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ABSTRACT

Background: As urban landscapes rapidly integrate e-scooters into their transportation ecosystems, understanding pedestrian-e-scooter interactions becomes para-
mount for safety and planning. This study investigates pedestrian discomfort levels and avoidance strategies when encountering an e-scooter approaching from the
front.

Methods: 25 participants were exposed to e-scooters approaching at three different speeds and lateral distances. Avoidance paths were plotted, and subjective
discomfort levels were recorded and analysed.

Results: Our findings underscored two key behaviours: 1) As the speed of the e-scooter increased, participants initiated avoidance manoeuvres from a further distance
ahead, suggesting a heightened perception of risk. 2) Regardless of the e-scooter’s speed, the lateral distance maintained during passing remained fairly constant.
However, when the e-scooter’s initial lateral position was closer to participants, both the initiation distance for avoidance and the reported discomfort level increased
noticeably.

Conclusion: The findings underscore the critical influence of lateral distance and e-scooter speed on pedestrian comfort and avoidance behaviour. These insights can

guide urban planners and policymakers in designing safer and more efficient shared spaces.

1. Introduction

The Electric Scooter (e-scooter), as defined by SAE International
J3194 in November 2019, is an ultra-lightweight vehicle weighing <23
kg, with a standard width of <0.9 m and a low-speed limit of up to
18mph (8 m/s) [1]. Its popularity surged in September 2017 when the
micro-mobility company Bird Rides, Inc. introduced a shared e-scooter
service in Santa Monica, California, USA [2]. Following this, the trend
quickly spread to San Francisco, Washington, and Los Angeles by the
end of 2017 and subsequently expanded across the USA, Asia, and
Europe [3]. E-scooters offer a convenient, efficient, and environmentally
friendly mode of transportation, leading to their broad adoption in cities
worldwide [4]. As of July 2023 in Japan, e-scooters with a maximum
speed of 20 km/h (5.6 m/s) are legally permitted on public roads.
Additionally, they can be ridden on footpaths if their maximum speed
does not exceed 6 km/h (1.7 m/s).

In Greece, pedestrians who prefer walking and using public transport
made up the majority of shared e-scooter users [5]. An online ques-
tionnaire in Singapore aimed at understanding pedestrians’ attitudes
towards personal mobility devices (PMDs), like e-scooters on shared

paths, revealed that the acceptance of PMDs is more influenced by
environmental factors (e.g., footpath width and crowdedness) than by
individual behaviour, such as the speed and movement of PMDs [6].

The rapid proliferation of shared electric scooter services in urban
settings has garnered significant attention due to the rise in injuries and
subsequent hospital admissions. Notable regions affected include Cali-
fornia, USA [2], Auckland, New Zealand [3], and Tel-Aviv, Israel (Note:
Tel Aviv is in Israel, not Iran) [7]. A predominant reason for these
hospital admissions was injuries such as limb fractures and trauma to the
head, face, and upper limbs, as evidenced by accident reports from
Hamburg, Germany [8]. Additionally, it was observed that e-scooter
accidents tend to occur more frequently during weekends and are often
associated with alcohol consumption, in contrast to accidents involving
bicycles. A comprehensive study [9], which analysed 5016 hospital
admissions recorded in the National Electronic Injury Surveillance
System of the United States between 2015 and 2019, revealed that the
upper extremity was the most commonly fractured body part, account-
ing for 25.4% of cases. Furthermore, interviews with 105 injured pa-
tients in Washington indicated that the primary locations of e-scooter
accidents were sidewalks (58%) and roads (23%) [10].
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Meanwhile, the rise of the e-scooter presents a novel set of challenges
to pedestrian safety and comfort. Their increasing presence on sidewalks
and shared pathways has heightened concerns over potential collisions
and conflicts with pedestrians. It becomes crucial to understand the
basic attitudes of e-scooter riders and how they navigate around ob-
stacles or pedestrians. Adopting an ethnomethodological approach to
public space and mobility, a study analysed video recordings of three e-
scooter riders in Paris [4]. The findings revealed that e-scooter riders
aimed to minimise appearing not only exploitative but also unexpected
in public spaces and during encounters with others. The shared experi-
ences of e-scooter riders and pedestrians have also been investigated
[11]. This research suggests that the experiences of e-scooter riders and
pedestrians are complicated by car-centric transport systems, which
clearly define transportation space boundaries, combined with limited
available pathway space. For the safety of both pedestrians and e-scooter
riders, it’s pivotal to examine e-scooter riding behaviours when they
encounter pedestrians, akin to the case with Segways [12,13]. Based on
prior studies, pedestrians most susceptible to injuries include individuals
with vision/hearing impairments, young children, older adults, and
those distracted by mobile devices [14].

A common and critical scenario that warrants attention occurs when
an e-scooter approaches a pedestrian head-on. This situation demands
both parties negotiate space and coordinate their movements to prevent
a collision. The reasons we feel discomfort and instinctively avoid
oncoming objects remain somewhat elusive. However, the amygdala in
the human brain might trigger strong emotional reactions typically
associated with personal space violations [15]. This could explain why
pedestrians feel discomfort when e-scooter riders encroach on their
personal space, prompting them to sidestep and maintain their bound-
aries. Furthermore, vision plays a crucial role in recognising objects in
our immediate environment and helps us react appropriately to avoid
potential hazards [16].

Pedestrian avoidance behaviours during walking have been previ-
ously studied. The circumvention of both stationary and moving human-
shaped objects approached from a 45-degree angle has been reported
[17]. The researchers found that participants consistently maintained an
elliptical personal space during circumvention, adjusting its size based
on environmental factors. The regulation of personal space is instru-
mental in controlling locomotion. A comparison of older and younger
adults, with the introduction of auditory distractions while circum-
venting a stationary or moving mannequin, has been documented [18].
The study revealed that older adults expanded their personal space more
than younger adults, especially when auditory distractions were present.
Another study involving a standing interferer was conducted [19], and
no differences were found in obstacle avoidance strategies between the
age groups. Collision avoidance behaviours against differently-sized
human figures were explored [20]. This study analysed the effects of
human body size and its orientation on the medial-lateral clearance
between the interferer and participant when crossing. Additionally,
research into pedestrians’ avoidance behaviours against human-shaped
objects approaching head-on at varying speeds was presented [21]. The
primary focus was the initiation of heading changes, with spatial con-
straints having a significant impact, rather than the object’s speed.
Participants typically adopted a two-stage avoidance behaviour:
changing heading direction followed by adjusting walking speed.
Another study assessed path and speed adjustments when pedestrians
crossed paths with non-reactive human interferers at different angles
and speeds [22]. The findings indicated a robust relationship between
path and speed adjustments with the crossing angle and walking speed.
Specifically, crossing at acute angles (45 and 90 degrees) appeared to
necessitate more complex collision avoidance strategies. In scenarios
involving a 180-degree angle, there was a 0.3 m lateral distance from a
passer-by.

Pedestrian perceptions of danger when passed by a Segway were
explored [23]. The findings revealed two key insights: Firstly, pedes-
trians exhibit greater sensitivity to the distance between themselves and
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a personal mobility vehicle (PMV) like an e-scooter when the PMV is in
front of them compared to when it is behind them. Secondly, pedestrians
perceive a PMV in front of them as more threatening when they are in
close proximity to it. However, when at a greater distance, they perceive
a higher level of danger from a PMV approaching from behind compared
to one approaching from the front.

While it is essential to understand the discomfort pedestrians may
feel when encountering e-scooter riders in shared spaces, current in-
sights remain insufficient. Moreover, no study has specifically addressed
how pedestrians might avoid e-scooters. The experience of pedestrians is
influenced by the approaching e-scooter’s speed, trajectory, and their
perception of the rider’s intentions. There’s a pressing need to delve
deeper into these factors to better grasp their impact on pedestrian
comfort and safety. Such understanding could shape the design of
effective interventions and policies to reduce conflicts and enhance the
overall user experience in shared urban environments. While much of
the existing research on pedestrian-vehicle interactions centres on motor
vehicles and bicycles, with e-scooters receiving less attention, the
distinct characteristics of e-scooters—Ilike their compact size, slower
speeds, and the rider’s posture—call for a specialised study to truly
comprehend the intricacies of pedestrian-e-scooter interactions.

This study aims to bridge the existing gap by examining the factors
influencing pedestrian discomfort when faced with an e-scooter
approaching head-on, taking into account Japanese traffic conditions
and extending the speed parameters to accommodate various conditions
in other countries. Our objective is to identify the primary elements
ensuring a comfortable pedestrian-e-scooter interaction. The insights
garnered will inform the development of effective interventions, infra-
structure enhancements, and policies designed to bolster safety and
promote walkability in urban settings.

2. Methods
2.1. Participants

A total of 25 participants took part in this study after signing an
informed consent, which was approved by the ethical committee at the
Nagoya Institute of Technology in Japan. The average age of the 14 male
participants was 34 £ 10 years, while the 11 female participants had an
average age of 31 & 10 years. All participants possessed either normal or
corrected-to-normal vision and reported no musculoskeletal, cognitive,
or eye disorders, which could influence the study results. After providing
consent to participate in the study, each participant answered de-
mographic questions and had a 10-min e-scooter ride, and then pro-
ceeded to the experiments. Each participant’s trial was completed
within two hours. The experiments for this study were conducted over
five days, under sunny or cloudy conditions, ensuring that the road
surface remained dry.

2.2. Experiment design and setup

This study was conducted on an internal road at the Nagoya Institute
of Technology in Japan. The road’s surface was asphalt, measuring 60 m
in length and 5 m in width. This road was set up as per the experimental
design depicted in Fig. 1. Both the participant and the e-scooter gears
began by moving towards each other. Participants were instructed to
walk along a white dotted line on the road at a natural walking speed of
approximately 1.4 m/s (5 km/h). If they felt discomfort or perceived a
risk of collision with the approaching e-scooter, they were advised to
sidestep to the left and then return to the white line after passing the e-
scooter, continuing until the end of each trial. The space on the left
reserved for avoidance was 2 m wide. The e-scooter, operated by the
examiner, travelled alongside light yellow dots at a lateral distance Ye
and a constant speed Ve. Both the distance and speed were chosen
randomly from three settings: Ye positions of 0 m, 0.75 m, and 1.50 m,
and Ve speeds of 1.7 m/s (6 km/h), 2.8 m/s (10 km/h), and 4.2 m/s (15
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Fig. 1. a: Photo of a trial scene from this study. A participant was on the near side while the e-scooter was on the far side. b: Overview diagram of the experiment and
definition of focused parameters. The participant began walking from point O, following the white dotted line on the x-axis at natural walking speed Vp. The e-
scooter commenced its motion from Pe (Xe, -Ye), moving to (0, -Ye) at speed Ve. The time t, represents the moment when the avoidance initiation occurred.

km/h). The starting longitudinal distance Xe between the participant
and the e-scooter varied based on Ve: 30 m for 1.7 m/s, 40 m for 2.8 m/s,
and 60 m for 4.2 m/s. This ensured that the e-scooter maintained its set
speed for at least 5 s before approaching the participant, and that the X
position when passing the participant remained roughly consistent at x
=13 m across all trials. The sequence of the nine combinations of Ye and
Ve was randomised for each participant. Before the experiment
commenced, the examiner underwent training to safely operate the e-
scooter at the designated lateral distance Ye from the white line and at
the constant speed Ve, while monitoring the e-scooter’s speedometer.
For added safety during the trials, both the participant and the e-scooter
operator wore helmets. Additionally, the e-scooter operator wore knee
protectors and was instructed to immediately stop or avoid the partici-
pant if there was any imminent risk of collision.

2.3. Experiment procedure

At the beginning of each trial, participants stood still, facing the di-
rection of walking. Simultaneously, an examiner prepared to begin by
boarding an e-scooter, the Kickscooter G30L by Segway-Ninebot, as
illustrated in Fig. 1 (b). The specifications of this e-scooter are as follows:
dimensions of H1146 x W472 x L1109mm, weight of 17.5 kg, tyre
diameter of 254 mm (10 in.), a wheelbase of 800 mm, motor power of
350 W, and a maximum speed of 6.9 m/s (25 km/h). Before initiating a
trial, the participant stood at the start of the white line, designated as the
origin in Fig. 1. The e-scooter, with the examiner aboard, was positioned
at a lateral distance of Ye and an initial point of Xe. The e-scooter’s
maximum speed was set to Ve using its mobile app. The signal to
commence a trial was given by a person positioned halfway between the
participant and the e-scooter. This individual raised a red traffic wand to
signal the start, following which the participant began walking and the
examiner accelerated the e-scooter towards the participant along the
white dotted line. Participants were instructed to step to the left to avoid
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the approaching e-scooter if they perceived any collision risk, and af-
terward, return to walking on the white line until an end point.

2.4. Data collection and analysis

2.4.1. Trajectories of the participant and the e-scooter

Three video cameras with a frame rate of 30 Hz were mounted on
tripods situated on the balconies of the 5th floor of a building adjacent to
the experimental area at the Nagoya Institute of Technology. These
cameras were adjusted to comprehensively capture the entire experi-
mental area. The positions of both the participant and the e-scooter were
extracted from these video recordings using TrafficAnalyzer [24]. Cali-
bration was performed prior to the experiment. TrafficAnalyzer pro-
cessed the data to extract the perpendicular position of the participant’s
head every 0.5 s and the contact point between the road surface and the
e-scooter’s rear tire every second. These data points were then converted
into trajectories for both the participant and the e-scooter at 30 Hz after
being refined by Kalman filtering. The avoidance initiation distance Da
was determined as the x-axis distance between the participant’s and the
e-scooter’s positions at the moment when the sharpest participant’s
leftward movement occurred deviating from an area + 100 mm of the
white line. If the participant completed their walk within 100 mm of the
white line during a trial, Da was set to 0. The lateral passing distance Dp
was measured as the y-axis distance between the positions of the
participant and the e-scooter when their x-axis positions aligned.

2.4.2. Discomfort level

After completing each trial, participants were asked to rate their
level of discomfort when passing the e-scooter on a scale from 1 to 5. The
ratings corresponded to the following word expressions: 1: No discom-
fort at all, 2: No discomfort, 3: Neutral, 4: Slight discomfort, and 5: High
discomfort.
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2.4.3. Statistical analyses

Statistical analyses were performed using the Chi-square test for
categorical outcomes, and the Friedman test was employed for non-
parametric repeated measures.
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3. Results

The present study explored the relationship between pedestrian
avoidance behaviour and discomfort during encounters with an e-
scooter approaching from the front at three different speeds Ve and from
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Fig. 2. a: Trajectories of all participant’s avoidance of the e-scooter. The zero on the horizontal axis represents the passing point between the participant and the e-

scooter. b: Discomfort level during avoidances of the e-scooter.
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three different lateral distances Ye. Fig. 2a presents the avoidance paths
of all participants, as extracted from the TrafficAnalyzer across all
conditions. This provides an overview of participants’ responses to the
varying dynamics of the e-scooter’s approach. While walking, all par-
ticipants successfully and safely evaded the oncoming e-scooter. In the
Ye = 0.00 m scenarios, every participant executed an avoidance
manoeuvre. However, the number of participants who did so decreased
as Ye increased. In the Ye = 1.50 m scenarios, the majority did not avoid
the e-scooter and continued straight walking, maintaining the desig-
nated Ye. Some participants initiated their avoidance earlier when the e-
scooter’s speed was Ve = 4.2 m/s, and later for Ve = 1.7 m/s. All
avoidance paths adhered to a similar trajectory as illustrated in Fig. 1.
Our analysis primarily centred on two aspects: the avoidance initiation
distance Da, and the lateral passing distance Dp. The distribution of the
five discomfort levels is displayed as a stacked bar chart in Fig. 2b,
highlighting the spread of discomfort levels across all conditions. The
levels of discomfort were predominantly influenced by the e-scooter’s
lateral distance, Ye. ‘High discomfort’ ratings were exclusively linked to
the Ye = 0.00 m scenario, while the ‘No discomfort at all’ ratings were
predominant in the Ye = 1.50 m scenario. A Chi-square test revealed a
significant difference in initial lateral distance Ye (;(2 = 77.3653, p <
0.001) but found no significant difference in e-scooter speed Ve (¥ =
9.3267, p = 0.3155).

3.1. Classification of avoidance

Extract trajectories of the participant and the e-scooter are shown in
Fig. 2a follwoing the method in 2.4.1 section. From Fig. 2a, participants’
avoidance behaviours were categorised based on whether the partici-
pant’s path deviated by >10 cm from the white dotted line. Fig. 3 dis-
plays the avoidance ratios for all Ye and Ve conditions. The avoidance
ratio was 100% at Ye = 0.00 m, decreased slightly to around 87% at Ye
= 0.75 m, and further reduced to approximately 25% at Ye = 1.50 m. A
Chi-square test indicated a significant difference in initial lateral dis-
tance Ye (y2 = 114.7513, p < 0.001), but there was no significant dif-
ference regarding the e-scooter’s speed Ve (42 = 0.3859, p = 0.8245).
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3.2. How avoidance occurs

The Avoidance initiation distance Da at which a participant’s
avoidance begins and the lateral passing distance Dp, as depicted in
Fig. 1, were extracted as the two primary facets of avoidance from
participants’ walking paths, as classified under avoidance based on the
definition in 3.1. Fig. 4a and b display the extracted results for Da and
Dp, respectively. Da decreased as Ye increased, and this decline in Da
was found to be significantly different in the Friedman test (32 = 121.29,
p < 0.001). The average Da values by Ye were 17.3 &+ 7.12 m at Ye =
0.00m, 11.4 = 7.62 m at Ye = 0.75 m, and 3.20 £+ 6.59 m at Ye = 1.50
m. Da also rose with an increase in Ve, and this trend was found to be
significantly different in the Friedman test (4> = 17.31, p < 0.001). The
average Da values by Ve were 8.68 &+ 6.85 m at Ve = 1.7 m/s, 9.96 +
8.42mat Ve =2.8m/s, and 13.3 £ 11.2 m at Ve = 4.2 m/s. The lateral
passing distance Dp increased with Ye, and this increase was found to be
significantly different in the Friedman test (2 = 122.30, p < 0.001). The
average Dp values by Ye were 1.19 + 0.237 m at Ye = 0.00 m, 1.30 +
0.344 m at Ye = 0.75 m, and 1.63 + 0.214 m at Ye = 1.50 m. No sig-
nificant difference in Dp was observed with increasing Ve (Friedman
test: )(2 = 2.57, p = 0.277). Average Dp values by Ve were 1.36 + 0.310
matVe=1.7m/s,1.36 + 0.335m at Ve = 2.8 m/s, and 1.41 £ 0.343 m
at Ve = 4.2 m/s.

3.3. Discomfort level

Fig. 5 represents the discomfort level concerning Da and Dp. The
contour plot in Fig. 5 displays the estimated discomfort level, calculated
using nominal logistic regression with Da and Dp, after binarizing the
discomfort levels into 0: No discomfort and 1: Discomfort. Ratings of 1:
No discomfort at all, 2: No discomfort, and 3: Neutral were converted to
the binarized discomfort level of 0, while ratings of 4: Slight discomfort
and 5: High discomfort were set to 1. The numbers within the contour
plot indicate the probability of discomfort levels based on Da and Dp. In
the nominal regression used to estimate this probability, both Da and Dp
were found to be significantly different (p < 0.001). The probability of
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Fig. 3. Avoidance rate. The Chi-square test revealed a significant difference based on the e-scooter initial position Ye (p < 0.001).
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discomfort, as determined by Da and Dp, can be estimated using the eq. than Da.

(1), with extracted parameters BO = —0.2291, B1 = 2.3492, and B2 =

—0.1107. A clear pattern emerged: the probability of discomfort The probability of discomfort =1 —
decreased with a larger Dp and a smaller Da, and given that Bl is 21

times larger than B2, Dp has a greater influence on the discomfort level

exp(Bo + B1D, + B3D,)

1
1+ exp(Bo + B1D, + B2Dy) W
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Fig. 5. Estimation of the probability of discomfort level based on avoidance initiation distance Da and lateral passing distance Dp using nominal logistic regression.
The numbers on the lines indicate the estimated probability of discomfort level.

4. Discussions
4.1. Avoidance strategy

All participants were able to detect the e-scooter approaching from
the front and successfully avoided it by moving to the left side as
instructed. While each participant’s avoidance strategy varied individ-
ually, we identified a general pattern and the origins of discomfort. In
cases where the e-scooter’s lateral distance, Ye = 0.00 m, participants
began avoiding the e-scooter at an average distance at Da = 13.6 m and
23.0 m for Ve = 1.7 m/s and 4.2 m/s respectively. The lateral passing
distances Dp, for both Ve conditions were similar at 1.18 m and 1.21 m.
This implies that participants recognised the e-scooter’s speed, initiating
avoidance earlier when the e-scooter’s speed was higher. However, they
consistently maintained a lateral distance of approximately 1.19 m. The
discomfort level at Ye = 0.00 m was the highest at Ve = 4.2 m/s, ac-
counting for 50% of ratings 4 (Slight Discomfort) and 5 (High Discom-
fort). This discomfort reduced to 24% at Ve = 1.7 m/s. This pattern was
only evident at Ye = 0.00 m, with no significant discomfort difference
across Ve.

As Ye increased to 0.75 m, avoidance strategies for Da and Dp
mirrored those at Ye = 0.00 m. Da lowered to an average of 11.4 m and
Dp slightly extended to an average of 1.30 m. Additionally, 13% of trials
saw no avoidance and the average discomfort level improved to 18.7%.
At Ye = 1.50 m, 75% of trials experienced no avoidance, Da plummeted
to an average of 3.20 m, and Dp widened to 1.63 m. This scenario
registered the lowest discomfort level at 6.7%. For Ye = 0.00 m and 0.75
m, participants employed a similar avoidance strategy. They recognised
the e-scooter’s speed Ve, and initiated avoidance earlier when the e-
scooter was moving faster, especially if discomfort levels were higher.
However, the lateral passing distance remained consistent, even with
increased speeds. For Ye = 1.50 m, most participants opted not to avoid
the e-scooter due to the low level of discomfort, suggesting that partic-
ipants primarily employ an avoidance strategy when Ye is closer.
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With the comparison to previous study, Dp = 1.18 m at Ye = 0.00 m
with Ve = 1.7 m/s was slight greater than the 0.72 m observed in
circumvention cases against a stationary person [20], or 0.28 m in
circumvention cases against an oncoming pedestrian [22]. The Da =
13.6 m against an e-scooter moving was 3.7 times longer than the 3.64 m
observed against an air-filled human doll moving at 2 m/s [21]. This
could be attributed to the available space in this study, as the e-scooter
commenced from 30 m away. In contrast, the air-filled human doll
scenario started with a 12 m separation between the participant and the
doll.

From Fig. 5 and our statistical analysis, the participant’s discomfort
level correlates with the avoidance strategy comprising of Da and Dp.
When Dp was more substantial, discomfort levels decreased, and when
Da was closer, discomfort similarly decreased. During the avoidance
process, participants first visually recognised the e-scooter and experi-
enced discomfort due to perceived safety risks, leading to their avoid-
ance response. Considering this process, the participant’s discomfort
influences their avoidance strategy, which includes both Da and Dp. A
10% discomfort level could be anticipated when Dp exceeds 1.04 m and
Da is above 0, especially in cases where Ve is slower. However, if Ve is
faster, Dp could increase as Da lengthens.

Assuming Da is the major axis and Dp is the minor axis of an ellipse
representing personal space, Da typically exceeds Dp, aligning with
findings from previous studies such as [17]. Yet, the size of the personal
space expands with higher e-scooter speeds. Furthermore, the size of
personal space when encountering an e-scooter at Ve = 1.7 m/s was
larger than that observed when encountering a pedestrian walking at
1.4-1.5 m/s [17]. The projection size of an e-scooter with a rider might
influence personal space dimensions, akin to varying human sizes [20].

The discomfort level would be critical when passing the e-scooter as
the distance between the participant and the e-scooter becomes mini-
mum. Da and Dp happened before passing the e-scooter, and we defined
the discomfort level when passing the e-scooter as the effect, and Da and
Dp as the cause. So the discomfort level can be determined by Da and Dp
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using eq. (1). This suggests that an elongated major axis and a shortened
minor axis of personal space heighten discomfort levels. It further im-
plies that pedestrians might adjust the dimensions of their personal
space based on their level of discomfort, taking into account the nature
and approach of others around them. Discomfort level could determined
by Da and Dp with eq. (1) and it suggests that a longer major axis and a
shorter minor axis of personal space increase discomfort levels. This
suggests that pedestrians may adjust the size of their personal space
based on discomfort, gauging the nature and approach of others towards
them.

4.2. Design recommendation

It appears that a pedestrian can avoid an e-scooter approaching from
the front, provided there’s a side space of up to 1.2 m, even if the e-
scooter doesn’t alter its trajectory at Ve = 1.7 m/s. In this scenario, the
discomfort probability is 34%, as per eq. (1), given Da = 17.3 m and Dp
= 1.2 m. Increasing the lateral distance from an e-scooter or decreasing
the e-scooter’s speed can effectively reduce discomfort due to the
resulting increase in Dp and decrease in Da. Based on this, creating
separate lanes for pedestrians and e-scooters would generally reduce
discomfort. If segregation isn’t feasible, then the e-scooter’s speed
should be limited to below 1.7 m/s, and the pedestrian footway should
be wider than 1.5 m.

4.3. Limitations and future research

There are several limitations to this study. The experimental area had
cross slope for drainage under Japanese road regulation, however the
effect of the cross slope to participant’s walking direction would be
minimum as all participants lived in Japan and were familiar with
walking on Japanese footway and road surfaces having cross slopes for
drainage. The e-scooter’s range for Ye and Ve was not finely segmented,
and maximum Ve was not maximum Japanese legal limit at 20 km/h
(5.6 m/s). We had a limited participant pool of 25 individuals. With a
larger sample size and a more precise division of Ye and Ve, it might be
possible to better model the avoidance strategy, characterised by Da and
Dp, against an approaching e-scooter. The scenario in this study
involved a one-to-one interaction between a pedestrian and an e-scooter
in a spacious environment. Real-world situations present multiple var-
iables, including other pedestrians, walking directions, street furniture,
lighting, weather conditions, footway surfaces, and their widths.
Exploring how pedestrians navigate and avoid e-scooters in such
multifaceted scenarios would be insightful. Our participant group did
not include individuals with visual, auditory, or mobility impairments.
Future research should investigate how these demographics experience
discomfort in similar situations. While discomfort is a dynamic experi-
ence, our study assessed it via post-trial questionnaires. This method
captures feelings from the start to the end of the encounter. Probing
discomfort using physiological markers like heart rate, galvanic skin
response, or electroencephalograms at peak discomfort moments could
provide deeper insights. We did not measure participants’ head and
body rotations or changes in walking speed. Such data might reveal
interesting facets of pedestrian behaviour, as suggested by [21,25].
While we didn’t delineate the precise shape of personal space through
varied angular distances between a pedestrian and an e-scooter, as
detailed in [17], we did determine the lengths of the major and minor
axes of personal space during front-facing e-scooter encounters.
Exploring e-scooters approaching from different angles might offer a
more realistic scenario for study. The approach angle, as evidenced by
[22], plays a crucial role in pedestrian avoidance behaviour and would
be an intriguing area for future investigation.

5. Conclusions

The primary objective of this study was to explore the discomfort
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pedestrians experience when navigating around an e-scooter
approaching from the front, taking into account Japanese traffic con-
ditions and extending the speed parameters to accommodate various
conditions in other countries. Experiments were designed to observe
participant avoidance behaviours in relation to e-scooters moving at
varying speeds and initial lateral positions. Our findings indicate that as
the e-scooter’s speed increases, participants initiate avoidance ma-
noeuvres from a further distance ahead. However, the lateral distance
maintained during passing remains relatively constant regardless of the
e-scooter’s speed. Additionally, when the e-scooter starts closer to par-
ticipants (in terms of lateral position), there’s a notable increase in both
the initiation distance for avoidance and the level of discomfort reported
by participants. Building on these observations, it seems plausible to
predict pedestrian discomfort levels based on the initial avoidance dis-
tance and the lateral distance maintained during passing, especially in
shared spaces with e-scooters approaching head-on. In line with theories
of personal space outlined in previous research, our study suggests that
the perceived personal space of a pedestrian expands forward and con-
tracts laterally when confronted with a potential discomfort source, such
as an oncoming e-scooter. This research provides valuable insights that
could be instrumental in designing pedestrian-friendly footways in
shared spaces, ensuring comfort even with the integration of personal
mobility devices like e-scooters. As urban infrastructure continues to
evolve, understanding these nuances becomes crucial in creating
harmonious shared environments for pedestrians.
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