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Figure 1: We compared three unimodal warnings for E-Scooter riders to situations with no warnings as a baseline at inter-
sections with approaching vehicles: Augmented Reality warning displays a text “Warning! Detected Car getting close.” (left),
auditory warning emits beeping signals (middle), and vibrotactile feedback is activated on the grips of the handlebar (right).

ABSTRACT

Micro-mobility is becoming a more popular means of transporta-
tion. However, this increased popularity brings its challenges. In
particular, the accident rates for E-Scooter riders increase, which
endangers the riders and other road users. In this paper, we explore
the idea of augmenting E-Scooters with unimodal warnings to pre-
vent collisions with other road users, which include Augmented
Reality (AR) notifications, vibrotactile feedback on the handlebar,
and auditory signals in the AR glasses. We conducted an outdoor
experiment (N = 13) using an Augmented Reality simulation and
compared these types of warnings in terms of reaction time, acci-
dent rate, and feeling of safety. Our results indicate that AR and
auditory warnings lead to shorter reaction times, have a better
perception, and create a better feeling of safety than vibrotactile
warnings. Moreover, auditory signals have a higher acceptance by
the riders compared to the other two types of warnings.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.

CHI ’22 Extended Abstracts, April 29-May 5, 2022, New Orleans, LA, USA

© 2022 Association for Computing Machinery.

ACM ISBN 978-1-4503-9156-6/22/04...$15.00
https://doi.org/10.1145/3491101.3519831

Florian Miiller
florian.mueller@ifi.lmu.de
LMU Munich
Munich, Germany

Dominik Schoén
Régis Fayard
Technical University of Darmstadt
Darmstadt, Germany

Max Mihlhauser
max@tk.tu-darmstadt.de
Technical University of Darmstadt
Darmstadt, Germany

e

CCS CONCEPTS

+« Human-centered computing — Interactive systems and tools;
Mixed / augmented reality.
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1 INTRODUCTION

As a solution to urbanization, its ever-increasing traffic congestion,
and global warming, micro-mobility is becoming a popular means
of transportation [22, 29]. The trend is being pushed by sharing
services of power-standing scooters. Those devices, known as elec-
tric scooters or E-Scooters [7], facilitate convenience of mobility
and sustainability [4, 5] in cities and replace short-distance driv-
ing in urban environments [33]. However, traffic safety regarding
E-Scooters is a big concern, as indicated by accident reports [3],
which brings the riders and other road users into dangerous situ-
ations [14], leading to light and heavy injuries [2, 13, 14, 27]. The
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main circumstances and locations where E-Scooter riders are in-
jured include crashing with moving vehicles while riding on a road,
bicycle lane, or a sidewalk [3].

Previous research aimed to address the issue of safety in micro-
mobility, which was primarily focused on cyclistslp 19. Several
works have shown that the safety of riding bicycles can be elevated
by augmenting vehicles and drivers with additional signals. For
instance, a warning system on the helmet has been implemented
to avoid accidents for bicycle rider2f] and intelligent driving
assistants by mobile applications for car drivers], which have
signi cantly improved the safety of tra ¢ participants. Further-
more, studies were made in the bicycle subject area, where riders
perceived the signals of warning through di erent interaction ways,
such as physical vibrationZ5 or by a signal on the roadq). Also,
the researchers compared the reaction time of riders perceiving
a warning signal via visual, auditory, and vibrotactile modalities,
intending to improve the safety of child cyclistdlf. Given that
safety for cyclists and E-Scooter riders poses similar challenges,
such as lower protection compared to motorized vehicles, compa-
rable speed, the danger of being overseen, we hypothesize that
unimodal warning signals can assist E-Scooter riders. Therefore,
in this work, we aim to answer an open question of whether uni-
modal warnings can be applied to the safety requirements of riding
E-Scooters, and, if yes, how e ective they are.

In this paper, we explore the idea of augmenting E-Scooters with
unimodal warning signals to facilitate the safety of E-Scooter riders
on the roads with intersections]] 8], where cars can appear from
both sides, as one of the most dangerous situations. For that, we
conducted an outdoor experiment (N = 13) in an Augmented Reality
(AR) simulation to examine the e ectiveness of the proposed warn-
ing signals: (1) AR noti cations, (2) vibrotactile feedback on the
handlebar, and (3) auditory signals in the AR glasses (Figure 1). The
AR simulation facilitates riding on a real E-Scooter in a safe physi-
cal environment, e.g., on a restricted outdoor test track, through a
purely virtual world shown in the AR glasses, and supports mim-
icking of hazardous situations without putting participants into
danger. The results from our experiment indicate that auditory
and AR warnings induced the shortest reaction time to a hazard,
created a higher feeling of safety, and were perceived and accepted
better than vibrotactile. With this work, we contribute an empirical
evaluation of unimodal warning signals for E-Scooter riders.

2 RELATED WORK

Although there has not been much research done on the explo-
ration of warning signals for E-Scooter riders, researchers have
investigated assistance systems for other groups of micro-mobility.
In this section, we outline related work related to (1) the current
state of assistance for E-Scooter riders and (2) warning systems for
cyclists as one of the closest groups to E-Scooter riders in terms of
speed and lack of protection.

2.1 Current State of E-Scooter Riders

The analyses of the reasons for injuries of E-Scooter riders have in-
dicated that the most severe accidents have previously happened on
sidewalks (58%) and roads (23%)Moreover, only 5% of the riders
wear helmets and have most injuries in the head regidig[27,

Matviienko et al.

and most severe injuries happen due to the high travel spegdif

their attempts to assist E-Scooter riders, Maiti et dl4[collected
data on encounters between E-Scooters and pedestrians and found
that 58% of pedestrians were interested in a mobile application
that would warn them about encounters with E-Scooters. To over-
come the lack of turning signals on some E-Scooters, Lécken et
al. [17 investigated the feeling of safety for participants when they
show safety signals using hands. Their results indicated that every
participant performed the test using hand gestures without any
accident and felt overall safe. Our work makes the rst step towards

a better understanding of assistance systems for E-Scooter riders
by exploring unimodal warning signals integrated into the scooters
and glasses. We build on the previous work related to warning
assistance for cyclists, which we outline in the following.

2.2 Warning Assistance for Cyclists

Safety for cyclists and E-Scooter riders poses similar challenges,
such as lower protection compared to motorized vehicles, compa-
rable speed, the danger of being overseen by car drivers. Therefore,
we hypothesize that unimodal warning signals can assist E-Scooter
riders. In this subsection, we outline warning systems for cyclists
with an aim to extend them to E-Scooter riders.

Most of the existing warning systems for cyclists have explored
the use of on-bicycle assistance systems. One prominent example
includes an o -the-shelf Garmin Varia Rearview raday which
warns of vehicles approaching from behind using a visual noti ca-
tion on the screen xed to the handlebar. Vibrotactile feedback was
also previously employed for collision prevention between cyclists
and pedestrians. For example, Yoshida et2# proposed a system
that warns both pedestrians and cyclists through their smartphones
about an impending collision at a blind corner. They showed that
collisions could be prevented by using their GPS-based algorithm
and vibrotactile feedback. A helmet is perhaps the most common
bicycle safety accessory. Researchers have previously augmented
helmets with both visual and auditory signals to notify riders and
other tra ¢ participants. For instance, Schopp et ak{] augmented
a cyclist's helmet with a bone conduction speaker to warn cyclists
of approaching vehicles outside their eld of view. Their results
showed that participants perceived an increase in situational aware-
ness and could easier identify hazardous situations. Jones &lal. [
enhanced a cyclist's helmet for both input and output. Additional
lights placed on the back of a helmet were used to indicate turn
signals through head-tilting and a microphone to communicate the
location to other drivers. Similarly, Blink Helmet, utilized manual
buttons on the sides of the helmet to indicate stop and turn signals.
Von Sawitzky et al. (] have investigated three head-up concepts
to improve road safety for cyclists, which include seeing through
walls, a smart path for crossing, and warning signs. More recently,
a combination of signals integrated into both bicycles and helmets
has been investigated to warn child cyclists [15].

Although multimodal warnings have proven to be the preferred

way to e ciently inform about impending hazards, in this work,

we investigate unimodal warnings as a rst step towards safety

Lhttps://buy.garmin.com/en-GB/GB/p/518151, last accessed 22nd February 2022
2https:/www.wired.com/2011/04/blink-touch-sensitive- bike-lights- built-into-
helmet/, last accessed 22nd February 2022
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Figure 2: A rst person perspective in the AR-based simulation (left) and AR simulation shown through the AR glasses (right).

and their applicability for E-Scooter riders. With this, we aim to  avoid riding against objects in the real world, unlike Virtual Real-
investigate whether unimodal signals are su cient enough to warn ity simulation that shows only the virtual world, as introduced by
E-Scooter riders and increase their safety before adding multiple Matviienko et al. P1]. We designed four unique routes with six T-

simultaneous signals. and six X-crossings, where one car per intersection was randomly
coming four times from the left, four times from the right, and four
3 STUDY times from both sides. Due to the di erences of speed perception

between virtual and real world11, 31], the speed of the cars was
15 km/h. The maximum speed of 50 km/h for urban environments
in a virtual environment is perceived higher, and riding without
uations, we simulated a virtual world and tra ¢ conditions, which ~ accidentsiis practically impossible, given the smaller sizes of the sur-
were shown in Augmented Reality glasses. This experiment aimed rounding buildings and cars. The conditions and trajectories were
to identify the warning signals that lead to the shortest reaction counterbalanced with the Balanced Latin Square to avoid learning
time, lowest accident rate, and create a high feeling of safety. There- € €cts. Each condition was assigned to one of the four trajectories
fore, for this experiment, we had the following research question: for each participant in a counterbalanced way. Upon approaching
Which unimodal warning signals are the most applicable to increase@n intersection, participants were provided with a warning about
the safety of E-Scooter riders in terms of reaction time to a hazardgn upcoming car.

accident rate, and feeling of safety?

To investigate the warning signals for E-Scooter riders, we con-
ducted an experiment on an outdoor test track. Given that the
real-world tra ¢ conditions can put participants into dangerous sit-

3.1 Participants

We recruited 13 participants (2 female and 11 male) aged between
19 and 60Mean= 27.:9;SD= 101). All participants received no
compensation and had normal or corrected vision.

3.2 Study design

The study was designed to be within-subject with one independent
variable:type of warning signalThe type of warning contained four
levels and re ected four experimental conditions, which included
riding an E-Scooter with (1) Augmented Reality (AR), (2) vibrotac-
tile, (3) auditory warning, and (4) without warning as a baseline
(Figure 1). The AR warning appears in front of the rider as a text
messageWarning! Detected car getting clog€igure 2 left), the
vibrotactile feedback was presented on both sides of the handlebar
with a sequence of three vibrations with a delay of 500 ms, and the
auditory signal was emitted from the AR glasses as a sequence of
three beeping signals also with a delay of 500 ms. All three types
of warnings lasted 2.5 seconds in total.

During the experiment, participants were wearing AR glasses,
which showed a virtual city (Figure 2), and were physically rid-
ing on the empty restricted parking lot. We used AR simulation
to ensure visibility of the real world for safety reasons, e.g., to

Figure 3: The E-Scooter was equipped with four vibration
motors on the left and right sides of the handlebar and
the reaction button on the left to measure reaction time to

the warnings. The vibration motors and the reaction button

were directly connected to a NodeMCU microcontroller for
communication with a HoloLens.
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