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Abstract: This work investigates the risk to Vulnerable Road Users (VRUs) from a novel light rail
vehicle using the pedestrian impact scenario outlined in CEN/TR 17420. At a 20 km/h impact
speed, a maximum head impact criterion (HIC;5) value of 15.9 was obtained for a 50th-percentile
anthropometric test device (ATD), with this value increasing to 120.2 at 30 km/h impact speed. Both
results are within the CEN/TR 17420 prescribed limit of 1000. In both cases, the vehicle does not fully
comply with CEN/TR 17420 recommendations due to insufficient lateral displacement of the ATD
post-impact. A vehicle front-end design—which would be exempt from the CEN/TR 17420 impact
testing—was designed and tested to the same framework. Despite being formally exempt from
testing, the design also did not fully comply with CEN/TR 17420 lateral displacement requirements.
Critical evaluation of the CEN/TR 17420 framework is presented, leading to recommendations about
how updated frameworks should take a pragmatic approach in how they define VRUs, and the
measurement criteria used for assessing VRU risk in collisions. Discussions are presented considering
whether alternative frameworks, such as the Bus Safety Standard, should be applicable to assess the
safety of the novel light rail vehicle.

Keywords: crash compatibility; vulnerable road user; light rail; head impact criterion; front-end
design; pedestrian safety

1. Introduction

It is widely recognised that decarbonisation is required across all sectors to mitigate
against the worst effects of climate change. In the United Kingdom (UK), the transportation
sector accounted for 26% of all greenhouse gas emissions in 2021, and since 2016 has
been the sector with the highest greenhouse gas emissions [1]. Decarbonisation of the
transportation sector was addressed by the Ten Point Plan for a Green Industrial Revolution [2],
Point 5 of which involved decarbonising public transportation, including pledges to invest
in the infrastructure as well as 4000 zero-emission buses.

In order to improve the environmental impact of the transportation sector, a modal
shift and behavioural change in commuters is required. Light rail is recognised as an
important sector for growth for the modal shift of commuters away from cars into lower-
emission forms of transport [3] since it offers an attractive and comfortable alternative
to the car. Introduction of new light rail services and expansion of existing services saw
passenger mileage by light rail increase by over 500% between 1984 and 2017 [4].

Coventry is one of the cities in the UK that is working on the introduction of a new light
rail system. The Coventry Very Light Rail (CVLR) project has led to development of a novel
form of urban, rail-based public transportation, expected to operate in the city of Coventry.
Unlike conventional modern light rail systems, the CVLR vehicle is single-carriage, with
an innovative bogie design enabling a 15-metre turning radius [5]. An onboard battery
for the vehicle as well as fast charging at stops along the route, known as “opportunity
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charging”, means that the vehicle produces zero tailpipe emissions and has no requirement
for overhead charging equipment [5]. The CVLR network is intended to be an alternative
to private transportation such as the car and is designed to be an attractive solution to
commuters. CVLR vehicles are expected to share road infrastructure with other road
users, including cars, buses, and Vulnerable Road Users (VRUs). VRUs are defined in the
Intelligent Transport Systems directive as “non-motorised road users, such as pedestrians
and cyclists, as well as motor-cyclists and persons with disabilities or reduced mobility and
orientation” [6].

Design work for the demonstrator vehicle for the CVLR project (Figure 1) was com-
pleted by Transport Design International (TDI), an organisation based in Stratford-upon-
Avon, United Kingdom. The vehicle has a capacity for 56 passengers (20 seated), a length of
11 m, and an unladen mass of approximately 11 tonnes [7]. These dimensions are more akin
to single-deck buses than conventional light rail vehicles, with light rail vehicles typically
being up to 50 m in length.

Figure 1. Coventry Very Light Rail (CVLR) demonstrator vehicle.

This article assesses the crash compatibility of the novel CVLR vehicle in interactions
with pedestrians. Section 2 (Research Background) is a literature review, which discusses
the case for vehicle-to-pedestrian collision studies in bus and light rail sectors, explores how
head injuries are assessed by the Head Injury Criterion (HIC) framework, and discusses
current recommendations in light rail safety in vehicle-to-pedestrian collisions. Section 3
explains how collision scenarios—which are based on the pedestrian impact scenarios
specified by the technical report CEN/TR 17420—have been constructed in a virtual, Finite
Element Analysis (FEA) environment, with the CVLR vehicle colliding with a model of
a 50th-percentile adult male. The purpose of these experiments is to validate whether
the novel geometries of the CVLR vehicle are compatible with pedestrians in collision
scenarios.

Section 4 contains the results of the experiments conducted in this report. In Section 5,
we discuss the outcomes of the conducted experiments, critically evaluate the CEN/TR
17420 framework, and describe recommendations for future research regarding the safety
assessment of VRUs in collisions with light rail vehicles. Recommendations are made for
areas where future research should be conducted to enable a framework to be representative
of light rail interactions with a greater scope of VRUs, as well as to identify injury risk
criteria applied in automotive safety that have not been applied in the CEN/TR 17420
guidelines for light rail vehicles.
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2. Research Background
2.1. Vehicle-to-Pedestrian Interactions

As a "hop-on, hop-off” public transportation system operating on city streets, accident
data from the bus and coach sector highlight the potential risk to pedestrians and other
VRUs from services such as CVLR. In the United Kingdom, buses and coaches are involved
in a disproportionately high number of pedestrian casualties on roads. Department for
Transport (DfT) road traffic data show that buses and coaches were responsible for 0.6%
of mileage covered on UK roads in 2021 [8]; however, between 2016 and 2021, buses and
coaches were involved in 2.8% of road accidents that caused pedestrian casualty [9].

Statistical analysis of collisions between trams and pedestrians has also been con-
ducted. In Prague, a city in which it is estimated that trams cover almost 38 million km of
travelled distance per year [10], accident statistics for trams were collected. Between the
years 2007 and 2020, a total of 1233 accidents between trams and pedestrians were reported,
of which 56 resulted in fatalities [11].

Light rail interactions with VRUs pose particularly high risks compared to other
types of interactions. A previous study analysed tram-to-pedestrian and automobile-to-
pedestrian collisions and concluded that a light rail vehicle is 2.5 times more likely to fatally
injure a pedestrian than a car at an impact speed of 50 km/h [12], with higher fatality rates
at low speeds observed being attributed to run-over. Pedestrians are also more vulnerable
than other road users to serious injury or fatality in collisions. A study in the US has
highlighted how VRUs are disproportionately likely to die in collisions involving light
rail vehicles. Whilst 19% of collisions involving light rail or streetcar vehicles in the US
between 2011 and 2013 involved hitting a person, these collisions were responsible for over
80% of all fatalities from accidents involving light rail vehicles [13]. It is therefore crucial
that factors affecting survival outcomes for pedestrians in collisions with trams, such as
crash compatibility with pedestrians, are considered in the design of light rail vehicles and
infrastructure.

In the bus and coach sector, several techniques have been identified as suitable for
mitigating against pedestrian injuries in collisions, with many of these applicable to light
rail vehicles. A study conducted on behalf of Transport for London (TfL) investigated
design characteristics of buses that would reduce the risk to pedestrians, identifying three
key features that could prevent pedestrian casualties [14]. The vertical rake angle is where
the windshield and/or body at the front end of the bus is slanted inwards so that, in the
event of a collision, the energy of an impact is dissipated over a longer period, reducing the
forces on the VRU, causing the vehicle to hit the VRU gradually. Buses typically have a
vertical rake angle of approximately 10°. Windscreen wiper motors may be mounted at
the top of the windscreen on newer vehicles as opposed to at the base of the windscreen,
reducing the likelihood that the head or body of the VRU would hit the motors, which are
a hard and sharp structure. Additionally, lateral curvature of the front end of a vehicle
enables a VRU to be deflected away from the path of a vehicle during a collision, preventing
the VRU from being run-over by the vehicle [15].

Previous studies have investigated how changes to the front-end geometry of buses
may prevent injury to pedestrians in frontal impact scenarios. Martin et al. assessed
pedestrian injury likelihoods for three frontal profiles of buses: a previous-generation
bus (which appears to be a Wrightbus Gemini 2), a current-generation bus (produced
c. 2020) and a “parametric” bus model [16]. The parametric model is based on current-
generation buses but with enhanced rake transition height, which is the height from the
ground to the point at which the rake angle starts, as well as enhanced vertical and lateral
rake angles. Results of the study showed that, at collision speeds of 30 mph (51 km/h),
the likelihood of a serious-to-fatal head injury for a pedestrian reduced from 69% for a
previous-generation bus to 44% for a current-generation bus, and enhancements to the
geometry of current-generation buses have the potential to reduce this risk to below 20%.
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2.2. Head Injury Criterion (HIC)

Head Injury Criterion (HIC) is a numerical assessment of the injury risk to people
involved in a collision, and originated as a tool in automotive and sports science sectors,
with HIC values based on the acceleration response of the head [17]. Physical testing of
HIC is typically achieved using an anthropometric test device (ATD), in which acceleration
of the head is tracked over time using accelerometers. The HIC equation (Equation (1)) is
used to quantify the severity of impact to the head from the acceleration-time data, with
acceleration, a(t), measured in standard acceleration due to gravity, g (g = 9.81 m s~2) [18].
Time values (f; and t,) are measured in seconds.

HIC = ([ [ alt) i (62— 1) 0

to —t1 Jy

HIC values are categorised by the time period for which acceleration is considered,
with HIC;5 denoting a time period for the acceleration being observed (t, — ¢;) lasting
15 ms, and HIC34 denoting a time period (t, — #1) of 36 ms. The power factor of 2.5 accounts
for duration and the weighted value of acceleration in the time period between t; and
> [19].

HIC is a unit that quantifies the head injury risk by the magnitude of acceleration to
the head in an impact. Increased speeds will induce higher forces, and therefore higher
accelerations, on the head of a road user affected in a collision. The risks from such impacts
can be reduced by designing vehicles that dissipate force more gradually over time, and
therefore reduce peak acceleration of the head in an accident.

Whilst developed over 20 years ago, the use of HIC, specifically HIC;5, to assess
injury risk, is still widely used in automotive safety assessments. The European New Car
Assessment Programme (Euro NCAP) applied HIC;5 in its updates to the protocol for adult
occupant protection crash tests, which were implemented at the start of 2024 [20].

The natural log of the HIC;5 value can be used to determine the probability of spe-
cific injury severities using the Abbreviated Injury Scale (AIS) categories. In 1993, Hertz
identified a normal distribution relationship between the natural logarithm (Log,) of the
HIC;5 value and injury severity [21]. Her research included determining the means and
standard deviations for these normal distribution curves for the AIS2+ (moderate-to-fatal
injury severity) to AIS4+ (severe-to-fatal injury severity) injury categories (Table 1).

Table 1. The mean and standard deviation values for the normal distribution of AIS categories, based
on the natural logarithm of HIC;5 values.

AIS Category

AIS Category Description Mean Standard Deviation
AIS2+ Moderate-to-fatal injury 6.96352 0.84664
AIS3+ Serious-to-fatal injury 7.45231 0.73998
AIS4+ Severe-to-fatal Injury 7.65605 0.60580

The American Association of Medical Assistants (AAMA) have published guidance
for the use of specific injury criteria in the assessment of safety in accidents, such as road
accidents. In 1998, the AAMA published guidance for the assessment of accidents using
injury criteria [22]. The report stated a maximum threshold for HICz4 values in collision
scenarios of 1000, for models that represent mid-sized males, mid-sized females, and
6-year-old children. Lower maximum thresholds are used for models representing children
under the age of 6, accounting for increased injury risks to younger children when exposed
to the same accident criteria.

In 1999, the AAMA published an updated version of the injury criteria guidance,
which accounted for HIC;5 assessments being used for assessing head injury risks in
accidents [23]. Since HIC;5 assesses a smaller maximum timeframe for head acceleration,
and therefore identical acceleration—-time data of the head in a collision would lead to a
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lower value for HIC;5 compared to HIC3¢, the maximum allowable threshold is lower for
HIC;5 than for HIC34. The AAMA recommended a maximum allowable HIC;5 value of
700, for adults and children aged 6 or older, in assessments of crash safety.

2.3. Light Rail Best Practice—Pedestrian Safety

As an urban transportation system that uses rail-guided vehicles and would have a
significant element of the system operating on highways, the CVLR vehicle is categorised
as a tram, which is a specific type of light rail vehicle [24]. In 2020, the report CEN/TR
17420 was published, which proposes a framework for assessing crash compatibility of
light rail vehicles with respect to pedestrians [25]. CEN/TR 17420 guidelines propose the
use of ATD and rescue mannequins to represent pedestrians across the tests conducted.
The CEN/TR 17420 framework recommends two collision scenarios for testing: Reference
Collision Scenario A—pedestrian impact, where an ATD is simulated walking in front of a
vehicle and is hit by the vehicle at a set speed; and Reference Collision Scenario B—run-over,
with rescue mannequins representing the pedestrians that begin the test lying on the road.

This article only investigates the performance of the CVLR vehicle in the pedestrian
impact test scenario. The recommended method for this test utilises ATDs that represent
a 50th-percentile male and a 6-year-old child being impacted by the light rail vehicle at
an impact velocity of 20 km /h (5.556 m s~ 1) [25]. This article only completes pedestrian
impact assessment with a 50th-percentile male ATD. The pedestrian is stationary at the
point of impact to reflect the fact that a person walking has negligible momentum relative
to a light rail vehicle at 20 km/h. Tests are conducted with the pedestrian in two different
locations, defined by the tram width (TW), which is the distance from the centre point of
the vehicle in the lateral axis to the edge of the vehicle. Tests are conducted with the ATD
positioned at 15% TW and 50% TW (Figure 2). In this pedestrian impact test, the virtual
ATD is used to record both the HIC and lateral deflection.

(@)

Figure 2. Pedestrian impact scenario, CEN/TR 17420. Diagrams of pedestrians located at (a) 15%
TW; (b) 50% TW.

The CEN/TR 17420 guidelines use two criteria for assessing pedestrian safety in
the scenario, as described previously. In order for the vehicle to pass the requirements
of CEN/TR 17420, it must meet prescribed criteria for both the head impact and lateral
deflection assessments. Firstly, a vehicle fails if the HIC;5 value in any modelled collision
scenario is equal to, or exceeding, a value of 1000. Secondly, for the 50% TW test, 15 ms after
the conclusion of contact between the ATD and the vehicle, the ATD should be displaced
laterally by a minimum of 800 mm, which demonstrates that the ATD is removed from the
vehicle path and will therefore not be run-over following the initial collision. Therefore, the
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100 % TW

CEN/TR 17420 pedestrian impact scenario addresses both the effects of the initial impact
via the HIC;5 criteria, and the lateral displacement to avoid secondary run-over following
the primary impact.

Additionally, CEN/TR 17420 specifies front-end geometric features that would make
a vehicle exempt from the requirements of the pedestrian impact test. In this case, the
technical report prescribes that the vehicle can be assumed to be sufficiently safe in a
vehicle-to-pedestrian collision (i.e., “the HIC;5 value is assumed to stay below 1000”). A
vehicle with these features is described herein to have “optimised front-end geometry”.
Features of optimised front-end geometry are the curvature of the front end (o« angles),
which is based on the rake angle to the lateral axis at different points along the tram width,
and the sloping of the front end (3 angle), defined by the vertical rake angle at head height
for a 50th-percentile male, which is defined as 1.75 m from the ground (Figure 3).

75% TW

Z
A

/4

(a) (b)

Figure 3. Pedestrian impact scenario, CEN/TR 17420. Diagrams demonstrating the required geome-
tries to meet requirements for optimised front-end geometry for (a) frontal curvature; and (b) vertical
rake profile.

Critical evaluations have been conducted on the developed CEN/TR 17420 frame-
works in previous research. An article by Lackner et al. used accident data to identify as-
pects, such as collision speed, which should be prioritised in modelling tram-to-pedestrian
collisions [26]. It was recognised that head injuries are the most prominent type of injury
in tram-to-pedestrian collisions, justifying the use of HIC assessments in CEN/TR 17420.
However, the article recommended that, in order to best capture conditions of accidents
causing minor and severe pedestrian casualties, the impact speed in modelled collisions for
impact testing should be increased to 30 km/h, from the 20 km/h set out in the CEN/TR
17420 framework.

Lackner also conducted research into the suitability of the CEN/TR 17420 definitions of
“optimised front-end geometry” [27]. Their research compared HIC;5 values for collisions
between light rail vehicles and three different Human Body Models (HBMs), representing a
6-year-old child, a 50th-percentile male, and a 50th-percentile female at an impact speed of
20 km/h across various points of the width of a vehicle. Four vehicle shapes were assessed:
a vehicle conforming to optimised front-end geometry; a vehicle conforming to the ot angles
only; a vehicle conforming to the 3 angle only; and a vehicle conforming to neither « nor
3 angles. For all three HBMs tested, the HIC;5 values were lower for the vehicle with
optimised front-end geometry, indicating lower risks of head injury to pedestrians for a
vehicle with optimised front-end geometry. For all experiments of the vehicle front ends,
the HIC;5 values never exceeded the CEN/TR 17420 pass/fail threshold of 1000, and for
all tests of the vehicle with optimised front-end geometry, the AAMA-recommended upper
threshold for HIC;5 values, 700 [23], was not exceeded.
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3. Materials and Methods
3.1. Testing Overview

This work considers the pedestrian impact scenario outlined in CEN/TR 17420 for
a 50th-percentile male. Experiments conducted for this study are split into three sections,
each representing a specific scenario. Results from the data across all three experiments
enable an assessment of the degree of vehicle safety to be completed as well as a critical
evaluation of the suitability of CEN/TR 17420 for light rail vehicle safety. In all experiments
the relevant criteria for HIC 5 and lateral deflection are assessed.

e  Experiment A: A CVLR vehicle colliding with a pedestrian, impact speed = 20 km/h.
Experiment A tests the existing CVLR vehicle to the existing recommendations made
in CEN/TR 17420;

e  Experiment B: A CVLR vehicle colliding with a pedestrian, impact speed = 30 km/h.
Experiment B assesses the performance of the CVLR vehicle to the recommendations
made by Lackner et al. [26], who argue that increasing the CEN/TR 17420 impact
speed to 30 km/h better reflects accident scenarios, which cause more serious injury
types;

e  Experiment C: A light rail vehicle with “optimised front-end geometry” colliding with
a pedestrian, impact speed = 20 km/h. Experiment C critically evaluates the validity
of allowing exemptions from pedestrian crash compatibility testing for vehicles with
optimised front-end geometries, which was proposed by CEN/TR 17420.

The experiments were conducted in a virtual environment, using the Finite Element
Analysis software by Ansys, LS-DYNA (Oasys suite, Birmingham, UK, version 19.1). For
all simulations, a version of the Hybrid-III (H-III), 50th-percentile male ATD was used
(Figure 4) [28]. An ATD is a type of HBM that is designed specifically for crash testing and
measuring injury severity in accident scenarios. The H-III ATD is widely used for crash
testing across the transportation sector. The H-III dummy has articulation of joints, meaning
that the ATD can be positioned in such a way to simulate a pedestrian walking; additionally,
the dummy has features sensors that can measure the acceleration and deflection over time
of particular parts of the body, such as the head and ribs.

Figure 4. Hybrid-III (H-III) anthropometric test dummy.
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The size and gender of the HBM being used for testing have an impact on the results
seen within testing since different HBMs and ATDs representing different people will
have different geometries and therefore interact with the vehicle at different points. The
guidelines for injury risk produced by the AAMA state the same HIC;5 thresholds for
models representing adults and children of age 6 or over [23]. However, research by Lackner
assessed collisions between light rail vehicles that are compliant with CEN/TR 17420
definitions of optimised front-end geometry with HBMs representing a 50th-percentile
adult male, a 50th-percentile adult female, and a 6-year-old child [27]. Higher HIC;5 values
were observed when a vehicle hit the HBM representing a 6-year-old child than when
the same vehicle structure collided with an HBM representing a 50th-percentile male or
50th-percentile female adult, with lower HIC;5 values observed for assessment against a
50th-percentile adult female. This shows that, for the same vehicle at the same speed, head
injury risk is greater for a 6-year-old child in a collision with a light rail vehicle than it is for
an adult.

3.2. CVLR Vehicle Model

The shell of the CVLR vehicle was simplified for virtual impact testing, with only
components affecting the front-end stiffness modelled. Sections of the frontal cab struc-
ture were removed to leave the front profile only. The bumper, nose cone, wiper fair-
ings, and windshield were the only other components modelled of the CVLR vehicle for
this experiment, with components modelled as 2-dimensional shell-type finite elements
(Belytschko-Tsay type with defined integration points and thickness). Modelling principles
were derived from modelling structures in crash scenarios using non-linear explicit Finite
Element Analysis (FEA). Final assembly involving the vehicle parts highlighted above were
joined using massless, undeformed, node-to-node rigid connections available in LS-DYNA
(Constrained_Spotweld).

In Experiment C, the optimised front-end structure was modelled via three compo-
nents, with the windshield component made of glass held to a top section and a lower
bumper part by spot-welds in LS-DYNA. As the CVLR vehicle is symmetrical in the XZ
plane, the CEN/TR 17420 guidance states that the vehicle can be deemed safe with VRU
impact tests being completed on one side of the front end. For simulations, the right-hand
side of the vehicle was tested for the impact.

The CVLR vehicle body, including the bumpers and fairings, was assumed to be made
of a carbon e-glass fibre composite. The material card for the composite material for these
components was taken from previous research, which also involved modelling the CVLR
vehicle in LS-DYNA [29]. An automotive glass was assumed to be the material for the
windshield, with a material card formed using data from a previous study into pedestrian
safety in automotive design [30]. In the Supplementary Materials, Table S1 shows the
material card for the automotive glass used in this article, with Table S2 shows the material
card for the carbon e-glass fibre composite used in this article.

When considering the position of the ATD relative to the tram width, the position of the
ATD was defined by the centreline of the ATD. The ATD was set up in a standing position.

For Experiment C, an optimised front end was designed in CAD, in line with the
definition of “optimised front-end geometry” within CEN/TR 17420 (Figure 5). The
optimised front-end vehicle was designed to have the same width as the original CVLR
vehicle. The body and windshield of the optimised front end have a vertical rake angle
of 10° along the front of the vehicle. The curvature of the front end of the vehicle was
designed so that the angles relative to the lateral plane are within the angle ranges specified
in CEN/TR 17420.
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Figure 5. An image of the structure of the CVLR vehicle (left) and the concept structure that meets
CEN/TR 17420 test immunity requirements (right).

In experiment C, the light rail vehicle front end with “optimised front-end geometry”
is tested to the CEN/TR 17420 framework, with an ATD of a 50th-percentile male being hit
by the front end at an impact speed of 20 km /h.

3.3. Assessment Design

Tests were conducted using the LS-DYNA software package, with double precision
used for FEA calculations. Tests were generally performed over a period of 250 ms to fully
capture the primary impact between the vehicle and the ATD, with timesteps of 0.1 ms
used in the simulation. For some assessments, the simulation concluded prior to the 250 ms
simulation time but tests were deemed valid if more than 15 ms had occurred between
the end of contact between the vehicle and the ATD and the termination of the test. If
contact had not terminated more than 15 ms prior to the end of the test, the assessment
was repeated with the time increased, enabling the simulation to fully capture the contact
period.

For the calculation of HICy5 values, data were captured for the acceleration magnitude
of a single node in the head of the ATD. This position is where the accelerometer would
be mounted in a physical H-III ATD. The acceleration magnitude was observed over time,
with data filtered in post-processing using the SAE C1000 filter in Time History (T/His,
Version 1.9) in the LS-DYNA suite. Filtered acceleration-time data were exported to a
spreadsheet, where it was input into an author-developed tool that could obtain the area
underneath the graph over a 15 ms period. This information was used to calculate the
HICy5 value by identifying the maximum area underneath the graph and calculating the
HIC;5 value based on this area value.

The displacement of the ATD was measured from the average velocity in the lateral
direction for the part named “pelvic” within the pelvis of the Hybrid-III ATD, as the centre
of mass of the ATD is within the volume of the pelvic part. This component was chosen
for the measurement of displacement since the CEN/TR 17420 guidelines do not state a
particular point on the ATD where displacement is measured from. The average lateral-axis
velocity over time of the pelvic part was extracted, filtered with the SAE C1000 filter in
T/His (Version 1.9), exported into a spreadsheet, and integrated over the period for which
the lateral displacement was measured. Manual inspection of each millisecond of simulated
time was completed to identify the time when the ATD was no longer in contact with the
CVLR front end, and 15 ms was added onto this—to determine the time for which the
velocity of the pelvic part must be integrated—in order to calculate the lateral displacement
of the ATD from the collision.
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3.4. Preliminary Assessment—CVLR Vehicle

Preliminary assessments of the shape of the CVLR vehicle were conducted in order to
assess whether the existing CVLR vehicle would comply with the definition of “optimised
front-end geometry” specified in CEN/TR 17420. This inspection was conducted using
the Computer Aided Design (CAD) model of the CVLR vehicle, with sketch lines used to
draw the tangent angles to the frontal profile of the vehicle as well as lines in the lateral
and vertical directions for measuring oc and 3 lines, respectively. The measure tool on the
design software was used to measure the rake angles by determining the angle between
the relevant axis and the line tangential to the shape of the vehicle.

The CVLR vehicle does not achieve the required lateral rake angles (x angles) at any of
the measured points across the tram width (Table 2). This is because the CVLR vehicle was
designed with the philosophy of maximising passenger occupancy within a single-carriage
vehicle. However, the vertical rake angle (3 angle) exceeds the minimum 10° required for
optimised front-end geometry, with an angle of approximately 30° seen. Therefore, were
CEN/TR 17420 codified as a legislated standard, the CVLR vehicle would need to complete
the pedestrian impact test.

Table 2. Minimum lateral and vertical rake angles for optimised front-end geometry (CEN/TR 17420)
compared to CVLR angles at the same point.

Geometric Feature Relative Position Minimum Angle (°) CVLR Angle (°)
15% TW 15 3.4
Lateral rake angle (o) 50% TW 30 11.1
75% TW 60 14.3
Vertical rake angle (3) 1.75 m Height 10 30.1

Having determined that the CVLR vehicle front-end geometry is not exempt from
the CEN/TR 17420 framework, it was deemed necessary to conduct testing of the CVLR
vehicle colliding with an ATD representing a pedestrian in order to assess whether the
vehicle complies with CEN/TR 17420 recommendations.

4. Results

In summary, following the CEN/TR 17420 procedures for each experiment, HIC;5
values were determined for the ATD in the 15% and 50% of the tram width (TW). An HICy5
value of less than 1000 is deemed a pass. Additionally, the lateral displacement of the ATD
was measured for the 50% tram width impact. Furthermore, according to CEN/TR 17420
for the determination of the lateral displacement, the simulation was stopped 15 ms after
the end of contact between the ATD and the tram. A lateral displacement of at least 800 mm
is deemed to be a pass.

4.1. Experiment A (CVLR Vehicle, 20 km/h)

A summary of the results from Experiment A is provided in Table 3. For the 50% TW
test conducted in Experiment A, contact between the ATD and vehicle had concluded after
66 ms of the simulated time, so displacement was measured after 81 ms from the initial
contact. For the acceleration—time graphs of the head (Figures 6 and 7) the highlighted sec-
tion depicts the region where HIC values are obtained from, where the area underneath the
graph for a 15 ms period is at its maximum value. Figure 8 shows the lateral displacement
of the pelvic ATD component for the 50% TW test.
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Table 3. A summary of the HIC;5 results—with the pedestrian stood at 15% TW and 50% TW
positions, and the lateral displacement results for the pedestrian stood at 50% TW position—for
Experiment A.

CEN/TR 17420
Conformity

15% TW—HIC;5 [No Units] 15.9 Pass
50% TW—HIC75 [No Units] 9.5 Pass
50% TW—Lateral displacement [mm] 53.8 Fail

Test Criteria Value
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Figure 6. Acceleration—time graph of the head, Experiment A, 15% TW position (highlighted area
beneath curve demonstrates the data employed to calculate the HIC;5 value).
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Figure 7. Acceleration—time graph of the head, Experiment A, 50% TW position (highlighted area
beneath curve demonstrates the data employed to calculate the HIC;5 value).
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Figure 8. Displacement-time graph of pelvic part of the ATD, Experiment A, 50% TW position.

For Experiment A, for a collision speed of 20 km/h with the CVLR vehicle front end,
HIC;5 values of 15.9 for the ATD in the 15% TW position and 9.5 for the ATD in the 50%
TW position are seen. These are significantly below the 1000 maximum threshold for
HIC;5 stated in the CEN/TR 17420 framework. With the ATD at the 50% TW position, a
lateral displacement of 53.8 mm is seen, significantly short of the pass threshold for lateral
displacement stated in the CEN/TR 17420 framework (800.0 mm).

4.2. Experiment B (CVLR Vehicle, 30 km/h)

A summary of the results from Experiment B is provided in Table 4. For the 50% TW
test conducted in Experiment B, the contact between the ATD and vehicle had concluded
after 90 ms of the simulated time, so displacement was measured after 105 ms from
the initial contact. For the acceleration—time graphs of the head (Figures 9 and 10), the
highlighted section depicts the region where HIC values are obtained from, where the area
underneath the graph for a 15 ms period is at its maximum value. Figure 11 shows the
lateral displacement of the pelvic ATD component for the 50% TW test.

Table 4. A summary of the HIC;5 results—with the pedestrian stood at 15% TW and 50% TW
positions, and the lateral displacement results for the pedestrian stood at 50% TW position—for
Experiment B.

Test Criteria Value CEN/TR 1?420
Conformity
15% TW—HIC;5 [No Units] 120.2 Pass
50% TW—HIC;5 [No Units] 81.1 Pass

50% TW—Lateral displacement [mm] 111.4 Fail
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Figure 9. Acceleration-time graph of the head, Experiment B, 15% TW position (highlighted area
beneath curve demonstrates the data employed to calculate the HIC;5 value).
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Figure 10. Acceleration—time graph of the head, Experiment B, 50% TW position (highlighted area
beneath curve demonstrates the data employed to calculate the HIC;5 value).
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Figure 11. Displacement-time graph of the pelvic part of the ATD, Experiment B, 50% TW position.

For Experiment B, for a collision speed of 30 km/h for the CVLR vehicle front end,
HIC;5 values of 120.2 for the ATD in the 15% TW position and 80.1 for the ATD in the
50% TW position are seen. These are significantly below the 1000 maximum threshold
for HIC;5 stated in the CEN/TR 17420 framework. With the ATD at 50% TW position, a
lateral displacement of 111.4 mm is seen, significantly short of the pass threshold for lateral
displacement stated in the CEN/TR 17420 framework (800.0 mm).

4.3. Experiment C (Optimised Front-End Design, 20 km/h)

A summary of the results from Experiment C is provided in Table 5. For the 50% TW
test conducted in Experiment C, the contact between the ATD and vehicle had concluded
after 255 ms of the simulated time, so displacement was measured after 270 ms from the
initial contact. This meant that, for this test, the total time simulated for the collision was
increased to ensure that the full accident scenario was captured. For the acceleration-time
graphs of the head (Figures 12 and 13) the highlighted section depicts the region where
HIC values are obtained from, where the area underneath the graph for a 15 ms period is at
its maximum value. Figure 14 shows the lateral displacement of the pelvic ATD component
for the 50% TW test.

Table 5. A summary of the HIC;5 results—with the pedestrian stood at 15% TW and 50% TW
positions, and the lateral displacement results for the pedestrian stood at 50% TW position—for
Experiment C.

Test Criteria Value CEN/TR 17420 Conformity
15% TW—HIC 5 [No Units] 9.3 Pass
50% TW—HIC;5 [No Units] 63.7 Pass

50% TW—TLateral

displacement [mm] 592.7 Fail
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Figure 12. Acceleration—-time graph of the head, Experiment C, 15% TW position (highlighted area
beneath curve demonstrates the data employed to calculate the HIC;5 value).
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Figure 13. Acceleration—-time graph of the head, Experiment C, 50% TW position (highlighted area
beneath curve demonstrates the data employed to calculate the HIC;5 value).
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Figure 14. Displacement-time graph of pelvic part of the ATD, Experiment C, 50% TW position.

For Experiment C, for a collision speed of 20 km/h for a light rail vehicle with op-
timised front-end geometry, HIC;5 values of 9.3 for the ATD in the 15% TW position
and 63.7 for the ATD in the 50% TW position are seen. These are significantly below the
1000 maximum threshold for HIC;5 stated in the CEN/TR 17420 framework. With the ATD
at 50% TW position, a lateral displacement of 592.7 mm is seen, significantly short of the
pass threshold for lateral displacement stated in the CEN /TR 17420 framework (800 mm).

5. Discussion

Captured footage for all of the collision scenarios and experiments conducted for this
article have been provided, and can be found in Video S1 of the Supplementary Materials
associated with this article.

5.1. Collision Kinematics
5.1.1. Experiment A (CVLR Vehicle, 20 km/h)

The HIC;5 values seen in Experiment A are significantly lower than the maximum
limit set out in the CEN /TR 17420 guidance of 1000. In the 15% TW position, the HIC;5
value of 15.9 correlates to a likelihood of a head injury of moderate or worse (AIS2+)
severity of under one-in-a-million. Head injury is therefore not expected if a collision
between the CVLR vehicle and a pedestrian occurs at 20 km/h, with casualties in such
collisions more likely to occur in other ways, as discussed later.

The lateral displacement over the assessed time period was only 53.8 mm, over 700 mm
short of the 800 mm needed to comply with CEN/TR 17420. Failure to displace the ATD
during the collision would leave the ATD vulnerable to being run-over. It is most likely that
a combination of the limited frontal curvature on the CVLR vehicle and the relatively low
impact speed is responsible for the low amounts of lateral displacement. A vehicle with a
greater curvature of the front end would be expected to displace the ATD more laterally in
an impact, pushing the ATD around the width of the vehicle and out of the vehicle path.

The collisions in Experiment A (at 15% TW and 50% TW) both have similar kinematics.
Images have been presented of the 50% TW accident scenario (Figure 15) but the com-
mentary on the ATD kinematics is applicable to both 15% and 50% TW collision scenarios.
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Figure 15. CVLR vehicle and H-III ATD at (a) initial contact and (b) end of contact, Experiment A,
50% TW position (vehicle travelling from left to right).

With the very front of the vehicle being at a height of approximately 200 mm off the
ground, initial contact is made just above the ankle of the ATD, causing the first rise in head
acceleration values. The ankle then twists, and as the vehicle progresses, contact occurs
higher up on the ATD. Once the contact is at waist height on the ATD, the body of the ATD
rotates onto the frame of the vehicle. Following this, the contact between the ATD and the
ground is lost and, consequently, the ATD lifts upwards, leaning towards the vehicle’s front
end. This causes another period of increased acceleration of the head.

The head of the ATD did not hit the windshield or the body of the vehicle in the impact
at a speed of 20 km/h, and because of this, the HIC;5 values from the collision scenarios
are low. Contact between the vehicle and ATD terminates as the ATD is pushed in front of
the vehicle before contact with the head can occur.

5.1.2. Experiment B (CVLR Vehicle, 30 km/h)

When the speed of the CVLR vehicle at impact was raised to 30 km/h, the HIC;5
values were higher due to the increased collision speeds. However, the HIC;5 values in
both tests of Experiment B remain significantly below the failure threshold of the 20 km/h
test of 1000, meaning that the vehicle meets recommendations regarding head injury even
when the speed is increased to 30 km/h. When head injury probability is assessed using the
equations proposed by Hertz [21], at a collision speed of 30 km/h (18.6 mph), a maximum
HIC;5 value of 120.2 (at 15% TW) means that a pedestrian has approximately a 0.02%
chance of sustaining a serious (AIS3+) head injury, and just over 0.5% chance of sustaining
a moderate (AIS2+) injury (Table 6).

Table 6. Injury probabilities for HIC;5 values using results from Experiment B, based on the Abbrevi-
ated Injury Scale (AIS).

HIC;5 Value AIS2+ AIS3+ AIS4+

120.2 0.51% 0.02% 0.00%
81.1 0.12% 0.0018% [Minimal]
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For both tests with the CVLR vehicle at an impact speed of 30 km/h, contact is made
between the vehicle and the head of the ATD during the period where the HIC5 values are
obtained. Despite this, HIC;5 values of 120.2 and 81.1 are relatively low considering that
the head of the ATD hits the windshield of the vehicle. This would suggest that the nature
of the head contact is of relatively low force, and therefore presents a low degree of risk to
the ATD.

The CVLR vehicle would fail to meet CEN/TR 17420 guidelines if the impact test was
conducted at 30 km/h because the lateral displacement of the VRU is too small (111.4 mm)
in the 50% TW test. As a result of this, the ATD is at risk of being struck again by the vehicle
and run-over since it is not pushed out of the path of the vehicle.

The vehicle-ATD kinematics are similar for both 15% TW and 50% TW scenarios.
Whilst images are shown from the 50% TW collision (Figure 16), commentary about the
kinematics of the ATD is also applicable to the 15% TW collision scenario.

(b)

Figure 16. CVLR vehicle and H-III ATD at (a) initial contact, and (b) head contact, Experiment B, 50%
TW position (vehicle travelling from left to right).

Contact in both collisions initiates just above the ankle, causing an initial spike in head
acceleration for the ATD and the ankle to twist. The shape of the front end of the CVLR
vehicle causes contact to be made higher up on the ATD gradually over the course of the
impact. When the contact between the ATD and vehicle begins to occur around pelvic
height, the legs are taken from under the ATD and the first major increase in acceleration
values occurs. The torso of the ATD then begins to twist as the ATD falls onto the vehicle.

During the time when the ATD is falling whilst in contact, in both collisions, the head
of the ATD hits the glass windshield of the CVLR vehicle. This causes a short peak in the
acceleration values of the head, with this peak being the period where the HIC;5 values are
produced from the dataset. Whilst the ATD is still falling, in both collisions, it is pushed
away from the front of the vehicle.

The lateral displacement of the ATD over the course of the collisions is greater than
from Experiment A due to the higher impact speed, but in both cases, this lateral dis-
placement is low compared to the vehicle width. If the simulation continued without
deceleration of the vehicle, the ATD would engage with the lower section of the vehi-
cle, which could cause run-over if additional deflectors are not present on the vehicle’s
front-end structure.

5.1.3. Experiment C (Optimised Front-End Design, 20 km /h)

The risk of head injury to a pedestrian in the primary impact is shown to be slightly
greater for the vehicle with an optimised front-end design than it is for the CVLR vehicle.
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The highest HIC;5 value was seen with the ATD in the 50% TW position, with an HIC;5
value of 63.7 being greater than the highest value of 15.9 seen in Experiment A (CVLR
vehicle at 20 km/h). However, this value is still significantly below the threshold proposed
in CEN/TR 17420 of 1000. Given that an HIC;5 value of 63.7 correlates to a risk of moderate-
to-fatal head injury (AIS2+) of under 0.05% [21], whilst the threshold HIC;5 value of 1000
correlates to a 47% chance of AIS2+ severity head injury, this highlights how the risk to a
VRU in interactions with a vehicle with curved front end is very low relative to the tolerable
risks within the CEN /TR 17420 framework.

In the collision from the 50% TW position, a lateral displacement of the ATD of
592.74 mm was recorded. This would mean that the optimised front-end vehicle design
would also fail to meet CEN /TR 17420 recommendations for 800 mm lateral deflection,
despite being formally exempted from the test. It should be noted however that approxi-
mately 90 ms after the end of the primary collision, the lateral displacement of the pelvic
component of the ATD did exceed 800 mm, demonstrating that the main body of the ATD
would not have been run-over in the collision (Figure 17). By the point that the vehicle
passes the ATD, the ATD is out of the path of the vehicle.

Figure 17. Position of the ATD relative to the vehicle, approximately 90 ms after the end of the
primary collision (Experiment C, 50% TW) (vehicle travelling from bottom to top).

With the ATD standing in the 15% TW position, the reduced vertical rake angle of the
optimised shell means that the collision affects the ATD close to the height of the centre of
mass much earlier in the impact time compared to the CVLR vehicle (Figure 18). The body
of the ATD twists and falls onto the body of the vehicle earlier in the collision scenario. As
the ATD falls onto the vehicle, the torso rotates and the ATD begins to be displaced to the
side of the vehicle during the impact time.

When the ATD is standing in the 50% TW position, as soon as they are hit by the
vehicle, the ATD rotates so that their back gradually leans onto the vehicle profile (Figure 19).
The ATD slides down the side of the vehicle, falling backwards onto the body of the vehicle
in the collision. In the collision with the 50% TW position, the head of the ATD does hit
the glass windshield of the vehicle, although the resultant acceleration from this contact is
relatively low since there is a greater area of contact between the vehicle and ATD compared
to previous collisions, enabling the force to be dissipated. This, however, accounts for the
fact that the HIC;5 value for the more central 15% TW impact is significantly lower than for
the more offset 50% TW impact. Following this contact, the ATD is pushed forward and
there is a break in the contact between the vehicle and ATD.
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Figure 18. ATD in early contact with the vehicle, Experiment C, 15% TW (vehicle travelling from left
to right).

Figure 19. Contact between the head of the ATD and the vehicle, Experiment C, 50% TW.

5.2. Critical Evaluation—CEN/TR 17420
5.2.1. Incident Scenarios

The CEN/TR 17420 technical report considers two collision scenarios for light rail
vehicles colliding with pedestrians: impact for a standing person, and run-over for a person
lying down on the ground in front of the light rail vehicle. The impact scenario considers the
initial impact phase, assuming that a collision between a light rail vehicle and a pedestrian
would occur due to the pedestrian crossing in front of the vehicle. The run-over scenario
assumes that the person is lying down on the road and investigates the suitability of the
underrun protection of a vehicle. The purpose of the run-over scenario is to assess the risk
of entrapment underneath the vehicle in the event of run-over.

Previous research has evaluated how suitable these tests are for capturing likely
incident scenarios. Gaca and Franek analysed data from real-world collisions on Polish
tram networks, finding that between 50% and 70% of all collisions involving a pedestrian
and a light rail vehicle occurred in close proximity to a tram stop or at a pedestrian
crossing [12]. The same research justified the run-over test, suggesting that run-over or
entrapment underneath the light rail vehicle is a factor in many collisions at slower speeds
that causes pedestrian fatality.
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In this article, experiments were performed at both the CEN/TR 17420 recommended
speed of 20 km/h and at a higher impact speed of 30 km/h. The HIC;5 values obtained at
30 km/h are higher than in the assessments conducted at 20 km /h, which is expected given
the increase in collision speed. The kinematics of the vehicle travelling at higher speeds
cause the head of the ATD to collide with the vehicle in the 30 km /h scenarios, whilst at
20 km/h, the ATD falls away from the vehicle without the head making contact.

Previous research has proposed increasing the impact speed in the CEN/TR 17420
recommendations to 30 km/h from the existing 20 km/h [26]. Our research supports this
argument and shows an approximately 8-fold increase in HIC value at 30 km/h compared
to 20 km/h. Such a change would enable the testing scenarios to be more representative of
real-world interactions between pedestrians and light rail vehicles. Increasing the impact
speed would also enable a better understanding of accidents of higher severity, as they
would be captured more effectively by the testing procedure.

It is interesting to note that, whilst for tram-to-VRU collisions the CEN/TR 17420
report may capture the most relevant scenarios, most VRU casualties on the road are not
pedestrians. For example, data from Transport for London (TfL) covered urban highway
casualties between the start of 2019 and August 2023 [31]. During this time, 20,660 pedes-
trian casualties were reported, less than the amount for road users who travelled by pedal
cycle (22,998 casualties) and powered 2-wheelers such as motorbikes (26,757 casualties).
Therefore, whilst pedestrians are a specific risk group for light rail vehicles and buses in
particular, they make up only 30% of VRUs who sustain injuries on roads in London.

5.2.2. Optimised Front-End Geometry

CEN/TR 17420 provides an exemption to virtual/physical testing for front-end de-
signs meeting certain geometric conditions. As shown by Experiment C, a vehicle meeting
the proposed definition of an optimised front-end design within CEN/TR 17420 would
be sufficiently safe to prevent serious head injury to a pedestrian hit by a vehicle. This is
evident by the low HIC;5 values obtained at the prescribed test speed of 20 km/h, which
do not exceed 63.7.

In addition to the HIC;5 requirements, CEN /TR 17420 specifies that the pedestrian
at the 15% TW position is displaced laterally at least 800 mm within 15 ms after contact
between the pedestrian and vehicle terminates. The results here show that for the optimised
front-end design, this condition is not met. Despite this, the simulation results showed that
a vehicle with the optimised front-end design would eventually cause the pedestrian to
be deflected out of the path of the vehicle at an impact speed of 20 km/h. This suggests
that vehicles that do not have optimised front-end geometry, as stated by the technical
report, likely face higher performance requirements than vehicles with optimised front-end
geometry.

There are questions over the feasibility of a vehicle being able to laterally displace the
ATD by the minimum 800 mm within 15 ms of contact termination at an impact speed of
20 km/h, regardless of the geometry of the vehicle. For a typical light rail vehicle with
a width of 2650 mm, the mean lateral velocity of the ATD in the 15 ms after contact is
broken would need to be at least 33 km/h (9.167 m s~ 1) to achieve 800 mm displacement
within 15 ms. This indicates that the lateral displacement pass/fail criteria stated for the
pedestrian impact scenario in CEN/TR 17420 will, as a consequence, encourage the design
of light rail vehicles only with an optimised front-end geometry since it is highly unlikely
that a vehicle that does not have this geometry could achieve this minimum displacement
in the time. Notably, even if a vehicle could achieve this, the lateral forces acting from the
vehicle onto the ATD would increase the risks to the ATD of injury from secondary impact
with the road.

Previous research shows that a vehicle with optimised front-end geometry should be
safer for pedestrians than a vehicle that deviates from the characteristic « and {3 angles
of optimised front-end design [27]. Lackner conducted research showing that when the
ATD of a 6-year-old child replaced the ATD of a 50th-percentile male, the enhanced safety
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of the front end—which conformed to the minimum 3 angle—was even more pronounced
than with the 50th-percentile male ATD [27]. Vehicles that did not conform to both the ot and 3
angles required for optimised front-end geometry performed significantly worse in the head
impact assessments across both pedestrian locations along the front of the vehicle’s shell.

5.2.3. Criteria Assessed for Vehicle Safety

CEN/TR 17420 states that, for the pedestrian impact scenario, the failure threshold
for HIC;5 values should be 1000 [25]. Previous recommendations made by the AAMA
proposed that an HIC value of 1000 was the recommended maximum “acceptable” value
for using HIC3¢ to assess safety [22]. However, in 1999, the AAMA produced further
guidance, proposing a maximum acceptable HIC;5 value of 700 for adults and children
aged 6 years old or over [23]. Therefore, for the CEN/TR 17420 framework, a vehicle
would be able to meet the recommendations for head injury risk, despite being deemed
unsafe according to the AAMA guidelines for injury risk criteria. This is because the failure
threshold for HIC;5 of CEN/TR 17420 guidelines, of 1000, is incompatible with the AAMA
guidance for the HIC;5 fail threshold of 700.

If the probability equations modelled by Hertz [21] are used to assess injury risk based
on the HIC;5 values, the likelihood of injury is significantly greater at HIC;5 values of 1000
compared to 700. Contact to the head at an HIC;5 value of 1000 as opposed to 700 leaves
an individual over 50% more likely to experience a moderate-severity injury, over twice
as likely to experience a serious injury, or over three times as likely to experience a severe
injury (Table 7).

Table 7. Comparison of injury probabilities for HIC;5 values of 700 and 1000, based on the Abbrevi-
ated Injury Scale (AIS).

HIC;5 Value AIS2+ AIS3+ AIS4+
700 31.31% 11.16% 3.41%
1000 47.37% 23.09% 10.84%

The CEN/TR 17420 framework also does not account for the “3 ms” metric that is
applied in various vehicle safety standards and recommendations, including the European
New Car Assessment Programme (Euro NCAP) for automotive safety [20]. This criterion
classifies that a vehicle fails a crash test if a continuous acceleration exceeding a pre-defined
threshold value is exerted on the head of an ATD for a time period of 3 ms or greater [32].
This criterion can also be applied to the chest to assess thoracic injury [33]. Another
potential shortfall of the criteria used for pedestrian impact in CEN/TR 17420 is that, for
head impact, only the primary impact between the vehicle and pedestrian is considered.
Previous research highlighted that, for various light rail vehicles in operation in Europe,
the secondary impact between the pedestrian and the road caused greater HIC values and
therefore greater injury risk [34].

5.3. Recommendations and Future Work
5.3.1. Vehicle Safety Verification

Whilst the existing CVLR vehicle derogates from CEN/TR 17420 recommendations, it
is possible to verify that the vehicle is safe for operation. With the dimensions, capacity, and
mass of the CVLR vehicle being similar to those of buses and coaches (Table 8), and with
similar operating principles, it is possible to present a case that the CVLR vehicle may be
best suited to standards or best practices for buses and coaches with regards to pedestrian
safety. Use of a framework such as the Common Safety Method for Risk Assessment (CSM
RA) could be considered to formally review the case for derogation against frameworks
that are specific to light rail (such as CEN/TR 17420) [35].
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Table 8. Properties and dimensions of the CVLR vehicle compared to conventional buses and light
rail vehicles.

CVLR Demonstrator Tram (CAF Urbos 3, Bus (Alexander

Characteristic R . Dennis Enviro200
Vehicle Edinburgh) [11.8 m])
Length 11.00 m 4290 m 11.80 m
Width 2.65m 2.65 m 244 m
Height 3.18 m 340 m 2.86 m
Unloaded mass 11 Tonnes 56 Tonnes 14.4 Tonnes
Passenger capacity 56 (20 seated) 250 (78 seated) 46 (all seated)
Railform Standard-gauge Standard-gauge N/A (road vehicle)

The front-end design of buses and coaches must conform to regulation EU 2019/1892,
which defines a three-dimensional envelope that the front end of a category M3 vehicle
must fit within [36]. This envelope (Figure 20a) defines that, if a vehicle has a flat frontal
profile, there must be a minimum vertical rake angle of 3° at all points between a height of
1000 mm and 2000 mm above the ground, with a tapered angle at the vehicle edge. The
shell of the CVLR vehicle has been assessed with the envelope and fits within the structure
comfortably (Figure 20b—d).
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Figure 20. Images showing (a) the envelope for the vehicle frontal profile, category M3 vehicles (EU
2019/1892), and the CVLR vehicle fitting within the envelope in (b) isometric view; (c) side-on view;
and (d) top-down view.
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Furthermore, Transport for London (TfL) has introduced the Bus Safety Standard
(BSS), which is an additional more stringent set of recommendations for bus design going
beyond the requirements of EU 2019/1892. From 2024, all new public transport vehicles
purchased for operation within London by TfL must meet additional BSS criteria for frontal
impact compatibility [37]. The BSS defines “optimised geometry” as a vehicle having
geometry that “influences kinematics of a pedestrian during impact” [38]. Such features
could include geometric features of the front-end design, such as curved profiles on the
front end or a vertical rake angle along the front surface of the vehicle.

Whilst the front end of the CVLR vehicle does not meet the CEN /TR 17420 definition of
optimised front-end design, the frontal curvature of the CVLR vehicle is more pronounced
than that of a typical bus, with the CVLR vehicle also having a vertical rake angle of
approximately 30° at head height. These factors would suggest that the CVLR vehicle
could be defined as having optimised geometry by BSS recommendations. It could be
validated that the geometry of the CVLR vehicle does influence pedestrian kinematics,
given that low HIC;5 values were obtained in vehicle testing, even at 30 km/h. Mounting
of the windscreen wipers is likely to be the only significant design change required to
adhere to BSS, with mounting wipers at the top of the windscreen being required to meet
impact protection criteria [39].

One of the challenges with the use of virtual modelling for conducting research in
collision dynamics and biomechanics is the need to validate results with real-world testing
scenarios. In order for a light rail vehicle, such as the CVLR vehicle, to be homologated
to CEN/TR 17420, real-world dynamic testing would need to be conducted. Experiments
completed in a virtual environment would need repetition with a real-world vehicle. The
CEN/TR 17420 recommendations stipulate that, for validation of results of a vehicle, the
deviation between results from virtual and real-world testing scenarios must not deviate by
more than 20% [25]. This is specified by CEN/TR 17420 to account for differences between
the real-world and virtual modelling of impact scenarios. Deviation between real-world
and virtual scenarios may have many causes, including but not limited to the following:
material cards for vehicle materials being unrepresentative of the physical components
of a vehicle; contacts being incorrectly defined; and poorly defined meshing for vehicle
components.

This report also only assesses one of the use cases and testing procedures for the
CEN/TR 17420 framework for pedestrian crash compatibility of the CVLR vehicle. To
comprehensively assess the CVLR vehicle to the CEN /TR 17420 technical report, pedestrian
impact scenarios would need to be repeated with an HBM of a 6-year-old child. Following
this, separate run-over scenarios, where the light rail vehicle starts the test conducting
an emergency stop from 20 km/h, would need to be assessed for rescue mannequins
representing both an adult male and a child.

To enable a more general understanding of the VRU safety of the CVLR vehicle, the
number of scenarios modelled for vehicle-to-pedestrian interactions and collisions could be
increased. Studies could be conducted to more thoroughly understand how injury risk to
VRUs from the CVLR vehicle increases due to factors such as vehicle speed or the position
of the VRU relative to the vehicle. Such research may identify particular areas of the vehicle
where redesign or a facelift to the bodywork of the vehicle would reduce the injury risk to
VRUs hit by the vehicle.

5.3.2. Transport Matrix Evolution

Considerations for the safety of VRUs on the road must account for the different types
of VRU on urban road infrastructure and the ways in which the transportation matrix
is set to change. Light rail systems, such as CVLR, are often developed within urban
areas to provide attractive alternatives to cars for low-emission transportation. Other
solutions, which are becoming more commonplace in urban environments in support of
decarbonisation efforts, include micromobility solutions.
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Micromobility is broadly defined by the Federal Highway Administration as a “small,
low-speed transportation device” which can either be human or electric powered [39]. This
definition includes bicycles and scooters, including bicycles and scooters with electric power
systems. The micromobility sector is rapidly changing how people use transportation,
with an estimated 16% of transportation completed by forms of micromobility in 2022, and
this is expected to increase to 19% in 2035 [40]. Heinke’s forecast, published by McKinsey,
states that micromobility solutions already make up more of the transportation matrix than
walking, and this is set to increase over time. This highlights that the pragmatic approach
to ensuring light rail vehicles are safe for all road users would be to consider the use cases
of micromobility riders in VRU crash compatibility investigations.

To achieve this, use case scenarios for micromobility riders on or around light rail
and road infrastructure should ideally be considered in VRU safety experiments for urban
transportation means. Scenarios that define crash events for micromobility users such
as riders of bicycles and e-scooters must be developed, with clear metrics for identifying
injury risks outlined. This would enable a suitable VRU impact compatibility framework
to be produced, which existing and new light rail vehicles could be assessed with.

Accounting for the safety of all VRUs and including micromobility users—as opposed
to focusing solely on pedestrians as is the case in the CEN/TR 17420 safety assessment
framework—would enable a more comprehensive understanding of vehicle safety to be
achieved. This improved understanding of VRU safety would enable light rail vehicles to
be safer for all road users and generate useful information about the risk levels for all road
users. Assessment of the injury risks to micromobility riders using shared environments in
particular ways, such as riding vehicles on the road as opposed to on the pavement, could
also inform the future design of highway infrastructure.

6. Conclusions

As part of the Coventry Very Light Rail (CVLR) programme, a novel, battery-powered
light rail vehicle has been developed, which operates on conventional steel wheels and
standard-gauge rail tracks. The CVLR vehicle is road-going, similar to buses, enabling
open traffic flow but is shorter than conventional buses or light rail vehicles (11 metres)
to reduce vehicle mass. The CVLR vehicle is designed for “hop-on, hop-oft” transport in
urban areas such as Coventry, and would therefore frequently interact with Vulnerable
Road Users (VRUs) such as pedestrians.

The technical report CEN/TR 17420 outlines a recommended framework for assessing
the safety of pedestrians in collisions with light rail vehicles. Test conditions are prescribed
for two tram-to-pedestrian scenarios in CEN/TR 17420: standing impact and lying-down
run-over test scenarios. CEN/TR 17420 allows an exemption from tests for vehicles with
specific geometric features of the front end, defined as an optimised front-end design.

In this article, the CVLR vehicle was assessed with the CEN/TR 17420 framework for
the pedestrian impact scenario, at the prescribed impact speed of 20 km/h. An ATD of a
50th-percentile male was used, positioned standing at 15% and 50% distances between the
centreline and the outer edge of the vehicle (15% TW and 50% TW, respectively). The vehicle
met HIC;5 requirements with a maximum value of 15.9 obtained, against the threshold of
1000 permitted in CEN/TR 17420. However, only a lateral deflection of 53.9 mm at a time
of 15 ms after the end of contact between the vehicle and ATD was achieved, against the
recommended 800 mm. This was due to the low impact speed and a lack of curvature of
the front end.

Following recommendations by Lackner about typical tram-to-pedestrian collision
speeds in a city environment of 30 km/h, the tests on the CVLR vehicle were repeated at
the higher impact speed of 30 km/h. The HIC;5 results increased approximately 8-fold to a
maximum value of 120.9. The lateral displacement increased to 111.4 mm, still significantly
below the specified 800 mm pass threshold of CEN/TR 17420.

A model was developed for the front end of the CVLR vehicle that would meet the
CEN/TR 17420 definition of optimised front-end design (i.e., it would be exempt from
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CEN/TR 17420 pedestrian impact testing). Pedestrian impact testing was performed at a
20 km/h impact speed, in line with CEN/TR 17420 specified test conditions. A maximum
HIC;5 value of 63.7 was achieved, which, whilst higher than the CVLR vehicle results at
20 km/h, was still within the 1000 threshold. However, a lateral displacement of 592.7 mm
was achieved within the prescribed time period, against the minimum 800 mm required.

It is highlighted that, whilst the optimised front-end geometry prescribed by CEN/TR
17420 does not meet testing requirements for lateral displacement of the ATD, the technical
report would likely drive the adoption of optimised front-end geometry of light rail vehicles
were CEN/TR 17420 codified as a legislated standard. It is also highlighted that a design
that would meet lateral deflection requirements for CEN/TR 17420 would most likely lead
to significant secondary impact with the road.

The CVLR vehicle was assessed against relevant bus standards (EU 2019/1892 and
BSS) and was found to be mostly compliant with general requirements. To meet BSS
requirements, it is noted that repositioning of the windscreen wipers from the base to the
top of the windscreen wipers would be required.

Based on the findings of this article, the following recommendations are made:

1.  Consideration should be made for the implications of an exempted front-end design
in light rail standards for VRU impact events;

2. Impact speeds for tests should be increased to 30 km/h to be more representative of
real-world, city-based events, and could result in an approximately 8-fold increase in
HIC;5 values;

3. The HIC;5 requirement in CEN/TR 17420 may not capture the full consequences of a
pedestrian impact event, and other metrics could be considered (e.g., “3 ms acceleration”);

4. VRU categories should be expanded to include other road users, such as cyclists and
scooter users;

5. Standardised approaches to VRU safety, in a rapidly changing transport matrix,
should be considered. This includes representing all types of VRUs, such as cyclists
and scooter riders, when modelling VRUs in collision scenarios.
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