. In 
addition, it is essential to provide precise time and direction information, which depends heavily on localization 
accuracy; an accuracy of 1-2 meters is already achievable with smartphones. 

2.3 Using Hazard Notifications 

Most of our participants (about 90%) found hazard notifications helpful. We saw a significant increase in 
perceived safety while cycling compared to unassisted rides. In addition, they also reported that hazard alerts 
while cycling were highly usable and intuitive. 

On the user side, we could derive a major challenge that needs to be addressed in future work: users could 
over-rely on hazard messages, which could lead to inattention to other hazards. Road users should always be 
vigilant, but the use of assistance systems can easily lead to a false sense of security. As a countermeasure, we 
suggest an initial phase where users can learn about the notification system and how to use it properly, i.e., as 
a support, not a substitute for their own attention. 

Although our participants’ acceptance of the use of hazard alerts about potential hazards was relatively high, 
it is unclear how they would deal with “false positives”. After all, receiving a hazard notification does not 
necessarily imply that the hazard will occur. In addition, it is important to examine how users would respond 
to repeated notifications when no hazard has occurred. With higher traffic density, the number of notifications 
is likely to increase. 

Our participants responded well to using a head-mounted device. However, they should be lightweight, so they 
don't cause headaches or weigh down the head (our mock-up, a Microsoft HoloLens2, was quite heavy). As a 
result, the technical components required for the processing of hazard notifications cannot be installed there. 
Therefore, a companion device, such as a smartphone, must handle the data processing. Current devices with 
transparent displays also have the problem that the contrast and brightness of the visual content projected 
onto the viewing surface are too low, making it difficult to recognize the content. 

3 CONCLUSION 

Hazard notifications for bicyclists could be a potential measure to improve cyclist safety. However, connected 
traffic technologies would be required to provide feedback on a wide range of potential hazards. Implementing 
such technology is challenging in itself and therefore a limitation of our approach. We have highlighted several 
issues that need to be considered when providing hazard information to cyclists. Future work will need to 
address how such support can be implemented in a real-world system and how the challenges can be 
overcome. 
 

ICSC2023_ID128



– 264 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

3 

4 REFERENCES 

[1] Destatis - Statistisches Bundesamt, "Verkehrsunfälle - Kraftrad- und Fahrradunfälle im Straßenverkehr 
(2018)," 2019. 

[2] J. H. van Petegem, P. Schepers, and G. J. Wijlhuizen, "The safety of physically separated cycle tracks 
compared to marked cycle lanes and mixed traffic conditions in Amsterdam," European Journal of 
Transport and Infrastructure Research, vol. 21, no. 3, pp. 19–37, 2021, doi: 
10.18757/ejtir.2021.21.3.5283. 

[3] J. Warner, D. S. Hurwitz, C. M. Monsere, and K. Fleskes, "A simulator-based analysis of engineering 
treatments for right-hook bicycle crashes at signalized intersections," Accident; analysis and prevention, 
vol. 104, pp. 46–57, 2017, doi: 10.1016/j.aap.2017.04.021. 

[4] T. Brijs, F. Mauriello, A. Montella, F. Galante, K. Brijs, and V. Ross, "Studying the effects of an advanced 
driver-assistance system to improve safety of cyclists overtaking," Accident; analysis and prevention, vol. 
174, p. 106763, 2022, doi: 10.1016/j.aap.2022.106763. 

[5] C. Scharfenberger, S. Chakraborty, and G. Färber, "Robust Image Processing for an Omnidirectional 
Camera-based Smart Car Door," ACM Trans. Embed. Comput. Syst., vol. 11, no. 4, pp. 1–28, 2012, doi: 
10.1145/2362336.2362354. 

[6] M. Zhu, L. Han, F. Liang, C. Xi, L. Wu, and Z. Zhang, "A Novel Vehicle Open Door Safety System Based on 
Cyclist Detection Using Fisheye Camera and Improved Deep Convolutional Generative Adversarial Nets," 
in IV, Paris, France, 2019, pp. 2195–2201. Accessed: Feb. 5 2021. 

[7] W. Jin et al., "CycleGuard: A Smartphone-based Assistive Tool for Cyclist Safety Using Acoustic Ranging," 
Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., vol. 5, no. 4, pp. 1–30, 2021, doi: 
10.1145/3494992. 

[8] Garmin Ltd., Varia™ RTL516. [Online]. Available: https://buy.garmin.com/de-DE/DE/p/698001#overview 
(accessed: Jan. 20 2024). 

[9] T. von Sawitzky, T. Grauschopf, and A. Riener, "Hazard Notifications for Cyclists: Comparison of 
Awareness Message Modalities in a Mixed Reality Study," in 27th International Conference on Intelligent 
User Interfaces (IUI '22), Helsinki, Finland, 2022, pp. 310–322. 

[10] T. von Sawitzky, T. Grauschopf, and A. Riener, "“Attention! A Door Could Open.”—Introducing 
Awareness Messages for Cyclists to Safely Evade Potential Hazards," MTI, vol. 6, no. 1, p. 24, 2022, doi: 
10.3390/mti6010003. 

[11] M. Jenkins, D. Duggan, and A. Negri, "Towards a connected bicycle to communicate with vehicles and 
infrastructure," in 2017 IEEE Conference on Cognitive and Computational Aspects of Situation 
Management (CogSIMA 2017): Savannah, Georgia, USA, 27-31 March 2017, Savannah, GA, USA, 2017, 
pp. 1–3. 

[12] M. Baqer and A. Krings, "On the Reliability of VANET Safety Applications for Bicycles," in 2019 IEEE 
ICCVE: The 8th IEEE International Conference on Connected Vehicles and Expo (ICCVE) : 2019 conference 
proceedings : November 4-8, 2019, Graz, Austria, 2019, pp. 1–6. 

[13] C. Gold, M. Körber, C. Hohenberger, D. Lechner, and K. Bengler, "Trust in Automation – Before and After 
the Experience of Take-over Scenarios in a Highly Automated Vehicle," Procedia Manufacturing, vol. 3, 
pp. 3025–3032, 2015, doi: 10.1016/j.promfg.2015.07.847. 

[14] E.-H. Erdei, J. Steinmann, and C. Hagemeister, "Which signal modalities do cyclists prefer based on 
experiences in road traffic?," Traffic injury prevention, vol. 22, no. 8, pp. 640–645, 2021, doi: 
10.1080/15389588.2021.1985113. 

[15] I. Kreißig, S. Springer, and J. F. Krems, "Cycling Safety at the Fore - Evaluation of a Cyclist Warning 
System from a User Perspective," in HCI International 2022 Posters, 2022, pp. 223–230. 

ICSC2023_ID128



– 265 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

1 

Sickness absence and disability pension among bicyclist after an accident, a 
nationwide register-based study comparing bicyclist with other road user groups 

with matched references 

L. Kjeldgård*, H. Stigson#, K. Farrants†, E. Fribergǂ 
*Department of Clinical Neuroscience 

Karolinska Institutet 
171 77, Stockholm, Sweden 

email: linnea.kjeldgard@ki.se 

#Department of Clinical Neuroscience 
Karolinska Institutet 

171 77, Stockholm, Sweden 
email: Helena.stigson@ki.se 

†Department of Clinical Neuroscience 
Karolinska Institutet 

171 77, Stockholm, Sweden 
email: Kristin.farrants@ki.se 

ǂDepartment of Clinical Neuroscience 
Karolinska Institutet 

171 77, Stockholm, Sweden 
email: emilie.friberg@ki.se 

Keywords: sick leave, road user groups, traffic injury. 

1 INTRODUCTION 

Globally, road traffic injuries contribute to 1.3 million deaths per year [1]. In addition, between 20 and 50 
million individuals suffer non-fatal injuries which could lead to disability [1]. Bicyclists are the road user group 
with the highest number of severe injuries in Sweden and in all EU[2, 3]. Being injured in a road traffic 
accident may affect the individual’s work ability and lead to sickness absence (SA) and disability pension (DP). 
Previous research on pedestrians and bicyclists has shown that about a fifth of individuals injured in a road 
traffic accident have a new SA spell in connection with an accident [4, 5], and about a tenth among injured 
car occupants[6]. Moreover, in the long-term, studies have found heterogeneity in duration, reoccurrence, 
and diagnosis of SA and DP during the years following the accident  [7-9]. However, SA and DP after a road 
traffic accident have not been studied in relation to the general population.  

The aim was to estimate excess diagnosis-specific SA and DP among bicyclists and other road user groups 
injured in a road traffic accident compared to matched references without such injury. 

2 METHODS 

A nationwide register-based study, including all working individuals aged 20-59 years and living in Sweden 
who in 2015 had in- or specialized outpatient healthcare after a new traffic-related injury (n=20,177) and 
population-based matched references (matched on: sex, age, level of education, country of birth, living in 
cities) without traffic-related injuries during 2014-2015 (n=100,885). Annual diagnosis specific (injury and 
other diagnoses) net days of SA and DP were assessed during 5 years, one year before (Y-1) and four years 
after (Y+4) the date of the injury (T0) and was compared to non-injured matched references. Mean SA and DP 
net days/year for each road user group and mean differences of (excess) SA and DP net days/year compared 
with their matched references were calculated with independent t-tests with bootstrapped 95% confidence 
intervals (CIs).  

3 RESULTS 

There were 20,177 working individuals with in- or specialized outpatient healthcare due to a new traffic 
accident including fall accidents in 2015 aged 20-59 years and 100,885 matched references. A third of the 
injured road users were bicyclists, 31% car occupants, 16% pedestrians (including fall accidents), and 19% 
were other road users (of which most were motorcycle/moped, 82% of other road users). Pedestrians and 
other road users were the groups with the highest mean number of SA days during the first year following 
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the accident (51 and 49 days/year respectively). In the second year, car occupants had the highest mean 
number of SA days (26 days/year). The matched references had between 8 and 13 SA days/year throughout 
the study period (Figure 1).  

 
Figure 1: Average net days/year of sickness absence (SA) for the references and excess SA for the injured in the 

different road user groups. 

The excess SA days/year were elevated for all road user groups all five studied years. Excess SA due to injury 
diagnoses was 15-35 days/year during the first year following the accident (Figure 2). Excess SA due to 
diagnoses other than injuries were about eight days/year during the whole study period for pedestrians and 
car occupants and about zero for the bicyclists.  

 
Figure 2: Excess sickness absence (SA) net days/year due to injury diagnoses and other diagnoses before and after the 

accident compared to their matched references and 95% bootstrapped confidence intervals. 

The excess DP was low, although it increased every year after the accident for pedestrians and car occupants; 
for bicyclists no excess DP was seen (Figure 3).  
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Figure 3: Excess disability pension (DP) net days/year due to injury diagnoses and other diagnoses before and after the 

accident compared to their matched references and 95% bootstrapped confidence intervals. 

4 CONCLUSIONS 

Higher levels of SA due to injury diagnoses were seen among all road user groups during the first year after 
the accident compared to their references. Pedestrians and car occupants had more excess SA due to other 
diagnoses and more excess DP throughout the study period, while bicyclists had no such excess SA or DP 
compared to their references. 
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1 INTRODUCTION 

Overall, cycle crashes are characterized by a high proportion of single-bicycle crashes, with various factors 
relating to the road surface and – in addition to rails – curbs being an important factor in such crashes. Various 
studies have already investigated the significance of the problem. Primarily, these studies have so far been 
conducted in Sweden, Denmark, the Netherlands, and Germany. After several serious crashes involving curbs 
in the city of Salzburg, the relevance of the topic is now being investigated in Austria for the first time. 

2 ACCIDENT ANALYSIS 

The IDB Austria (Injury Database Austria) was used as the data source for an accident analysis. The IDB is 
based on interviews with injured persons in selected hospitals throughout Austria, in which detailed facts 
about the person involved, products involved, causes of the accident and accident severity are collected. 
Together with the accident description, this results in a unique data basis for accident prevention. Trained 
interviewers guarantee high quality data. 

A total of 259 interviews from 2017 to 2021 could be analyzed in which, according to the accident description, 
a curb was accident-causal or played a role in the course of the accident. For all accidents, an analysis of the 
textual description of how the accident occurred was conducted. Accidents with curbs that did not occur 
while driving (e.g., tripping over a curb while pushing the bicycle) were not included in the further analysis 
(n=10). Thus, a total of 249 accidents could be analyzed in more detail. The proportion of accidents involving 
curbs in all accidents included in the IDB was higher for e-bikes (12.4%) than for muscle-powered bicycles 
(8.7%). 

Table 1:  Sample size of interviews about crashes with curbs in the IDB database (2017-2021). 

Type of bicycle Number of crashes with 
curbs 

Number of curb crashes as share 
of total number of crashes [%] 

muscle-powered bicycle 199 8.7% 

e-bike/pedelec 50 12.4% 

total 249  

From the analysis of the textual description of the accident it was possible to distinguish between the 
following types of curb contact: (1) Deliberate driving up or down the curb, e.g. to change from the sidewalk 
or bike track to the road or vice versa. (2) Unintentional contact with the curb. (3) The curb was only relevant 
to the accident in the course of the fall, but the contact with the curb did not cause the accident. (4) 
Descriptions from which it was clear that a curb was involved, but it was not clear in what form. The majority 
of curb crashes were accidents with unintentional contact (67% bicycle, 80% e-bike); deliberate driving up or 
down the curb was the trigger for one in four bicycle accidents (25%) and one in five e-bike accidents (18%).  
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The majority of curb crashes were single-bicycle crashes (bicycle 89%, e-bike 88%). In 1 out of 10 crashes 
(bicycle: 10%, e-bike: 12%) other road users were involved, the interaction with them was accident-causal, 
but without a collision with any other vehicle/person, e.g. swerving, which ended in a fall. Only one single 
crash involving a curb was a collision with another road user and 1 person was a passenger on a bicycle. The 
majority of curb crashes occurred on roadways in mixed traffic, the share of roadways was higher for e-bikes 
than for bicycles (82% vs. 64%), bicycle tracks had a share of 14% (bicycle) and 12% (e-bike). 

The most frequent cause of curb crashes is misjudgment; for bicycles it is responsible for more than one third 
(37%), for e-bikes even for more than half (56%) of the analyzed crashes. In second place comes inattention 
or lack of concentration and distraction due to external circumstances (32% bicycle, 22% e-bike), followed by 
the condition of the ground, and here above all slipping on rolling gravel, which is in the same order of 
magnitude for bicycles and e-bikes (19% and 18% respectively). Thus, three quarters of the causes of curb 
crashes of bicycles and four fifths of curb crashes of e-bikes are related to the behavior of the cyclist 
(misjudgment, inattention, distraction, stress, impairment, etc.). 

What stands out about curb crash victims is the high proportion of older crash victims: Nearly half of the 
curbside crashes in the database involved e-bike riders aged 65 and older (48%). For all e-bike accidents 
recorded in the IDB during this period, the proportion of older people was about 10% lower (39%). Thus, curb 
crashes affect older e-bike riders disproportionately often. This can also be observed for normal bicycles, but 
at a lower level (18% vs. 13%). 

3 COMPARISON WITH RESULTS OF INTERNATIONAL STUDIES 

Schepers & Klein Wolt [1] investigated a total of 669 single-bicycle crashes in the Netherlands. 14% of these 
crashes were due to curb collisions. In most cases the cyclists hit the curb with the front wheel, in a few cases 
the cyclists kept too little distance to the curb and hit the curb with one of the pedals. Specifically for 
accidents involving elderly cyclists (50 years and older) in the Netherlands, Davidse et al [2] concluded that 
15% to 27% of the total 136 investigated crashes involving elderly cyclists were due to colliding with the curb 
or unintentionally touching the curb. 

Møller et al. [3]analyzed a total of 5,313 accidents involving cyclists that occurred in Denmark from 2010 to 
2015 based on hospital records and police accident data. An accident factor could be identified in 2,931 
accidents. Curbs were causal in 231 accidents, or 8% of the accidents. Olesen et al [4] conducted an in-depth 
analysis of a total of 349 self-reported single-bicycle crashes in Denmark. In 12.9% of the accidents, a curb 
was an accident contributing factor. 

For Sweden, Algurén & Rizzi [5] studied a total of 616 single-bicycle crashes from 2013 to 2017 of which 8% 
involved curbs. The proportion of crashes involving curbs was slightly higher for cyclists aged 65 years and 
older (10%) than for persons aged 50 years and younger (6%). Niska & Eriksson [6] analyzed accident data 
from 2,848 single-bicycle crashes between 2007 and 2012 in Sweden. A total of 11% of these crashes were 
due to curbs or sharp edges. The study by Nseya [7] investigated the causes of single-bicycle accidents from 
2010 to 2016 in Stockholm. 2,845 crashes were analyzed using data from the Swedish Accident Database. In 
about 4% of these crashes, curbs or a collision with a curb were the cause of the accident. Ohlin et al. [8] 
studied 947 Swedish crashes, in which curbs or a collision with a curb was the main cause in 7%. 

For Ireland, Gildea et al. [9], studying a total of 295 single-bicycle crashes, found that curbs or curb collisions 
were a contributing factor in 21% of the crashes. In many cases, crashes involving curbs had no other causes 
and mostly occurred when cyclists were trying to move from the roadway to the cycle track. In some cases, 
crashes involving curbs were also due to avoidance maneuvers. Crashes involving curbs most frequently 
resulted in the cyclists toppling over. 
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A study by Utrainen [10] analyzed the circumstances of 3,448 single-bicycle crashes of commuters in Finland. 
62.9% of the crashes were related to infrastructure. Among them, in 144 of the total 3,448 crashes (4.2%), 
the cyclists collided with a curb with their front wheel and fell. 

The study by Fountas et al [11] examined crash data from 350 single-bicycle crashes and 6,483 cyclist-vehicle 
collisions that occurred in Scotland between 2018 and 2020. Among other aspects, they analyzed whether 
cyclists struck an object on the roadway at the time of the crash. In 5.54% of single-bicycle crashes, cyclists 
struck curbs. In collisions with motor vehicles, this was the case in only 0.29%. 

In summary, the proportion of crashes related to curbs among all bicycle crashes is about 5% to 8%, or even 
lower in isolated studies; looking at single-bicycle crashes alone tends to show higher proportions of 4% to 
14%. For pedelecs and e-bikes, the literature review shows a significantly higher proportion of crashes 
involving curbs, ranging from 18% to 23% for single-bicycle crashes. 

4 CONCLUSIONS AND OUTLOOK 
The relevance of curbs in bicycle crashes is clearly shown by the analysis of international studies and of the 
Austrian data in the accident database IDB. In a second part of the study, which is not yet completed, the 
analysis will be complemented by a survey among cyclists. Finally, recommendations for measures to prevent 
accidents with curbs will be developed. 
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1 INTRODUCTION 

Single bicycle crashes (SBCs), i.e., falls from bicycles, are a significantly underestimated road safety problem. 
In Sweden, SBCs comprise roughly 80% of serious injuries to cyclists [1,2]. Cyclist-motorised vehicle collisions 
comprise the largest share among fatalities, however, among serious injury cases, SBCs dominate. 
Throughout Europe, significant road safety improvements have been achieved through targeted decreases 
in fatality/injury rates by focusing on collision/injury prevention strategies for cyclist-motorised vehicle 
collisions. However, SBCs have received relatively little attention. Therefore, towards Vision Zero [3], there 
is a significant potential for serious injury rate reductions through targeted measures addressing SBCs. 

The Safe System approach [4] takes a proactive stance on targeting and treating road safety risks, i.e., to 
target and treat collision risk before any occur. However, while proactivity is ideally preferred, road safety 
analysts are often constrained to performing reactive analyses of historical collision data, and justifying 
infrastructural interventions based on collision hot-spots. While this can be effective in some cases, its 
application for SBCs is limited by several factors. One primary challenge is that SBCs often go unreported 
[5,17,18]. Studying traffic conflicts and near-misses for Surrogate Measures of Safety (SMoS) can provide 
valuable safety insights by allowing for proactive identification of potential safety issues, i.e., the paradigm 
illustrated by Hydens safety pyramid [6]. As discussed by Johnsson, Laureshyn, et al. (2018) [8], due to 
underreporting, traffic conflict analysis may be particularly important for addressing collisions involving 
VRUs. However, few SMoS studies focus on VRUs, i.e., pedestrians and cyclists, and fewer again consider 
SMoS for SBCs. A recent International Transport Forum round table highlighted the potential utility of using 
computer vision (CV), and artificial intelligence (AI) to acquire relevant information for crash risks in a 
proactive safety assessment framework [7]. It is expected that these technologies will play an increasingly 
important role in the future of transportation safety. However, industry experience in recent years has 
highlighted that AI solutions should be thoughtfully tailored to specific applications. Therefore, this project 
is adopting an application-led approach, using domain knowledge to improve effectiveness. 

 

2 METHODS 

The project is structured into five stages: 

2.1 Literature Review & Knowledge Gathering 

A comprehensive review of existing literature on SBCs, proactive safety assessment approaches, SMoS 
technologies, and knowledge gathering from experts will be conducted. 
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2.2 Figures and Tables 

This project aims to go beyond the state-of-the-art for cyclist detection and tracking by integrating novel 
concepts and approaches that address existing limitations. For practical purposes, monocular methods are 
more practically useful for safety assessments, however work is required to overcome the flatness problem 
associated with relating detections in 2D space to 3D space. One common approach to addressing this is to 
use multiple cameras or sensors that capture different views of the same road user, however, this 
complicates the data collection process. Another approach which may allow for monocular collection is to 
incorporate additional information about the object/road user, such as its size, shape, or motion 
characteristics to help constrain its possible 3D configuration, e.g., Generalized Urban Traffic Surveillance 
(GUTS) [18], the further inclusion of semantic segmentation, e.g., Segment Anything (SAM), along with 
cyclist-specific motion characteristics [12] may help with this for more robust tracking. Furthermore, since 
cyclists are uncovered by vehicle structures, incorporating human pose estimation into these models may 
allow for better understanding of behaviours and fall risk. For example, our recent work has applied human 
pose estimation to infer injury outcomes from video footage of cyclist falls [9, 10, 11]. Towards a proactive 
safety assessment framework for SBCs, work is needed to establish both dynamics-informed SMoS and 
tracking techniques for these cases. Therefore, a dynamics-informed cyclist tracking algorithm will be 
developed, combining CV and AI techniques with bicycle/rider dynamics knowledge (Figure 1). 

 
Figure 1: Proposed framework for obtaining Surrogate Measures of Safety (SMoS) for Single Bicycle Crashes (SBCs). 

 

2.3 Data Collection and Algorithm Fine-Tuning 

Video footage will be collected from cyclists in a controlled experimental environment, using bicycles and 
riders fitted with Inertial Measurement Units (IMU). The purpose of this data collection is to obtain measures 
for fine-tuning the bicycle/rider model used in optimal control [12]. This will include specific control 
parameters to account for special interest cyclist groups such as the elderly or mobility impaired. 

2.4 Pilot Testing and Further Model Refinement 

The developed algorithm will be pilot tested in real-world environments, with the goal of refining the model 
based on observed results. 

2.5 Data Analysis 

The data collected from the pilot testing and supplementary data for risky locations/infrastructural scenarios 
of interest will be analysed. 

 

ICSC2023_ID132



– 273 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

3 

3 CONCLUSIONS 

This abstract outlines the development of a novel proactive safety assessment pipeline aimed at addressing 
the significant road safety issue of SBCs. By utilizing video-based SMoS in combination with CV and AI 
technologies, we propose a dynamics-informed cyclist tracking algorithm to identify high-risk scenarios and 
locations for SBCs. Ultimately, our approach has the potential to provide valuable insights into road factors 
that contribute to cyclist falls and inform design guidelines for safer cycling infrastructure. The expected 
outcomes of this work include the identification of specific road features or environmental factors that 
increase the risk of SBCs, the development of proactive safety assessment strategies, and the reduction of 
the number of serious injuries resulting from SBCs. The authors expect to have preliminary results to present 
at ICSC 2023. 
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1 INTRODUCTION 

Mobility is a necessity for the social, economic, and environmental progress of any city; and getting around 
by any means of transportation is a core part and a dynamic experience of everyday life in cities. It is not just 
about getting from A to B efficiently, rather it means being able to access living, working, and leisure spaces 
using safe, swift, environmentally friendly, and affordable transport options [1]. Active mobility is the most 
preferable option regarding sustainability. Despite the widespread use of active mobility modes, transport 
planning and the provision of infrastructure in most of the cities in Africa have become car centered. The 
infrastructure financing also overlooked the needs of active mobility users` and focused more on constructing 
roads for cars neglecting the importance of cycling and walking. 

More than one-third of Africans use active mobility as a daily mode [2]. Many are dependent on walking and 
cycling as primary means of transport, not by choice but as a necessity. This high modal share of active 
mobility in Africa could be an opportunity to maintain sustainable mobility within the continent. However, 
active mobility in most African cities is unsafe and one of the riskiest modes of mobility. According to WHO`s 
status report on road safety [3], the African region has 26.6 deaths per 100,000 population, which renders it 
the highest among all regions. Unfortunately, in most cases, the victims of traffic casualties are primarily 
pedestrians and cyclists who made no contribution to the accident, e.g. Kenya 37% pedestrians / 2.4% cyclists: 
Uganda 40% pedestrians / 6% cyclists, Ethiopia 37% pedestrians/ 2.9% cyclists [3]. Much of that is linked to 
the neglect of the infrastructure needs for pedestrians’ and cyclists’ safety. Walking and cycling in most 
African cities are not only unsafe, but also extremely uncomfortable due to the poor quality of infrastructure. 
Cyclists in particular are often forced to share space with pedestrians, street vendors, and with vehicles moving 
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at very high speeds. The lack of adequate facilities exposes people to a high risk of injury or death. Unlike all 
the mobility challenges, there are various local initiatives around the continent that promote cycling, such as 
car-free days, place-making, Open Streets, and Critical Mass campaigns to inspire citizens to reimagine and 
reinvent their streets to be accessible for all. 

The focus of the session will be to present the results on cyclists` safety, motivating factors, and obstacles for 
cycling based on the quantitative mobility survey done for a collaborative mobility project, Collaboration on 
Active Mobility Africa (CAMA), that is being conducted among three sub–Saharan African universities 
(University of Nairobi-Kenya, Mekelle University-Ethiopia, Makerere University-Uganda) and two universities 
in Germany (University of Kassel and Hochschule Karlsruhe University of Applied Sciences). CAMA is a five-
year sustainable mobility project funded by DAAD and BMBF. This project intends to promote walking and 
cycling in sub–Saharan African countries through research, continuous education, and real-life experiments. 

 
2 OBJECTIVE 

The project’s main aim is to combine scientific goals to better understand the cyclists’ perceptions, 
preferences, daily experience, and individual barriers while cycling in the three African cities’ context. This 
could help us to develop tailor-made strategies for promoting safe cycling and encouraging cycling culture in 
urban areas in Ethiopia, Kenya, and Uganda by capturing the needs and preferences of cyclists. 

 
3 METHODOLOGY 

A mixed research methodology is utilized to achieve the goal of the project. Survey questionnaires, bike lane 
safety audits, mapping tools, and key informant interviews were instrumented as data collection tools. A 
quantitative survey in each of the three case cities (Kampala, Nairobi, and Mekelle) with more than 420 data 
sets per city was spread. The survey contained four main parts: sociodemographic data, users` daily experience, 
preference for safe cycling, perception towards active mobility, and users’ recommendation to create a safe 
cycling environment. The surveys were set up together with all project partners and tailored to the local 
circumstances to give a first deep understanding of the mobility conditions and needs in those areas. A 
comparative analysis will be conducted to understand the cycling safety barriers and enabling factors and to 
understand the culture of cycling in the 3 Sub-Saharan countries context. 

 
4 CONCLUSION 

The research findings will help us understand the user`s mobility behavior, preferences for the choice of route, 
the subjective feeling of safety, and the general attitude and socialization towards cycling. In addition, 
motivators, and obstacles for or against cycling are also evaluated. The first analysis already showed that the 
lack of subjective safety is a main barrier, unfair space allocation and computation of space within the urban 
fabric, also intensified by the lack of law enforcement, as the severity of pedestrian and cyclist crashes, is 
strongly dependent on the speed of traffic. 
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1 INTRODUCTION 

Research on the safety of pedestrians and cyclists in construction site situations has been relatively 
neglected, despite the increased conflict situations resulting from reduced space for traffic management at 
work sites during road construction.  

Existing research has primarily treated guidance for bicycle and pedestrian traffic along construction sites as 
a sub-aspect in accident research reports. Teschke et al. (2012) and Alrutz et al. (2009) analyzed accident 
data for cyclists and categorized it by road type. Teschke et al. (2012) surveyed 690 cyclists involved in 
accidents in Toronto and Vancouver, while Alrutz et al. (2009) analyzed 1,100 accidents and the rule-
compliant street use of 39,000 cyclists in Germany and conducted interviews. Teschke et al. (2012) found 
that construction sites almost double the likelihood of accidents for cyclists in comparison to infrastructure 
without ongoing construction. The researchers also observed that construction work was more frequent on 
shared lanes, multi-use paths, and bike paths compared to cycle tracks, sidewalks, and streets without bicycle 
infrastructure. Alrutz et al. (2009) further found that 48% of interviewed cyclists reported that construction 
sites negatively affect their riding comfort. The researchers also observed that construction sites often lead 
to the abandonment of bike lanes that are subject to mandatory use. Interestingly, more women were found 
to avoid the construction site via the walkway, while men were more likely to detour by way of the roadway. 

Therefore, it is crucial to further investigate the behavior and preference of cyclists in construction sites. In 
response to this need, the "BRAVOUR" research project has been initiated, which is funded by the German 
Federal Ministry of Digital and Transport and aims to improve the safety of cyclists to contribute to the goal 
of the National Cycling Plan 3.0. The goal of the current study is to gain an understanding for the factors 
influencing the path choice of the cyclists by observing their interactions with and also their avoidances of 
other road users. Hence, this submission aims to investigate the specific safety preferences of cyclists in 
construction site situations and to identify potential conflict situations that may arise.  

By addressing these issues, the research will contribute to enhancing public health and improving the overall 
quality of life by improving safety for cyclists. 

2 METHOD 

During the spring and summer of 2023, a variety of construction sites in the city of Hamburg will be 
investigated in regards to the cyclists’ behavior resulting from the design of the construction sites. For this, 
three categories of study setup will be utilized:  
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Firstly, non-complex construction sites will be equipped with traffic counting systems of the company Eco 
Counter GmbH to gain inside into the choice preference of cyclists. These systems are utilized to evaluate 
whether the cyclists chose the safer option of joining the pedestrians on the sidewalk or join in with the 
mixed traffic on the shared lane. The traffic counting systems will be deployed in situations where cyclists 
can only choose from one of two options (sidewalk or a shared lane with vehicles) for cycling past the 
construction (see figure 1). Each of these pathways will be equipped with a system consisting of two tubes, 
which are able to differentiate between the transportation mode (vehicle vs. bicycle) rolling over the tubes. 
However, since these tubes are not able to count pedestrians, a pedestrian-specific counter is also utilized 
for the walkway.  

 
Figure 1 Set-up of the traffic counting system. Yellow - pedestrian and cyclist counting on the sidewalk. Blue - vehicle 

and cycling counting on the shared lane. 

Secondly, for some of these construction sites the counting systems will be complemented with camera 
systems to investigate the interaction of the road users along the construction as well as to compare the 
effectiveness of both measures on counting traffic volumes.  

Thirdly, at rather complex construction sites cameras will solely be used to investigate choice processes of 
cyclists, the interaction behavior with other road users as well as to record the trajectories of the road users. 

3 IMPLICATION 

The results are expected to further the understanding of the cyclists’ preferences for safe pathways through 
construction site situations. Furthermore, the specific factors will be identified that influence the cyclists’ 
path choice. Likewise, the perceived safety as well as utility, in terms of the cyclists speed, of this choice 
preference are going to be evaluated.  

Another expected result is the comparison of the effectiveness of traffic counting systems and camera 
systems in capturing the traffic volumes. This will help to evaluate the advantages and limitations of each 
method and to optimize future data collection processes. 

The proposed submission will provide valuable insights into the safety preferences and behaviors of cyclists 
in construction site situations. The results will help to identify potential factors influencing conflict situations 
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as well as informing design solutions that can reduce the risk of accidents and injuries. By addressing these 
issues, the research will support the promotion of active modes of transport and improve the safety of cyclists 
and pedestrians. 
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1 INTRODUCTION 

Cycling is a sustainable and active means of transport [1][2], which increases physical activity [3] and has 
positive impact on health [2]. Urban planning designers shift more toward using this type of transport [4]. 
Despite these advantages, due to the dangers of cycling, the use of bicycles in transport is still low [3]. 
Wintersberger et al. [5] argued that cyclists are still involved increasingly in accidents. Brijs et al. [1] explained 
that due to higher speed of cyclists comparing to pedestrians there is more risk of injury when interacting 
with motorized vehicles. Alongside these safety limitations, Advanced Driving Assistance Systems (ADAS) and 
Autonomous Vehicle (AV) have been promising and various studies show the improvement of road safety, 
when using them. Existing ADAS systems and AV can detect potential crashes and alert the driver or take a 
prevention action to avoid the upcoming hazard. For example, there are ADAS systems that detect the cyclists 
and alert the driver to avoid crashes [8], but for further enhancement of the road users’ safety, especially the 
cyclists, it is also important to be aware of vehicle movement. New communication-oriented ADAS systems, 
like on-road light projection, give a visual information to vulnerable road users, and will reduce the risk of 
crash. However, the challenges that designers of the new ADAS system are facing are high complexity of the 
traffic and different road conditions [7] which make the assessment of an ADAS system in real experiments 
very expensive and difficult [6]. Beside of these complexities, the risk of performing real life experiments is 
high. To overcome these challenges, especially in context of car-bicycle interactions, researchers proposed 
the use of bicycle simulator which performs different experiments in cost efficient manner and under safe 
laboratory conditions. In addition to the advantages, the behavior of cyclists can study and finally to improve 
ADAS systems. The main objective of this study is to develop a bike simulator in Virtual Reality (VR) 
environment to assess the impact of future communication-oriented ADAS on safety of cyclists in urban 
situations. Azouigui et al. [9] presented a real experiment testing this new ADAS on democar projecting on 
the road a light signal in a departing situation to prevent other road users, like cyclists. Based on this previous 
study investigating the safety impact on cycling, this paper deals with the validation of this VR bike simulator 
and the cyclist feeling in virtual reality. A first virtual environment is based on urban situations with different 
on-road cyclist marks. Secondly with the same new ADAS tested in real world [9], upcoming results in virtual 
world will be compared to results of cycling in reality. 

2 METHODOLOGY AND MATERIALS 
To evaluate the future proposed ADAS system, it is required to ensure the validity of the VR bike simulator 
and to confirm that results of cycling in virtual reality are comparable to results of cycling in reality. To this 
end, the departing scenario was considered in [9] and a new virtual environment was designed. In this way, 
the comparison between VR bike simulator results and real cycling results can be ensured. Then to achieve 
the main objective of this study, the new ADAS system will be evaluated via the VR bike simulator (only in 
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Virtual Reality). For this, cyclists will ride the VR bike simulator and pass from behind or side of vehicles 
equipped, or not, with communication-oriented ADAS. The departing intention of parked cars will be signaled 
by the on-road projection new ADAS, or simply by the reverse or turn indicator of classical car. Via comparing 
the behavior changes of cyclists in these two conditions, the safety impact of this system on cycling safety 
will be evaluated. After these experiments, the cyclists will fill out a questionnaire about the comprehension 
of ADAS system and its meaning, since they will not be informed about the ADAS system. Figure 1 shows the 
experiment in reality and cyclists behavior result when interacting with this ADAS system. 

 

  
 a) Cyclist passing behind ADAS on-road projection b) Trajectories for 5 cyclists 

Figure 1: Experiment in real context presented in [9] 

The materials used in the development of VR bike simulator are a direct home trainer (Tacx neo 2T), Vive 
headset mounted display, Vive tracker, pressure sensors, Arduino and rotary encoder. The bike is installed 
on the home trainer. The trainer supports reading speed and power of the bike as well as writing resistance 
to the bike trainer to simulate brake. It supports ANT+ and Bluetooth low energy communication. One of the 
limitation of these two communication protocols is that they do not transfer data at high frequency, which 
will result in considerable delay in the simulation. To avoid this limitation, a rotary encoder placed on inertia 
wheel of the home trainer was used to measure the position, and the speed of the bike trainer was proceeded 
by Arduino microcontroller and send it to the simulator software via serial communication. The Vive tracker 
was installed on the handlebar of the bike to measure rotation of handlebar. Two pressure sensors were 
positioned inside the front and rear disk brake to send the braking amount via Arduino to the simulator 
software. Figure 2a shows the VR bike simulator and different components of it. The virtual environment 
software was developed on Unreal Engine (Version 4.28).  

3 FISRT RESULTS AND ANALYSIS 

In the first version of our VR bike simulator, we conducted an experiment with a small population of 8 persons 
(7 males / 1 female) to evaluate subjectively the VR bike simulator and see how much it is similar to real 
cycling. For this different factors of cycling were considered in the questionnaire, such as speed, braking, 
steering, etc. The population of this first experiment were between 25 and 34 years old and had experience 
in riding bicycle since their childhood. 5 people among the participants, have regular use of bicycle riding 
between 100km and 1000 km per year. The participants also were asked if they had experience with virtual 
reality. 5 participants indicated the experience with virtual reality where 2 of them had frequent experience 
5 times and more. Regarding the symptoms of virtual reality, one participant indicated a slight feeling of 
discomfort after the virtual cycling, and another felt vertigo, but the rest did not mention discomfort feelings. 
At the end, the participants were asked to rank how much their experience felt like real life cycling and they 
also rank the level of immersion of different cycling factors (speed, steering, starting phase, brake) and the 
environment (Figure 2a). As it can be seen in figure 2b, five of them expressed good feelings, and among 
these 5 people, 2 participants indicate quasi realistic experience. Among cycling factors, speed and brake 
were ranked as not realistic at all, while steering and starting phase felt more realistic by participants. 
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 a) VR Bike simulator setup b) Feeling on VR bike simulator experience 

Figure 2: Experimental setup and first feeling results. 
 
4 CONCLUSIONS AND FUTURE WORKS 
Based on the first experiments with 8 participants, 5 people had good experience in their virtual cycling (like 
real cycling) and among them only two participants felt a slight discomfort, which can indicate the potential 
of this VR bike simulator to be used in our research study. Since this work is in progress, further improvement 
of VR bike simulator is being considered, especially for braking and speed simulation. For future work, we 
consider improving the VR bike simulator to ensure the comparability of it with real cycling experience, and 
then perform different experiments in the virtual environment of the parking lot, to investigate the behavior 
changes of cyclists when interacting with communication-oriented ADAS system and evaluate the impact of 
this new ADAS on safety of cyclists. 

REFERENCES 
[1] Brijs, T., Mauriello, F., Montella, A., Galante, F., Brijs, K., & Ross, V. (2022). Studying the effects of an 

advanced driver-assistance system to improve safety of cyclists overtaking. Accident Analysis & 
Prevention, 174, 106763. 

[2] Lieze, M., Benedicte, D., Mario, M., & Van Dyck, D. (2020). Using virtual reality to investigate physical 
environmental factors related to cycling in older adults: A comparison between two 
methodologies. Journal of Transport & Health, 19, 100921. 

[3] van Paridon, K., Timmis, M. A., & Sadeghi Esfahlani, S. (2021). Development and evaluation of a virtual 
environment to assess cycling hazard perception skills. Sensors, 21(16), 5499. 

[4] Schramka, F., Arisona, S., Joos, M., & Erath, A. (2017). Development of virtual reality cycling 
simulator. Arbeitsberichte Verkehrs-und Raumplanung, 1244. 

[5] Wintersberger, P., Matviienko, A., Schweidler, A., & Michahelles, F. (2022). Development and 
Evaluation of a Motion-based VR Bicycle Simulator. Proceedings of the ACM on Human-Computer 
Interaction, 6(MHCI), 1-19. 

[6] Siebke, C., Bäumler, M., Blenz, K., Lehmann, M., Ringhand, M., Mai, M., & Prokop, G. (2023). Predicting 
the impact on road safety of an intersection AEB at urban intersections. Using a novel virtual test field 
for the assessment of conflict prevention between cyclists/pedelecs and cars. Transportation Research 
Interdisciplinary Perspectives, 17, 100728. 

[7] Huemer, A. K., Rosenboom, L. M., Naujoks, M., & Banach, E. (2022). Testing cycling infrastructure 
layout in virtual environments: An examination from a bicycle rider’s perspective in simulation and 
online. Transportation research interdisciplinary perspectives, 14, 100586. 

[8] A. Mohammadi, G. Bianchi Piccinini, M. Dozza, Understanding the interaction between cyclists and 
automated vehicles: Results from a cycling simulator study, ICSC22, Dresden, Germany 

[9] Azouigui, S., Saudrais, S., Barbedette, B., Bordel, S., Delauzun, S., Khatir, B., ... & Jaillette, P. 
(2021). Road Projections: Impact on Road Users and Potential to Enhance Awareness of Backing 
Situation in Parking Lots (No. 2021-01-5078). SAE Technical Paper. 

ICSC2023_ID137



– 282 –<< Back to Contents

11th International Cycling Safety Conference 
15-17 November 2023, The Hague, the Netherlands 

1 

An Investigation into the Road Interactions Experienced by Bicycle Food Delivery 
Riders with Other Road Users 

O. Oviedo-Trespalaciosa, L. Martinez-Buelvasb,  N. Haworthb 
aFaculty of Technology, Policy & Management 

Delft University of Technology  
Jaffalaan 5, 2628 BX, Delft  

email: O.OviedoTrespalacios@tudelft.nl  

bCentre for Accident Research and Road Safety-
Queensland (CARRS-Q) 

Queensland University of Technology  
130 Victoria Park Rd., 4059, Kelvin Grove, Australia 

email: l.martinezbuelvas@qut.edu.a; 
n.haworth@qut.edu.au  

Keywords: Gig Economy, Road Safety, Vulnerable Road Users, Bicycle Food Delivery, Driver Behavior, 
Cyclist Safety 

1 INTRODUCTION 

The rapid growth of the gig economy, together with a rising preference for home delivery of meals due to 
the COVID-19 pandemic, has led to a significant surge in the number of bicycle food delivery riders (BFDRs) 
worldwide. International studies have identified that job pressure can lead to risky on-road behaviors such 
as running red lights, riding while fatigued, and using their phones while riding (1-2). However, very little 
information is available about how BFDRs interact with other road users. To close this gap, this research study 
aims to further explore the road conflicts experienced by BFDRs in Australia to better understand the impact 
of the gig economy on traffic safety, health, and sustainability. 
2 METHOD 

2.1 Study Design 

For this study, we employed a qualitative research method using semi-structured interviews with BFDRs to 
explore their experiences while working in Brisbane, Queensland, Australia. The interviews were designed to 
elicit participants' perspectives on their interactions with various road users, including cars, pedestrians, e-
scooters, motorcyclists, and other cyclists. The interviews provided rich, contextual data that allowed us to 
gain a deeper understanding of the challenges and nuances these workers face daily. To analyze the data 
collected from the interviews, we used a reflective thematic analysis approach.  
 
2.2 Participants 

This study included 23 BFDRs from various companies: UberEats (n=12), Doordash (n=5), Deliveroo (n=1), 
and multiple companies (n=5). Participants' ages ranged from 20 to 40 (M = 27.5, SD = 5.0), with 17 males, 
five females, and one non-binary individual. Thirteen participants reported experiencing at least one safety-
critical event, such as collisions or near misses. Of these events, only two were near misses, while the 
remaining 11 involved collisions.  
 
3 RESULTS 

3.1 BFDRs Interactions with Car Drivers 

With regard to cars, BFDRs expressed ambivalence, noting that drivers often seem unaware of their presence. 
This lack of acknowledgment is particularly concerning given that Australia has limited dedicated 
infrastructure for cyclists. Consequently, this poses a significant safety risk as car drivers may not actively 
watch for cyclists, potentially overlooking them on the road. In addition to being unnoticed by drivers, cyclists 
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also emphasized the absence of effective communication channels with drivers, which can lead to substantial 
risks as well. 
 

“Bikes do not have horns like cars, so you cannot tell someone to give way or some. If you're driving, 
you cannot tell someone you're coming at the back through the horn or something like that because 
they could just pull out the door and you could get hit” [M, 24] 

 
Some BFDRs reported that they experienced intimidation from drivers in certain circumstances, such as 
driving extremely close or engaging in aggressive behaviors like altering lights. Participants mentioned that 
this behavior seemed more prevalent among young male drivers. Additionally, the speed differential when 
sharing the road was cited as a triggering factor by several participants. 
 

“Well, in some cases, I have felt that some people try to intimidate a little, like young drivers, 
especially. When I ride my bike, they always flash their lights, make noise, or even say (abusive) 
words” [M, 30] 

 
In a limited number of situations, BFDRs reported experiencing physical and sexual harassment. These 
incidents not only pose a threat to the riders' safety and well-being but also create a hostile work 
environment, potentially impacting their job performance and mental health. 
 

“He used this car, locked the road, came down, and grab me by my shirt, and it was trying to say he 
was gonna beat me up and all of that.” [M, 25] 

 
3.2 BFDRs Interactions with Pedestrians 

BFDRs frequently described their interactions with pedestrians as generally reasonable, although some 
individuals occasionally acted obstructively. A recurring observation was that pedestrians often ignored the 
ringing of bicycle bells, making it challenging for riders to navigate through footpaths. In response, some 
delivery riders acquired louder bells, but this did not seem to yield a significant improvement. A critical factor 
contributing to conflicts with pedestrians was their preoccupation with using their phones or listening to 
music, preventing them from effectively negotiating situations with the riders. 
 

“People are very distracted with their phones, a lot. I don't know if they're taking photos, but they're 
glued to their phones. They're walking, and they don't even realize it, even when they hear the bike 
bell. They don't even cross at the lights.” [M, 32] 

 
Some BFDRs noted that certain pedestrians exhibited hostility towards them. In a few cases, these individuals 
even attempted to knock or grab the riders off their bicycles, compromising their safety and well-being. 
 

“He had to move aside, but instead, he stopped in front of me, grabbed my handlebars, and started 
saying a thousand things." [F, 33] 

 
BFDRs working near nightclub areas reported being targets for attackers, including those with racially 
motivated intentions. The proximity to nightlife establishments may increase the likelihood of encountering 
intoxicated or aggressive individuals, exacerbating the risks faced by these riders. 
 

“Pedestrians sit pretty bad sometimes because they don't like the cyclists sometimes, or if they are 
rude or racist, especially on the nights when everyone is going for clubbing. And if you are doing that 
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for your living, they're just because everyone mostly is drunk, so they just pass the racial comments 
and stuff.” [M, 35] 

 
3.3 BFDRs Interactions with E-scooters 

BFDRs felt that e-scooter riders were unpredictable and inconsistent in their behaviour on the road, 
resembling both cyclists and pedestrians at different times. This made it hard for BFDRs to stay safe as e-
scooters could act unpredictably. Additionally, shared e-scooter users leave scooters scattered across 
footpaths, which poses safety hazards for BFDRs. This group is among the most problematic when it comes 
to ensuring BFDRs' safety. 
 
3.4 BFDRs Interactions with Motorcycles 

No major issues were reported in interactions with motorcyclists, which could be attributed to their smaller 
numbers in Australia. 
 
3.5 BFDRs Interactions with Bicycles 

No major issues were reported in interactions with cyclists, which could be attributed to their smaller 
numbers in Australia. Interestingly, some on-road competition seemed to exist among BFDRs in terms of 
speed, with a few even engaging in impromptu races while working. 
 

“They tend to bring in competition, especially from other food delivery companies. They tend to bring 
it to come along the road, but I see that it is a distraction.” [F, 23] 

 
4 CONCLUSIONS 

In conclusion, this study highlights the challenges faced by bicycle food delivery riders (BFDRs) when 
interacting with different road users in Australia. Car drivers' aggressive behavior poses a significant safety 
risk, especially as there is limited infrastructure for cyclists. Additionally, pedestrians and e-scooter users can 
be unpredictable, further complicating safety concerns for BFDRs. To ensure a safer working environment 
for BFDRs, there is a need for improved infrastructure and better communication channels between road 
users. Increased awareness and education about the unique challenges faced by BFDRs could also foster a 
more respectful and cooperative atmosphere on the road. Ultimately, addressing these safety concerns is 
essential for the well-being of food delivery riders and the success of the gig economy. 
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1 INTRODUCTION 

Over the last few decades vehicle engineers and local planners have devoted considerable effort into 
improving the safety of vulnerable road users: pedestrians and cyclists.  In the US these efforts have included 
the introduction of driver assistance technologies (ADAS) such as pedestrian and cyclist detection, blind spot 
and cross traffic detection.  Planners, with the assistance of billions of dollars of US Department of 
Transportation funding have adopted stop-as-yield laws and constructed walking/biking trails along with 
specific bike lanes; most recently through the RAISE program.  Yet over this period from 2010 through 2022 
the number of traffic fatalities in the US has increased from approximately 31,000 to an estimated 46,000. 
Vulnerable road users have not been particularly affected with a pedestrian and cyclist fatality growth from 
4,302 to 7,308 and 623 to 966 over the period from 2010 to 2021–a 70% and 55% increase. Cyclist fatalities 
reached the highest total since 1975. 

There is considerable disagreement about the primary factors of these increases. Chief among them is 
distraction by both the cyclist and vehicle drivers, not using proper safety equipment, and impairment with 
alcohol, drugs or both.  In this paper less often describe details of the crash the gross geometry of how the 
vehicle and cycle interact, and details of the cyclist, predominately age may constitute contributing risks and 
hazards.  

The findings show that as people age, they experience both increased hazards and risks associated with 
fatality.  On a gross level, one of the findings is that mean age of the cyclists killed continues to increase from 
42 years old in 2010 to nearly 50 by 2021.  As a conclusion, most of the dramatic increase in cyclist fatalities 
can be attributed to cyclist aging as more and more older Americans turn to cycling as a means of staying 
active and fit. This suggests two potential efforts to reduce cyclist fatalities: education programs targeted 
toward the over-50 cyclists, potentially through Area Agencies on Aging and non-profit organizations such as 
AARP.   

2 RESEARCH PLAN 

In this initial analysis, attention is focused on relatively simple single vehicle/single cyclist crashes involving 
light vehicles (cars, light trucks, and utility vehicles built either on a truck or car chassis) over the period from 
2010 through 2021 a period of relative stability in federal fatality crash reporting. When analyzing these data, 
it is always worthwhile to remember why and how these data are collected and that some information is 
likely more reliable than other information. 
 
2.1 Crash Geometry 

To that end, a three tier approach is used to identify the crash geometry. Understanding these crash 
geometries, and particularly how they change over time, can offer some insights into how engineering and 
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planning efforts have been in enhancing safety. These tiers are associated with the reliability of information 
on police crash reports.  Tier one describes, the gross geometry and whether the vehicle and bicycle are on 
parallel or crossing paths (Classified as PP: or CP:). Tier two describes vehicle actions and whether it is 
traveling straight or turning left or right and whether it is overtaking or head-on (VLT, VRT and whether it is 
overtaking or facing the cyclist head-on VOT, VHO). Tier three describes characteristics of the crash that are 
often incompletely described in crash reports.  This includes the bicyclists actions relative to those of the 
vehicle and often incorporates more fine detail about relationships to the vehicle. The end result of this is 
characterized in Figure 1. 

 
Figure 1.  Three Tiered Classification of Cyclist Crash Geometries 

It is useful to note that some ADAS are directly relevant for some crash geometries but not all. For example 
BLIS might offer some useful driver information to help prevent PP:VRT-BS or PP:VLT-BS crashes.  Other crash 
configurations are more dependent on cyclists being able to correctly identify gaps. 

 

2.2 Trends in Cyclist Demographics 

Over the study period from 2010 through 2021, some cyclist characteristics have changed, while others have 
not.  Data for this period is based on NHTSA [1,2].  Most older Americans ride purely as a form of exercise 
rather than as mobility per se [3].  Raw exposure information is derived from the National Household Travel 
Survey [4]. The fraction of cyclists killed who are male remains relatively flat at about 86%.  Age however tells 
a different story.  In Figure 2, the changing trend in the age of cyclists involved in crashes and the cyclists 
killed in crashes is presented.  The first is based on a sampling of crashes in the US and the second a census 
of fatal crashes over the same period.  Both show dramatic increases in average age. The relative risk of age 
as a factor in crash outcome is summarized in Figure 3 with a lowess model. When compared to a 20 year 
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old, a 60 year old is 4.5 times more likely to be killed and an 80 year old is over 7 times more likely to be killed 
in the crash.  

 
         Figure 2  A comparison of the Average Age pf Cyclist Involved And Fatal Crashes Over Time 

   
          Figure 3 Relative Risk of Age as a Factor in Cyclist Fatality 

Of course there are factors other than frailty in identifying the effects of aging.  As one ages, balance is 
impaired as is vision and rapid cognitive processing in the judgement about the adequacy of gaps. These will 
increase the likelihood of older cyclists being involved in crashes.  These will be incorporated into the work 
presented again using a relative risk approach. 

3 CONCLUSIONS 

It is tempting to think of cycling as an important mode for mobility.  This is appropriate for a large part of the 
population.  However, there have been large increases in mobility as a means of exercise. Unfortunately, this 
is more prevalent among older Americans than ever before.  Older riders are more likely to turn to cycling, 
more likely to be involved in crashes, and once involved, more likely to die as a result of frailty.  This research 
suggests that prior to embarking on cycling as an exercise regimen, that older Americans evaluate their 
fitness to the task.  Programs implemented by trusted organizations that serve this community should 
develop testing and education campaigns can eliminate much of this tragedy. 
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1 INTRODUCTION 

The aim of this study was to highlight the types of near-miss events experienced by cyclists when out on public 
roads, and, to emphasise their importance for inclusion in the implementation of safety countermeasures. 
Near-miss events are relatively frequent on UK roads. The UK-led “Near Miss Project” found that nearly 4000 
incidences of ‘near-miss’ events occurred on the roads during 2015, and the study also established that the 
experience of a ‘near-miss’ can adversely influence and determine the behaviour of cyclists - altering their 
cycling patterns, affecting their confidence and enjoyment of the activity (Aldred, 2015). A study of over 1000 
regular cyclists also found that there was a statistically significant difference between genders. Despite 
covering a quarter of the distance of male cyclists in a given week (DfT, 2020), female cyclists experienced a 
higher rate of near misses per mile (0.42 and 0.24 respectively - Aldred, 2015). A study of over 400 cyclists in 
San Francisco, established that the fear and potential threat of injury attributed to road traffic presented a 
significant barrier to cycling acceptance in both a recreational/commuter capacity for potential and 
occasional cyclists (Sanders, 2015). This statistic further substantiates similar findings from the UK National 
Transport Survey, whereby 24% of respondents indicated that general road traffic was a barrier to cycling 
acceptance (DfT, 2020). Of the cyclists surveyed for Sander’s study, 20% of respondents had experienced a 
physical collision and 86% had experienced some form of a ‘near miss’ event (Sanders, 2015). The common 
types of near-misses recorded in that study included almost being struck by the opening of a vehicle door, 
being almost struck by a vehicle whilst turning, and almost being struck by a vehicle merging with traffic 
(39%, 33% and 27% respectively). Both studies also explored deliberate acts of aggressive behaviour 
perpetrated by vehicle occupants. Aggressive behaviour included the sounding of horns, passing too closely, 
and tailgating as an act of punishment towards the cyclist. This behaviour tactic is pervasive; in a qualitative 
study carried out by Prato and Kaplan (2013), aggressive and confrontational behaviour between vehicle 
occupants and cyclists was a frequent occurrence on the road. The study found that motorists’ perception of 
road user (cyclists) violations, combined with a lack of understanding or misinterpretation of the highway 
laws, acted as justification for their behaviour. The results also indicated that the absence of continuity of 
the cycling infrastructure in the area was a source of confusion, with vehicle occupants assuming that as 
there was infrastructure available, it should therefore preclude cyclists from utilising the highways. However, 
the infrastructure at the time was deemed insufficient for the travel patterns of cyclists due to the 
fragmentary way in which it was designed i.e., incomplete networks and “sporadic” cycling projects that were 
not fully integrated or implemented into the wider travel infrastructure. 
 
2 METHODOLOGY 

An online survey was conducted to ascertain the prevalence and types of cycling-related near-miss events 
experienced by the public. A total of 92 individuals volunteered to participate in the study. Of the 92 
participants, 79 had experienced a near-miss event, of which, 87% had experienced one within the last 6 
months. The sample group comprised 20% (n=16) females and 80% (n=63) males. Of the respondents, 8% 
were aged between 19-24, 19% were aged 25-34, 25% were aged 35-44, 30% were aged 45-54, 13% were 
aged 55-64 and 5% were aged over 65 years. The participants primarily engaged in the activity of cycling for 
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leisure purposes (51%) and leisure/commuting purposes (47%). 92% of the sample group had knowledge of 
the UK Highway Code via the ownership of a UK driving license. 
 
3 RESULTS 

3.1 Safety Equipment Usage  
Cycle helmets were the most popular type of safety equipment, with 89% of all participants stating that they 
used one. This was followed by visible or reflective clothing (81%) and then a substantial  drop-off in bike 
light usage, with only 57% stating that they used bike lights. Usage of helmets and visible/reflective clothing 
was comparable between men and women (88% and 81% respectively), however, there was a difference in 
light usage, with 60% of men using lights compared to 44% of women. Most participants (94%) stated that 
they used at least one type of safety equipment ‘all of the time’, with only 5% stating that they would 
‘sometimes’ use equipment and only one participant out of 79 stating that they would not use any.  

3.2 Activity Engagement  
51% of the participants stated that their primary cycling purpose was for leisure activities, followed by 47% 
who cycled for leisure and commuting purposes. Only 31 out of the 79 participants stated that their cycling 
was exclusively for commuting only. Most participants (59 of 79, 75%) cycled between Monday and Sunday, 
while only 15 (19%) cycled at weekends and 4 (5%) cycled only on weekdays. 

3.3 Near Miss Events by Time of Occurrence  
Approximately a quarter of participants reported that a near-miss had occurred in the last 7 days prior to 
them completing the survey. 52% of the participants had experienced a near miss within the last month, and 
for all incidents that occurred within the last 3 months, this increased to 70%.  

3.4 Near Miss Events by Location  
53 of the incidents (67%) took place in urban locations, with the remaining 26 incidents (33%) occurring in 
rural locations.  Almost two-thirds of the participant cohort reported that their near-miss incident occurred 
on a straight road (63%), followed by 18% (n=14) that took place on a roundabout. 62% of the events that 
took place on a straight road occurred in urban environments, compared to 38% that occurred in rural 
locations. The urban/rural split for incidents that occurred at roundabouts was more heavily weighted to 
urban locations (71% and 29% respectively). 

3.5 Near Miss Events by Environmental Conditions 
Most near-miss incidents occurred in dry, sunny, or clear conditions (71 out of 79, 90%), with the remaining 
10% occurring in wet conditions (6 in slight rain, 2 in rain). Grouping the weather conditions into two 
categories – Dry (i.e.: dry, sunny, or clear) and Wet (i.e.: Slight Rain or Rain), 88% of the incidents that 
occurred on a straight oad were in dry conditions, and all of the incidents at roundabouts occurred in dry 
conditions. Dry weather also accounted for most incidents that occurred at a T-Junction (90%).  

3.6 Near Miss Events by Time of Day  
Over half (57%) of all incidents occurred in daylight morning hours, followed by afternoon (19%) and daylight 
evening hours (19%). Four out of 79 incidents (5%) occurred in dark conditions. Grouping the Time of Day 
into two categories – Light (i.e., Morning (daylight), Afternoon and Evening (daylight)) and Dark (i.e., Evening 
(dark) and Morning (Dark)), 96% of the incidents that occurred on a straight road took place during daylight 
hours, and a similar proportion was also reported for Roundabout and T-Junction incidents (93% and 90% 
respectively). Of the five incidents that occurred at either a Pedestrian/Cycle Crossing, a Crossroad or a Side 
Turning, all of them took place during daylight hours. 

3.7 Near Miss Events by Primary at Fault  
70 of 79 incidents (89%) were caused because of vehicle driver error, and the most common road layout that 
these 70 events occurred on was a straight road. Only 4% of all incidents were stated as Cyclist errors. 90% 
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of the incidents that occurred on a straight road were caused by vehicle drivers. This proportion increased to 
100% for roundabouts and decreased to 80% for T Junctions.  

3.8 Near Miss Events by Event Description  
The most frequently occurring reason given to describe the 79 near-miss events was ‘vehicle driver overtook 
took closely’ (this accounted for 35 out of 79 incidents, 44% of the total). This was followed by ‘vehicle driver 
did not give way’ (16 of 79, 20%); ‘vehicle driver did not see cyclist (9 of 79, 11%); and ‘vehicle driver did not 
signal when making a manoeuvre’ (6 of 79, 8%).  

3.9 Event Descriptions by Road Layout  
All 35 of the reported cases of ‘vehicle occupant overtook too closely’ occurred on Straight Roads. Of the 16 
cases reported of ‘Vehicle occupant did not give way’, 50% occurred at a Roundabout and 38% occurred at a 
T-Junction (the remaining two incidents occurred at a crossroad). ‘Vehicle driver did not see cyclist’ was 
reported to have occurred nine times at four different road layouts (the highest spread of all road layouts in 
the survey) – five on a straight road; two on a roundabout; and one each at a T Junction and a 
Pedestrian/Cycle Crossing. Focusing on the 35 incidents that were ‘Vehicle driver overtook too closely’ (all of 
which occurred on straight roads), 97% took place during daylight hours and 91% took place in dry conditions. 
However, the distribution between urban and rural locations was more even (51% to 49% respectively).  

3.10 Near Miss Incident Reporting  
Only two out of 79 participants reported their incidents to the police (3%). The primary reason given for not 
reporting to the police was ‘It didn’t seem important at the time’, (23 incidents, 30%), followed by 
participants not being aware that near-miss incidents could be reported to the police (22 occurrences, 29%). 
12 cases of non-reporting were due to the incident occurring too quickly (16%). Two participants were at 
fault, and another two had not captured the required details to make a report. 52 participants (66%) 
responded that they would consider reporting a near miss in the future, although this would be dependent 
on the severity of the event. 13 participants (16%) responded that they would report in the future, and 
another 13 participants stated that they would not consider reporting future near-misses. 
 
4 CONCLUSIONS 

Of the very small number of safety strategies that have been implemented, there is still a long way to go to 
change the behaviours and attitudes of vehicle drivers. This is especially pertinent for near misses that involve 
close passes, particularly on straight roads. Close passes accounted for 44% of all near-miss events in this 
study. Furthermore, other research suggests that near-misses are not only a common occurrence for cyclists, 
but they are also preventable had the other parties involved taken different actions. Under-reporting of near-
miss events also poses a significant problem. Both systemic and social reform are required to change the 
narrative and attitude of cyclists in the future and reinforce the value and importance of reporting near-
misses to relevant authorities. This study aims to highlight the prevalence of near-misses and support the 
argument that near-miss data should be analysed in conjunction with reported accidents to ascertain a true 
representation of the dangers faced by cyclists when out on public roads. 
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1 INTRODUCTION 

In 2022 in total 737 road deaths were registered in The Netherlands [1]. Most fatalities occurred among 
cyclists (39%; n=287). In 2021 about 5000 cyclists were seriously injured (MAIS3+) due to crashes. Among 
these about 80% are crashes without involvement of motorized traffic [2]. The number of cycling fatalities 
and serious injuries is increasing in the past years [1,2]. This requires more attention in order to reach the 
Dutch policy aims to reduce the number of road deaths and injuries with an ambition of zero casualties in 
2050.  
 
In 2018, the Dutch Ministry of Infrastructure and Water Management together with the boards of regional 
and local authorities launched the Strategic Road Safety Plan 2030. The Ministry established the Knowledge 
Network for the Strategic Road Safety1, which is a cooperation between the Dutch knowledge center directed 
at infrastructure, traffic, and safety (CROW) and the Dutch institute for road safety research (SWOV).  
 
One of the key elements in this initiative is the implementation of a ‘risk-based’ approach, which means that 
crash statistics are not the primary source for road safety policy, but indicators that provide information on 
hazards in road traffic: the risk-indicators, also known as road Safety Performance Indicators (SPIs) [3]. One 
of these SPIs is focused on improving the safety of infrastructure; including cycling infrastructure. The SPI for 
cycling infrastructure is defined as the proportion of cyclists that cycle on infrastructure that is qualified as 
sufficiently safe. As a first part of the operationalization of what is called ‘sufficiently safe’ cycling 
infrastructure, SWOV selected essential safety elements of a specific part of the cycling infrastructure, 
namely the cycle paths (not including intersections). 

 

 
1. https://www.kennisnetwerkspv.nl/ 
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2 ESSENTIAL SAFETY ELEMENTS OF CYCLE PATHS 

The essential safety elements of cycle paths are defined as those elements for which evidence is available 
that they have impact of level of safety of the cycling infrastructure. SWOV conducted a review on 
international literature in order to identify those elements that appeared to have an impact on crash risk. 
Most of the literature was based on Dutch studies and reports. 
 
From literature it appears that a large majority of cycling crashes resulting in serious injuries happen without 
involvement of motor vehicles [4,5]. They may collide with other cyclists, pedestrians or mopeds on the cycle 
paths, but also with infrastructure elements like obstacles on, or near the pavement [4,5]. Loosing balance 
and falling due to for instance swerving or strong breaking may also result in serious injuries [6].  It is 
estimated that in about 50% of these cycling crashes infrastructural factors play a role  [4,5]. Amongst them, 
the following scenarios were reported, for instance slippery surface (29%), curbs (23%), unsafe shoulder 
(12%), fixed obstacles on the  pavement (12%) and bumps, pits and clutter on the pavement (10%). 
 
Following from these crash scenario’s, two general design principles for sufficiently safe cycle paths are 
formulated (Figure 1). These cycle paths should: 
1. enable cyclists to maintain their balance and be wide enough to enable cyclists to overtake or pass 

other cyclists; 
2. be provided with forgiving shoulders. 
 
 
In order to give substance to these design principles the following elements of cycle path infrastructure were 
identified from literature that appeared to have an evidence based safety impact; the essential safety 
elements 1a-d, 2a,b; Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Design principles and essential safety elements for sufficiently safe cycle paths 
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1a Obstacle free pavement 
Putting obstacles on the pavement of the cyclepath is generally seen as an unsafe element for cyclists  [7,8]. 
Fixed obstacles on the  pavement were involved in 12% of cycling crashes involving infrastructure elements 
[4,5]. 
  
1b Visual guidance 
Safe passing of vehicles at high speeds requires  high level of visual guidance. Especially older cyclists and 
people with visual limitations report a higher experienced safety when clear visual guidance is present [10]. 
In depth studies showed that at cycling crash locations  visual guidance of the edge of the cycle path was 
deteriorated [9]. In an  experimental study [10] it was found that  steering behaviour of cyclists deteriorates 
as the visual guidance  of edges of the cyclepath and obstacles is less clear. 
 
1c. Sufficient width 
The design of a cyclepath should accomodate safe overtaking and passing of cyclists. In a recent study [11], 
van Weelderen found an increased risk of cycling crashes on cycle paths with lower widths.  
De Goede [12] found a reduction in serious traffic conflicts between cyclists as the width of a cyclepath 
increased.  
 
1d. Pavement: flat, rough, unaffected and clean 
In about 40% of all cycling crashes involving infrastructure elements [4,5] slippery surface or bumps, pits and 
clutter on the pavement were involved. 
 
2a. Forgiving shoulder   
In general, cyclists keep a distance of one meter to the curb if it concerns a substantial difference in level 
[13,14]. Nevertheless it appears that almost 25% of all cycling crashes involving infrastructure elements 
involves a crash with a curb [4,5]. This might be the result of for instance an evasive action of a cyclist 
requiring more space then is available. If the shoulder appears to have a level difference the cyclist will be 
brought out of balance and fall. 
 
2b Obstacle free shoulder   
In a recent study [11], van Weelderen found an increased risk of cycling crashes on cycle paths by increased 
number of obstacles per 100 meters in the shoulder of the cyclepath.  The distance of the relevant obstacles 
to the edge of the cycle path surface was less than two meters.  
 
 
The six essential infrastructure elements of safe cycle paths are formulated as follows: 
A cycle path is qualified as sufficiently safe as each of the following essential elements are present: 
1. The pavement is obstacle free; 
2. Visual guidance is available; 
3. The width of the cyclepath is according to the design guide cycling infrastructure 2016 [8]; 
4. The pavement of the cycle path is flat, rough, unaffected and clean; 
5. The shoulder is forgiving (no vertical difference in level); 
6. The shoulder is free of obstacles. 
 
The level of safety of the cycle path is in accordance with the number of essential elements that are present 
per unit of length. 
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3 INTENDED USE OF ESSENTIAL SAFETY ELEMENTS 

The intention is that for each cyclepath in The Netherlands the level of safety will be established based on 
the the number of essential elements that are present. These safety level scores will be an important 
indicator for setting priorities for improving the safety of cyclepaths.  
 
The Knowledge Network for the Strategic Road Safety enhances the processes to obtain the required data 
and to monitor future improvements of the safety of cycle paths. The data that are obtained will be made 
available for all policymakers (central, regional and local) and other stakeholders by means of a national 
dashboard.  
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