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ABSTRACT1
In future urban mobility, safe and efficient interaction between vulnerable road users and au-2
tonomous vehicles (AVs) will play a crucial role. In order to enable communication between3
human road users and AVs, different human-machine interfaces (HMI) are developed. Usually,4
these HMIs and onboard communication units are part of AVs, but some concepts exist that give5
cyclists communication capabilities and possibilities to interact with the human rider. This paper6
further investigates one of these on-bicycle HMIs that uses a smartphone mounted on the bicycle’s7
handlebar. On the device, an application is running that augments routing apps with information8
about upcoming traffic scenarios and gives instructions on how to behave in certain situations.9
When interacting with AVs, knowing whether an HMI system influences the cyclist’s behavior is10
crucial. Therefore, an AV can anticipate the cyclist’s movement in the upcoming scenario reliably.11
In this paper, we focus on the research questions of whether there is a behavioral change, how it12
looks like, and whether learning effects with the application can be observed. We studied the be-13
havior in a coupled Bicycle-AV-Simulator and focused on speed variations in the analysis, because14
of driving simulator validity. The results indicate a speed decrease after receiving app information15
about the upcoming scenario. However, a learning effect can be found. With an increasing num-16
ber of study scenarios, the speed reduction decreases. Moreover, after receiving instructions on17
priority decisions, the cyclist reduces the speed if the AV takes priority and maintains or increases18
speed if the cyclist is prioritized.19

20
Keywords: On-Bicycle Warning System; AV-VRU-Interaction; Human-Machine-Interface; Cou-21
pled Driving Simulator; Cycling Behavior; Vulnerable Road Users22
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INTRODUCTION1
In urban mobility planning, efforts are made to increase traffic safety and more sustainable. Be-2
sides others, one can recognize these two trends: autonomous driving and the promotion of cycling3
in urban areas. In today’s urban traffic, the interaction between motor vehicles and cyclists is as-4
sociated with statistics about high fatality rates of cyclists in interaction with motorized traffic5
(1, 2). In the future, this interaction could be improved by excluding human errors through au-6
tomation and communication technology. Automated vehicles are equipped with onboard units7
to enable communication with other road users and infrastructure, but how is the situation with8
cyclists? Traditional cycling is considered inexpensive, space-effective, and simple, and bicycle9
designs are not expected to change significantly in the future. However, few safety add-ons will10
likely be included in bicycle designs when market penetration of autonomous vehicles and V2X-11
communication (Vehicle-to-Everything communication, including infrastructure and other vehi-12
cles) coverage is high. Simple onboard units for better perception of cyclists and human-machine13
interfaces (HMI) to communicate to the human bicycle rider other vehicles’ intentions or warning14
of safety-critical situations are discussed in the literature, besides other concepts (3–5). Even today,15
cyclists often use smartphone-based map services for routing while fixing the smartphone to the16
handlebar. This motivated Lindner et al. (3) to study whether extending those routing applications17
with additional safety-related information and behavior instructions in specific scenarios is possi-18
ble. So far, whether an on-bicycle HMI influences cycling behavior has yet to be analyzed. For19
interaction with AVs and training the involved prediction algorithms, a behavioral change is highly20
relevant. This paper further analyzes the coupled driving simulator study in Lindner et al. (3) of21
an automated vehicle (AV) and a bicycle while the cyclist uses a smartphone as a communication22
device on the operational level of the bicycle ride. The research questions addressed in this paper23
are: (1) does cycling behavior differ with and without an on-bicycle HMI system in use, (2) if yes,24
how does the behavioral change look like, and (3) can learning effects be observed when using the25
HMI system? We first provide an overview of the state of the art of on-bicycle HMIs and bicycle26
simulators for road user interaction studies, followed by a description of the experimental setup27
and the simulator study. We then present the results of the bicycle behavior analysis, including28
the influence of HMI messages on cycling behavior and learning effects. Finally, we discuss the29
results regarding driving simulator validity, summarize our findings, and provide an outlook for30
future work.31

STATE OF THE ART32
On-Bicycle Human-Machine-Interfaces33
Traditionally human-machine interface (HMI) research comes from the automotive domain to en-34
sure and emend appropriate interaction between conventional vehicles and their drivers (6). With35
the development of advanced driver assistant systems (ADAS) toward a higher level of automa-36
tion, new possibilities to communicate with the driver and other human road users have emerged.37
In recent years, a particular type of HMI was discussed intensively in research, the external HMI38
(eHMI) (6–13). Examples of HMIs are text messages displayed on the outside of the vehicle, light39
strips mounted on the windshield changing color depending on the vehicle’s state, or concepts that40
imitate human behavior, such as eyes installed at the vehicle front looking at other road users. For41
external HMIs, many studies exist on which type of eHMI might be the best for communicating the42
AV’s driving intention. So far, there is no clear recommendation for HMI design (3, 7). Also, there43
is criticism about the concepts because many are only investigated in 1-to-1 interaction, which is44
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not necessarily the case in reality. It could especially lead to issues addressing information to one1
specific road user, ensuring that no other person misinterprets the eHMI’s message. Moreover,2
there is criticism in the literature that the interaction for some road users, mainly AV to pedestrian,3
is much more investigated than for others. For example, AV-to-bicycle interaction is rarely investi-4
gated, although this mode of transport plays a vital role in urban traffic (3, 7). Moreover, Dietrich5
et al. (14) states that in today’s traffic, such encounters are mostly resolved implicitly in urban6
traffic, i.e., through the kinematic motion of an approaching vehicle (14). For example, the driver7
decelerates to communicate the driver’s intention to let a pedestrian cross. For safe interaction be-8
tween vulnerable road users (VRUs) and AVs, both communication methods, implicit and explicit,9
should be integrated into the communication framework of an automated vehicle. For bicycles,10
there is little research in HMI development or investigation of AV-to-bicycle interaction (15, 16).11
Nevertheless, some visions and experimental designs of on-bicycle HMIs exist (3, 5, 17, 18). These12
concepts range from haptic interfaces (vibration motors at the handlebar) over auditory interfaces,13
like helmet audio, to visual interfaces using laser projections, a head-up display (HUD), or smart-14
phones for cyclists. In contrast to HMI research for AVs, so far, these concepts should only be15
considered as safety add-ons. All these concepts are currently in the conceptual phase. The studies16
found focus on user acceptance, comparison of reaction times, and identification of the best com-17
munication modality of such a novel HMI system for bicycles (3, 5, 17, 18). The impact on cycling18
behavior has not been researched. Especially when interacting with AVs, it is essential to study the19
driving behavior of cyclists using such an HMI system. The AV’s prediction algorithms need to be20
trained to determine whether there is a change in driving behavior and how it influences cyclists’21
behavior to correctly interpret cyclists’ movements. In this paper, we address this research gap to22
identify the influence of one specific on-bicycle HMI on the driving behavior of a cyclist.23

Bicycle Simulators for Road User Interaction Studies24
In order to study novel interaction concepts, driving simulators can be used to research in a safe and25
reproducible environment. The most experience in the driving simulation domain has been gained26
with car driving simulators. Car driving simulators can differ greatly in their hardware setups, from27
simple keyboard-screen setups to highly elaborate systems using moving platforms, LED-Screens,28
and real vehicle mock-ups (15, 19–21). Also, bicycle simulators are increasingly used to study road29
user interaction and new infrastructure designs (15, 16, 22–25). As visualization methods, usually30
screens or virtual reality headsets are used. There are major differences in the sensory equipment31
and the force feedback loops of the simulators. Very elaborate setups exist, including steering force32
feedback, a motion platform (roll and pitch angels), brake force sensors, and a headwind simulator,33
only to name a few properties (25). On the other hand, simpler hardware setups measure only the34
main driving parameters, steering angle (without force feedback), and speed using a bicycle in a35
fixed frame (15). Despite the differences in the hardware setup of bicycle simulators, it still needs36
to be conclusively clarified which components lead to higher absolute validity of the study results.37
The requirements for bicycle simulators are also very different compared to car driving simulators.38
The physics of a bicycle ride is complex to reproduce in a simulator, for example, due to miss-39
ing centrifugal forces in fixed-base simulators. So far, no moving-base bicycle simulator exists.40
The reasons for this are manifold, but two major ones are financial resources and the possibility41
of falling off the bike in the simulator and harming the user if vehicle dynamics a not modeled42
correctly. Also, the communication patterns of cyclists must be detectable in a bicycle simulator43
for proper examination of road-user interaction (26). The communication patterns include explicit44
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