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Heavy quadricycles are gaining traction as sustainable urban mobility solutions due to their compact design,
energy efficiency, and reduced environmental impact. However, their lightweight structure and limited safety
features pose significant challenges in collisions, particularly with heavier traditional passenger cars. This
study investigates the safety implications of introducing heavy quadricycles (L6e and L7e categories) into
the circulating fleet, focusing on collision dynamics and occupant Injury Risk (IR). Advanced simulation
tools are employed to reconstruct real-world impacts from an in-depth accident database and analyse the
consequences of substituting traditional cars with L-category quadricycles. Velocity change (AV) and IR
are determined across various collision scenarios as a function of market penetration. Results indicate that
in high-speed scenarios (90 km/h) L-category quadricycles experience substantially higher AV compared
to traditional cars in similar collisions, leading to increased occupant loads and IR across the investigated
collision scenarios. Conversely, in 50 km/h urban zones, the average fleet IR decreases, with AV averaging
12.6 km/h at 50% penetration. The safest environment is observed in 30 km/h cities, where IR decreases by
over 50%. The findings suggest that current consumer programme tests may not fully capture certain critical
collision scenarios for L-category quadricycles, notably side impacts. Consequently, further attention should
be directed towards safety assessment protocols and design refinements that enhance crashworthiness without
compromising the fundamental vehicle concept. The study concludes that while L-category quadricycles offer
benefits for sustainable urban transportation, their integration requires careful management to address safety

concerns, particularly in high-speed environments.

1. Introduction

L-category quadricycles, specifically L6e and L7e categories, are
gaining increasing importance in discussions around sustainable mo-
bility. This is due to their small environmental footprint, enabled by
lightweight designs that optimise range and energy efficiency (Arcieri
et al., 2018; Ewert et al., 2019; Homsnit et al., 2023; Kongwat et al.,
2022; Wiistenhagen et al., 2021; Tanik and Parlaktas, 2015; Redelbach
et al., 2014). These vehicles are seen as a promising solution for urban
mobility, reducing air pollution and greenhouse gas emissions and
requiring fewer critical raw materials for batteries (Chandrakar et al.,
2024; Karaca et al., 2018; Sagaria et al., 2022; Cahill et al., 2013). They
efficiently navigate urban environments, requiring minimal parking
space and offering ease of driving. Indeed, recent OECD'! analyses
highlight the growing role of L-category quadricycles in replacing
conventional cars for a large share of short urban trips (Pritchard
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and Crist, 2024). Given their deployment in such densely populated
environments, these vehicles involve a high frequency of interaction
with vulnerable road users, such as pedestrians and cyclists (Ewert
et al., 2020). However, alongside these urban interactions, a major
safety concern arises from the substantial mass and structural dispar-
ities that exist between L6e and L7e vehicles and their conventional
M1 counterparts (Ewert et al., 2019; Davies and Bastien, 2021). Lé6e
and L7e vehicles are classified as four-wheeled motor vehicles with a
maximum unladen mass of 425 kg for the L6e category and 450 kg
for the L7e category (passenger transport), up to 600 kg for goods
transport — excluding battery weight in electric models — and a max-
imum continuous power output of 15 kW (Kongwat et al., 2022;
Harald et al., 2016; Lega and Pennese, 2019). In contrast, M1 vehicles
encompass traditional passenger cars. The most critical distinctions lie
in their size, weight, and the regulatory safety frameworks applied to
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them (de Dios et al., 2013; Teibinger et al., 2015). L6e and L7e vehicles
are inherently smaller and lighter than M1 vehicles, often having a
weight difference greater than 50% (Davies and Bastien, 2021; Honey
et al., 2014). This compact design can limit the robustness of their
structures and reduce their potential for energy absorption, resulting
in smaller crumple zones compared to M1 cars (Kongwat et al., 2022;
Harrison et al., 2020). A major concern is that, in Europe, L6e and
L7e vehicles are subject to significantly less strict safety standards, or
even a complete omission of crashworthiness assessment, unlike M1
cars, which must comply with UN ECE regulations for frontal, lateral,
and pedestrian safety (Lopez Campos et al., 2015; Santucci et al.,
2016). This regulatory disparity means occupants in L7e vehicles face
a considerably higher risk of serious injury in a crash than those in M1
vehicles (Harald et al., 2016).

Existing testing solutions like European and Japanese New Car
Assessment Programmes (Euro NCAP and JNCAP, respectively) offer
some insights, but also highlight the challenges. Euro NCAP launched
a safety campaign for heavy quadricycles (L7e) in 2014, testing several
models. Their findings were stark, concluding that all quadricycles
tested exhibited “critical safety problems” and that the current min-
imum requirements were “clearly not enough" (Lopez Campos et al.,
2015). Euro NCAP’s assessment programme for L-category vehicles
utilises full-width impact tests with a deformable barrier, differing from
M1 tests, which typically use a rigid wall for frontal impacts and a
heavier trolley for Mobile Deformable Barrier (MDB) tests (Davies and
Bastien, 2021; Harrison et al., 2020). Meanwhile, the Japanese Kei car
segment (Davies and Nieuwenhuis, 2015) has adopted crashworthiness
testing similar to passenger cars, including an Offset Deformable Barrier
(ODB) test at 56 km/h (Mizuno et al., 2013). However, even with
these tests, real-world accident data from Japan show instances of
seat belt failure in Kei cars during collisions involving significant mass
difference (mass incompatibility) (Davies and Bastien, 2021; Oga et al.,
2013; Thomson et al., 2007), questioning the full validity of these
assessments. A major limitation is that the standard rigid-wall frontal
crash test, typically conducted at 50 km/h, provides overly favourable
and unrepresentative conditions, substantially underestimating both
the structural deformation and the occupant injury severity observed in
real-world car-to-car collisions involving L7e vehicles (Kongwat et al.,
2022). Furthermore, applying M1 test requirements to the smaller L-
category market is inefficient due to the high costs involved, which
would be amortised over a much smaller sales volume (Davies and
Bastien, 2021; Hurst and Wheelock, 2011).

The differences in impact characteristics between M1 and L6e-L7e
vehicles are profound. Given their lighter mass, L-category vehicles
experience a higher change in velocity (4V) and greater acceleration
during collisions with heavier M1 partners due to the principles of
momentum conservation (Harald et al., 2016; Harrison et al., 2020).
For instance, an L7e vehicle could experience a AV of 46 km/h com-
pared to 35 km/h for an M1 vehicle in the same scenario, indicating
a 31% increase in occupant load (Harald et al., 2016). Because the
structural rigidity of M1 vehicles is not optimised for collisions with
much lighter vehicles, kinetic energy absorption is limited. This leads
to severe deceleration and increased injuries for L-category occupants.
Additionally, crash incompatibility arises from mass, stiffness, and geo-
metric mismatches. Geometric incompatibility, particularly, can lead to
increased intrusion into the occupant compartment due to misaligned
load paths and primary energy-absorbing structures (Kongwat et al.,
2022; Fujimura, 2015; Hollowell et al., 1998). Vertical alignment mis-
matches exceeding 100 mm can result in override or underride, causing
more extensive damage to the underriding vehicle (Yonezawa et al.,
2005). Consequently, L-category vehicles absorb a lower percentage
of initial kinetic energy compared to conventional vehicles (20%-35%
vs. 30%-65%). This means that restraint systems must bear a greater
burden; in fact, real-world observations have already noted instances of
seat belt failure (Davies and Bastien, 2021; Lépez Campos et al., 2015).
Accident patterns are also expected to shift, with more injury crashes
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occurring at lower speeds for L-category vehicles, and the likelihood of
impacting much heavier M1 cars further exacerbates adverse outcomes
for the lighter vehicle.

A significant challenge in developing safety solutions for these
vehicles is the lack of sufficient real-world accident data (Harald et al.,
2016). Due to the relatively low number of L7e vehicles in circulation,
comprehensive statistical assessments of their collision severity are
difficult to conduct. Existing in-depth accident databases often have
limited sample sizes for these vehicle categories, and there is a gen-
eral lack of harmonisation in accident databases regarding L-category
vehicles, making comparative analysis challenging (de Dios et al.,
2013). This scarcity of real-world information necessitates a proactive
approach to safety development. To overcome this data gap and ef-
fectively analyse and recreate the most significant impact scenarios in
tests, a range of advanced techniques and proposals are being utilised.
Finite Element Method and Computer-Aided Engineering-driven design
processes are fundamental for modelling and simulation, allowing for
systematic design and optimisation (Arcieri et al., 2018; Gesese and
Habte, 2024; Jedrzejczyk et al., 2018; Ekapun and Pang, 2015). Topol-
ogy optimisation is employed in early design phases to understand
optimal material distribution and load paths for new structures, and
can be applied to various single or combined load cases for clearer
insights (Jedrzejczyk et al., 2018; Briickmann et al., 2017; Kamau et al.,
2023). Additional proposed crash test scenarios include a 30° oblique
frontal impact against a 1300 kg MDB at 35 km/h, which is designed to
better represent traditional car-to-car collisions (Kongwat et al., 2022;
Teibinger et al., 2015). Side impacts are proposed at 90° against a
1100 kg MDB at 40 km/h, with a specific impact point behind the
R-point (hip point defining the occupant’s seating position) to assess
structural rigidity and battery compartment safety. Advanced structural
designs are being explored, such as multi-cell designs, variable thick-
ness components, foam filling, and internal structural filling, all aimed
at improving energy absorption and crashworthiness for lightweight ve-
hicles (Harrison et al., 2020). Furthermore, the integration of Advanced
Driver Assistance Systems and collision mitigation systems, utilising
technologies like LiDAR sensors, is explored to prevent accidents or
reduce impact severity (Harald et al., 2016).

From a safety perspective it is not effective to wait to observe
accidents and their dynamics to propose effective safety solutions for
L6e and L7e vehicles. Their higher vulnerability in collisions with
heavier vehicles demands a proactive approach based on simulation
testing. Virtual testing enables repeated trials without damaging proto-
types, reduces development costs — especially relevant for lightweight
vehicles — and allows quick adaptation to emerging safety technologies.
Using a validated, special-purpose software tool and car-to-car impact-
related accident data, the present work analyses how the dynamics
and the IR for the vehicle occupants change with the adoption of L-
category quadricycles. The use of simulations in this study aims to
assess whether currently available test scenarios accurately reflect real-
world conditions that L-category quadricycles may encounter, and to
analyse how these scenarios will evolve throughout different phases
of their integration into the vehicle fleet. The specific objective is to
evidence vulnerabilities of L-category quadricycles compared to tradi-
tional cars in the future road environment. The influence of different
posted speed limits is analysed; urban areas with lower speed limits
— especially 30 km/h cities — are also considered as they intuitively
offer safer conditions for the adoption of L-vehicles. The findings
provide guidance for policymakers, manufacturers, and urban planners,
emphasising the need for proactive design strategies that balance safety
with the compact, sustainable nature of L-category quadricycles.

2. Materials and methods
The present Section outlines the methodological framework em-

ployed to assess the safety implications of L-category quadricycles
in collision scenarios. The structure is designed to provide a logical
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progression from data collection to simulation and risk analysis. Sec-
tion 2.1 introduces the IGLAD accident database, which serves as the
foundation for the study, offering a standardised dataset of real-world
collisions to ensure robust and representative analyses. Section 2.2
details the impact reconstruction model, the employed simulation tool
that accurately calculates collision outcomes, including 4V for both
passenger cars and L-category quadricycles. Section 2.3 delves into the
Euro NCAP testing protocols, from which the quadricycle character-
istics required for the simulations are extracted. Section 2.4 explains
the vehicle substitution process, where traditional passenger cars are
systematically replaced with L-category quadricycles in simulated colli-
sions to study the effects of varying penetration rates for the L-category
quadricycles. Finally, Section 2.5 focuses on risk calculation, also em-
ploying established IR models to quantify the likelihood of severe
injuries based on 4V and impact type.

2.1. In-depth accident database

IGLAD, or the Initiative for the Global Harmonisation of Accident
Data, is the only ongoing international effort dedicated to unifying
accident data from multiple countries into a standardised database.
Experts in traffic safety from Europe, North America, South America,
Asia, and Australia contribute data annually to the IGLAD database.
The project was launched in October 2010 by Mercedes-Benz Group
AG, ACEA, and various research institutions, officially introduced as a
working group within the FIA Mobility Group. The integrated dataset
features contributions from data providers spread across 13 countries.
The ultimate aim of the consortium is to expand global coverage as
broadly as possible.

IGLAD accident data from 2010 to 2023 have been selected for the
analysis. Car-to-car accidents have been selected and sustained a first
screening process to employ crash cases with the highest possible qual-
ity following an established procedure (momentum conservation-based
criterion (Vangi et al., 2019c¢)). Because of the heterogeneity in the data
collected in IGLAD, they are not representative of the injuries occurring
worldwide. However, data from Germany are directly extracted from
GIDAS, the most established database at the European level. Since
these data are representative of the German impacts and related injury
outcomes, they can be used as a solid basis for the following analyses.
For this reason, the proportion of all injuries has been extracted from
the German data (12%) and a sampling has been applied consistently
to other countries’ data to maintain such a proportion. Specifically,
the sampling of non-German cases was stratified to strictly mirror the
German distribution of injury outcomes. For this purpose, each crash
was characterised by the highest Maximum Abbreviated Injury Scale
(MAIS) - ranging from 1 (minor) to 6 (fatal) — recorded among all
occupants involved in the event. In this way, the number of cases has
been increased compared to the sole German data while maintaining
the representativeness of German data.

Overall, Table 1 reports the number of accidents for front-to-front,
front-to-rear, front-to-side, and side-to-side (sliding) impacts, while also
accounting for the maximum speeds of both vehicles. The notation “X
km/h scenario” indicates that both vehicles were travelling at speeds
below X km/h. The 90 km/h scenario corresponds to the posted speed
limit on secondary extra-urban roads (reduced to 70 km/h in case of
precipitation), whereas 50 km/h applies to urban roads, and 30 km/h
refers to specific urban zones subject to additional restrictions, or to
entire cities implementing the 30 km/h policy (Yannis and Michelaraki,
2024). In Europe, L6e (light quadricycles) and L7e (heavy quadricycles)
are subject to distinct regulatory constraints that influence their crash
compatibility profiles. L6e vehicles are restricted to a maximum speed
of 45 km/h and a mass of 425 kg, whereas L7e vehicles can reach
90 km/h with a mass of 450 kg (excluding batteries). Consequently,
in this study, the 30 km/h and 50 km/h urban scenarios encompass
the performance of both sub-categories, while the 90 km/h extra-urban
scenario specifically evaluates the safety implications for L7e vehicles,
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as L6e quadricycles are legally and technically excluded from such
high-speed environments.

Since IGLAD does not provide direct information on the exact
impact configuration between the two vehicles at the moment of first
contact (relative orientation of the vehicles and point of impact), the
impact configuration of each accident considered was reconstructed
following the procedure described below:

» The relative orientation between the two vehicles was recon-
structed together with the closing speed based on the magnitude
of the collision speeds of the two vehicles (encoded in IGLAD) and
information on the principal directions of force (PDOF, encoded
in IGLAD). This reconstruction is based on the assumption that the
direction of the closing speed coincides with the PDOF and is gen-
erally acceptable in the field of accident reconstruction (Gulino
et al., 2022, 2025a).

Once the relative orientations of the two vehicles were known,
and therefore also their direction of travel, the exact point of
impact was reconstructed through an iterative procedure based
on simulations. Various collisions between the two vehicles were
then simulated starting from different impact points, until the
same deformations (positions and depths) encoded in IGLAD were
obtained at the software level. These simulations were performed
using the same simulation tool used for the main body of the study
and described in Section 2.2.

2.2. Model for impact simulation

For the accurate calculation of the impact-related outcomes re-
sulting from the substitution of traditional cars with a L-category
quadricycle, an advanced simulation tool has been employed. The func-
tioning of the software is explained in detail in previous works (Vangi
et al.,, 2018, 2019a), while its validation and further developments
towards ADAS performance assessment are presented in Gulino et al.
(2025b). A vehicle is represented in a 2D environment based on the
related 2D model (sketch from above). The perimeter of the vehicle is
discretised with 200 nodes; the nodes are connected by springs to a
central rigid body that represents the inertial properties of the whole
vehicle. The springs possess a different stiffness based on their position
on the vehicle (front, rear, side).

The software features a high accuracy with regard to AV calculation,
and consequently to both vehicle deformation and injury outcome for
the occupants: compared to reference values from databases, video
recordings, and crash tests, average and maximum errors in AV of
2 km/h and 3 km/h are evidenced, respectively. This validation was
conducted on a total of 47 in-depth collision cases covering various
speed ranges and impact configurations, including 20 front-to-side, 9
front-to-rear, 7 sliding, and 11 front-to-front collisions (6 of which were
small overlap) (Vangi et al., 2019a; Gulino et al., 2025b). Although
validated primarily on M1 cars across all main automotive segments,
the model is applicable to any collision where 3D effects — such as
rollover, sliding, or road user projection — are negligible. Within this
planar framework, the formulation is category-independent for four-
wheeled vehicles, as structural and inertial variations are effectively
captured through vehicle-specific 2D geometry, mass, and stiffness
properties. By providing calibrated inputs for L6e and L7e quadricycles,
the model accurately reproduces their characteristic collision dynamics
within the investigated scenarios.

2.3. Euro NCAP tests for L-category quadricycles

Euro NCAP testing for L-category quadricycles has been established
to assess the safety performance of these vehicles, though the standards
and test procedures are notably different and less demanding compared
to those applied to conventional passenger cars (M1 category). In the
present work, tests by Euro NCAP have been considered to determine
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Table 1
Distribution of impact types in the considered dataset.
Scenario
All 90 km/h 70 km/h 50 km/h 30 km/h
Front-to-Front 142 141 135 94 24
Front-to-Rear 362 348 331 260 105
COLLISION TYPE Front-to-Side 126 125 120 85 22
Side-to-Side (sliding) 57 52 47 27 8
All 687 666 633 466 159

the stiffness of quadricycles, which need to feed the simulation algo-
rithm presented in Section 2.2. To characterise the structural variability
of the segment, the complete set of L-category quadricycles tested by
Euro NCAP was analysed, yielding a mean kerb mass of 455.4 kg
with a standard deviation of 47.2 kg, and an average frontal stiffness
coefficient » of 27.5 mT/S with a standard deviation of 6.9 mT/S In
this context, the Ligier Ixo was selected as the reference vehicle since
its kerb mass of 465 kg closely approximates the calculated category
mean, ensuring the simulation parameters are representative of the
segment’s typical characteristics. Its stiffness was determined based
on intrusion profiles (Vangi, 2020) and established video processing
techniques (Vangi et al., 2019a; Kim et al., 2018). Since only frontal
and side stiffnesses could be derived from these tests, the rear stiffness
was assumed.

However, Appendix A, which collects simulations with different
values of rear stiffness, shows that this parameter has a low influence on
impact outcomes. Frontal, lateral, and rear stiffnesses have been hence
obtained and used for the simulations, respectively 29.6, 23.5, and 30
1/s ("L (Vangi et al., 2019b)).

2.3.1. Frontal impact tests

Euro NCAP’s consumer testing programme for L-category vehicles,
initiated in 2014, includes a Full Width frontal Deformable Barrier
(FWDB) test. In this test, the L-category vehicle impacts a deformable
barrier positioned between the vehicle and a rigid wall. This differs
from the frontal impact test for M1 passenger cars, which typically
involves impacting a rigid wall directly. The primary goal of this FWDB
test for L-category vehicles is to assess the vehicle’s restraint systems,
as a full engagement of the vehicle’s front structure can increase the
force and acceleration experienced by the passenger compartment,
thus emphasising seatbelt anchorage strength. For a 460 kg vehicle
in a 50 km/h FWDB test (540 kg considering an average driver), the
peak force is approximately 100 kN, which still raises concerns about
compartment integrity, especially in cases of partial overlap (Davies
and Bastien, 2021). Since during the impact the vehicle almost arrives
at a standstill, the AV for the L-category quadricycle is almost equal to
the collision speed (50 km/h).

2.3.2. Side impact tests

For side impacts, Euro NCAP’s programme for L-category quadricy-
cles includes an MDB test. A key difference in this test for L7e vehicles,
compared to M1 passenger cars, is that the mass of the impacting trolley
is 350 kg lighter than that used in M1 tests (Harrison et al., 2020). The
collision speed for Euro NCAP tests of traditional cars is 60 km/h (as of
2024 protocols), while for L-category quadricycles it is 50 km/h. Since
a MDB is used that does not arrive at a standstill after the impact, the
collision speed of the MDB is not equal to the AV of the L-category
quadricycle. The same applies to the tests for traditional cars. Based
on the video recordings referring to the representative quadricycle, it
is estimated that the AV for the L-category quadricycle is 32 km/h.
Conversely, based on extensive video analysis of Euro NCAP tests with
a MDB moving at 60 km/h, it is derived that such AV value equals
25 km/h for traditional cars (average).

2.4. Vehicle substitution

All accidents reported in Section 2.1 have been simulated by the
model for impact reconstruction described in Section 2.2, for a total of
2748 collision simulations. To study the variation of 4V and IR with the
gradual introduction of L-category quadricycles into the vehicle fleet,
passenger cars were replaced randomly in simulated collisions. Starting
from a baseline scenario consisting solely of passenger cars (687 colli-
sions), a set of collisions was created where vehicle A in each accident
was replaced with a L-category quadricycle. Another set of collisions
was generated by replacing vehicle B with a L-category quadricycle,
and a third set was created where both vehicles involved in the accident
were replaced with L-category quadricycles. Accidents from these sets
were then randomly selected to match the desired penetration rate of
L-category quadricycles in the fleet. Fig. 1 illustrates an example where
accidents are randomly selected to achieve a 30% penetration rate.
For each penetration rate, 100 pseudo-random sampling processes were
performed starting from the baseline sample for each analysed scenario.
This approach ensured a detailed study of the variability of results with
the aleatoricity of the sampling, across different penetration rates and
scenarios (Table 1).

2.5. Risk calculation

The IR model used in this study is based on the Maximum Abbre-
viated Injury Scale (MAIS), in particular, MAIS values higher than 3
(MAIS 3+); MAIS 3+ represents the probability that an occupant will
suffer an Abbreviated Injury Scale (AIS) of 3 or higher in at least one
body region. The AIS scale ranges from 0 (no injury) to 6 (fatal injury)
and is widely used to classify injury severity. The model considers two
independent variables: AV and the impact side. The impact side is
categorised into four types, listed in ascending order of IR for the same
AV

» Rear: Impact occurs at the rear of the vehicle.

» Front: Impact occurs at the front of the vehicle.

+ Side: The lateral side of the vehicle is impacted, but not the near
side.

+ Near side: The compartment on the vehicle’s side that is closest
to the occupant is impacted.

The IR model used in this study is derived from the work of Jurewicz
et al. (2016). For example, at a 4V of 40 km/h, the IR increases
from 15% for rear impacts to 45% for front impacts, 73% for side
impacts, and 90% for near-side impacts. AV serves as an indicator
of the accelerations and resulting forces experienced by the vehicle
and its occupants during the collision. These IR curves are specifically
developed for passenger cars; however, it is important to note that
no specific IR models currently exist for L-category quadricycles. With
this choice, we assume that the injury mechanisms for occupants of L-
category quadricycles are analogous to those of traditional cars. This
assumption is based on the structural similarities between the two
vehicle types, particularly in terms of occupant positioning and the
general dynamics of collisions. To address the inherent uncertainty of
this proxy and bound the potential underestimation of risk due to dif-
ferent structural responses, a parametric sensitivity analysis is provided
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Example: L-category quadricycles 30% penetration

SET 1

Fig. 1. Random selection process starting from a baseline of traditional passenger cars only and sampling accidents where only vehicle A, only vehicle B, or both
vehicles are L-category quadricycles (left); example of random selection for a 30% penetration rate (right).
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Fig. 2. Employed IR function (Jurewicz et al., 2016).

in Appendix B. Moreover, waiting for the availability of a significant
number of real-world accidents involving L-category quadricycles to
develop dedicated IR curves is not acceptable. Such an approach would
delay the implementation of countermeasures aimed at improving the
safety of these vehicles. Instead, leveraging existing IR models for
passenger cars provides a practical starting point for predicting IR
and designing safety enhancements for L-category quadricycles. Future
research should focus on refining these assumptions and developing
tailored IR models for L-category quadricycles, considering their unique
design and operational characteristics.

Building upon the injury risk model adopted for the present analysis,
the Overall Risk (OR) is calculated to identify the most critical collision
scenarios across different vehicle types. This approach integrates the
frequency of impact configurations with their associated Injury Risk
(IR). While this methodological framework is general and adaptable to
various injury models, it is specifically implemented in this study using
the IR function illustrated in Fig. 2. The process involves categorising
impact scenarios from the database based on impact type and AV. For
each specific impact type, the frequency of occurrence (f) at a given

AV is multiplied by the corresponding IR value, weighting the injury
probability by its statistical prevalence to generate an OR curve. In
analytical terms, considering both f and IR as functions of AV, the
Overall Risk is expressed as:

OR(AV) = f(4V) - IR(4V) €y

The peak of the resulting OR curve identifies the AV level associated
with the highest cumulative risk, serving as a benchmark for defining
representative and critical test conditions. The primary utility of this
method lies in its ability to prioritise impact scenarios based on the
intersection of their occurrence frequency and injury severity. This
ensures that safety protocols and ADAS evaluations focus on the most
safety-relevant real-world situations, as further detailed in Gulino et al.
(2024).

3. Results
3.1. AV and OR distribution

The present Section evidences the modifications to the AV and
OR distribution when traditional cars involved in accidents are sub-
stituted by L-category quadricycles. The considered real accidents for
traditional cars have been clustered to represent the relevant Euro
NCAP scenarios (frontal and side impacts). Fig. 3 reports the distri-
bution of frequency and OR for frontal impacts across all analysed
crash scenarios. For the sake of simplicity, a 50% penetration rate is
specifically considered for L-category quadricycles. As can be seen, the
Euro NCAP test does not cover all possible impacts. In the case of
target vehicles being represented by traditional cars, the AV of the
impact is almost always below the limit of 56 km/h of the Euro NCAP
test (only one case has a AV equal to 59 km/h); this is obviously
valid for both the frequency of the impacts and for their OR. If L-
category quadricycles are substituted to one of the two participants, the
frequency distribution becomes more equally distributed at the various
values of AV because the AV for the traditional vehicles decreases while
that of L-category quadricycles increases (momentum conservation). In
this case, the maximum value of AV is higher than that of the Euro
NCAP test for L-category quadricycles. The increase in the OR is also
evident if compared to the case of traditional vehicles only, with a
maximum OR for impacts with AV equal to 53 km/h. This is the value
of impact speed to which the L-category quadricycle should be tested
to assess the vehicle safety in the most risky scenario.
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Fig. 3. Distribution of frequency and OR for frontal crashes in case of impact with a traditional car or a L-category quadricycle (all crashes).

Fig. 4 reports the distribution of frequency and OR for frontal
impacts in the 50 km/h scenario, which is more representative of the
circulation conditions for L-category quadricycles. Differently from Fig.
3, the Euro NCAP test covers all possible impacts. If L-category quadri-
cycles are substituted to one of the two participants, the frequency
distribution becomes more equally distributed at the various values
of AV as in Fig. 3. Still, in this case the maximum value of 4V is
lower than that of the Euro NCAP test for L-category quadricycles.
The increase in the OR is also here evident if compared to the case
of traditional vehicles only, with a maximum OR for impacts with AV
equal to 48 km/h. Overall, if L-category quadricycles with a speed
limitation of 50 km/h are addressed, Euro NCAP frontal tests currently
provide a solid basis for safety assessment of these vehicles.

On the other hand, Fig. 5 reports the distribution of frequency and
OR for lateral impacts across all analysed crash scenarios. Compared
to the equivalent scenario for frontal impacts (Fig. 3), also in this case
Euro NCAP tests cover almost all possible impacts if traditional cars
are considered. Nevertheless, as can be seen, the Euro NCAP test only
covers a portion of the AV distribution of L-category quadricycles in
case of lateral impacts. Also, the highest-OR scenarios occur at values
above the Euro NCAP test-related one. The three most risky conflict
scenarios are 34 km/h, 46 km/h, and 39 km/h in sequence.

Considering a decrease in speed by referring to the 50 km/h sce-
nario (Fig. 6), results do not vary significantly. Only one case of
lateral crash is above the test value for traditional cars. For L-category
quadricycles, several impacts are associated with higher AV values
compared to the Euro NCAP test. The highest-OR impacts also occur in
correspondence of higher values of AV, in particular at 34 km/h. This
latter value has the highest OR both when considering all crashes and
when limited to the 50 km/h scenario, so that the Euro NCAP protocols
may benefit from the inclusion of this speed value for the expected tests.

It is also important to note that the substitution of one vehicle in the
collision modifies the AV and IR of both parties compared to the real-
world collision; in general, the passenger car sustains a lower AV (same

model of the real-world collision), while the L-category quadricycle
a higher one (being substituted to a heavier passenger car). With
this regard, the histograms in Fig. 7 report the difference in AV and
IR for both the passenger cars and the L-category quadricycles (50%
penetration rate) compared to their related homologous of the real-
world accident. Both the passenger car and the L-category quadricycle
have very different AV values compared to the real-world impact, with
the L-category quadricycle featuring a higher frequency for higher 4V
values. Translated into IR, however, passenger cars feature an absolute
IR difference higher than 10% in less than 10% of cases (negative,
decreasing IR); conversely, for L-category quadricycles, this involves
more than 30% of cases (positive, increasing IR). This means that
the slight increase in safety for passenger cars is not balanced by a
slight decrease in safety for L-category quadricycles, which tend to be
disadvantaged in the shift towards this new type of mobility solution.

3.2. Future scenarios based on penetration rate

To determine the effect of the gradual introduction of L-category
quadricycles inside the circulating fleet (Fig. 8), random sampling is
performed to simulate the variation in the penetration rate following
the procedure of Fig. 1. Taking the 90 km/h scenario as an example,
at 0% penetration rate (only traditional cars on the road) the mean
value of AV for all vehicles involved in the impact equals 12.8 km/h.
It can be seen that AV increases moving towards a penetration rate
of 50%—-60%, where the maximum of the curve is achieved (specific
highlights on the 50% penetration rate can be gained considering once
again Figs. 3-6). This means that the maximum A4V is obtained when
almost the same number of traditional cars and L-category quadricycles
will circulate on the road. This becomes clear considering that this
condition corresponds to the maximum number of impacts between
heavy and light vehicles. Above the 60% penetration rate threshold,
the AV decreases to a value of 13.3 km/h. This means that, even with
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Fig. 6. Distribution of frequency and OR for lateral crashes in case of impact with a traditional car or a L-category quadricycle (50 km/h scenario).

full substitution of traditional cars with L-category quadricycles, the
AV will not lower but rather increase compared to the 0% penetration
condition. As for regards the other scenarios:

» the 70 km/h scenarios exhibit almost the same trend as the
90 km/h (the difference between the two scenarios amounts to
only 33 cases);

+ the 30 km/h has obviously lower values of AV because of the
lower speed limit;

» the 50 km/h scenario exhibits intermediate AV values between
the 90 km/h and the 30 km/h ones.

The slight increase in the AV value between the 0% penetration
level (traditional cars) and the 100% penetration level (L-category
quadricycles only) in the 90, 70, and 50 km/h scenarios is attributable
to the lower stiffness values typical of L-category quadricycles com-
pared to traditional cars, which result in a different impact dynamics
and deformation energy. However, the coefficient of restitution also
plays an important role in determining AV, as shown in Eq. (2), where
the subscripts distinguish between vehicle 1 and vehicle 2, E, is the
total deformation energy, m the vehicle mass, y the mass reduction
factor (Vangi, 2014), and e the coefficient of restitution.

2E,;my(1 +¢€)

mm 1
m|—+—=]U-¢
71 72

The coefficient of restitution ¢ is a function of the collision speed
and decreases as velocity increases. For this reason, unlike the other
scenarios, the 30 km/h case shows an almost constant AV value across
different penetration rates, with a minimum observed at 100% pen-
etration (a difference of only 0.5 km/h between the maximum and
minimum AV values).

4V, = ©)

This implies that the 30 km/h limit is the only possible solution to
avoid a significant increase in the AV value in the transition towards
partial or full penetration. Because of the similarities between 90 and
70 km/h scenarios, only the 90 km/h scenario is considered in the rest
of the work.

Additional highlights can be obtained by categorising 4V based on
the type of vehicle to which it is associated. Since 100 different random
sampling processes are performed on the data (see Section 2.4), the
overall variation in the parameters for a single value of penetration is
evidenced by the envelope in Fig. 9 (95% confidence interval, shaded
background). For completeness, the curve related to all vehicles is also
depicted, adding information compared to Fig. 8. As can be seen from
the solid, average curves, AV of passenger cars is approximately con-
stant while that of L-category quadricycles decreases as the penetration
rate increases. This is an obvious consequence of the increase in the
number of circulating L-category quadricycles on the road. However,
as the penetration rate increases, the number of vehicles with a high
AV (L-category quadricycles) substitutes those with low AV (traditional
cars). Overall, such a phenomenon leads to an increase in the AV
value in the curve related to all vehicles. While getting closer to
the full penetration, the curve for the L-category quadricycles mirrors
the one of all vehicles, since passenger cars represent a minority of
the accidents and feature a low value of AV. The penetration with
maximum value of AV is highlighted by a vertical, dashed line.

The distribution of IR for the 90 km/h scenario (Fig. 10) evidences
further highlights. The values are low (between 0.5% and 2%) because
the reported ones are the average of various types of crashes at different
impact speeds and AV. It can be seen that the confidence intervals for
IR have the same trend of the AV distribution (Fig. 9). The maximum
is also achieved in this case at 50%—-60% penetration rate (maximum
average AV of 14.2 km/h) despite the exponential terms in the logit
functions for IR in Fig. 2: the values of (average) AV are so low that a
zone is involved where an almost linear relation exists between IR and
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Fig. 8. AV value as a function of the penetration rate for all vehicles (90 km/h scenario).

AV. In addition, the vast majority of accidents is represented by rear
and front impacts (Table 1), which have the lowest IR values among
all impact configurations (Fig. 2). All these factors contribute to limit
the variability of IR, making its trend comparable to that of AV. In
particular, IR for passenger cars is almost constant as in the case of
AV, with a slight increase at 95% penetration because of the higher
variability in the results.

When Lé6e quadricycles are addressed, their speed limit should also
be considered to provide for significant results, since they are not able
to occupy the context of the 90 km/h scenario as traditional cars and
L7e quadricycles currently do. So, attention should be placed on the
urban context where 50 km/h is the typical posted speed limit. Also,
considering the widespread decrease in the posted speed limit and
advent of 30 km/h cities (Yannis and Michelaraki, 2024; Abohassan
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Fig. 10. IR value as a function of the penetration rate based on the type of vehicles involved in the impact (90 km/h scenario). Shaded areas indicate the 95%

confidence intervals.

et al., 2024; Heydari et al., 2014; De Pauw et al., 2014), focusing on
the 30 km/h scenario provides additional indications on safety that
may be associated with future road environments. Fig. 11 reports the
results for the 50 km/h (top) and 30 km/h (bottom) scenarios. The
values of AV are lower by their nature compared to those in Fig. 9
because of the lower collision speed of the vehicles. As it is apparent,
in both scenarios the mean AV tends to decrease as the penetration
rate increases for both passenger cars and L-category quadricycles. For
what regards the 50 km/h scenario, the same decreasing trend of Fig.
9 can be evidenced for L-category quadricycles, while the overall curve
exhibits a plateau towards the 50%-60% penetration rates where the
maximum AV is reached. The difference between the AV for passenger
cars and L-category quadricycles is above 2 km/h at specific pene-
tration rates (+16% compared to null penetration). This means that
evolving towards a higher penetration of L-category quadricycles does
not decrease the AV even when only the urban context is considered;
conversely, the increase in AV reaches up to 8% (from 11.8 km/h to a
maximum of 12.6 km/h). The mean value of AV is almost the same for
the null and full penetration rates. As for the 30 km/h scenario (Fig.

10

11 bottom), a difference of only 1 km/h exists between average AV
for passenger cars and L-category quadricycles at any penetration rate.
Overall, the 30 km/h scenario allows to avoid any increase in the AV
for the vehicles in the transition towards full penetration.

If the IR curves are considered (Fig. 12), lower values can be
identified compared to those reported in Fig. 10 because of the decrease
in the collision speeds: since AV is proportional to closing speed (Gulino
et al., 2022) and the logistic function of Fig. 2 is employed to cal-
culate IR, IR values are very low (the 30 km/h-related ones are half
those of the 50 km/h scenario). The trend for the 50 km/h scenario
considering all vehicles is almost the same of the 90 km/h scenario,
with a maximum in a range between 50% and 65% penetration rate.
However, the IR associated with passenger cars slightly decreases as
the penetration rate increases. This applies also to the 30 km/h scenario
but, as already highlighted, the curve for all vehicles is almost constant.
The maximum value of IR is extremely low; all things considered,
the advent of 30 km/h cities, together with the spread of L-category
quadricycles, can lead to a significant decrease in the IR value per se
for all the involved types of vehicles.
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Fig. 11. AV value as a function of the penetration rate based on the type of vehicles in the 50 km/h (top) and 30 km/h (bottom) scenarios. Shaded areas indicate

the 95% confidence intervals.

In the end, any increase in the number of L-category quadricycles
compared to the current situation (0% in the analysed subset of the
accident database?) will result in an overall decrease in road safety
if these vehicles are permitted to circulate outside the urban context
(or in roads with a posted speed limit higher than 50 km/h). This
fundamental result derives not from considerations regarding the 4V,
but rather from the IR for the vehicle occupants; in particular, the
30 km/h cities could help in halving the risk of serious injuries for
the occupants, independently of the considered type of vehicle. This
is undoubtedly the most promising solution to ease the transition to
more sustainable mobility solutions.

4. Discussion

The results obtained in terms of road safety consequences from the
introduction of L-category quadricycles into the fleet are dependent
on the employed IR model. However, no IR function is available at
the moment that specifically addresses L-category quadricycles. Still,
it is not feasible to wait for a wide range of accidents to occur before
establishing specific IR functions for this vehicle type. Consequently, a

2 Despite their absence among the analysed accidents because of
their recent spreading, L6 and L7 heavy quadricycles cover a sig-
nificant portion of 2024 registrations (for example, 12.3% in Italy
based on https://www.fleetmagazine.com/i-quadricicli-hanno-preso-il-posto-
delle-utilitarie-che-non-possiamo-piu-permetterci/).
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proactive simulation-based assessment is essential to anticipate safety
risks (Davies and Bastien, 2021; Teibinger et al., 2015), particularly
given the inherent vulnerability of L-category vehicles, as highlighted
in this study in terms of AV and IR. Moreover, from the literature
and tests from consumer programmes, it is evident that crush (maxi-
mum intrusion) has a substantial effect on the accelerations sustained
by the occupants (Kongwat et al., 2022; Fujimura, 2015; Hollowell
et al., 1998). This effect is significantly stronger than in the case of
passenger cars, since L-category quadricycles have low stiffness and
deformed parts can directly contact the occupants’ body even at low
speed. Ensuring compartment integrity is particularly critical when
these lightweight vehicles collide with heavier opponents. However,
crash compatibility studies reveal that standard rigid-wall tests (e.g., at
50 km/h) fail to reproduce the severe intrusion patterns of real-world
car-to-car accidents, thereby significantly underestimating occupant
injury risks (Kongwat et al., 2022; Davies and Bastien, 2021). This
discrepancy exposes a fundamental limitation in current safety assess-
ment protocols for the L-category segment. Although the definition of
a complete experimental test specification remains a subject for future
research, the identification of a 34 km/h AV threshold provides a
critical benchmark for lateral impact risk. To complement these kine-
matic findings and specifically address the aforementioned importance
of compartment integrity, an additional study was carried out — using
the same methodology and the same simulation tool (Section 2.2) —
to evaluate the crush experienced by vehicles during impacts. Fig. 13
reports the average crush (together with confidence intervals as already
done for AV and IR) as the penetration rate increases, for all vehicle
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Fig. 12. IR value as a function of the penetration rate based on the type of vehicles in the 50 km/h (top) and 30 km/h (bottom) scenarios. Shaded areas indicate

the 95% confidence intervals.

types and for the 30, 50, and 90 km/h scenarios. The overall trend
(“All vehicles” in Fig. 13) is an increase in crush as the penetration rate
increases, because the stiffness of all the vehicles tends to become that
of the L-category quadricycle for every impacted vehicle (i.e., lower
than the cars’). As the posted speed limit decreases, the crush decreases
as a consequence of the decrease in the impact closing speed. In the
30 km/h scenario, a linear trend is highlighted; also, the crush (at
100% penetration rate) is lower than the crush at 0% penetration for
the 50 km/h scenario (and the 90 km/h scenario as a consequence).
Moving from the 90 km/h to the 30 km/h scenario decreases the crush
by 19% at 100% penetration (0.263 m vs 0.210 m); this is advantageous
compared to the current road environment at 0% penetration where the
decrease is 16% (0.220 m vs 0.185 m). The demonstrable reduction
in crush severity and IR achieved at 30 km/h strongly supports the
increasingly widespread municipal policies focusing on lower speed
limits in urban centres to increase pedestrian safety and reduce overall
collision severity, particularly for lightweight vehicles whose primary
expected use case is urban mobility (Ewert et al., 2019; Santucci et al.,
2016). When specific IR curves become available that account for crush
in L-category quadricycles, these representations will be fundamental to
determine the possible amelioration achievable by the introduction of
these new vehicle types into the market.

After analysing simulations to determine AV, IR, and crush for L-
category quadricycles in real-world impacts, it is also conceivable to
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introduce highly deformable elements to increase the impact duration
timp> thereby reducing acceleration a for the same 4V (a = 4V /1;,,).
Assuming a linear spring model (as typical in accident reconstruc-
tion (Vangi, 2020)), the impact duration in a head-on collision between

two vehicles can be approximated by:

t

keq

3

AT

imp

where y and k,, are the reduced mass and the equivalent stiffness of
the vehicles respectively, defined as:

Kear - k

car quad
keg= —F— (€]
4 kcar + kquad
Mear " Myuad
= ®)
Mgy + mquad

In the previous equations, m,,., My, and ke, kg, respectively
represent the mass and stiffness of the traditional car and the L-category
quadricycle. If k., >k 44, then ko ~kguq; i Keor®Kguaas Keg = Kquaa/2-
The same applies to the mass, with the difference that the mass of
these vehicles is prescribed by specific regulations (it is expected that
a traditional car will have a mass more than double the L-quadricycle’s
one); this means that solutions to increase road safety for L-category
quadricycles can rely only to a limited extent on actions regarding the
mass. On the other hand, k,, oscillates between 50% and 100% of the
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stiffness of the less stiff vehicle involved in the impact. The maximum
associated deformation x,,, is consequently:

uAv? 1

ke z

©

R = limp AV

Xmax =
q

In the end, if keg decreases (i.e., if K quaa decreases) the impact
duration increases as well as the crush: this involves a reduction in the
overall acceleration for the occupants, but also an increase in the risk
to sustain blunt traumas caused by the contact with deformed interior
parts. The relationship between vehicle stiffness k, impact duration #;,,,
and crush x_,, is further clarified through the example in Table 2,
which explicitly illustrates how a reduction in stiffness — obtained by
replacing a traditional passenger car with an L-category quadricycle
- increases both impact duration and deformation. Three different
scenarios are examined:

1. Head-on collision between two traditional passenger cars (Pas-
senger Car vs Passenger Car);
II. Head-on collision between a traditional passenger car and an
L-category quadricycle (Passenger Car vs L-Quadricycle);
III. Head-on collision between two L-category quadricycles
(L-Quadricycle vs L-Quadricycle).

For the passenger cars and L-category quadricycles, the following
typical mass and stiffness values were assumed:

Mear = 1375Kg,

Mquad = 460kg,

Keqr = 2000 kN/m,
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and kqyaq = S00KN/m.

The velocity change AV was always assumed equal to 14km/h.

As summarised in Table 2, the reduction in equivalent stiffness leads
to a longer impact duration and a greater crush, consistently with the
theoretical relationships derived previously.

Hence, while softer materials or designs with greater deforma-
bility can effectively extend the impact duration — thereby lowering
peak accelerations — they necessitate sufficient deformation space to
prevent contact between structural parts and occupants. However,
accommodating larger crumple zones through conventional structural
lengthening (and widening) would directly undermine the core util-
ity of L-category quadricycles, whose design philosophy is predicated
on maintaining compact dimensions to maximise urban mobility and
environmental efficiency (Ewert et al.,, 2019; Santucci et al., 2016).
Indeed, extending their dimensions could compromise agility, park-
ing efficiency, and energy consumption, negating the advantages that
make them a viable solution for sustainable transportation. To nav-
igate this trade-off without expanding vehicle dimensions, research
directs towards advanced structural designs capable of maximising
energy absorption within the limited available crush space. These in-
clude multi-cell designs, structures with functionally graded or variable
thickness components, and internal structural filling (Kongwat et al.,
2022; Harrison et al., 2020; Lépez Campos et al., 2015). For instance,
specific proposals for front rail architectures aim to optimise energy
management, such as achieving targeted absorption percentages via
crash boxes and rail sections relative to the initial kinetic energy at
56 km/h (L6épez Campos et al., 2015). Such approaches prioritise axial
folding and stable collapse modes to control peak forces and maximise
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Table 2
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Ilustrative example showing how a reduction in vehicle stiffness affects the impact duration and

crush in head-on collisions.

Parameter I 1L IIL Equation
Passenger car Passenger car L-quadricycle
vs Passenger car vs L-quadricycle vs L-quadricycle
u [kgl 687.5 345 230 (Eq. (5))
keq [kN/m] 1000 400 250 (Eq. ()
timp [S] 0.082 0.092 0.095 (Eq. (3))
Xmax [M] 0.101 0.114 0.118 (Eq. (6))

specific energy absorption despite short crush lengths (Harrison et al.,
2020; Lopez Campos et al., 2015). Ultimately, the defining challenge
for future development lies in reconciling these conflicting demands:
enhancing occupant protection through efficient deformation without
sacrificing the lightweight, cost-effective, and compact efficiency that
renders this category viable for urban sustainability.

5. Limitations

Given the current scarcity of real-world accident data for L-category
quadricycles, a proactive simulation-based assessment is necessary;
however, the representativeness of the analysis is naturally constrained
by the limited market penetration of these vehicles. To address this,
the IGLAD database was utilised as a standardised foundation, though
the inherent heterogeneity of multi-country data required a specific
sampling procedure — anchored in GIDAS records — to ensure Euro-
pean relevance. While the resulting dataset represents the most robust
baseline currently available for this category, a specific cross-country
assessment of consistency in AV distributions and crash types was not
performed. Consequently, regional variations in road infrastructure and
fleet composition may not be fully captured, as these nuances are often
beyond the scope of available multi-country datasets. Additionally,
although L7e quadricycles are legally permitted on extra-urban roads,
L-category usage is primarily concentrated on short urban trips (Ewert
et al., 2020); thus, the 90 km/h scenario represents a theoretical
worst-case assumption.

Due to the current absence of specific IR functions for L-category
occupants in the literature, models derived from M1 vehicles were
adopted as a necessary proxy. This approach implies that the influence
of structural intrusion and the distinct acceleration pulse shapes — in-
herent to the shorter crumple zones of quadricycles — are approximated
through M1-based AV curves. It should be noted that the adopted IR
model relies exclusively on AV and impact side, meaning structural
crush is not a direct input. This creates a ceiling on the absolute
validity of injury predictions, as the estimates do not account for crush-
induced occupant loading, which is expected to be more significant in
L-category vehicles than in traditional cars. Nevertheless, the analysis
of intrusion patterns provided in Section 4 establishes a foundational
baseline for future risk models, especially since crash tests are not
currently a mandatory type-approval requirement for these vehicles. To
address these uncertainties, a parametric sensitivity analysis was con-
ducted in Appendix B, ensuring that the results are interpreted as robust
comparative trends rather than absolute predictions. Specifically, this
analysis confirms that at 30 km/h, safety outcomes are virtually in-
variant to model assumptions. While absolute risk values show greater
sensitivity at higher speeds, the general safety trends — particularly
the reduction in injury risk with increasing fleet penetration — remain
robust across all scenarios.

Methodologically, the study employs a direct kinematic substitution
within the database, which does not account for the distinct pre-crash
dynamics of L-category quadricycles (e.g., the 15 kW power limit and
differing braking performance). While this approach effectively iso-
lates the passive safety consequences of the substitution, the influence

14

of active vehicle performance on accident avoidance and pre-impact
maneuvers was not modelled.

Finally, while the use of a single reference vehicle to represent L-
category quadricycles in the simulations provides a standardised proxy
for the segment’s typical structural characteristics, it is acknowledged
that this approach may influence the variability of the results. This
specific vehicle model was selected based on a statistical analysis of
the Euro NCAP L-category dataset, closely approximating the cate-
gory’s mean mass and frontal stiffness. Although specific values for
rear stiffness could not be directly derived from available crash test
data, sensitivity analysis (Appendix A) demonstrated that variations
in these vehicle-specific parameters exerted a negligible influence on
the simulated outcomes. This confirms that the assumptions regarding
rear stiffness do not compromise the overall validity of the study’s
conclusions, although they remain an inherent element of uncertainty.

6. Conclusions

L-category quadricycles offer significant advantages in terms of
environmental sustainability and urban mobility, such as reduced emis-
sions, lower energy consumption, and compact designs that facilitate
navigation and parking in cities. However, their lightweight struc-
ture and lack of stringent safety regulations pose substantial risks to
occupants, especially in collisions with heavier vehicles. L-category
quadricycles have limited energy absorption capabilities and smaller
crumple zones, which increase the likelihood of severe injuries during
impacts. In this context, the lack of real-world accident data involving
L-category quadricycles necessitates a proactive approach to safety
development, relying on advanced simulation techniques. The present
work provides a comprehensive analysis of the implications of intro-
ducing heavy quadricycles (L6e and L7e categories) into urban and
extra-urban mobility contexts, focusing on road safety challenges and
identifying evidence-based strategies to mitigate these risks.

The study utilises simulation methods to reconstruct impacts and
assess the consequences of substituting traditional passenger cars with
L-category quadricycles. Employing accident databases like IGLAD as a
support and simulation models as a tool, the research highlights the
significant differences in velocity change (4V) and Injury Risk (IR)
when L-category quadricycles are involved in collisions. The study ini-
tially reveals that the introduction of L-category quadricycles strongly
alters the AV (increasing the values for L-quadricycles and decreasing
those for traditional cars). In high-speed scenarios the maximum AV
for L-category quadricycles exceeds the limits covered by current Euro
NCAP protocols, indicating that these tests should be revised to assess
the most critical safety risks associated with L-category quadricycles.
In urban contexts with lower speed limits, such as 50 km/h, the Euro
NCAP tests conversely provide a more solid basis for safety assessment,
as they cover almost all possible impacts. However, even in these
scenarios, the risk associated with L-category quadricycles remains
higher compared to traditional passenger cars, with the maximum risk
occurring at AV values that are not fully addressed by existing lateral
test protocols.

The present work also demonstrates that the maximum 4V and IR
values will occur when L-category quadricycles become the majority
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of the vehicle fleet, corresponding to a 50%—-60% penetration rate at
a 90 km/h posted speed limit. However, in urban contexts with lower
speed limits, such as 50 km/h or 30 km/h, the AV values and associated
IR are significantly reduced. The 30 km/h scenario emerges as the safest
environment, with reductions in AV and IR values moving towards full
penetration rates. The research also examines the impact of penetration
rates on crush for all the different impact types (front, rear, side, and
near side). As the penetration rate of L-category quadricycles increases,
the crush also rises due to their lower stiffness compared to traditional
passenger cars. This trend is mitigated in lower-speed scenarios, where
the reduced collision speeds lead to lower crushes.

In addition to analysing AV and IR, the paper discusses potential
strategies to enhance the safety of L-category quadricycles. Utilising
highly deformable structural configurations to increase impact duration
and reduce acceleration is identified as a way to mitigate AV and
IR as a consequence. However, these refinements must be carefully
implemented to avoid compromising the lightweight, cost-effective,
and compact nature of L-category quadricycles, which is central to their
role in urban mobility.

Overall, while L-category quadricycles offer significant advantages
for sustainable urban transportation, their integration into the vehi-
cle fleet must be carefully managed to address the inherent safety
challenges identified in this study. These findings suggest a potential
policy trade-off: to maintain or improve safety levels, consideration
could be given to strategically restricting the operational domain of
quadricycles to low-speed environments, such as 30 km/h zones, where
mass disparity is kinetically mitigated. Alternatively, if wider adop-
tion in higher-speed scenarios is pursued, regulatory frameworks and
consumer testing programmes might need to evolve towards more
stringent, real-world-representative standards to bridge the identified
crashworthiness gap. In this sense, the findings of this paper underscore
the necessity of a proactive approach that addresses both the opera-
tional environment and technical standards to ensure that L-category
quadricycles successfully contribute to sustainable mobility without
compromising road safety.
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Appendix A. Analysis of the influence of rear stiffness on simula-
tion results

Fig. A.1 shows the trend of AV as a function of the penetration rate
of L-category quadricycles within the circulating fleet, considering the
90 km/h scenario and four different rear stiffness values (“bl rear”):
20 1/s, 25 1/s, 30 1/s, and 35 1/s "’7/’ (Vangi et al., 2019b)). The
average trends (bold lines) corresponding to the four rear stiffness
values show only minimal differences in terms of AV. In particular,
at 100% penetration, the difference in AV between the minimum
stiffness (20 1/s) and the maximum stiffness (35 1/s) amounts to only
0.15 km/h. Even when considering the maximum AV values, these
occur at penetration rate of 65%, 64%, 61%, and 60% for stiffness
values of 20 1/s (max AV = 14.25 km/h), 25 1/s, 30 1/s, and 35 1/s
(max AV = 14.01 km/h), respectively.

Appendix B. Sensitivity analysis on the injury risk estimation for
L-category occupants

As discussed in Section 2.5, the IR for L-category quadricycles
was estimated using models originally developed for M1 passenger
cars (Jurewicz et al., 2016), assuming analogous injury mechanisms. To
quantify the uncertainty associated with this assumption and to bound
the potential underestimation of risk, a parametric sensitivity analysis
was conducted. Specifically, this analysis addresses the hypothesis that
the lower structural stiffness and shorter crumple zones of L-category
vehicles may lead to more severe acceleration pulses and higher in-
trusion risks at equivalent AV levels. The baseline IR model follows a
logistic function:

1

P(MA]S3+) = m

(B.1)

where «a is a constant related to the impact type and f is the coefficient
representing the sensitivity of the injury probability to the impact
severity (4V). To simulate a significantly higher vulnerability of L-
category occupants, the coefficient f was increased by 25% and 50%.
These increments are intended as highly conservative and pessimistic
bounds; while technical expectations suggest that any actual increase
in risk sensitivity would likely fall within a more contained range,
these extreme scenarios serve to stress-test the robustness of the study’s
conclusions.

The results of this analysis (Figs. B.1, B.2, and B.3) reveal a marked
non-linear response of injury risk relative to impact speed. In the
30 km/h scenario, even the most pessimistic assumptions (+50%) result
in negligible changes to the mean IR. This is mathematically explained
by the fact that, at these speeds, the resulting 4V values remain within
the lower asymptotic region of the logit function. In this near-zero tail
of the curve, the injury probability remains extremely low regardless
of the sensitivity coefficient g, effectively neutralising the impact of
structural disparities between vehicle categories. Conversely, in the 50
and 90 km/h scenarios, the results depart from the asymptotic region,
and the IR values diverge significantly. This highlights that structural
robustness becomes a critical safety factor only once certain energy
thresholds are exceeded. Nevertheless, even in these high-speed, worst-
case scenarios, the overall safety trends remain consistent: the injury
risk for L-category occupants decreases as their penetration rate in the
fleet increases (due to the reduction of high-mass-disparity collisions).
This demonstrates that the core findings of this study regarding fleet
safety dynamics are robust even under exceptionally cautious risk
assessments.

Data availability

Data will be made available on request.
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Median average and confidence intervals
15 - for each of the four rear stiffness values
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Fig. A.1. AV value as a function of the rear stiffness b, and the penetration rate for all vehicles (90 km/h scenario).
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Fig. B.1. Sensitivity analysis of the mean IR for L-category vehicles in the 90 km/h scenario. The plot compares the baseline estimation with two models where
the AV sensitivity coefficient g is increased by 25% and 50%. Shaded areas indicate the 95% confidence intervals.
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Fig. B.2. Sensitivity analysis of the mean IR for L-category vehicles in the 50 km/h scenario. The plot compares the baseline estimation with two models where
the AV sensitivity coefficient g is increased by 25% and 50%. Shaded areas indicate the 95% confidence intervals.
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Fig. B.3. Sensitivity analysis of the mean IR for L-category vehicles in the 30 km/h scenario. The plot compares the baseline estimation with two models where
the AV sensitivity coefficient g is increased by 25% and 50%. Shaded areas indicate the 95% confidence intervals.
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