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Abstract: (1) Background: Electric micro-mobility vehicles (i.e., e-bikes and e-scooters) represent
a fast-growing portion of the circulating fleet, leading to a multiplication of accident cases also
attributable to risky behaviours adopted by the riders. Still, data on vehicle performance and rider
behaviour are sparse and difficult to interpret (if not unavailable). Information regarding the overall
accident dynamics can, however, aid in identifying users’ risky riding behaviour that actually led to
a harmful event, allowing one to propose efficient strategies and policies to reduce the occurrence of
road criticalities. (2) Methods: Speed and acceleration data of six cyclists of traditional and electric
bikes were extracted from six closed-circuit experiments and real road tests performed in the city
of Florence (Italy) to derive their behavioural patterns in diverse road contexts. (3) Results: The
application of analysis of variance and linear regression procedures to such data highlights differences
between men and women in terms of performance/behaviour in standing start; additionally, the use
of e-bikes favours a higher speed ride in correspondence to roundabouts and roads with/without
the right of way. To thoroughly assess the rider’s responsibilities in an eventual accident, an ancillary
procedure was highlighted to evaluate whether a micro-mobility vehicle complies with the applicable
regulations. (4) Conclusion: With these results, the prospective recognition of rider behaviour was
facilitated during the investigation process, and the abilities to extract such relevant information
from in-depth accident data wereconsequently enhanced.

Keywords: e-bike; e-scooter; assistance; gear; accelerometer; GPS data acquisition

1. Introduction

The overall boost in the use of micro-mobility electric vehicles such as e-bikes and e-
scooters is a direct consequence of several factors, such as a general reduction in purchasing
costs, as well as an increase in motor efficiency and lightness (ease of transportation); sales
are also driven by a growing interest in both health and environmental sustainability.
From this last perspective, the use of e-bikes is undoubtedly characterized by the greatest
advantages: requiring pedalling by the user for the activation of the electric motor, e-
bikes allow the users to achieve beneficial effort conditions without entailing physical
overload [1]; moreover, unlike e-bikes [2,3], the eco-friendliness of e-scooters is frequently
questioned, as they are mostly used to cover routes otherwise travelled by walking [4,5].

The most recent data publicly provided by the Confederation of the European Bicycle
Industry highlight that, in 2016, more than twelve million bicycles and one million e-bikes
were produced in the whole continent (EUROPEAN BICYCLE MARKET 2017 edition—
Industry and Market Profile (2016 statistics) by CONEBI, Confederation of the European
Bicycle Industry). Referring to the Italian market only, one of the EU’s leading producers
of bicycles, in 2019, almost 200 thousand e-bikes were sold compared to total bicycle
sales of 1.7 million (2019 Annual Report on Bicycle Sales by CONFINDUSTRIA ANCMA,
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Associazione Nazionale Ciclo Motociclo Accessori); annual e-bike sales are constantly
augmenting (+12% compared to 2018) so that e-bikes constitute an increasingly relevant
portion of the circulating fleet. The growth in the total number of bicycles is reflected in an
increase in the number of accidents involving cyclists (+3.3% between 2018 and 2019 (2019
Annual Report on Accidents in Italy by ISTAT, Istituto Nazionale di Statistica)): this shows
that fatal events involving cyclists represent approximately 8.5% of the total accidents;
the replacement of traditional bikes with the electric alternative inevitably leads to a
multiplication of accident cases in which the latter type of vehicle is involved. Nevertheless,
specific data on e-bikes-related accidents are limited: in Italy, as an adaptation to the
European Regulation 168/2013 (REGULATION (EU) No 168/2013 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL on the approval and market surveillance of
two- or three-wheel vehicles and quadricycles), there is a strong tendency to equate e-
bikes with traditional bicycles; however, the scientific literature has shown that several
elements distinguish these vehicles in terms of accident involvement and also in terms of
the obvious differences in travel speed, which emphasize the incorrect and risky behaviour
of riders [6–8]. From other countries such as China, more specific information has been
collected, indicating that 10% of accidents involving e-bike cyclists are associated with fatal
outcomes [9]. As far as e-scooters are concerned, accident and market penetration data
are not currently available in Europe because of a traffic regulation activated in 2019 (and
only in specific countries such as Italy, Germany and France). Nevertheless, it is clear the
introduction of this type of vehicle on the market has transformed the road landscape and
promoted the generation of new accident scenarios.

Currently available studies on micro-mobility electric vehicles aim in particular at high-
lighting how they affect urban transportation as a whole and at analysing riders’ habits for
the tuning of traffic regulation policies [10] and business models for sharing services [11–18].
While they represent a precious resource for enhancing road safety [19–24], the available
works do not specifically address the analysis of related accidents. As a first consequence,
certain interesting data are sometimes unavailable during the event analysis, e.g., speed
or accelerations on a hypothetical trajectory travelled by the vehicle; conversely, when
available from the literature, the data must sustain interpretation and contextualization,
making them difficult to employ. For instance, Huertas-Leyva et al. [25] highlighted the
distribution of the braking force on the rear and front wheels activated by six riders of
traditional and electric bikes in case of routine cycling or unexpected emergencies; however,
no information was available regarding the speed at the beginning of such braking action,
nor the associated type of road (e.g., with/without right of way, roundabouts), which are
fundamental to hypothesize the accident dynamics and hence reconstruct the pre-impact
scenario. Analogously, Otte et al. [26] reported the distribution of accidents involving riders
of traditional bikes and e-bikes in terms of road typology and speed separately, but not
considering both at the same time. Such information obtained from in-depth investigations
could still represent an extremely valuable tool to prospectively assess the riders’ risky
behaviour in extremely critical events: combined with analyses focused on the frequency
of different impact typologies [26] and injury outcomes for the riders [27], these elements
could aid in promoting targeted policies to reduce the involvement of micro-mobility
users in potentially harmful events. For instance, up-to-date training schemes could be
efficiently devised to increase the rider awareness towards high-risk situations [28]. This is
a fundamental priority, especially when considering that healthier (and more expert) bike
riders are more prone to be involved in traffic crashes [29].

In accident investigations involving micro-mobility electric vehicles, three primary
tasks should be accomplished:

1. To draw up a precise picture regarding the accident dynamics, depending on the
evidence collected in situ.

2. Formulate theses on collision evitability starting from typical travel times of riders for
some road sections; for instance, starting from the point of impact and the assistance
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level, the position of the vehicle at the beginning of the critical scenario can be
deduced, as well as its visibility from the opponent’s perspective.

3. Assess the compliance of the vehicle motor-assistance system assembly to current
regulations (e.g., Regulation 168/2013 by the European Community); this operation is
often complicated by the vehicle seizing conditions, which conflict with the operator’s
need to access the key elements for verification.

The first two instances provide fundamental highlights regarding the appropriateness
of the rider’s choices in critical road scenarios; knowledge regarding the typical speed
and/or acceleration with which the rider tackles specific conditions (roads with the right
of way, roundabouts, etc.) could effectively aid in assessing their behaviour during the
criticality, as well as the suitability of the infrastructure for this category of vulnerable
road users. The third instance allows practitioners to assess whether the blame for a crash
with an opponent, at fault or not, is to be put also on the micro-mobility vehicle rather
than on the users alone; verification of this possibility is an additional priority, since it can
significantly affect conclusions regarding the risky riding behaviour of the rider. Based on
these assumptions, fundamental elements to facilitate the in-depth accident analysis are:
(a) the collection of data relating to riders in conditions which are representative of road
traffic; (b) developing guidelines to assess vehicle compliance to current regulations.

The scope of the present work is to provide the background for the analysis of a road
accident involving electric micro-mobility vehicles, with a view to achieving the identification
of the riders’ behavioural pattern. For this purpose, real road and closed-circuit tests were
performed to obtain behaviour/performance data on micro-mobility vehicle riders in specific
road scenarios. As an ancillary tool, a procedure is proposed to verify the aptness of a
vehicle for circulation, fundamental to confirm the investigation results regarding the
rider’s adopted behaviour in correspondence to road criticality.

2. Testing Campaigns

Testing activities are highlighted and commented on, allowing one to obtain be-
havioural data on e-bike cyclists in certain road sections, as well as results useful in the
analysis of accidents with the involvement of both e-bikes and e-scooters. Real road and
closed-circuit tests are reported, which refer to a total of six riders, daily users of traditional
bikes, equally divided based on their gender and aged between 25 and 55; such a number
of subjects is sufficient to extrapolate interesting information in terms of performance and
typical behaviours of riders [25]. The subjects were part of the University of Florence,
ranging from students and internal personnel. The six subjects volunteered in response
to an announcement regarding the testing campaigns and signed an informed consent
form. Collected data were anonymized before processing; the period of testing was ap-
proximately 10 min for the closed-circuit campaign, and the time of two rides (with and
without assistance) for real road tests. The circuit on the real road tests matched the needs
of all users in terms of home-to-work trips.

Specific experiments were carried out by setting an assistance level equal to zero: this
is functional both to analyse the case of a discharged battery and to obtain data which are
highly similar to those from a traditional vehicle, its shape/frame and mechanisms being
the same; such a solution allows one to observe differences in the operation with or without
an auxiliary motor. The parameters extracted concern speed, acceleration and travel times:
knowledge of these elements is valuable for investigations in case video footages related
to the event are unavailable; otherwise, it is possible to refer to well-established speed
derivation procedures for the involved subjects, such as those illustrated by Han [30],
Vangi et al. [31], and Costa et al. [32].

2.1. Closed-Circuit Tests

The six volunteers first performed closed-circuit tests. Closed-circuit tests are designed
to simulate typical standing start and braking conditions, such as stops and restarts in
correspondence to traffic lights, prescription signs (e.g., ‘STOP’ sign) or roundabouts.
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The aim is to develop reliable models that, on the basis of a series of parameters related to
the characteristics of the rider and the vehicle, can provide information on the vehicle’s
motion at different times for the specific event. For the monitoring of accelerations, speeds
and travelled spaces, to be subsequently approximated by models, a smartphone equipped
with accelerometers was employed. The tests were performed using two diverse types
of e-bike with an equal number of assistance levels (five), but different in terms of wheel
diameter (20′′ versus 28′′) and number of gears (three versus six). Assistance of the motor
was, in both bikes, controlled by the movement of the wheel and not by the torque on
the pedals and was supplied with a different intensity for each selected assistance level,
up to a maximum speed of 25 km/h. This provides the basis with which one can derive
results that are applicable to a broad range of e-bikes on the market. In fact, while no
in-depth information is available in terms of the market penetration rate for these types of
city bikes, wheels with a 28′′ diameter typically suit a bike frame for a person whose height
ranges between 165 cm and 178 cm (https://www.feltracing.com/26-inch-bike-for-what-
size-person/, 13 October 2021); since these lower and upper bounds correspond to the
average heights for European women and men, respectively, it can be derived that these
city bikes are extremely popular in Europe. The 20′′ diameter conversely corresponds to
the typical wheel size of a folding bike, a compromise between compactness of the folded
configuration and bike agility in the road environment [33]. The two e-bikes used for
experimentation can be seen in Figure 1. The tests were carried out using e-bikes as they
are exhaustive with respect to the case of e-scooters [7]: they do not require pedalling, and
in these latter vehicles, the contribution related to the physical abilities of the user is missing;
their gender becomes, for example, a less-relevant factor in the performance of the vehicle-
rider assembly. In addition, e-bikes are characterized by methods of shifting/transmission
of motion which can significantly affect their performance (as already noted, wheel size and
selected gear). For this reason, it is unnecessary to investigate the behaviour of e-scooter
riders in detail: referring to a generic e-scooter (refer to Section 3 for an example), it was
measured that a speed value from 0 to 25 km/h was reached in about 40 m with the
maximum assistance level (constant acceleration close to 0.6 m/s2).

The closed circuit consisted of a plane and straight road segment, closed to the road
traffic. The test protocol was structured as follows:

1. At the beginning of the test, the personnel activated the G-sensor Logger© application
on the smartphone rigidly connected to the e-bike;

2. The participant set the assistance level to ‘0’ and the first gear for the e-bike;
3. From the application home, the personnel activated the acquisition of the accelerome-

ter data;
4. The participant accelerated as he/she would typically do up to a point 12 m away

from the start, briefly maintained a constant speed and then hard braked, stopping
at a point 20 m away from the start (these distance values are sufficient to clearly
identify the different portions of an acquired signal that correspond to acceleration,
constant speed and deceleration);

5. The personnel interrupted the acquisition of the accelerometer data, causing the
automatic saving of the acquired signal;

6. The participant set the upper gear without changing the assistance level;
7. Steps 3–6 were repeated until the participant used the last available gear;
8. The assistance level was increased by a unit, repeating steps 3–7 until all gears and

assistance levels were used.

The assistance level equal to ‘0’ accounts for the possibility that the battery state of
charge is very low, so that the situation in which the bike is unelectrified can be simulated.

https://www.feltracing.com/26-inch-bike-for-what-size-person/
https://www.feltracing.com/26-inch-bike-for-what-size-person/
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Figure 1. The e-bikes employed for the experimental campaigns.

The collected acceleration data, outputted by the accelerometers inside the smartphone,
were digitally filtered between 20 Hz and 100 Hz and integrated backwards to obtain speed
and distance trends over time. The dependent variables of interest that, once known,
provide an overall understanding of e-bike motion during the pre-impact phase, are in fact
represented by:

• Time required to reach the maximum speed (t);
• Maximum reached speed (Vmax);
• Distance travelled to reach the maximum speed (s);
• Average acceleration of the test (aave);
• Speed reached after 2, 4, 6, 8, 10 and 12 m from the start (V2m, V4m, V6m, V8m,

V10m, V12m);
• Acceleration at 2, 4, 6, 8, 10 and 12 m from the start (a2m, a4m, a6m, a8m, a10m, a12m).
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In the present study, the influence of certain parameters on the variables defined above
is analysed. Specifically, the parameters are represented by the number of gears, Nmax, of
the e-bike, the selected gear, N, the assistance level employed, A, and the participant’s
gender: the employed gear, as well as the assistance level, directly affects the acceleration
of the vehicle (and its stability [34,35]); influence of the total number of gears, representing
an indicator of the maximum performance achievable by the vehicle, cannot be neglected
because the tested e-bikes differ in terms of Nmax value. Moreover, a variation of results
was expected based on the cyclist’s gender, caused by differences in physical strength and
weight. Finally, to make the results comparable between the two e-bikes, an additional
parameter, Srev, was introduced, indicating the distance the bike travels when the cyclist
rotates the pedals of a complete reversal: this value depends both on the gear employed
and on the wheel diameter.

Table 1 provides an overview of the statistical influence of distinct parameters on the
variables of interest, which were obtained by means of the Minitab© statistical software:
an analysis of variance (ANOVA) was performed on the data, with responses represented
by the identified variables and factors given by Gender (categorical factor), N, Nmax, A
and Srev (continuous factors); in the ANOVA, the variation between sample means and the
variation between the samples were calculated for multiple response samples, namely those
discriminated by a specific factor (e.g., response in the case of male riders and response for
female riders). The ratio between these two variations (F-value) could be used to derive
the p-value metrics, i.e., the probability that no significant difference exists among the
considered samples. Overall, the statistical analysis tests show the hypothesis that each
of the parameters has null influence on the variables holds: in the context of road safety-
related studies [36], a p-value lower than 0.05 is considered sufficient to reject the hypothesis
that the parameter (factor) has no influence on the variable (response). Hence, as can be
seen from Table 1 and apart from a few isolated cases, all parameters are statistically
influential on the variables of interest; that is, the performances of the rider–vehicle system
depend on the characteristics of both elements. In particular, the Srev parameter has a
significant impact on the majority of variables: it is suitable for application during accident
analysis and can be obtained for any type of e-bike on the market. Parameter A is one of
major interest, since it significantly influences all variables which can be relevant for the
investigation. Conversely, the influence of the user’s gender and Nmax is significant on
all dependent variables except Vmax and s. As a whole, N represents the parameter that
influences the minimum number of interesting variables.

Table 1. Statistical influence of the parameters, expressed by the p-value, on the variables of interest
(* indicates non-significance of the parameter).

Parameter
p-Value

Gender Nmax N A Srev

t 0.00 0.00 0.23 * 0.00 0.08 *
Vmax 0.90 * 0.21 * 0.13 * 0.00 0.10 *

s 0.35 * 0.50 * 0.73 * 0.00 0.73 *
aave 0.00 0.00 0.01 0.00 0.00
V2m 0.01 0.00 0.01 0.00 0.00
V4m 0.00 0.00 0.00 0.00 0.00
V6m 0.00 0.00 0.00 0.00 0.00
V8m 0.00 0.00 0.00 0.00 0.00
V10m 0.00 0.00 0.00 0.00 0.00
V12m 0.00 0.00 0.16 * 0.00 0.06 *
a2m 0.02 0.00 0.35 * 0.00 0.03
a4m 0.00 0.00 0.01 0.00 0.00
a6m 0.00 0.00 0.00 0.00 0.00
a8m 0.00 0.00 0.00 0.00 0.00
a10m 0.00 0.00 0.01 0.00 0.00
a12m 0.00 0.00 0.05 0.00 0.01
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Although statistical significance is functional for excluding from the analysis parame-
ters which are uninfluential on the variables of interest, it does not provide information on
the quality of the model that best approximates the variables’ experimental values; for this
purpose, it is convenient to refer to the R2 of the best-fitting model for each variable. In the
present work, linear regression models are obtained via the Minitab© statistical software
which are based on the parameters Gender, A, Nmax, N and Srev (all statistically influential
on the variables of interest). Unlike other types of modelling, the linear model features a
high simplicity in the phases of both derivation and actual use during investigation; never-
theless, for the description of the variables of interest, the use of complex models is equally
possible, which can more effectively and accurately capture the individual parameters’
contribution. Based on the assumption of a linear model, the relation between the input
parameters and a generic output variable Y is hence expressed by the following law:

Y = C0 + C1 · Nmax + C2 · N + C3 · A + C4 · Srev (1)

Table 2 lists the coefficients C0, C1, C2, C3, C4 for the models, which can be directly
employed when analysing the accident dynamics; C0 is different according to the cyclist’s
gender. R2 for each model of the variables of interest is also provided: since a value lower
than 60% indicates insufficient fitting quality, the use of certain models in Table 2 is inad-
visable. In particular, it is suggested not to use the models inherent to t, Vmax and s, as they
are characterized by particularly low R2 values; the models of aave and a2m, with R2 slightly
below 60%, can be used with caution. In all other cases, the variable is well described
by a linear model, which can then be used as a reference during the analyses. As an
example, the V12m model provides a difference of 6.70 km/h (6 × 0.31 = 1.86 m/s) between
the degree of assistance ‘0’ and ‘6’; based on the same model, the speed is lower for women
than for men by approximately 1.22 km/h (3.46–3.12 = 0.34 m/s). Overall, data regard-
ing standing starts indicate that female behavioural and performance patterns are more
oriented towards lower acceleration and speed, regardless of the analysed vehicle features.

Table 2. Coefficients C0, C1, C2, C3 and C4 of the linear models associated with the parameters
considered to describe the variables of interest: the R2 value provides an indication on the quality of
the resulting model (* limited quality, ** insufficient quality).

Parameter
Gender Nmax N A Srev

R2

C0 (Woman) C0 (Man) C1 C2 C3 C4

t (s) 5.53 5.10 −0.40 −0.57 −0.23 1.01 30.6% **
Vmax (m/s) 6.37 6.40 0.23 1.16 0.24 −1.51 7.3% **

s (m) 13.60 13.86 0.15 0.30 0.24 −0.38 3.5% **
aave (m/s2) 0.90 0.96 0.07 0.18 0.07 −0.27 57.7% *
V2m (m/s) 2.27 2.34 0.18 0.22 0.05 −0.44 67.8%
V4m (m/s) 3.23 3.40 0.27 0.51 0.12 −0.81 71.6%
V6m (m/s) 3.63 3.83 0.29 0.57 0.18 −0.88 72.7%
V8m (m/s) 3.60 3.86 0.25 0.52 0.22 −0.79 73.3%
V10m (m/s) 3.44 3.74 0.22 0.43 0.27 −0.65 73.1%
V12m (m/s) 3.12 3.46 0.19 0.29 0.31 −0.47 68.2%
a2m (m/s2) 1.10 1.16 0.12 0.08 0.03 −0.22 53.4% *
a4m (m/s2) 1.16 1.25 0.13 0.19 0.06 −0.35 62.9%
a6m (m/s2) 1.06 1.15 0.12 0.19 0.07 −0.34 67.0%
a8m (m/s2) 0.93 1.02 0.11 0.18 0.08 −0.30 69.3%
a10m (m/s2) 0.80 0.89 0.09 0.15 0.08 −0.25 70.7%
a12m (m/s2) 0.66 0.76 0.08 0.12 0.08 −0.20 68.8%

2.2. Real Road Tests

In this type of test, the same six participants for the closed-circuit campaign were asked
to travel an urban route with intersections and roundabouts; there were no limitations in
terms of travelling speed, and the route was about 5 km long. The participants, daily users
of traditional bikes, replaced their usual vehicle with the 28′′ wheel e-bike of Figure 1; the
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results of behavioural tests on real roads are extendable to the use of e-scooters, thanks to
significant similarities in the riding practices of such electric vehicles [7]. Figure 2 shows
the considered track, as well as the sections in which the variables of interest are collected;
these sections, about 200 m long each, include:

• Section 1: road where the cyclist does not have the right of way (following European
regulations);

• Section 2: road where the cyclist has the right of way (following European regulations);
• Section 3: road characterized by two consecutive roundabouts.

Figure 2. Considered track and associated sections of acquisition for the variables of interest (visualiza-
tion on Google Earth©).
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In a first test, the participant could select the degree of assistance to be used by varying
it at will along the track; in a second test, the participant was required to set the assistance
level to ‘0’ to simulate the use of a traditional bike. The participant, at the time of departure,
started the acquisition of the GPS data through an app (Geo Tracker©) installed on the
smartphone mounted on the vehicle.

The variables of interest are in this case represented by the average speed, Vave, and
the maximum speed, VM, in the considered sections. These values allow one to hypothesize
a range of variation for the speed of the vehicle; they can be useful for the investigation
of accidents that occur on roads where the rider is required to modulate the gait based
on the encountered criticalities, rather than to stop (for this latter condition, results from
closed-circuit tests apply). Table 3 summarizes the test results in terms of Vave and VM
in case assistance is employed or excluded, highlighting how the practice of equating a
traditional bike with an electric bike is inadequate when analysing the accident dynamics.
In fact, for various sections, Vave becomes higher if an e-bike is employed instead of a
traditional bike, with an increase from 19% in Section 1 to 36% in Section 3. This result is
compatible with the literature, as can be deduced, for example, from a comparison with
the data by Langford et al. [37] or by Schleinitz et al. [38]; the added contribution of the
present work consists of a more granular view of the adopted speed, which is a given
value according to the type of road scenario tackled by the rider. Specifically, the cyclist
tends to travel at a higher average speed on a road where they have right of way than in
other sections. VM, conversely, only significantly varies between e-bikes and traditional
bikes in Section 3: the higher acceleration offered by the electric motor allows the cyclist,
once assured the intersection is clear from additional vehicles, to easily recover speed. It
must be also considered that accidents in some road scenarios are more frequent in the
case of an e-bike, such as those where the rider has the right of way [26]. The Gender
parameter is not included in this latter analysis, as its influence on Vave and VM results as
statistically non-significant for all sections via Minitab© analysis (p-value > 0.05). From
the safety policy perspective, independently of the power supply implementation onboard
the vehicle, Table 3 clearly highlights that the introduction of roundabouts in a road with
right of way favours a relevant decrease in both the average and maximum speed of riders.
This solution could help in minimizing the risk of microvehicle-related serious accidents in
dangerous road scenarios, mostly for unelectrified vehicles but also for electric alternatives.

Table 3. Average/maximum values of speed for the considered sections, based on assistance employment.

Road without Right of Way—Section 1

Assistance Vave Variation Vave VM Variation VM

Yes 17.2 19% 24.7 8%No 14.0 22.8

Road with Right of Way—Section 2

Assistance Vave Variation Vave VM Variation VM

Yes 22.2 22% 27.4 7%No 17.3 25.4

Double Roundabout—Section 3

Assistance Vave Variation Vave VM Variation VM

Yes 19.7 36% 25.1 31%No 12.6 17.3

3. Verification of Electric Microvehicles’ Compliance to International Regulations

The highlighted results represent a fundamental contribution to the state of the art,
but only as long as vehicles fulfilling current regulations are considered. If the vehicle
does not comply with such regulations, the performance of the rider–vehicle system could
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significantly vary. This may lead to inconsistent and incoherent conclusions regarding the
behaviour adopted by the rider in correspondence to a critical road scenario.

According to Regulation 168/2013 of the European Commission, the type-approval
process of two-wheeled vehicles does not apply to ‘... pedal cycles with pedal assistance
which are equipped with an auxiliary electric motor having a maximum continuous rated
power of less than or equal to 250 W, where the output of the motor is cut off when the
cyclist stops pedalling and is otherwise progressively reduced and finally cut off before
the vehicle speed reaches 25 km/h’. This gave rise to a category of e-bikes (Figure 3a),
with maximum continuous power of 250 W and interruption of assistance after 25 km/h;
if the motor exceeds this power limit, if it is activated for speeds higher than 25 km/h or
when the cyclist is not pedalling, the vehicle does not fall into the category of e-bikes: as
it is similar to a moped, vehicle insurance, license holding, and helmet wearing for the
rider are mandatory. Similar rules apply in Israel [22], the United States (although there are
no federal laws on the topic [3,39]) and China [23]. With regard to e-scooters (Figure 3b),
the regulation of each country aims at performing pilot studies on road traffic and safety,
although there are no globally recognized guidelines; for example, in Italy, the rules are
inspired by those on e-bikes, where the key difference lies in the maximum assistance
power that can be delivered by the motor: 500 W instead of 250 W. Conversely, in Denmark,
the same rules of e-bike riding apply to e-scooters [21]. These differences in how e-scooters
or e-bikes are treated internationally is also the chief reason why a non-negligible portion
of the circulating fleet is constituted of non-compliant vehicles, introduced on a national
market but produced and type-approved abroad.

Figure 3. Examples of an e-bike (a) and e-scooter (b) which can be tested by the proposed procedure.

An investigation to verify compliance to regulations relating to electric micro-mobility
vehicles must, hence, generally provide: (a) evidence of the interruption in the assistance by
the electric motor when a speed of 25 km/h is exceeded (or the interruption of pedalling in
the case of e-bikes), (b) verification of the maximum continuous nominal power delivered
by the motor. Explicitly, the motor of an electric micro-mobility vehicle can therefore
deliver a peak power above the maximum allowed, but only for a short time period.
Regarding point (a), derivation of the speed at which the motor interrupts the assistance is
not particularly critical: when pedalling an e-bike, the user easily notices the power cut
off because of an increase in resistance to movement; for an e-scooter, using maximum
assistance, the rider surely reaches a maximum and constant speed beyond which the
vehicle cannot be pushed. The speed associated with a reduction in assistance can be
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assessed in both types of vehicle without modifications to the apparatus, for example,
using traditional GPS devices whose degree of accuracy is sufficient for data retrieval.

The main criticalities are related to point (b), i.e., the measurement of the rated power
delivered by the motor, Pmotor: monitoring output signals from the motor would be the
most convenient way to verify compliance in terms of rated power; this, however, involves
the partial disassembly of the seized vehicle. It is therefore easier to measure the power
absorbed by the battery which, because of the performance of both the motor and the
transmission, is different from the motor power.

The power absorbed by the battery, Pbattery, can be estimated by measuring the voltage,
V, and current, I, outputted by the battery pack (Pbattery = V·I) at the charging port. Figure 4
represents a scheme of the measurement apparatus required to monitor these quantities;
specifically, the ‘acquisition box’ element must consist of a current meter and a voltage
divider. The latter is required since tools such as data acquisition cards do not typically
exceed 10 V of range; based on the maximum voltage associated with the batteries VIN that
is expected to be measured (usually tens of volts), R1 and R2 resistors can be selected to
read a VOUT output voltage compatible with the range of the card. The current meter can
be employed as-is, without further modification.

Figure 4. Developed acquisition box and instrumentation scheme for monitoring voltage/current
outputted by the battery pack.

As an example, the acquisition box shown in Figure 4 was specially developed; the
current meter is fed by an external power supply connected to the lower cables (‘POWER
SUPPLY’). The current meter is a 50 A HAIS 50 LEM (powered by an external 12 V and
1.2 Ah battery), while the voltage divider is composed of R1 and R2 resistors of 2 kΩ and
10 kΩ, respectively. This apparatus allows for the measuring in output (side cable ‘OUT’)
the evolution of voltage and current over time provided by the battery (connected to the
upper cables—‘BATTERY’); because of the decrease in voltage (switching from VIN to
VOUT) required to enable the reading process through an NI DAQ card (range 0 ÷ 10 V),
the acquired voltage must then be multiplied by the reduction factor used to obtain the
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actual voltage value. Figure 5 illustrates an example of voltage and current evolution for a
moving e-bike, monitored by the acquisition box in Figure 4.

Figure 5. Monitoring example of voltage (above) and current (below) provided by the battery pack
of an e-bike compliant to the European Regulation No. 168/2013.

Once the trends of V and I over time are known (and of Pbattery as a consequence),
the following rule provides the value of Pmotor:

Pmotor = Pbattery · µ1 · µ2 (2)

The coefficients µ1 and µ2 take into account the efficiency of the Battery Monitoring
System (BMS or control unit) and the motor, respectively, which are depicted in the scheme
of Figure 4. Assuming precautionary values for µ1 and µ2 of 0.95 and 0.7, respectively,
(values of 0.8 are more realistic for µ2), the value of Pmotor can be indirectly retrieved from
the battery charging port. If the derived value of Pmotor exceeds the threshold of 250 W for
the e-bike ‘continuously’, even considering the precautionary efficiency values reported, it
is possible to state the non-compliance to the electric micro-mobility vehicle class. In the
case of e-scooters, Equation (2) still applies but the admissible value for Pmotor can also be
higher (up to 500 W in Italy). In particular, it is suggested to monitor the power in the most
stressful conditions for the battery, for example along uphill routes.

4. Limitations

While several interesting highlights emerge from the closed-circuit and real road tests,
the number of participants considered in the experiments is limited. While it has been
observed that a campaign involving six volunteers is sufficient to determine behavioural
patterns of a population [25], future studies should increase this number to fully assess
the effects on the user’s behaviour caused by age category, gender and riding experience.
Additionally, experiments were performed on European roads, with specific traffic rules
that do not necessarily extend outside of the continent; as a consequence, rider speed
and acceleration habits in non-European countries could significantly differ from those
previously reported and would be worthy of investigation in future analyses.

In terms of the compliance of microvehicles to international regulations, the literature
survey reported in the present work demonstrates that a common direction has been
undertaken by different countries. However, the growing interest towards the issue of
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microvehicle-related accidents is leading to a fast evolution of such phenomena. For in-
stance, the German government has recently established that electric-kick scooters should
implement two independent braking mechanisms, capable of together providing a maxi-
mum deceleration of at least 3.5 m/s2. This shows that, in some countries, additional tools
will be required in the near future to verify a vehicle’s aptness for circulation; however, the
validity and usefulness of the approach highlighted in Section 3 will still hold.

5. Conclusions

The three performed studies provide data from which relevant information can be
derived for analyses and reporting activities in accidents involving electric micro-mobility
vehicles; to be specific, it will be possible to:

1. Outline a precise scenario regarding accident dynamics: real road tests carried out
by e-bikes were performed to define the speed and behaviours with which a rider
tackles specific conditions (roads with/without right of way, roundabouts, standing
start and stop); such in-depth highlights can be used to increase road safety in a ‘what
if’ approach: hypothesizing appropriate modifications to vehicles, infrastructure,
and viability, alternatives can be proposed to lower the users’ involvement in critical
scenarios. Since campaigns with null assistance for the e-bike were performed, these
considerations also apply to traditional bike-related accidents. Analytical relations
have been provided, which allow for calculation of acceleration and speed in spe-
cific points of a trajectory; this enables one to observe the event dynamics from the
user’s perspective, as a function of their gender, employed assistance level and gear,
etc. In standing start conditions, data show that women tend to adopt speeds and
accelerations which are significantly lower compared to men. In real-road scenarios,
the cyclist tends to travel at a higher speed in correspondence to roads with the
right of way; additionally, the highest differences between a traditional bike and an
e-bike are observed in correspondence to roundabouts where the rider is required to
modulate their gait rather than stopping, based on the occurring hazards. Conversely,
because of the greater simplicity of e-scooters, no specific testing campaign has been
carried out for the performance identification of this type of vehicle: the behaviour
of riders on real roads is comparable to the case of e-bike employment; it is also
worth noting that, in cases of standing start and the maximum degree of assistance,
a constant acceleration close to 0.6 m/s2 can be reasonably assumed for e-scooters.

2. Assess the compliance of the motor assistance system assembly to the various regula-
tions on the topic (European or not), without the need to directly access the motor.
This enables one to highlight the possible inadequacy of the vehicle that would pre-
vent its circulation by a simple, effective system which can be used regardless of the
seizing conditions of the vehicle; in particular, it is suggested to monitor the power in
the most stressful conditions for the battery, for example, along uphill roads. If the
vehicle does not comply with the applicable regulations, the rider’s risky behaviour
alone cannot be indicated as the main factor contributing to the accident; up to now,
no recognized method was available to identify non-compliant vehicles. Because of
regulation differences among nations, a declaration by the manufacturer is not always
a sufficiently reliable datum.

The results highlighted in the present work are meant to represent a guideline for
the prospective assessment of riders’ behaviour in accident events, based on typically
observed behavioural patterns; these outcomes consequently widen the possibilities of
information retrieval regarding risky behaviours, to the end of piloting and strengthening
safety policies that target electric micro-mobility vehicles (e.g., better road design in terms
of infrastructure, signals, and viability). As a complement, the proposed procedure for the
a posteriori assessment of vehicles’ type approval state can aid in properly recognizing the
scale of the non-compliance phenomenon, far too often underestimated.
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