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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.
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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 cyclists [15-19]. 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 riders [26] and intelligent driving
assistants by mobile applications for car drivers [10], which have
significantly improved the safety of traffic participants. Further-
more, studies were made in the bicycle subject area, where riders
perceived the signals of warning through different interaction ways,
such as physical vibration [25] or by a signal on the road [6]. 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 cyclists [15]. 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 effective 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 [1, 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 effectiveness of the proposed warn-
ing signals: (1) AR notifications, (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%) [3]. Moreover, only 5% of the riders
wear helmets and have most injuries in the head region [13, 27],
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and most severe injuries happen due to the high travel speed [3]. In
their attempts to assist E-Scooter riders, Maiti et al. [14] 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, Locken et
al. [12] 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 first 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 off-the-shelf Garmin Varia Rearview radar !, which
warns of vehicles approaching from behind using a visual notifica-
tion on the screen fixed to the handlebar. Vibrotactile feedback was
also previously employed for collision prevention between cyclists
and pedestrians. For example, Yoshida et al. [32] 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 traffic participants. For instance, Schopp et al. [24] augmented
a cyclist’s helmet with a bone conduction speaker to warn cyclists
of approaching vehicles outside their field of view. Their results
showed that participants perceived an increase in situational aware-
ness and could easier identify hazardous situations. Jones et al. [9]
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 2 utilized manual
buttons on the sides of the helmet to indicate stop and turn signals.
Von Sawitzky et al. [30] 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 efficiently inform about impending hazards, in this work,
we investigate unimodal warnings as a first step towards safety

Uhttps://buy.garmin.com/en-GB/GB/p/518151, last accessed 22nd February 2022
https://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 first 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
investigate whether unimodal signals are sufficient enough to warn
E-Scooter riders and increase their safety before adding multiple
simultaneous signals.

3 STUDY

To investigate the warning signals for E-Scooter riders, we con-
ducted an experiment on an outdoor test track. Given that the
real-world traffic conditions can put participants into dangerous sit-
uations, we simulated a virtual world and traffic conditions, which
were shown in Augmented Reality glasses. This experiment aimed
to identify the warning signals that lead to the shortest reaction
time, lowest accident rate, and create a high feeling of safety. There-
fore, for this experiment, we had the following research question:
Which unimodal warning signals are the most applicable to increase
the safety of E-Scooter riders in terms of reaction time to a hazard,
accident rate, and feeling of safety?

3.1 Participants

We recruited 13 participants (2 female and 11 male) aged between
19 and 60 (Mean = 27.9,SD = 10.1). 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 signal. The type of warning contained four
levels and reflected 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
message “Warning! Detected car getting close.” (Figure 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

avoid riding against objects in the real world, unlike Virtual Real-
ity simulation that shows only the virtual world, as introduced by
Matviienko et al. [21]. We designed four unique routes with six T-
and six X-crossings, where one car per intersection was randomly
coming four times from the left, four times from the right, and four
times from both sides. Due to the differences of speed perception
between virtual and real world [11, 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
accidents is practically impossible, given the smaller sizes of the sur-
rounding buildings and cars. The conditions and trajectories were
counterbalanced with the Balanced Latin Square to avoid learning
effects. Each condition was assigned to one of the four trajectories
for each participant in a counterbalanced way. Upon approaching
an intersection, participants were provided with a warning about
an upcoming car.

ode Vibration Reaction Vibration

and batte motors button ( Rkl motors

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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Reaction Time, ms | Accident rate (%) | Acceptance | Perception | Safety

Warning M SD M SD Md IQR |Md IQR | Md IQR
AR 645 386 21.1 0.29 3 1 5 1 4 2
Auditory 769 478 18.2 0.2 4 2 5 0 4 1
Vibration 1392 1072 35.6 0.22 3 2 3 1 3 1
No assistance - - 39.4 0.23 - - - - - -

Table 1: Overview of the descriptive results. M = mean, SD = standard deviation, Md = median, IQR = interquartile range.

3.3 Apparatus

Participants rode on a commercially available XIAOMI Mi Scooter
1S (Figure 3) while wearing Augmented Reality glasses. The E-
Scooter had two mechanical brakes and could be accelerated with a
throttle on the right side of the handlebar. The virtual environment
was implemented using Unity game engine and shown in Microsoft
HoloLens 2 Augmented reality glasses. To create a virtual city, we
used a set of four tiles (4.5m x 4.5m): (1) corner, (2) straight street, (3)
T-intersection, and (4) intersection. We detected the rider’s position
using invisible checkpoints and rearranged the tiles to create a new
road, facilitating a continuous ride for each condition. The glasses
were used off the shelf without additional tracking support from the
hardware side. To specify the origin of the virtual city, the glasses
had to be placed at the designated location on the ground prior to
an experimental condition. To reduce the influence of vibrations
caused by the road surface, we conducted a study on a restricted
parking lot with asphalt pavement without other vehicles.

The auditory warning assistant uses the speakers of the HoloLens,
where a beeping sound was played three times upon the arrival of
danger. For the tactile warning assistant, four vibration motors?
connected to a NodeMCU ESP8266 microcontroller for communi-
cation with a HoloLens were placed on each side of the handlebar
(Figure 3). To measure the reaction time of participants, we added
a button on the left side of the handlebar, also connected to the
NodeMCU ESP8266 (Figure 3). To facilitate communication between
the vibration motors and the button with the Hololens, we used a
Wi-Fi access point via a NodeMCU.

3.4 Measures

To compare the warning signals for E-Scooters riders, we measured
the following dependent variables:

e Reaction time (in ms): The time between the occurrence of
a warning signal and a button press. We did not measure
the reaction time for conditions without warnings since our
study aims to compare warning signals and not the reaction
time to the appearance of a car.

o Accident Rate: We counted the number of times participants
had a collision with a virtual car.

e Warning acceptance: for each condition, we asked partici-
pants to specify the level of acceptance of the warning when
riding in real traffic conditions using a 5-point scale.

e Perception of a signal and safety: for each condition, we asked
participants to specify how well they could perceive the
waning signal and how safe they felt riding on an E-Scooter
using the warning signal using a 5-point scale.

3https://www.adafruit.com/product/1201

3.5 Procedure

For this study, we adhered to our universities health department’s
guidelines for user studies during the COVID-19 pandemic, and all
testing equipment was disinfected for each participant. After ob-
taining informed consent, we collected participants’ demographic
data and provided a brief overview of the procedures, including ex-
planations of warning signals. Participants familiarized themselves
with an E-Scooter, augmented reality simulation, and warning sig-
nals during a test ride. Once the participants felt comfortable, we
started experimental conditions with riding in the simulation while
wearing the Augmented Reality glasses. Participants had to ride
straight during the experiment or follow the road course on an
E-Scooter through a virtual city shown in the AR glasses. Their
task was to safely ride through the city and press a button on the
handlebar whenever they perceived a warning. The reaction time
was measured only for the conditions with warning signals. The
speed of the E-Scooter was restricted to a maximum of 15 km/h
for safety reasons. At the end of the study, we interviewed the par-
ticipants about their preferences for the warnings. The riding part
of the study took about half an hour, and the entire study lasted
approximately one hour.

4 RESULTS

We found that it takes longer to perceive and react to vibrotac-
tile than AR and auditory warnings. However, the accident rate
remained consistent for all types of warning signals. Given that
the collected data was not normally distributed according to the
Shapiro-Wilk test, we used the Friedman test and Wilcoxon-signed
rank test for post-hoc analysis of the non-parametric data. For pair-
wise comparisons, we used a Bonferroni correction. The summary
of results is shown in Table 1. We outline these findings in detail in
the following.

4.1 Reaction time

We found that reaction time to AR (M = 645ms,SD = 386) and
auditory (M = 769ms, SD = 478) warnings was shorter compared
to vibrotactile (M = 1392ms,SD = 1072). Using the Friedman
test we revealed that this difference was statistically significant
(X2(2) = 7.54,p < 0.05,> = 0.26). The pairwise comparisons have
shown that it took participants a longer time to react to vibrotactile
warnings compared to AR (p < 0.001) and auditory (p < 0.001).
However, the reaction time for AR and auditory warnings was
comparable (p > 0.05) (Figure 4 left).
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Figure 4: Overview of the results: reaction time (left) and accident rate (right) per type of warning.

4.2 Accident Rate

We found that participants had the lowest number of accidents
with virtual cars using auditory (M = 0.18,SD = 0.2) and AR (M =
0.21,SD = 0.29) warnings, followed by vibration (M = 0.36,SD =
0.22, and no assistance (M = 0.39, SD = 0.23). Although we found
that this difference was statistically significant (X?(3) = 8.4,p <
0.05, 172 = 0.16), after the Bonferroni correction none of the pairwise
comparisons were statistically significant (p > 0.05) (Figure 4 right).

4.3 Acceptance, perception, and safety of
warnings

We discovered that participants found auditory warnings the most
acceptable, i.e., appropriate to use, in the real traffic conditions
(Md = 4,IQR = 2), followed by AR (Md = 3,IQR = 1) and vibro-
tactile (Md = 3,IQR = 2). Using the Friedman test we revealed
that this difference was statistically significant (X2(2) = 8.6,p <
0.05, 7% = 0.33). The pairwise comparisons have shown that partic-
ipants found it more acceptable to ride with auditory warnings in
the real traffic conditions compared to AR (p < 0.001) and vibro-
tactile warnings (p < 0.001). However, the acceptance of AR and
vibrotactile warnings was comparable (p > 0.05).

As for the perception of warnings, we found that auditory (Md =
5,IQR = 0) and AR (Md = 5,IQR = 1) warnings were easier to per-
ceive compared to the vibrotactile (Md = 3,IQR = 1) ones. Using
the Friedman test we revealed that this difference was statistically
significant (X2(2) = 20.7,p < 0.001,7% = 0.8). The pairwise com-
parisons have shown that participants found it more challenging
to perceive vibrotactile warnings compared to auditory (p < 0.001)
and AR (p < 0.001). However, the perception of AR and auditory
warnings was comparable (p > 0.05).

As for the feeling of safety with warnings, we found that au-
ditory (Md = 4,IQR = 1) and AR (Md = 4,IQR = 2) warnings
facilitated a higher feeling of safety compared to the vibrotactile
(Md = 3,IQR = 1) ones. This difference was statistically significant,
as shown by the Friedman test (X?(2) = 14.8,p < 0.001, 7% = 0.57).
The pairwise comparisons have shown that participants felt less
safe with vibrotactile warnings compared to auditory (p < 0.001)
and AR (p < 0.001). However, the feeling of safety with AR and
auditory warnings was comparable (p > 0.05).

4.4 Problems and preferences

Concerning participants’ preferences for warnings, we found that
most of the participants (N = 8) preferred the auditory warnings,
followed by AR (N = 3), vibrotactile (N = 1), and none (N = 1).

As for the AR warnings, the opinions of the participants diverged.
While some participants mentioned that the signal took too much
space in the field of view, e.g., “Bad view because of the signal.
You can not see the car” (P10) or “The signal takes space of your
sight” (P9), others mentioned that “the visual signal was very good
to receive” (P3) and “easy too see” (P4). P2 also remarked that he was
not distracted from riding an E-Scooter with this kind of warning:
“T have my eyes most of the time at the street where I drive, and I can’t
oversee a warning”. Additionally, some participants said that they
had “no time to read” (P1, P4) the warning and “Visual appearance
is irritating” (P13) due to the simultaneous presentation of the
warning signal and the arriving car.

The auditory warning was rated primarily positive. The sound of
the warning signal was ‘clear” (P9, P13) and made the participants
more ‘concentrated” on the imminent danger situation (P5, P11).
Furthermore, it was mentioned that hearing the warning signal
was not as “irritating” (P12) as the other signals. However, partici-
pants questioned the perception of audio warnings in real traffic
situations: “How will it work with high traffic density?” (P5, P6).

Participants’ opinions regarding the vibrotactile warnings were
predominantly negative. Most participants were not sure whether
the vibration was caused by the surface or the vibration of the
handlebars (P11, P13), which led to situations in which the signal
was not “that much noticeable” (P6), or felt “irritating” (P3, P9). Only
two participants gave positive feedback about vibration, mentioning
that they perceived it ‘good” (P12) and it was a ‘strong signal” (P8).

5 DISCUSSION AND FUTURE WORK

In general, we discovered that unimodal warnings can facilitate
safety for E-Scooter riders. Our results indicate that with simple uni-
modal signals E-Scooter riders could quickly react to an upcoming
hazard and avoid accidents.

Although we could not significantly reduce the accident rate
of E-Scooter riders with unimodal warning signals, we showed
that both auditory and AR warnings lead to about two times fewer
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accidents than vibrotactile feedback and baseline without any sup-
port. One of the reasons for this result could be that vibrotactile
feedback is hardly perceived outdoors due to the vibrations of the
road surface while riding. Moreover, we ensured that vibrotacile
feedback was easy to perceive and distinguish between left and
right in a stationary position from the hardware side. While AR
auditory warnings were barely influenced by the AR environment
and external noise, the vibration caused by the road surface affected
the perception of vibrotactile signals. This finding does not nec-
essarily mean that vibrotactile feedback should be excluded from
signals on E-Scooters, but it can be possibly combined with auditory
and visual feedback to enhance attention through multiple sensory
channels, as has been done for cyclists [15] and car drivers [23].
The second reason for an increased accident rate may be related
to the AR simulation, which was perceived as a harmless experi-
ence without fatal consequences in a “miniature” city compared
to real traffic situations and led to the riders’ careless behavior.
However, this was unavoidable, given that a 1:1 mapping of the
virtual environment would lead to unstable AR outdoor tracking.
Moreover, with our experiment, we have shown that the proposed
AR environment for conducting user experiments can not only be
used indoors for cyclists [21] but also outdoors for E-Scooter riders.
Given that AR warnings were found to be distracting, in future,
they need to be redesigned to a more abstract visualization without
textual information. Alternatively, the visual type of warnings can
be moved to the periphery of the visual field [20], similar to helmets
for cyclists [17] and motorcycles [28].

The shorter reaction time for auditory and AR warnings of 600-
800 ms further indicates that they were perceived faster than vi-
brotactile signals. This finding is in line with previous works about
warnings for cyclists, which led to comparable results [15]. Al-
though cycling on a regular bicycle differs from riding an E-Scooter
that requires standing and leads to higher speeds, we can observe
similarities in our results between both types of micro-mobility.
However, future designers will have to consider the duration of
warning signals more carefully, given the reaction time of 600-800
ms for AR and auditory warnings, to avoid lengthy signals of over
1.5-2 seconds. In addition, auditory signals have higher acceptance
by riders and generate a higher sense of safety. This can be ex-
plained by the more subtle nature of auditory signals compared
with AR warnings, which were displayed more explicitly in front of
drivers and partially covered the field of view. Both signals can be
integrated into helmets for E-Scooter riders, especially when they
will be introduced as a recommended or mandatory safety element
for E-Scooter riders.

All in all, this shows that AR and auditory warnings can increase
the safety of E-Scooter riders and bring advancement compared to
the baseline without any assistance at all. The next step for future
work could be to explore a combination of warning signals [15, 23]
for different hazard levels or traffic densities, such as rush hour in
the city versus 30 km/h in the neighborhood. Finally, we tested a
limited number of participants to obtain initial results in this area
of research in the simulation-based nature of the experiment, which
made them feel safer in the virtual city than in real-world conditions.
However, this was unavoidable as our goal was to conduct the
experiment under controlled, reproducible, and, most importantly,
safe conditions.
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6 CONCLUSION

In this paper, we evaluated three types of unimodal warnings in
augmented reality simulation to improve the safety of E-Scooter
riders. We found that AR and auditory warnings lead to shorter
reaction times when a dangerous situation happens, higher per-
ception and acceptance of the signals, and create a better feeling
of safety compared to vibrotactile warnings. Moreover, the multi-
modal solution via a combination of AR and auditory signals might
be a suitable solution for more complex traffic situations, which
requires further investigation.
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