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HIGHLIGHTS

e Electric and clean energy transportation
technologies are key in future NetZero
cities.

e This paper uses a mixed methods
approach including Artificial Intelli-
gence to address risks to e-scooter users.

e Risk to e-scooter users include air
pollution from fossil-fuel cars and
physical risk.

e The results indicate a better strategy is
required to ensure the safety of e-scooter
users.

e The improved strategy could include
training, dedicated spaces, improved
visibility, and the use of helmets.
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GRAPHICAL ABSTRACT

Assessing Air Quality and Physical Risks to E-Scooter riders in Urban Environments
Through Artificial Intelligence and a Mixed Methods Approach

. o b

-scooter users | | Survey of driver: Interviews [

> Amixed methods approach
with artificial intelligence for

automated data analysis was

| Operators' data

useful to understand the

benefits and risks of using e-

scooters.

<« Road observations .
A Hof

2 o

0< bl 1 include air pollution and
g \ physical risks.
Features . , )
Neural networks S e ] The results indicate an

v

Risks to e-scooter users

v

extraction

Air quality data Mapping process
of cars number, air
quality and

location training, dedicated spaces,

improved strategy is required

to ensure the safety of e-

scooter users including

improved visibility, and the

Experimental work

Location data use of helmets.

ABSTRACT

The need to develop green and smart transport solutions for NetZero cities to reduce carbon emissions through
the use of clean energy is driving innovation in cities around the world. A result of this trend is a rise in micro-
mobility solutions such as e-scooters in cities around the globe. Nottingham (UK) is one of the cities that con-
ducted an e-scooter pilot scheme permitting the rental of e-scooters to travel around the city in a bid to encourage
more sustainable personal transport use. However, to ensure pedestrian safety, e-scooters are required to be
ridden on the road network among cars. Hence, giving rise to two potential risks for e-scooter users: the air
quality that they breathe and the physical risk of being near cars, whose drivers may be unfamiliar with seeing e-
scooters on the road.

This study seeks to explore this interaction using a mixed methods approach to explore the experiences of e-
scooter riders in respect to their physical safety and exposure to air pollution. The research makes use of two
quantitative surveys an international e-scooter user survey n = 801 and a survey of UK car drivers n = 92,
focussed qualitative e-scooter rider interviews and quantitative in-depth road data collection trials comprising of
air quality particulate sensing, video capturing around the rider and GPS tracking. The in-depth road data was
analysed using an Al approach utilising the ASPS approach, the automated sensor and signal processing
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approach, implemented for image and signal processing to detect the existence of cars alongside the pollution

readings.

The findings show that e-scooter riders are typically aware of physical dangers to their safety from other road
users, as well as how their presence among pedestrians can impact on more vulnerable users; however, they were
unaware of the prevalence and effects of air pollution on them whilst riding. The study highlights the need for a
multifaceted approach to improvements in safety for micro-mobility users, predominately considering suitable
infrastructure to sperate them from motor vehicles and pedestrians but also the need to consider the proximity to
emission emitting vehicles, developing infrastructure in green spaces to address these air pollution levels.

Nomenclature

Abbreviations

Al Artificial Intelligence

ANN Artificial Neural Network

ASPS Automated Sensory and Signal Processing Selection
System

Chi-square A statistical test used to determine if there is a
significant association between categorical variables.

DfT UK Department for Transport
DWT Discrete Wavelet Transform
e-Scooter Electric Scooter,

FFT Fast Fourier Transform

GoPro A high-definition action camera

GPS Global Positioning System

LogFFT The logarithmic transformation of the FFT results.

NCC Nottingham City Council

NetZero cities Cities with urban areas that balance greenhouse
gas emissions with an equivalent amount of carbon
removal, achieving net-zero emissions to combat
climate change.

NTU Nottingham Trent University

NVivo  Qualitative data analysis software

PM 10 Particulate matter that is 10 pm or smaller in diameter.
PM 2.5 Particulate matter that is 2.5 pm or smaller in diameter:
SCFs Sensitive Sensory Characteristic Features

1. Introduction

The drive for cities to utilise clean energy in a journey towards
NetZero has numerous benefits, both in respect to the environment and
human health, through enhanced air quality in urban environments. Air
pollution is a significant life-threatening issue in numerous countries
worldwide, posing risks to public health and the environment [1]. In-
ternational regulations have seen a net decrease in emissions and asso-
ciated pollutants; however, the traffic sector still has a significant impact
on air pollution [2] [3] [4]. In addition to tailpipe emissions from road
vehicle through the exhaust, brake dust, tyre particulates and fuel
evaporation cause the emission of additional air pollutants [5].

The World Health Organization (WHO) identifies road transport as a
significant source of harmful air pollution, along with other transport,
power generation, heating systems, industry, and agriculture/waste
incineration [6]. Over the past few years, there has been a worldwide
demand for the use of electric scooters as micro-mobility devices.
Electric scooters offer solutions to a wide range of transport policy goals
such as reducing air and noise pollution. Since their introduction in
2017, the US, countries in Europe and large metropolitan cities in New
Zealand and Singapore have seen widespread use of electric scooters,
benefitting the environment, public transport systems [7] as well as the
consumer through increased affordability. Electric scooters (e-scooters)
are a new transportation option which offer a disruptive change to travel

systems in urban environments. In march 2019, the UK government
identified new strategies for greenhouse gas emission saving and
transport innovation [8], permitting a pilot scheme allowing the rental
of e-scooters in 32 British regions from July 2020 [9]. Under existing
legislation privately owned scooters in the UK remain illegal for use on
public roads, cycle lanes and pavements, being legally permitted for use
on privately owned land only in the UK [10] due to uncertainty over
their nature and considerations surrounding insurance. Within the
permitted pilot schemes e-scooter riders must be at least 18 years old
and hold a driving license, whilst helmets are recommended but not
legally required. E-scooters riders who violate these rules face the
prospect of a £300 fixed penalty notice and six points on their driving
license if stopped by the police, with their e-scooter potentially
impounded.

However, regulations governing the use of e-scooters vary between
countries as shown in Table 1:

Previous research shows that around 65% of current and former e-
scooter users in the US considered an e-scooter as a convenient device to
ride, reporting feeling ‘somewhat’ or ‘very’ safe while riding this device
[12]. However, the same study also revealed that the younger genera-
tion considered using e-scooters impractical for long distances and
difficult to use in hot weather conditions. Further research carried out by
Department for Transport [10] investigated the public awareness of e-
scooters use in the UK. The results showed that around 50% of re-
spondents had some degree of knowledge on how to use e-scooters and
this was higher among males, younger participants, those living in urban
areas and from higher social grades. The findings also revealed that the
usage of e-scooters was relatively low in the UK with only 7% of par-
ticipants stating that they had ever used e-scooters [10]. This is expected
because they privately owned scooters are illegal for public use.

Cities face growing challenges in managing road sharing between
encouraging more sustainable forms of transportation such as e-scooters
and active travel alongside traditional motor vehicles, as highlighted in
Fig. 1. In addition, the authors have observed many issues with current
behaviour of e-scooter users such as the lack of safety helmets, wearing
dark clothes, using headphones (Fig. 1-b), and carrying unbalanced load
(Fig. 1-b) that place them at greater risk.

There has been a growth in the popularity of e-scooters, but the
current research on the safety of electric scooters and effects of air
pollution is limited. With most e-scooter studies neglecting consider-
ation of the impact on the environment and health in terms of air
pollution exposure [13]. There is also a lack experimental studies that
consider individual perspectives from users’ and non-users on the ben-
efits and barriers of using e-scooters in comparison to other transport
modes. Existing research has found that e-scooters use can be associated
with an increased risk of physical injury from cars [14,15] and that
parked cars in particular pose hazards for e-scooter users [16]. However,
despite these concerns, there is limited research on how drivers perceive
or respond to e-scooters on the roads. Furthermore, there is a need for a
deeper comprehension of e-scooter safety and their potential roles in
advancing zero-carbon initiatives. This paper aims to address such gaps
by collecting information on the use and perceptions of e-scooter riders,
including the road safety and air quality impacts for vulnerable road
users (e-scooter users, cyclists, and pedestrians) during their commutes
in urban centres across the UK, EU, USA, and Canada. Additionally, the
study aims to explore the perceptions of safety regarding electric
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scooters among drivers in the UK.

A number of UK studies have considered e-scooter use and its safety
impact in different regions [17-19], E-scooter crash frequencies were
found to be the highest in central London, particularly in the City of
London and Westminster, whilst areas that have higher incidents of
walking and cycling activities and a higher number of schools are also
associated with higher crash frequencies, while areas with greater
greenspaces see fewer e-scooter related incidents [19]. Then most
common injuries from e-scooter accidents UK were orthopaedic injuries
involving the upper (36%,) or lower extremities (33%), followed by
facial/head injuries (22%). Injuries to the axial skeleton and torso were
much less common: abdominal, back/spine, and thorax (3%) and iso-
lated eye injuries accounted for 2% [17]. Another UK study found that
shared e-scooter use across 15 UK cities and towns resulted in positive
well-being impacts (higher odds ratio) among users with protected
characteristics, such as those from an ethnic minority, those who have
lower educational outcomes, mobility issues or those who do not own a
car [18].

Although e-scooters are widely used in Nottingham, this city has not
been the subject of UK studies so far. The subject of the air pollution and
e-scooter user trials in this study, Nottingham City Council (NCC) ran an
e-scooter pilot from 2020 to 2023. It was recognised that there was a
need to evaluate this trial and a team from Nottingham Trent University
(NTU) was selected to conduct the evaluation. This evaluation trial ran
from November 2021 to Oct 2022 with the NTU team following the DfT
guidelines for e-scooter trial evaluation schemes. The evaluation was
conducted through mixed research methods including two survey
questionnaires (users and non-users), focus groups of users and, sepa-
rately, non-users, interviews of users and analysis of the e-scooter data
made available by the e-scooter operators Wind and then Super-
pedestrian’s usage data for analysis.

Introduced at the start of the pandemic, the e-scooter trial in Not-
tingham saw very strong uptake among users as shown in Fig. 2, which
illustrates the daily progression of ride numbers from the obtained e-
scooter data. Showing a steep increase in the number of scooter rides
over a year. Rides surged from 0 to nearly 2000 per day in the first half of
the first month, eventually peaking at above 5000 rides by the end of the
trial period, with the daily average number of rides during the study
period was 2610 rides per day.

The data collection from the e-scooter evaluation resulted in data for
908,234 journeys for the period November 2020 to October 2021. This
paper builds upon these earlier evaluations study to explore additional
safety factors and user preferences in respect to the use of e-scooters.

2. Methodology

This research study implements a mixed methods approach, incor-
porating several studies, as shown graphically in Fig. 3. This imple-
mented mixed methods research combines qualitative and quantitative
approaches to provide a comprehensive understanding. It enhances the
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validity of findings through triangulation and integration of information
to address any limitations. This approach offers flexibility, enhanced
data interpretation, and robust conclusions. Ethical approval and health
and safety risk assessment procedures were conducted prior to under-
taking the work. In addition to road observations and e-scooter data
from operators, an online survey was conducted comprising of both
quantitative and qualitative questions addressed to n = 801 e-scooter
users and n = 92 car drivers, this was followed up by detailed qualitative
semi-structured interviews of n = 9 e-scooter users, who also took part in
an quantitative experimental air quality data collection, from their e-
scooter rides around the city, this air pollution data (PM 2.5 & PM 10)
was captured alongside camera footage and GPS data to permit the
environment to be plotted accordingly and analysed using sensor fusion
and artificial intelligence. The combination of this experimental and
empirical user focussed research methods ensured that the social per-
spectives and understanding where captured as well as the experimental
research fulfilling the study’s objective of monitoring air pollution,
whilst also understanding the perspectives of the key stakeholders, both
users and non-users and capture important findings in respect to phys-
ical safety and their perception of their physical and health related
safety due to the impact of air pollution.

2.1. Surveys

Two online surveys (e-scooter survey, driver survey) were created
using Qualtrics and distributed through social media platforms
including Reddit, Prolific, LinkedIn and the ‘direct contact’ of re-
searchers using a snowball effect. The primary objective of the first
questionnaire was to gather perspectives from the public in various
countries (UK, EU, USA, and Canada) on the use of e-scooters in com-
parison to other transportation modes, as well as to assess their per-
ceptions of e-scooter safety.

The second questionnaire exclusively targeted the car driver popu-
lation aiming to explore their viewpoints regarding e-scooters. Both
questionnaires employed a mixed-methods approach, incorporating
multiple-choice quantitative questions and open-text qualitative ques-
tions. Descriptive statistical analysis has been conducted on quantitative
data from the multiple-choice questions and coding and clustering [20]
was applied to the qualitative open response questions.

2.2. Interviews

Interviews were undertaken with 9 e-scooter users (8 males, 1 fe-
male) (Mean age: 25.7) to gather insights on their individual experi-
ences. This sample size was deemed sufficient, as interviews were
conducted until the full range of opinions and desired level of detail
were captured, ensuring that ‘saturation’ was achieved [21,22]. The
interviews were undertaken prior to the e-scooter riders engagement in
the experimental work to ensure that their responses were biased
accordingly. The interviews were conducted in English, anonymised,

Table 1

Comparison of e-scooter rules by country, based on data from [11].
Country Age License Helmet required Max Speed Pavement/Road

Required
UK (pilot) 18+ Provisional No 15 mph Road/cycle path
USA 16+ n/a Under 18’s 15 mph Road/cycle path
Canada 16+ Permit Yes** 20-24 kmph** Road/cycle path
Toronto (18

Germany 14+ No No 20 kmph Road/cycle path
France ¢ 12/14+ post 2023 No No 25 kmph Road/cycle path
Spain 14+ No Yes 25 kmph Road/cycle path
Netherlands 16+ Yes Yes 25 kmph Road/cycle path
Australia 16+ None Yes 10-25**kmph Pavement** shared & cycle paths not roads

12+ with supervision

" Depending on state, ¢ banned in Paris from Sept 2023.
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Fig. 1. Examples of road observations of e-scooter users on the road; note the low visibility clothes, the lack of safety helmets, the low level of the e-scooter’s rear

lights and the close proximity of e-scooters from cars.
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Fig. 2. Number of rides per day during the trial period from Nov 2020 to Oct 2021.

transcribed verbatim and analysed using content analysis in NVivo
software. A content analysis approach was used by first defining the
research objectives and then developing a coding scheme that represent
the key concepts [23]. The coding scheme then works as a framework to
help organise and analyse the data systematically. Once complete, data
is quantified and summarised by the frequency of different codes or
categories, allowing for the identification of patterns, trends, and re-
lationships within the data [20].

2.3. Experimental work

Following the interviews seven of the e-scooter users were further
involved in the collection of real time data whilst using standard e-
scooters available as part of the NCC pilot. Participants were instructed
to use the e-scooters as they would usually to travel but to use main
roads were possible as part of their typical routes. Hence, the volunteers
used the common commuting main roads between the city centre and
key locations within the outskirts of the city. In addition, the riders were
required to carry a rucksack containing the air pollution sensor and data
logger and GPS and wear a helmet that held a Go Pro camera and a
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Fig. 3. The methodology of this research work.

separate 360-degree camera. The researchers developed an Al algorithm
capable of using the footage obtained to count the number of cars
passing nearby e-scooter users by processing images extracted from a
360-degree camera. This enabled the relationship between number of
cars passing and air quality in the local area to be investigated and reveal
the relationship between car volume and the pollution levels as expe-
rienced by e-scooter users. Further details are described in the following
sections.

2.3.1. Pollution data collection

This study sought to collect real-time air quality and road safety data,
through the use of an Aeroqual 500 data logger with a sensor head
capable of measuring PM 2.5 and PM 10 particulates, a GPS iTrail
tracker, a GoPro for video for enhanced forward facing video and a 360
camera to capture all round situational video. This setup permitted the
allows to location, air quality and proximity to cars and road users to be
captured for analysis as shown in Fig. 4.

Fig. 5 illustrates the routes taken by the volunteers during the
experimental work, the participants were instructed to drive around
Nottingham to capture the proximity to cars and measure air quality
using the common commuting main roads between the city centre and
key locations within the outskirts of the city. This instruction aimed to
enhance the reliability of the comparisons made in the study.

2.3.2. Automated recognition and counting of cars

To investigate the correlation between the number of cars and the
level of pollution that e-scooter users are exposed to, an innovative
approach to counting cars near to e-scooter riders was developed using
the 360-degree camera images. The camera captures everything
happening around the rider, including behind them and in their blind
spots. While the e-scooter is in use, the camera continuously records
video.

In the analysis at set intervals of 3 s, images were extracted from the
video to identify and count nearby cars. The 3-s interval was chosen as
the average time it takes for cars to pass near e-scooter users and this
method ensures no cars are missed, regardless of their location relative

to the rider. These extracted frames from the 360-degree camera video
were further processed using an artificial intelligence (AI) approach to
detect cars and count them. The Al algorithm was based on the Auto-
mated Sensory and Signal Processing Selection System (ASPS) approach,
which is an engineering optimization method for feature extraction. The
ASPS approach aims to design and enhance quality by systematically
applying design and analysis of experiments, resulting in a high-quality
and cost-effective monitoring system [25, 26 27 and 28].

Fig. 6 present two examples of the 360-degree camera image, which
displays all 4 sides around an e-scooter user when attached to the hel-
met. Such data was analysed by AI through the ASPS approach and
MATLAB deep learning toolbox [24] to count the number of cars per
minute that the e-scooter user passes, whilst the GPS module determined
the location, and the PM sensor measured the air quality.

The process of car recognition and counting involved training a
neural network to differentiate cars from other objects in images.
Initially, a set of both car and non-car images was manually extracted
from the 360-degree images to capture essential features that distinguish
between cars and non-car objects. The Automated Sensory and Signal
Processing Selection System (ASPS) approach is employed for this pur-
pose. This approach concentrates on extracting sensitive sensory char-
acteristic features (SCFs) by applying statistical/mathematical functions
on multiple transformations of the targeted images. Further information
about the ASPS approach and its details can be found in [25-28].

Fig. 7 showcases car images and non-car images extracted from 360-
degree images, intended for use in the ASPS approach to extract key
features for distinguishing between car and non-car images. This
approach recognises car images irrespective of their position or orien-
tation. Training the neural network with diverse car images of varying
positions and orientations allows the model to learn and generalize
features indicative of cars, ensuring accurate identification and differ-
entiation regardless of their specific posture, size, or shape within the
input image.

Once selected, the images of cars and non-cars undergo a series of
transformative processes aimed at enhancing their informational value
and consequently extracting hidden key features. These transformations
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Fig. 4. The sensor fusion setup (a) includes a GoPro camera (b), 360-degree camera (c), PM 2.5 and PM 10 particulates data logger (d) and a GPS logger (d).

are designed to maximise the amount of useful information that can be
extracted from each image. Figs. 8 and 9 visually represent an example
of the transformations applied to the car and non-car images, respec-
tively. The figures provided serve as illustrations of the transformation
processes applied to the car and non-car images. However, the actual
number of transformations may vary depending on the desired useful-
ness and requirements. The goal is to generate a sufficient number of
newly transformed images to extract valuable information.

To extract hidden features, the ASPS approach [25-28] recommends
applying various functions to each image and its transformations. These
functions include but are not limited to Max, Min, Mean, STD (Standard
Deviation), Absolute Mean, RMS (Root Mean Square), Absolute Max,
Variance, Skewness, Kurtosis, RSS (Root Sum of Squares) level,
Covariance, IQR (Interquartile Range of time), Range (Range of radio
wave propagation), Crest Factor, Clearance Factor, as well as other
relevant and useful functions. By applying these functions to every
single image and its corresponding transformations, valuable informa-
tion can be extracted from the data. This approach allows for a
comprehensive analysis of the images, enabling the identification and
utilization of hidden features.

In Fig. 10, the application of the minimum function to the DWT
transformation (high pass decomposition) is depicted. This feature is
highly valuable as it effectively discriminates between the two types of
images. Specifically, car images exhibit a higher minimum value
compared to non-car images. This observation highlights the utility of

the minimum feature in accurately distinguishing between car and non-
car images, see Fig. 11.

The schematic diagram shown in Fig. 11 illustrates the structure of
the ASPS approach where the images (car images and non-car images)
are initially transformed into three shapes (original, greyscale, and
edge). Each one of these three images was transformed into another
format by applying FFT and DWT on them. The fast Fourier trans-
formation (FFT) was divided into two different shapes (FFT and LogFFT)
each one divided into smaller parts and the discrete wavelet transform
(DWT) into cA and cD twice. This journey of transformation produced
16 new images. Each one of the sixteen images was exposed to extensive
feature extraction by applying multiple statistical/mathematical func-
tions to create a list of the sensitive features (SCF’s). As recommended by
the ASPS approach the list of the sensitive features produced by applying
the statistical/mathematical functions was sorted in descending order
based on their values. The highest values features being the most sen-
sitive [25-28].

2.3.2.1. Deep learning neural networks. The utilization of the ASPS
approach has returned a collection of useful features, from which thirty
highly sensitive features (SCFs), that can discriminate easily between
cars and non-cars images, have been chosen. These selected features will
serve as inputs to the developed deep learning Artificial Neural Network
(ANN) algorithm, illustrated in Fig. 12, to ascertain whether the image
depicts a car or not.
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Fig. 5. Map of routes explored on e-scooters during data collection (background map source: TomTom, Microsoft Bing).

The function tool used in the algorithm of the neural network is the
newff function. The newff function creates a feed-forward back-
propagation network with specific nodes and hidden layers based on the
provided inputs. It allows customisation of the transfer functions,
training functions, learning functions, performance functions, and data
division functions used in the network, see Figs. 12 and 13.

Fig. 13 illustrates the diagram of the neural network structure that
has been automatically generated by Matlab software. This diagram
provides visual confirmation of the number of inputs, the number of
hidden layers, and the output layer of the neural network.

Fig. 14 displays the fresh results of the ANN before any post-
processing operation and illustrates that the images with cars have
been recognised with very high accuracy and matched the target
exactly. This indicates the successful learning of patterns and charac-
teristics unique to both car and non-car images, allowing for accurate
recognition. During training, a dataset comprising 450 images was uti-
lised, while the test set comprised 600 images, equally divided between
car and non-car images.

It is worth mentioning that the achieved high accuracy was attained
after numerous iterations during the training of the Artificial Neural
Network (ANN), as illustrated in Fig. 15. This success of high accuracy
underscores the success of the ASPS approach in extracting the most
sensitive features, with the ANN effectively learning from the training
dataset.

Table 2 shows the outcomes of utilising Al for car counting, as pre-
viously described. It presents the car counts for each of the journeys
conducted by the seven volunteers. Additionally, the table displays the
distance covered in each journey. The average travel distance per trip
was recorded as 10.6 km, and the total distance covered by all journeys
amounts to 73.910 km. These journeys took place on the main busy
roads of Nottingham, spanning the entire city centre, as depicted in
Fig. 5.

3. Results
The results of the three research instruments are presented sepa-

rately in the following sections with parallels between them drawn in
the discussions. Whilst the survey findings informed the interviews they

were analysed distinctly from the interviews and the experimental trials
that were conducted together with the same participants.

3.1. E-scooter survey

N = 801 respondents completed the e-scooter survey, comprising
373 males (46.6%) and 415 females (51.8%). UK residents had the
highest response (48.94%), with additional responses from the EU
(24.97%), USA (12.73%), and Canada (13.36%). The age of the re-
spondents ranged from 18 to 77 years, (Mean = 35.24, SD = 11.66). In
terms of employment status, the breakdown was as follows: full-time
(56.7%), part-time (14.7%), retired (2.9%), not working (8.4%), stu-
dents (12.9%), prefer not to say (1.2%), and other (3.2%). The “other”
category encompassed responses such as those who were both students
and working simultaneously, self-employed individuals, stay at home
parents, family carers, individuals on maternity leave, those on sick
leave, and housekeepers.

Respondents were asked questions relating to both bicycle and e-
scooter use to permit comparison and there were notable differences in
their perspectives, preferences, and perceptions. For bicycle usage, 61%
of participants had never used them for commuting, while <10% stated
they always or usually use bicycles for commuting. In contrast, a smaller
portion of participants (47.3%) had never used e-scooters for
commuting, whilst 7.5% and 9.3% always or usually used e-scooters for
commuting, respectively.

In respect to of leisure use, 5% of participants always used bicycles,
whereas 32.2% sometimes did, 13.4% usually did and 25.7% had never
used them for leisure. Conversely, with e-scooters, 7.5% always used
them for leisure, 27% sometimes did, 14.6% usually did, while 17.3%
had never used them for leisure activities. This is to some extend ex-
pected as the respondents identified as e-scooter users for participation
in the survey. Considering perceived safety, 35.3% felt a bit unsafe while
riding bicycles, and 31% felt quite safe, whilst, for e-scooters, 39.4%
found them a bit unsafe and 36.7% considered them quite safe, as shown
in Fig. 16.

Furthermore, for commuting, most participants (67.9%) believed
cyclists should wear helmets all the time, compared to 75.5% for e-
scooters. A Chi-Square test was conducted to test for an association
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Fig. 6. Examples of 360-degree captured images.

between the mode of transportation (bicycle vs. e-scooter) and opinions
on helmet usage. The results showed that the differences in opinions on
helmet usage between bicycle and e-scooter users are statistically sig-
nificant (X? (4) = 664.50, P < 0.05). Fig. 16 presents the perception of
safety between bicycles and e-scooters.

Participants were asked about the potential safety risk of using e-
scooters on pavements for pedestrians, a considerable proportion, 43.7%
expressed strong agreement and 34.2% of participants agreed that they
are a hazard. Furthermore, 34.5% strongly agreed that e-scooters parked
on sidewalks obstruct pedestrians’ paths, with an additional 33.1% in
agreement. Over half of the respondents agreed with the statement that
e-scooter users ride dangerously and pose risk of injury to themselves or
others. With 31.8% of participants agreeing and 19.9% of participants
strongly agreeing with this statement.

Participants expressed agreement on a variety of e-scooter risks, with
47.2% agreeing that e-scooters are risky, 67.3% agreeing that they pose
hazards to visually impaired pedestrians, and 60.9% agreeing that they
can be a hazard for hearing-impaired pedestrians. Fig. 17 presents the
perceived risks of e-scooters.

Participants’ perspectives on bicycle and e-scooter infrastructure

revealed distinct challenges and concerns. Regarding bicycles, 26.6%
acknowledged suitable infrastructure in their cities, but 22.3% reported
inadequate facilities, citing infrastructure quality, the need for expan-
sion and improvement, safety issues, and the importance of additional
parking and storage. For example, a participant mentioned:

“Not very many dedicated cycle lanes, lanes are very narrow in some
place, it is difficult as a driver to safely overtake cyclists.”

For e-scooters, 33.1% stated the absence of appropriate infrastruc-
ture, while 21.3% believed there is suitable infrastructure. Safety con-
cerns included rider awareness, inadequate infrastructure, traffic, and
unsafe riding practices. The mixing of e-scooters with pedestrians on
sidewalks raised safety issues, as does their use on roads and cycle lanes
without dedicated spaces. Parking challenges and a lack of regulations
and education further compound the issue. Participants also highlighted
design-related concerns like low visibility at night. For example, a
participant mentioned:

“The e scooters need better lights; it is hard for me to see riders while
driving on a university poorly lit campus at night.”

Concerning the impact of improved infrastructure for e-scooters on
individual preference for use, 25% of participants expressed their
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Fig. 7. Samples of car and non-car images extracted from the 360-degree image to train the neural network.
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Fig. 8. Image processing and transformation (an example for an image containing a car).

inclination to start using e-scooters or increase their usage if infra-
structure were improved.

Inquiring about air quality awareness, 41.7% of participants
described their area as rarely polluted, while 35.5% considered their
area polluted. Only 4.7% found their surroundings very polluted, but
surprisingly 12.5% believed their city was entirely free from pollution
and 5.6% admitted to being unaware of their city’s air pollution con-
dition. Participants were asked about the extent of air pollution’s impact
on them, 3% said it always affects them, while 21.7% claimed it never
does. Furthermore, 38.5% reported rare effects, 28.2% occasional im-
pacts, and 8.6% usual experiences of air pollution’s effects.

Participants were further prompted about the effects of air pollution
on their lives, including breathing difficulties, reduced outdoor activity,
eye/nose/throat irritation, skin issues, relocation considerations,
asthma, visibility problems, and long-term health concerns. The results
showed 15.1% experienced breathing difficulties, 17.5% reduced their
outdoor activity, 31.3% experienced eye/nose/throat irritation, 10%
experienced skin problems, 17.1% considered relocating, 9.4% had
asthma incidents, 7.7% faced visibility issues, and 39.2% worried about
the long-term health effects. Participants also mentioned odours,
headaches, migraines, hair loss, and allergic rhinitis as additional air
pollution impacts. Fig. 18 presents the response in relation to the effect
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of air pollution on health.

This study investigated participants’ views on electric scooters as an
environmentally preferrable transport option. Among the 801 partici-
pants, 56.2% responded affirmatively (yes), 33.6% expressed uncer-
tainty (maybe), and 10.2% responded negatively (no). Furthermore,
participants agreed that e-scooters were beneficial for the environment,
with 17% strongly agreeing and 48.4% in agreement. Although Life
Cycle Analysis studies find the opposite to be the case [29].

In relation to the potential for e-scooters to improve air quality,
22.8% of participants strongly agreed and 52.3% of participants agreed
with the statement. In addition, 50.4% and 19.5% of participants agreed
and strongly agreed that e-scooter use can ease traffic congestion.

Regarding the usefulness of e-scooters as mobility options, most
participants 81.8% agreed (56.8%) that e-scooters provide useful
mobility options with 25% of participants expressing strong agreement
with this statement. When participants were asked whether e-scooters
would help improve balance and co-ordination a notable percentage of
38.6% expressed agreement with this statement and a further 13%
strongly agreed. In terms of the potential for e-scooters to replace some
taxi/Uber/Lyft rides, 39.2% of participants agreed with this notion and a
further 19.4% of participants strongly acknowledged the possibility.

3.2. Driver survey

The driver survey conducted with UK drivers had N = 92 re-
spondents, 66.3% as male, 31.5% as female and 1.1% “Other,” and a
further 1.1% who chose not to disclose their gender. For age distribu-
tion, the largest group was 31-40 (28.3%), followed by 26-30 (19.6%),
41-50 (19.6%), 18-25 (15.2%), 51-60 (12%), and those 61 and older
(3.3%). Almost all respondents (98.9%) reported being regular drivers.
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The majority (64.1%) of respondents had held a full driving license for
over 10 years, 14.1% for 2 years or less, 9% for 3-6 years and 12% for
7-10 years.

Car drivers’ opinions on e-scooter visibility on roads varied, with
27.2% agreeing and 3.3% strongly agreeing that e-scooters are fully
visible on roads, whilst 12% were neutral, 39.1% disagreed and 18.5%
strongly disagreed. Participants were asked to assess whether e-scooter
users are taking adequate safety measures.

Only 2.2% fully agreed, while 51.1% strongly disagreed, 26.1%
disagreed, 18.5% were neutral, and 2.2% strongly agreed. When it came
to perceiving e-scooters as potential hazards for car drivers and other
road users, 33.7% agreed, 35.9% strongly agreed, 7.6% disagreed, 8.7%
strongly disagreed, and 14.1% were neutral. Lastly, in terms of e-
scooters being a convenient mode of transportation that can reduce
traffic congestion and air pollution, 34.8% agreed, 30.0% strongly
agreed, 9.8% disagreed, 5.4% strongly disagreed, and 19.6% were
neutral. Fig. 19 presents e-scooter perceptions among drivers.

Furthermore, driver’s general comments revealed important find-
ings: drivers are worried about e-scooter safety, want clearer rules and
training for e-scooter users, suggest better visibility, call for improved
infrastructure, have mixed feelings about e-scooters in cities, and have
different opinions on whether to ban or allow them. For instance, a
participant mentioned:

“Scooter drivers should have some form of road teaching if they have to
ride on the road. But the scooter company doesn’t provide this! Yet expect
them not to drive on the pavement! E-scooters are a great concept but poorly
executed.”

Another participant mentioned:

“Better bike infrastructure would provide a safer space for e-scooter users
and reduce incidence of collision with cars. I think most e-scooter riders try
their best to be safe but have limited space to move freely in cities safely.”

3.3. E-scooter user interviews

Detailed semi-structured interviews were conducted with 9 e-scooter
users from Nottingham to gain deeper and richer insights than the sur-
vey could achieve. Interviewees were asked their opinion on the ad-
vantages and disadvantages of e-scooters, their impact on traffic and air
quality, overall safety, their accessibility and inclusion, regulatory
concerns, and their feasibility as a transport mode replacement.

In respect to the advantages, the rider’s experience featured strongly,
with the responses describing e-scooters as convenient and fun, with a
sense of genuine freedom to navigate the city and the flexibility being
available 24/7. Whilst the most noted advantage was their efficiency,
coupled with low cost, especially at night and in the early hours:

“When I finish work at approximately 1:00am, there is no bus. So, the
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only choice is to take an electric scooter. So, I take it, I pay for it, and I go
straight to home it will cost me less than £2.50 and it will take me 10 minutes
to be home.”

Discussing the disadvantages, limitations of the design of e-scooters
heavily featured, such as the small wheels, limited weight, speed re-
strictions, lack of weather protection and mirrors. Others related to
battery range and charging infrastructure. Also noted was the lack or
specific road infrastructure or lanes for e-scooters and the limited areas
in which they will operate.

“Honestly, I just think it’s lack of space, like the lack of it for e-scooter
users, I think it’s a very similar issue with cyclists, like there’s no designated
area for it.”

Considering the impact of e-scooters on the urban environment,
riders were quick to highlight their potential to reduce congestion due to
their smaller footprint on roads. Discussing their impact on air pollution
some were keen to highlight their lack of emissions, whilst some ques-
tioned whether this was being offset though in their electricity
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generation.

“You’re not really reducing carbon. Your kind of offsetting it to someone
else. So, I think that’s still a big thing with all electric things in general. But if
the future, you know, if we’re getting more and more renewable energy, I
think electric scooters, electric bikes, sort of electric vehicles is the way to go.”

When asked about their safety concerns, many referred to individual
e-scooter riders’ poor behaviour such as reckless riding, failing to follow
the traffic rules and disregarding pedestrian safety. In relation to the
rider’s safety the lack of specific infrastructure on the roads, lack of e-
scooter parking and the poorly maintained road surfaces such as pot-
holes that impact e-scooters more due to their small wheels. Visibility on
the road was mentioned many times with the suggestions of high visi-
bility clothing being required especially in low light heavy traffic areas.
The importance of wearing safety helmets was also noted for safety but
some preferred not to wear helmets due to comfort issues or perceived
visibility.

When questioned about whether e-scooters are suitable for older
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adults, persons with disabilities and those on low incomes. The users
noted the importance of manoeuvrability in use that could be an
obstacle to older and disabled users:

“Accessibility of transportation. I think these groups are less likely to use
electric scooters, older adults, people, disabilities. That if you have more e-
scooters on the road, maybe older adults or people with disabilities might find
it annoying or find it like it’s an extra obstacle they need to navigate.”

Regarding affordability, e-scooters were noted as a cost-effective
solution for all, that may be more economical for those with limited
incomes. Users described the need for greater regulations and policies
governing e-scooters, highlighting the potential for laws on wearing
helmets, penalties for traffic offences and for non-compliance and the
use of cycle lanes.

Concerning the use of e-scooters as a replacement mode of transport,
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further. I would rather take (an e-scooter) a shorter destination about 15 to

Table 2
Number of cars observed per trip.

20 minutes.”

The number of riders varied throughout the day, with the highest
intensity observed during afternoon rush hours, raising concerns about
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although there were reservations around the suitable distance due to the
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Fig. 17. Participant agreement on e-scooter risks.
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Fig. 19. Key findings on e-Scooter perceptions among drivers.

potential air pollution exposure for e-scooter users at these busy times.
Fig. 20 displays the user count across six different time zones over the
course of a day. Analysis of the time zone categories reveals that e-
scooter usage peaks during afternoon rush hours, constituting 30.7% of
total rides, followed by the mid-day period at 23.7%.

Fig. 21 presents an example of the air pollution monitoring con-
ducted during the study. The PM10 readings are found to be higher than
the PM2.5. The Air Quality Standards Regulations 2010 require that
concentrations of PM in the UK must not exceed: an annual average of
40 pg/m3 for PM10; and an annual average of 20 pg/m3 for PM2.5. The
Environmental Targets (Fine Particulate Matter) (England) Regulations
2023 require that in England by the end of 2040: An annual average of
10 pg/m® for PM2.5 is not exceeded at any monitoring station. And
population exposure to PM2.5 is at least 35% less than in 2018. We have
found that the readings from the rides within the sample are within the
expected limits.

Fig. 22 presents an air pollution map of all e-scooter users in the test
for PM10 and PM2.5, indicating the city centre has higher
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concentrations of particulates, compared to areas further away from the
centre. These areas are understandably related to the number of cars
counted in these regions.

Fig. 23 presents the number of cars (N) that the e-scooter users have
passed by during their journeys.

Fig. 24 presents the relationship between air quality and the number
of cars where there is a clear association.

Fig. 25 shows that road crossings are the most critical part of rela-
tively higher number of cars and lower air quality. This indicates that
electric cars or cars with auto-top could help in enhancing air quality at
junctions.

Fig. 26 presents a comparison between different modes of trans-
portation. The data from walking, bikes, cars, buses and trams are based
on reference [39] by the authors using the same sensors and methods.
For MP10, the air quality of e-scooters seems to be slightly worse than
using the bike or walking. But for PM2.5, the use of e-scooters seems to
be comparable to being in a car and better than walking or using the
bicycle.

4. Discussions & conclusions

There have been significant questions about the safety of e-scooter
users in cities due to their proximity from cars, their low visibility, and
the potential poor air quality that riders inhale around fossil fuel vehi-
cles. A mixed methods approach has been used in this paper to capture
information about e-scooter use as a case study. The positive response to
e-scooters from their users matches that found in other studies as noted
in the introduction in both the US and the UK [10,12]. However, this
outcome is expected as most respondents except in the driver survey are
self-identified e-scooter users and have chosen this form of trans-
portation over others. What this study adds to existing studies is the
perspectives of users and drivers around core issues such as safety, in-
clusivity and the uniqueness and drawbacks of this new mode of urban
transport. Furthermore, the experimental data on air pollution and
safety through air pollution monitoring and car identification and
counting adds an additional dimension with findings that are contrary to
the survey respondents’ expectations on air pollution but affirms e-
scooter riders and more, so drivers concern around safety.

This study highlights perceived advantages and disadvantages of
using e-scooters. E-scooters are viewed as convenient and affordable
transportation solution for short trips, particularly during off-peak hours
when other public transport options are limited. Such findings align with
literature which emphasize that e-scooters are a suitable solution for
“first” and “last” mile travel [30,31]. Participants also believe that e-
scooters can help the environment, although scientific studies differ on
their overall impact [29]. Disadvantages concerned safety, with users
and non-users worried about accidents involving riders and pedestrians,
particularly on crowded pavements. There is also a lack of proper
infrastructure such as dedicated lanes and parking spaces, which makes
using e-scooters in cities challenging, as noted in other studies, which
indicate that e-scooter riders have specific infrastructure preferences
[32], favouring infrastructure that is separated from cars, such as
dedicated cycle lanes, with minimal obstacles along their route.

The results show that e-scooter users and drivers view the concept
differently with e-scooters users viewing the transport mode more
favourably than the car drivers that they share the road with. However,
car drivers do see positives from e-scooter integration particularly
through the potential to reduce congestion. Whilst both riders and
drivers perceive issues with infrastructure and road sharing, which can
lead to greater concerns around safety of both riders and pedestrians.

Interestingly the comparisons to bicycle use and safety suggest that e-
scooters are slightly more popular among those who have used an e-
scooter but are still are viewed as less safe by comparison. Previous
research has shown that e-scooter users were more likely to be admitted
to a major trauma centre or a critical care unit [33], with serious head
and limb trauma being more common among the e-scooter cohort
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compared to bicycle users (35.2% vs 19.7%) respectively. Most inter- deeming them more necessary on e-scooters. Whether this is related to
estingly for e-scooters riders there is significant difference P < 0.05 in the existing research findings above [33] or the rider’s own perception
their views on wearing helmets between bicycles and e-scooters of the smaller wheels or a higher likelihood of falling off, was not clear
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but it agrees with empirical studies on the higher incidence of injuries
and trauma from e-scooters in relation to bicycles [33-35]. Although
typically e-scooter users were more concerned with the risks that e-
scooters can pose to the visually [36] and hearing impaired [37] [38]
than themselves. These findings in respect to the self-identification
among e-scooter users that helmets are more necessary for e-scooters
than bicycles and the reflection on the safety issues that e-scooters pose
to other vulnerable users, pose questions that require further investi-
gation. Combined with the extensive literature on the safety of e-
scooters, the overall research findings question the existing approach of
shared roads and even shared pavements. Incremental solutions such as
increased visibly through larger or more prominently displayed lights on
e-scooters, high visibility clothing and helmets could have their place for
improving the visibility of the e-scooter riders. Combining such design
improvements for the users with projection lights to alert hearing
impaired and artificial noises to alert the visually impaired pedestrians
could also improve the experience of shared spaces and paths for pe-
destrians. However, to ensure the safety of both groups dedicated
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comprehensive training of riders would also be desirable. However, all
these key issues all arise from the limitations of the existing infrastruc-
ture that requires the sharing of spaces, with e-scooters sharing roads
and where permitted pavements which is clearly not ideal.

For the case of the UK, see Fig. 27, given the specific infrastructure in
the UK, where roads and pavements are very narrow and there are
limited cycle lanes, we sought the opinions of UK respondents on these
conditions. Our findings as shown in Fig. 27 revealed that about 83%
(Strongly agree + Agree) believe that e-scooters on sidewalks pose a
safety risk to pedestrians. Additionally, 68.4% (Strongly agree + Agree)
think that parked e-scooters obstruct pedestrian paths. However, 56.3%
(Strongly agree + Agree) of respondents believe that improved infra-
structure would encourage them to use e-scooters more.

Further work is needed to understand further the effect of different
modes of transportation on air quality for PM10 and PM2.5 as the
findings show variation between PM10 and PM2.5 with consistency
between the use of the tram as being the best option for better air quality
due to the use of electricity (Zero emission) and the closed windows of
the trams used in the studies.

The novel approach that has been implemented in this study to allow
the monitoring and prediction of air quality based on GPS data, air
quality monitoring and the existence of cars, found particulates to be
within the required range, but still a present reality for e-scooter users
due to their greater proximity to cars and is in line with a previous study
on cycling [25]. However, the perceptions of air pollution and the e-
scooter impact on the environment [29] were seen more favourable
from the user’s perspective than reality when measured, suggesting that
the physical seen dangers are more emotive and relevant to e-scooter
riders than the unseen impact of air pollution, however when prompted
by the physical symptoms that could arise from air pollution exposure, e-
scooter riders did recognise these.

AI (Neural networks and ASPS approach) techniques were used to
estimate the number of cars using image processing. The results indicate
that cars play a significant role in increasing or decreasing air pollution
levels. It was essential, to understand the air quality during commuting
periods, to fully understand the variables affecting the process. These
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variables include the time of day, related concentration, and the prox-
imity from cars. Individual sensors in this context have limitations, and
do not give the full picture, for example an e-scooter rider parked sta-
tionary next to a car at traffic lights would give a far higher reading than
one that is moving, but this has been addressed through the integration
of multiple data sources that permit the visual proximity of cars to be
considered alongside the air pollution data through sensor fusion, which
when combined with Artificial Intelligence can provide an enhanced
analysis of complex data. This paper has explored the wider safety
concerns around the use of e-scooters and found that both users and
drivers are mostly aware of the physical hazards that e-scooters can
pose, but less aware of the impact of air pollution on riders. The paper
notes that whilst fossil fuel cars are still a predominant source of air
pollution in urban environments, fully electric cars will still present
particulates from brake and tyre wear in addition to physical safety
concerns to active and micro-mobility users. So, to fully develop NetZero
and sustainable cities of the future and to encourage cleaner forms of
transport and energy, safety issues and the risks to the proposed micro-
mobility solutions, such as e-scooters, need to be addressed to provide
sustainable and comprehensive solutions. Such solutions are complex
and even if addressed through improved shared spaces infrastructure
with dedicated paths and cycle lanes, problems persist. If such infra-
structure remains parallel to roads the air pollution impact upon users
remains, so thorough planning of routes with green spaces require
exploration, alongside final mile solutions that remove not only the
physical proximity risk but also the wider health implications of air
pollution. For future work, the team aims to investigate e-scooter use in
other global cites to examine common and unique features between
different cities. And to also investigate further the effect of the type of
transportation on air quality. It is essential, therefore, to further inte-
grate Al and data science [40] to address climate change and variables
that affect air quality and carbon emission towards sustainable and safe
transportation.
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