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ARTICLE INFO ABSTRACT

Keywords: The safety of roadside restraint systems in Europe is ensured by the EN 1317 regulation. The ability of the barrier
HIC to mitigate injury to the occupants of vehicles is tested according to two occupant injury metrics: Acceleration
ASI Severity Index (ASI) and Theoretical Head Impact Velocity (THIV). Both metrics aim to predict occupant head
THIV injury from vehicle kinematics, despite the potential to easily measure actual head kinematics from instrumented
TBI . . . . . . . .

EN 1317 Anthropomorphic Test Dummies, a non-instrumented version of which is already required according to the
Biomechanics regulation. Retrospective data provided by AISICO S.r.l. for 33 certificated barrier tests, where acceleration of

the dummy’s head had also been recorded, were re-analysed. ASI and THIV were compared with Head Injury
Criterion (HIC;5) and Neck injury Criterion (Nj), as well as corresponding Real Head Impact Velocity (RHIV)
values. Three barriers presented HIC; 5 values above the threshold used in crashworthiness testing, two of which
corresponded to fatal injury according to the Abbreviated Injury Scale. One barrier presented an Nj value
corresponding to a 30% risk of neck injury. RHIV values were above the regulation threshold in 15% of tests, but
were not significantly different from the corresponding THIV values. It was concluded that vehicle kinematics do
not accurately predict head kinematics during barrier testing. The presented data indicate the current EN 1317
regulation was not capable of detecting all potential dangerous outcomes, with the potential to underestimate
occupant risk. Further investigation is necessary to devise suitable indices based on actual head and neck data.
These data would be obtained from a dummy instrumented with both a head accelerometer and neck load cell
and, possibly, a gyroscope. To consistently test the true worst-case scenario, the tested side window should be
closed and non-reinforced.

1. Introduction

The World Health Organization estimated that 1.2 million people
are killed in road crashes each year and 50 million are injured
(European Commission Report, 2018). In Europe, there were 25,300
fatalities, from a total 10 million road accidents involving personal
injury in 2017 (European Comission Report, 2018). Hence, one of the
main objectives in road transport is to provide users with an adequate
level of safety. Safety in this context is pursued through two

approaches: active (primary) safety, which seeks to prevent accidents
through vehicle characteristics such as anti-lock braking systems; and
passive (secondary) safety, which aims to attenuate the severity of an
occurring accident, particularly relating to the initial deceleration of
the head. This is usually achieved by distributing stresses over longer
durations, thus decreasing the acceleration peaks of the body segments
involved (Seiffert and Wech, 2003). Road Restraint Systems (RRS) are
an important passive safety feature of today’s roads. RRSs are re-
sponsible for containing and redirecting the vehicle in a controlled

Abbreviations: AIS, Abbreviated Injury Scale; ASI, Acceleration Severity Index; ATD, Anthropomorphic Test Dummy; CFC, Channel Frequency Class; FMVSS, Federal
Motor Vehicle Safety Standard; Ga.,s, Head acceleration 3ms after its maximum; HIC, Head Injury Criteria; MASH, Manual for Assessing Safety Hardware; NHTSA,
National Highway Traffic Safety Administration; Ny, Neck Injury Risk; RHIV, Real Head Impact Velocity; RRS, Road Restraint System; TBI, Traumatic Brain Injury;
THIV, Theoretical Head Impact Velocity; THIV .., Theoretical Head Impact Velocity man; VCDI, Vehicle Cockpit Deformation Index
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manner, whilst minimising the deceleration peaks of the vehicle and its
occupants. Ultimately, RRSs aim to reduce the risk of injury and death
to those involved in automotive crashes (Gabauer and Gabler, 2008).

In Europe, the ability of RRSs to mitigate the risk of injury is
regulated by part 1 of the EN 1317 “Compliant Road Restraint Systems”
regulation (UNI EN 1317-1:2010 Road Restraint Systems - Part 1:
Terminology And General Criteria For Test Methods, 2010). Applying
this regulation requires data obtained from a specific crash test type
(TB11), whereby a vehicle weighing 900 ( + 40) kg impacts the tested
RRS at 100 km/h, at an angle of 20 deg. The vehicle is equipped with a
triaxial accelerometer and gyroscope, close to its centre of mass, and an
Anthropomorphic Test Dummy (ATD) placed on the collision side. This
data is used to compute two injury metrics describing the potential for
the impact to cause head injury; 1. Acceleration Severity Index (ASI),
which considers the deceleration of the vehicle in all directions during
impact, relative to normalised thresholds of human tolerability; 2.
Theoretical Head Impact Velocity (THIV), which estimates the velocity
of the occupant’s head during an assumed theoretical impact with the
interior of the vehicle. The head is modelled as a freely moving object
which, when the vehicle decelerates during contact with the RRS,
continues its motion until contacting the vehicle interior, modelled as
an imaginary box. The purpose of crash testing according to threshold
values is that, during real life crashes, similar to the testing conditions,
a certificated RRS can be demonstrated to prevent serious injury to the
occupant (Ren and Vesenjak, 2005). However, this is only possible if
the injury metrics and crash test protocols are representative of real life
injury. Unfortunately, there is limited evidence to suggest this is the
case (Montella and Pernetti, 2004).

Injury metrics must be characterised, at least in part, according to
the related injury mechanism(s). Several mechanisms of traumatic
brain injury (TBI) have been proposed in recent years; however, it is
assumed that in real life accidents, TBI is resultant of a combination of
linear and angular acceleration and/ or local deformation of the skull
(Mellander, 1986; Blennow et al., 2012). The relative contributions of
linear/ angular head motion to TBI are unknown, however it seems
likely that particular head kinematics lead to specific injuries
(O’Connor et al., 2011; Takhounts et al., 2013). For example, rotation is
thought to lead to diffuse axonal injury (O’Connor et al., 2011).
Nevertheless, the majority of the literature focuses on metrics de-
scribing TBI in general terms, presumably due to the high incidence of
TBI-related deaths resulting from traffic incidents (2.37,/100,000, in the
European Union, Majdan et al., 2016; third leading cause of death,
19%, in the United States of America in 2013, U.S Department of Health
and Human Services, 2017). One such metric is the Head Injury Cri-
terion (HIC), which sums the absolute linear accelerations experienced
by the head centre of mass during either 15 or 36 ms of the total impact
duration (HIC;s and HIC3¢ respectively), although most literature fo-
cuses on HIC;5 (Hodgson and Thomas, 1972). HIC was derived from
Gadd’s interpretation of the Wayne state tolerance curve (Gadd, 1961;
Lissner et al., 1960), which assumes translational acceleration to cause
pressure gradients in the area of the brainstem resulting in shear/strain
induced brain injury. In light of more recent TBI literature (Post and
Hoshizaki, 2012; Young et al., 2015; Deakin et al., 2017), this is cer-
tainly reductionist and potentially an entirely incorrect explanation of
the TBI mechanism. However, HIC is still the most widely used index in
automobile safety (Gong et al., 2008) and appears to be the best in-
dicator of real life injury, despite failing to account for any rotational
component (Mueller, 2015; Takhounts et al., 2013). Consequently,
HIC;5 is currently used in the European motorcyclist RRS technical
specification (UNI CEN/TS 1317-8:2012, 2012) and in Appendix G on
side impact test and evaluation procedures for RRS crash tests in the
American regulation for vehicles, Manual for Assessing Safety Hard-
ware (MASH) (AASHTO, 2016) superseding the NCHRP Report 350
(Ross et al., 1993).

Although TBI is more prominent in the literature, the cervical spine
is the most likely region of the body to sustain an injury following a
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glancing impact (Sturt and Fell, 2009) such as that in the TB11. Cervical
spine injury, usually manifesting as whiplash (Yeung, 1996), is un-
accounted for in the EN 1317-1 regulation. However, the American
Federal Motor Vehicle Safety Standard (Hollowell et al., 1998) and the
European Technical Specification for motorcyclists (UNI CEN/TS 1317-
8:2012, 2012) utilise the Neck Injury Criterion (Nj;) which addresses the
four possible neck injury mechanisms (tension-extension, compression-
extension, tension-flexion and compression-flexion). This metric com-
bines axial forces with moments for a composite neck injury indicator,
in order to provide criteria for predicting neck injury probability. The
probability of neck injury risk is calculated by a curve (presented by
Mertz and colleagues (1997) and compared with the National Auto-
motive Sampling System database) in which Nj; values of 1.0 and 1.4
corresponded to a 15% and 30% risk of an Abbreviated Injury Scale
(AIS) score > = 3 injury.

Quantitative information is available for real-world occupant injury
risk associated with current MASH criteria, as obtained from crash tests
performed with instrumented ATDs (Silvestri-Dobrovolny et al., 2016).
However, there exists limited empirical evidence supporting the use of
ASI and THIV, such as relatively weak correlations with head (Gabauer
and Thomson, 2005; Shojaati, 2003) and neck injury (Sturt and Fell,
2009). Further, there are serious issues regarding their use as indicators
of occupant safety (Gabauer and Gabler, 2008). Namely, unlike crash-
worthiness testing, where data are obtained from instrumented ATDs,
both the aforementioned metrics are derived from data from an accel-
erometer placed as close as possible to the vehicle’s centre of mass. This
data would only be predictive of real head acceleration if the occupant
was rigidly bound to the vehicle at all points during impact. In reality,
factors such as plasticity of vehicle seats, restricted lateral belt function
and varying degrees of belt looseness mean the occupant is experien-
cing different accelerations to that of the centre of mass of the vehicle
(Gabauer and Gabler, 2008; Shojaati, 2003). Vehicle kinematics are
used in preference to head kinematics for practical reasons such as af-
fordability (Shojaati, 2003) and variability of ATD responses between
identical testing scenarios (Ray and Hiranmayee, 2000; Roque and
Cardoso, 2013), especially for oblique movements occurring during
redirection of the vehicle from the RRS (Ross et al., 1993). THIV as-
sumes contact with a theoretical box surrounding the head, re-
presenting the vehicle interior. From vehicle kinematics alone, it is
impossible to predict the distance from the head at which a real impact
will occur, what inside or outside the vehicle it will impact with, and, in
fact, whether it will impact anything at all. ASI assumes that increasing
the duration of the deceleration phase is entirely positive. However, its
value is not only influenced by the deformation of the RRS, but also the
deformation of the vehicle. If this deformation spreads to the vehicle
interior, there is the potential to crush and/or trap the occupant, whilst
also increasing the likelihood of a head impact. Moreover, vehicle de-
formation does not necessarily reduce the head acceleration due to the
non-rigid bond with the vehicle. It may, in fact, increase the likelihood
of the head translating outside of the vehicle and impacting directly
with an outside obstacle, likely to be the RRS.

The aim of this study was to highlight the limitations of the EN 1317
regulation in determining occupant safety during impacts with roadside
restraint systems. To achieve this aim, the relationship between occu-
pant risk determined according to EN 1317 criteria and ATD injury
metrics will be investigated, with both a statistical approach and se-
lective case by case analysis. Indices will be obtained from retrospective
data from thirty-three TB11 crash tests, performed with instrumented
ATDs, for which both EN 1317 injury metrics were below threshold.

2. Methods
2.1. Experimental set up

Data were taken from TB11 crash tests carried out from 2002 to 2018
across two different facilities directed by AISICO S.r.l. (Facility 1: Anagni,
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Italy, 2002-2013, Facility 2: Pereto, Italy, 2013-2018) in accordance with
the version of the EN 1317-1 regulation in place at the time of testing. The
company, whenever possible, used an instrumented ATD for research
purposes, therefore we selected tests, performed using an instrumented
ATD, for which both ASI and THIV injury metrics were below safety
thresholds. The TB11 tests entailed using a vehicle with a mass of 860 to
940kg (including the ATD), undergoing a gliding impact at 20 deg at
100 km/h. All vehicles were equipped with a triaxial accelerometer (ECGS-
100, Entran Devices, Fairfield, NJ, USA; full scale range 1000 m/s?, ac-
quiring at 10,000 samples/s), to measure longitudinal, lateral, and vertical
accelerations, and with a triaxial gyroscope (MEAS 610, Measurement
Specialties, Inc., Hampton, Virginia, USA; full scale range 12,000 deg/s,
acquiring at 10,000 samples/s), using the angular velocity to take into
account the vehicle orientation in space when representing its acceleration
in a coordinate system fixed with the ground. Both were rigidly mounted at
a single point as close as possible to the vertical projection of the centre of
mass of the vehicle (Fig. 1). The yaw angle was measured, within a tol-
erance of = 4 deg, by integration of the yaw rate.

For each TB11 test, an ATD representative of the 50th percentile of a
male adult (02020911, Denton, Milan, Ohio) was placed in the front
seat of the vehicle on the impact side and secured with the vehicle
safety belt. The ATD was instrumented with a triaxial accelerometer
(7267a, Endevco, Irvine, California; full scale range 15,000 m/s% ac-
quiring at 10,000 samples/s) positioned inside the ATD’s head at the
centre of mass level and, for Facility 1, with a six-component load cell
(1716 J, Denton, Milan, Ohio; full scale range Fx,y: 0-8.9kN; Fz:
0-13.3kN; Mx,y,z: 0-283Nm acquiring at 10,000 samples/s) posi-
tioned on the neck (Fig. 2).

Data taken from vehicle and ATD sensors were simultaneously ac-
quired with an A/D system (Kidau-advanced type K3880C, Kistler,
Winterthur, Switzerland).
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Fig. 2. The Anthropomorphic Test Dummy positioned in the vehicle on the side
of the impact, depending on the crash facility set-up, according to EN 1317-1
regulations. Instruments used in this study are also depicted.

2.2. Data analysis

All acquired data were processed through Matlab (version R2018a,
The MathWorks Inc., Natick, MA, USA). Data were analysed in a 2s
window from the instant of time at which the vehicle impacted the RRS,
defined as the instant immediately before the crash event at which the
acceleration variation (taken from the vehicle accelerometer) exceeds
5g. The acceleration of the vehicle was represented in the global co-
ordinate system using the yaw angle derived from the vehicle gyro-
scope. Both data were low-pass filtered according to the EN 1317-1
regulation (UNI EN 1317-1:2010), using a fourth order phaseless

Pitch «=4=3-

s
Y global X global
Year
Z global Z global
Yaw
(S8 Yatp
Load cell
™y
\4
Roll """'f')' -~
Xecar * =N "= ==Pitch
~' Year
Y global
] Y global
Z global
X global

4, Car accelerometers and gyroscope

& ATD accelerometer

® Loadcell

Fig. 1. Reference systems of retrieved data: Cgiobar: global coordinate system (black, fixed); Cc.r: car accelerometer and gyroscope coordinate system (blue dashed,
centred in the car centre of mass and moving with the car); Carp: Anthropomorphic Test Dummy (ATD) accelerometer coordinate system (black, centred in the ATD
head - in red - and moving with the ATD), Cioad cen : ATD load cell coordinate system (black, positioned in the neck - in green - moving with the ATD) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Butterworth digital filter (as described in ISO 6487: 2015), with a cut-
off frequency of 180 Hz (Channel Frequency Class: CFC180). To com-
pute ASI, data were further low-pass filtered, according to the EN 1317-
1 regulation in place at the time of testing. Specifically, a moving
average filter with a 50 ms window was used for Facility 1 tests (UNI EN
1317-1:2000), and a fourth order phaseless Butterworth digital filter,
with a cut-off frequency of 13 Hz, for Facility 2 tests (UNI EN 1317-
1:2010). The ATD acceleration data were filtered according to the
regulation used for vehicle accelerations and angular velocities
(CFC180). The ATD neck load cell data were low-pass filtered with a
CFC600 and a CFC1000 for moments and forces, respectively (Eppinger
et al., 2000).

The Vehicle Cockpit Deformation Index (VCDI) was computed ac-
cording to the regulation (UNI EN 1317-1:2010).

2.3. Injury metrics

The following injury metrics were then extracted:

2.3.1. Acceleration Severity Index (ASI)
According to EN 1317-1 test procedures (UNI EN, 1317-1:, 2010),
ASI is defined as the following:

[ (acarx )2 ( acary )2 (acarz )2 :|;
ASI(t) = max | | == | +|—| +|——
Ay ay a; (1)

where acqr x; Gcar y, and acqr  are the acceleration values measured with
the car accelerometer, and d,, d,, d, the corresponding limit accelera-
tion values (4, =12g; 4, =9g; 4, =10g). ASIis calculated to at least
two decimal places, reported with one decimal place by mathematical
rounding, and compared to threshold values: an ASI below 1 is re-
commended and corresponds to “light injury if any” (UNI EN, 1317-1,
2010), classified as ASI A. Values ranging 1.01 + 1.4 and 1.41 + 1.9
are still acceptable and classified as ASI B and ASI C, respectively.

2.3.2. Theoretical Head Impact Velocity (THIV)
According to EN 1317-1 test procedures (UNI EN, 1317-1:, 2010),
THIV is defined as the following:

THIV= [V X(T)+ vy *(D)]2 @

where vy, and vy, are the velocities of the theoretical head with respect
to the car, in the longitudinal and transverse directions of the car co-
ordinate system, respectively. T, referred to as Time of Flight in EN
1317-1, is the instant of time from the initial contact with the RRS, T,
at which the theoretical head has been displaced either + 0.6 m in the x
direction or + 0.3 m in the y direction. The velocity v is computed as-
suming that, at Ty, vehicle and theoretical head have the same hor-
izontal velocity, vy, and that the vehicle motion is purely translational
on the horizontal plane, both at T, and after the impact, while the car
rotates about the vertical axis Z.,, of a yaw angle y (Fig. 3).

To determine time T, the displacement the theoretical head is
computed with respect to the car coordinate system, Cc,,, from the
displacement of the vehicle relative to an inertial car-fixed coordinate
system, Ccar, which moves at constant velocity and remains parallel to
Cgiobal. Therefore, the analysis is concerned purely with velocity
changes relative to vy, whose value does not enter into the calculations.
Initial conditions are assumed to be zero for all variables.

Car acceleration with respect to Ccar, X¢ and Y, is:

XC = Qcar xCOSY — acarySinlp
YC = QegrxSIMY + acarycos'q) 3)

Head displacement within the cockpit, x, and y}, in Fig. 3, with
respect to the original position with respect to Ccagr, Xo and yy, is ob-
tained as follows:
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Fig. 3. a. Coordinate systems of the car used to compute Theoretical Head
Impact Velocity: C,,, car coordinate system; Ccar, inertial car-fixed coordinate
system moving at constant velocity and parallel to Cgoba. The relative yaw
angle y and the initial velocity v, are also depicted. b. Theoretical box and
theoretical head and their relative displacement along Ccr, Xp and yp.

Xp = (xo — Xc)cosp — (y, — Yo)siny
Yy, = —(xo — X¢)sinp + (y, — Yc)cosp 4

where X and Y are the car displacements computed by double in-
tegration of eq.3. Head velocity within the cockpit is then obtained
through integration:

Ve = ¥ = —Xccosp — Yesing + y,
Viy = Yy = —Xcsinp — Yecosp — xp1p 5)

THIV is calculated to at least one decimal place and reported with
zero decimal places by mathematical rounding. A typical signal mea-
sured from the car accelerometer is reported in Fig. 4.

2.3.3. Theoretical Head Impact Velocity man (THIV,;q,)

The same procedure as THIV (eqns. 2-5) is repeated using the ac-
celeration measured at the ATD’s head. A typical signal measured from
the ATD accelerometer is reported in Fig. 4.

2.3.4. Real Head Impact Velocity (RHIV)

The relative accelerations of the ATD’s head with respect to the car
are first obtained by summing the ATD and the car accelerations, as-
suming that no relative rotation occurs between them. The head velo-
city at impact is then obtained by integrating this relative acceleration
from T, to the instant in which the acceleration increases abruptly due

50
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0
§ 10 )
% O eicn 5500 tr-som e’ Bl . ~,W'§3~ \.;:W‘v‘«—*"f%:\:.,—.;:;;~;:,;
-10 -
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30 —6—X ATD - Xcar [> Carimpact start
—s—Y ATD - - -Ycar O Dummy impact start
Z ATD Zcar
-40 I
0 0.05 0.1 0.15 0.2 0.25 0.3

Time (s)

Fig. 4. Profiles of dummy and car acceleration. Car and dummy impact instants
of time are also depicted. The cursor exemplifies the manual selection of the
instant of time of the dummy impact used to calculate RHIV.
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Table 1
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Crash test information including: RRS containment class, location, type, Vehicle Cockpit Deformation Index, and the main injury metrics. Experimental tests not for
certification are declared as such instead of providing the Vehicle Cockpit Deformation Index. Data are ordered according to time of testing, clustering separately

guardrail and new jersey types.

Facility RRS VCDI ASI THIV THIV pan RHIV HIC;5 HIC36 Nj
class location type [km/h] [km/h] [km/h] [%]

Facility 1 H3 side edge for ground guardrail LF 0001000 1.1 31 30 30 1 1 < 15%
Facility 1 H2 side edge for ground guardrail LF 0000000 0.8 25 30 18 18 28 < 15%
Facility 1 H4b for bridge guardrail LF 0001100 1.3 33 33 28 174 219 no data
Facility 1 H2 side edge for ground guardrail LF 0002102 1.2 31 30 30 104 208 < 15%
Facility 1 H4a for bridge guardrail LF 1001121 1.1 30 35 22 77 92 no data
Facility 1 H2 side edge for ground guardrail LF 1012100 1.2 30 34 17 2213 1439 < 15%
Facility 1 H3 for bridge guardrail LF 0001010 0.9 28 33 14 1634 505 < 15%
Facility 1 N2 side edge for ground guardrail LF 0001001 0.7 24 30 17 24 22 < 15%
Facility 1 H2 side edge for ground guardrail LF 0000000 0.6 23 26 28 20 20 < 15%
Facility 1 H2 for bridge guardrail LF 0000000 1.0 25 35 17 24 34 < 15%
Facility 1 H2 side edge for ground guardrail LF 0000000 1.3 32 35 36 57 65 < 15%
Facility 1 H4a for bridge guardrail LF 0010000 1.4 33 34 33 75 108 < 15%
Facility 1 H2 side edge for ground guardrail LF 0001000 1.0 26 32 22 69 43 < 15%
Facility 1 H4b for bridge guardrail LF 0022000 1.5 33 37 52 615 294 30%
Facility 1 H4a for bridge guardrail LF 0001000 1.3 33 34 25 136 147 < 15%
Facility 1 H4b double side double line guardrail LF 1001100 12 33 40 30 616 277 no data
Facility 1 H2 side edge for ground guardrail LF 0001000 0.7 23 33 17 42 65 < 15%
Facility 1 H4b side edge for ground guardrail LF 0000001 1.0 32 34 30 29 38 < 15%
Facility 1 H3 side edge for ground guardrail no data 1.4 25 36 22 93 78 < 15%
Facility 1 H4b double side double line guardrail LF 0000000 1.0 30 39 28 72 52 < 15%
Facility 2 H2 side edge for ground guardrail LS 0110000 0.8 27 53 31 422 228 no data
Facility 2 H3 for bridge guardrail RF 0101000 1.3 33 39 27 34 35 no data
Facility 2 H1 side edge for ground guardrail RF 0100000 0.8 22 32 16 71 95 no data
Facility 2 L4b for bridge guardrail RF 0101000 1.2 30 50 24 172 139 no data
Facility 2 H3 side edge for ground guardrail RF 0110000 0.9 25 30 62 510 210 no data
Facility 2 H1 side edge for ground guardrail RF 0101000 0.7 24 38 29 20 23 no data
Facility 2 H2 side edge for ground guardrail RF 0110000 0.8 25 33 34 22 29 no data
Facility 2 L4b double side guardrail RF 0111000 1.3 32 39 42 1836 586 no data
Facility 1 N2-H4 new jersey for bridge new jersey Exp 1.5 33 35 20 33 73 no data
Facility 1 H4b new jersey double line new jersey Exp 1.3 23 26 23 21 39 no data
Facility 1 N2-H4 new jersey double side new jersey Exp 1.1 25 31 15 60 86 no data
Facility 1 N2-H4 new jersey english type new jersey Exp 1.6 31 32 31 175 291 no data
Facility 2 H2 side edge for ground new jersey LF 0110000 1.2 26 30 25 100 125 no data

Abbreviations: VCDI: Vehicle Cockpit Deformation Index, Exp: experimental tests, THIV: Theoretical Head Impact Velocity, THIV,,,: Theoretical Head Impact
Velocity man, RHIV: Real Head Impact Velocity HIC;5: Head Injury Criteria 15, HIC36: Head Injury Criteria 36, Nj;: Neck Injury Risk.

Values above their respective thresholds are presented in bold, THIV, THIV,,.,, and RHIV: 33.4 km/h. Acceptability boundaries are also depicted in bold, HIC;5: 700;
HIC36: 1000; Nyj: 30%, and in italic or bold italic for ASI B (1-1.4) and ASI C (1.41-1.9).

to impact, Ti, as manually selected on the a,7p graph.
T 2 T 2
RHIV = l:(fTO (aarpx + a—mrx)dt) + ('[To (aATDy + acary)dt) +

(fTi (a + a, )dt)z]%
T ‘ATD z carz (6)

2.3.5. Head Injury Criteria (HIC;5 and HIC3¢)

The Head Injury Criteria is defined as proposed by the National
Highway Traffic Safety Administration (NHTSA) (Hodgson and
Thomas, 1972):

t 2.5

1
[ agrpdt | *(t—1)
Lt
f @

where a,7p is the ATD’s head acceleration magnitude. For a time in-
terval of 36 ms, HIC;¢ is obtained which should not exceed a threshold
value of 1000. HIC;5 is obtained when integration occurs over an in-
terval of 15 ms; its threshold value is 700.

HIC= max

2.3.6. Head acceleration 3 ms after its maximum (Gz,s)

Since the ATD’s head acceleration should not exceed a threshold
value of 80 g for more than 3ms to avoid brain injuries (Seiffert and
Wech, 2003), Gs,,s was computed, along each axis of Carp, as the asrp
value 3 ms after its maximum:

Gimsi = 1D i(bnax + 3ms) i= X, y.z ®

2.3.7. Neck Injury Risk (Ny)

The Neck Injury Risk (Ny) is defined as proposed by the NHTSA and
included in the Federal Motor Vehicle Safety Standard, FMVSS 208
(Hollowell et al., 1998). Ny is a linear combination of axial forces and
moments of flexion and extension, normalized with critical values
(Kleinberger et al., 1998) specific to Hybrid III 50th percentile ATDs,
such as the one used in the study:

F, M,
E‘m Mnt (9)
where F;, (compression/tension) = * 4500 N; M;,, (flexion) = -310

Nm; M;, (extension) = 128 Nm. This criterion equals creating a limit
area that the acquired signal must not exceed, outside of which it is
assumed that the head does not impact anything and the neck is
strongly stressed. The limit value of 1 carries a neck injury risk prob-
ability below 15%, while a value higher than 1.4 entails at least a 30%
risk.

2.4. Statistical analysis

All statistical tests were carried out using SPSS (version 22, IBM
Corp., Armonk, NY, USA) and results were considered statistically sig-
nificant at a < 0.05. Use of the Shapiro-Wilk test determined that all
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data were non-normally distributed (p < 0.05). Descriptive statistics of
selected quantities were obtained using the five-number summary
technique (minimum, lower quartile, median, upper quartile, max-
imum); data were represented using box-plots. Lower and upper quar-
tiles were used to calculate the inter-quartile range (IQR). The Wilcoxon
signed rank test was deemed appropriate to compare THIV with
THIV a, and THIV with RHIV due to the non-parametric and matched
nature of the data. One disadvantage of this test is that no magnitude in
effect can be determined, however simply demonstrating discrepancies
between the measures is still of value. THIV and THIV,,,, values were
compared using the Wilcoxon signed rank test in order to determine
whether placing the accelerometer on the head made a significant
difference to the measured value as to when placed at the car's centre of
mass. THIV was then further compared with RHIV using another
Wilcoxon signed rank test to determine if there was a significant dif-
ference between the measured velocity of the head when using the real
impact of the head with the car cockpit (RHIV), and the impact of the
modelled head with the theoretical box (THIV).

3. Results

Data are reported for all tested RRSs, alongside RRS class, location,
and type (Table 1). ASI median [IQR] value was 1.10 [0.43], with 14
RRSs with ASI A, 15 with ASI B, and 4 with ASI C. The head velocities at
impact, as obtained using THIV, THIV,,,, and RHIV, are reported in
Fig. 5. The head indices, HIC;5 and HIC3¢, had median [IQR] values of
71 [146] and 82 [175], respectively.

Inferential statistics demonstrated that THIV,,,, was significantly
higher than THIV (U = 183; p = 0.000), while no significant difference
was found between RHIV and THIV (U = 416; p = 0.09), although
RHIV was above threshold in 15% of cases. HIC;5 is plotted against ASI
(Fig. 6) and THIV (Fig. 7), highlighting disagreement between HIC;5
and the EN 1317-1 injury metrics. RHIV presents a similar level of
disagreement (Fig. 7). Nine percent of RRSs (3 out of 33) had HIC;5
values over threshold, while this was the case for only one RRS ac-
cording to HIC36. One RRS exceeded the Nj; threshold (Table 2).

4. Case by case analysis
4.1. Testn.1
The HIC;5 in this case corresponds to very serious injury or death

according to the related AIS thresholds (Prasad and Mertz, 1985). This
may be related or due to the fact the window of the car was broken

60

w T

Velocity of head at impact [km/h]

THIV THIVpman RHIV

Fig. 5. Boxplot of the velocity at head impact calculated according to
Theoretical Head Impact Velocity (THIV), Theoretical Head Impact Velocity
man (THIV,,,,), and Real Head Impact Velocity (RHIV). The EN 1317-1
threshold value of 33 km/h (true value 33.4 km/h) is highlighted.
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Fig. 7. Theoretical Head Impact Velocity (THIV) and Real Head Impact
Velocity (RHIV) compared against their corresponding Head Injury Criteria 15
(HIC,5) values. Note: for every HIC,; 5 value, there is a corresponding THIV and
one RHIV value.

upon impact, resulting in the head displacing outside of the chassis and
impacting directly with the RRS post (Fig. 8). Moreover, the car was
deforming during its interaction with the RRS, which usually con-
tributes, alongside deformation of the RRS, to reduced relative decel-
erations and, therefore, ASI. This index does not take into account that,
when the car frame deformation spreads to the cockpit, the head is
more likely to impact the cockpit, the distance between the RRS and the
head decreases, and the occupant may be crushed and/ or trapped.
Cockpit deformation is roughly described in the current regulation with
the use of the VCDI index, however, surprisingly this has no bearing on
certification.

4.2. Testsn. 2 and 3

It is not possible to determine whether or not the head impacted the
RRS (Fig. 9), although in both tests the broken window on the ATD side
and the high HIC;s values indicate this is plausible. THIV is ap-
proaching the 33 km/h threshold and RHIV is comparatively low, de-
monstrating the potential for these metrics to drastically underestimate
the severity of an impact.

4.3. Test n.4

This test (Fig. 10) presented a high RHIV (52.5km/h) and a neck
injury risk of 30%, which indicates an AIS level of 3, i.e. a serious in-
jury, as classified using the Abbreviated Injury Scale (Wong and Kunz,
2016). Values for ASI, THIV and HIC;5 were within, but close to, the
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Table 2

Injury metrics for Case-by-Case Analysis.
Test n. RRS ASI THIV THIViman RHIV HIC;5 HIC36 Gams Njj

class type [Km/h] [Km/h] [Km/h] x [g] y [g] z [g] [%]

1 L4b double side 1.3 32 39 42 1836 586 93 86 225 no data
2 H2 side edge for ground 1.2 30 34 17 2213 1439 292 30 35 < 15%
3 H3 for bridge 0.9 28 33 14 1634 505 86 22 22 < 15%
4 H4b for bridge 1.5 33 37 53 615 294 87 44 46 30%

Abbreviations: THIV: Theoretical Head Impact Velocity, THIVy,,: Theoretical Head Impact Velocity man, RHIV: Real Head Impact Velocity HIC;s: Head Injury
Criteria 15, HIC3¢: Head Injury Criteria 36, Gsms: Head acceleration 3 ms after its maximum, Nj;: Neck Injury Risk.

Values above their respective thresholds are presented in bold, THIV, THIV,;,,, and RHIV: 33.4 km/h. Acceptability boundaries are also depicted in bold, HIC;5: 700;
HIC36: 1000; Ga: 80 g; Njj: 30%, and in italic or bold italic for ASI B (1-1.4) and ASI C (1.41-1.9).

Fig. 8. Image displaying the car-RRS interaction of test n.1.

boundaries of their acceptability, despite the possibility of a serious
neck injury. A relationship may exist between N;; and RHIV, although
due to inevitable rotation of the dummy’s head, but it is impossible to
explain the head acceleration and velocity without gyroscopic data.

5. General discussion

This retrospective study provided evidence that the current EN
1317-1 regulation is not capable of detecting all dangerous scenarios
during RRS testing. The velocity at which the head impacts the cockpit
or RRS seems to be estimated poorly without the use of an accel-
erometer at the head level. Nevertheless, when computed from such an
accelerometer, the presented data suggest that the potential for actual
head impact velocity to describe impact severity is limited. ASI appears
to be kept within class A criteria in part by the deformation of the
vehicle as well as the RRS. Therefore, the current regulation may
characterise a potentially fatal event as positive behaviour of the RRS.

The striking differences in both magnitude and data spread between
THIV, THIV ., and RHIV provide evidence for two key conclusions: 1)
THIV does not adequately estimate the real head impact velocity; 2)

Fig. 10. Image displaying the car-RRS interaction of test n.4.

RHIV in isolation is not particularly useful in determining impact se-
verity, and therefore RRS safety. Although not supported by current
findings, further investigations may identify potential applications for
the use of head impact velocity metrics in the context of TBI.

Based on our inclusion criteria, all tested RRSs presented passable
occupant safety according to the current EN 1317-1 regulation.
However, 3 out of 33 RRSs presented HIC; 5 values above acceptability
boundaries, which corresponds with dangerous head kinematics
(Prasad and Mertz, 1985). In addition, one RRS, Nj; indicated a high risk
of neck injury. As opposed to Sturt and Fell (2009) and Shojaati (2003),
the HIC;s values above acceptability boundaries were obtained in
correspondence with acceptable ASI values, not supporting the hy-
pothesis of their exponential relationship. Ultimately, these findings
suggest that the current EN 1317-1 regulation has the potential to
certificate unsafe RRSs.

These results should be considered in light of the fact that the
sample was relatively small and not stratified, thus the RRSs tested in
our sample are not necessarily representative of those used across
Europe. The data were also taken from only two crash testing facilities.
Further, the author’s recognise that using HIC as a form of gold

Fig. 9. Images displaying the car-RRS interaction of tests n.2 (a) and n.3 (b).
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standard for comparison is controversial, given its flawed background,
however this choice was made due to the current lack of better alter-
natives.

The EN 1317 allows the testing use of older vehicles, than those
currently used on today’s roads. Specifically, changes in vehicle struc-
tural geometry and increases in cockpit stiffness from the early 2000s
may significantly modify barrier performance at impact. Consequently,
the outcome of tests using older vehicles may not be representative of
real impacts entailing a modern vehicle. It is clear that, in order to
ensure the safety of Europe’s roads, some changes must be made to the
current regulation, in parallel with the ongoing activities towards the
transformation of the technical specification UNI CEN/TS 1317-8:2012
into a full European standard to properly test RRSs for motorcyclist
safety (Garcia et al.,, 2009), and towards incorporating motorcycle
protection systems such as steel guardrail barrier systems with posts
(Atahan et al., 2018) to decrease one of the prime reasons for mo-
torcyclist fatalities (Delhaye and Marot, 2015).

The main limitations of the regulation, based on: the presented data
and case studies; a critical analysis of the available literature (points a,
e, g); and of extensive experience or knowledge of technological ad-
vancement (points e, f, g, and h), are listed. Each point includes a
corresponding suggestion for improvement which we hope will be
taken into account when defining the new European road safety fra-
mework for 2020-2030, and planning practical measures contributing
to safer roads in revising the European rules (European commission
Report, 2018).

a. Computing head kinematics from vehicle kinematics using THIV is
not only ineffective (Fig. 5), but unnecessary with current tech-
nology.

Suggestion: Use an ATD instrumented with an accelerometer in the
head, allowing direct measurement of head acceleration, as pre-
viously suggested (Roque and Cardoso, 2013).

b. The actual velocity of the head (RHIV) during its impact with the
cockpit does not appear to be useful in isolation when describing the
occupant safety risk during glancing RRS impacts (Fig. 7).
Suggestion: Complement head velocity at impact with suitable in-
dices based on actual head acceleration data. HIC;s is a potential
alternative as the best current correlate with real life injury data.
Eventually, an index relating to the rotational component of head
injury, as well as other potential injury mechanisms, should be in-
cluded.

c. There may be tests, particularly with high RRSs (as case study in
par. 4.1), in which low ASI values are the product of upper cockpit
deformation. This potentially dangerous event may result in the
occupant impacting the cockpit or obstacles outside of it, both
events being undetectable by the current regulation.

Suggestion: Using the above-mentioned instrumented ATD, events
such as the head impacting the cockpit, or obstacles outside of it,
may be detectable, allowing for substitution of ASI as severity index.

d. Head kinematics cannot be fully understood without a measure of
the head’s orientation in space (as evidenced, for example, by the
low head velocity at impact corresponding to an overwhelming HIC
for case study in par 4.2).

Suggestion: Instrument the test ATD with a triaxial gyroscope.

e. Neck injury is not accounted for, although it may occur causing a
serious AIS (Wong and Kunz, 2016) even for certified barriers (case
study 4, par 4.3).

Suggestion: Instrument the test ATD with a neck load cell and include
a neck injury risk criterion with threshold values not to be exceeded,
such as Nj; (Mertz et al., 1997)

f. There is currently no requirement to include a camera to track head
motion inside the vehicle to facilitate interpretation of the crash
events.

Suggestion: Equip all vehicles with a camera positioned to track the
movement of the ATD within the vehicle.
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g. The potential rotational component of traumatic brain injury is not
considered.
Suggestion: There is not currently an obvious solution to this as there
is no adequate rotational brain injury criteria in the literature that
correlates with real life injury (Mueller, 2015; Takhounts et al.,
2013). However, in using a gyroscope the data will at least be
available for future retrospective analysis.

h. No clear indication is provided on the window type (reinforced\
non-reinforced) and condition (open\ closed).
Suggestion: Standardize the type of window used for testing, ex-
cluding the reinforced type, and keep it closed. This will allow for
consistent testing of a true worst-case scenario.

6. Future developments

Development of the regulation should properly consider factors af-
fecting the severity of the injury and comprise testing conditions truly
indicative of real life incidents. Severity factors are multiple and in-
clude age, gender, accident dynamics, impact severity, osteoarticular
conditions, among others (Abu-Zidan and Eid, 2015; Yoganandan et al.,
2014). Although not analysed in the current study, reconsidering im-
pact speed and angle conditions as derived from real data would also be
beneficial (Abraham et al., 2016). Testing true worst case scenarios
would be protective of those vehicle occupants at greater risk of injury
due to decreased awareness, such as fatigued drivers (Paterson and
Dawson, 2016; Stutts et al., 2003), distracted young drivers (Bingham,
2014; Lee and Abdel-Aty, 2008), or passengers not actively involved in
driving (also the case for occupants in self driving cars).

Further data, eventually gathered through a multicentre approach,
are required to reinforce presented evidence and to form the basis of
testing for the efficacy of alternative indices. The ability of the indices
analysed in this work, or of others, in predicting real injuries related to
glancing RRS impacts must be assessed through research that in-
vestigates the relationship between real incident characteristics and
injury information, based on real data obtained from police and hos-
pital databases and musculoskeletal modelling (Roque and Cardoso,
2013), enabling the production of appropriate thresholds for the se-
lected indices. Eventually, the production of new indices, to be used in
conjunction with existing ones, will be essential in order to progress
further. Specifically, the linear and angular components, and their re-
spective contribution to TBI must be accounted for.

Declaration of Competing Interest

C.E. Brandani and S. Fraschetti are employed by AISICO Crash Test
Centre who supplied crash test data, videos and photos anonymously,
without any possible references regarding companies, customers and
RRSs. This was in compliance with the confidentiality constraint that
the laboratory must respect. The remaining authors declare that they
have no affiliations with, or involvement in, any organization or entity
with any financial or non-financial interest in the subject matter or
materials discussed in this manuscript.

References

AASHTO, 2016. Manual for assessing safety hardware (MASH). Practice for the Crash
Testing of Safety Hardware Devices for Use on the National Highway System (NHS).
AASHTO, Washington, D.C.

Abraham, N., Ghosh, B., Simms, C., Thomson, R., Amato, G., 2016. Assessment of the
impact speed and angle conditions for the EN1317 barrier tests. Int. J.
Crashworthiness 21 (3), 211-221. https://doi.org/10.1080/13588265.2016.
1164444.

Abu-Zidan, F.M., Eid, H.O., 2015. Factors affecting injury severity of vehicle occupants
following road traffic collisions. Injury 46 (1), 136-141. https://doi.org/10.1016/j.
injury.2014.

Atahan, A.O., Hiekman, J.M., Himpe, J., Marra, J., 2018... Development of a continuous
motorcycle protection barrier system using computer simulation and full-scale crash
testing. Accid. Anal. Prev. 116, 103-115. https://doi.org/10.1016/j.aap.2017.04.
005.


http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0005
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0005
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0005
https://doi.org/10.1080/13588265.2016.1164444
https://doi.org/10.1080/13588265.2016.1164444
https://doi.org/10.1016/j.injury.2014
https://doi.org/10.1016/j.injury.2014
https://doi.org/10.1016/j.aap.2017.04.005
https://doi.org/10.1016/j.aap.2017.04.005

J. Chell, et al.

Bingham, C., 2014. Driver distraction: a perennial but preventable public health threat to
adolescents. J. Adolesc. Heal. 54 (5), S3-S5. https://doi.org/10.1016/J.
JADOHEALTH.2014.02.015.

Blennow, K., Hardy, J., Zetterberg, H., 2012. The neuropathology and neurobiology of
traumatic brain injury. Neuron 76 (5), 886-899. https://doi.org/10.1016/j.neuron.
2012.11.021.

Deakin, N.D., Cronin, T., Trafford, P., Olvey, S., Roberts, I., Mellor, A., Hutchinson, P.J.,
2017. Concussion in motor sport: a medical literature review and engineering per-
spective. J. Concussion 1, 2059700217733916.

Eppinger, R., Sun, E., Kuppa, S., Saul, R., 2000. Supplement: Development of Improved
Injury Criteria for the Assessment of Advanced Automotive Restraint Systems - II.
n.d.. .

European Commission Report, 2018. Road Safety: Data Show Improvements in 2017 but
Renewed Efforts Are Needed for Further Substantial Progress. European commission
report, Brussels. [WWW Document]. URL http://europa.eu/rapid/press-release_IP-
18-2761_en.htm (accessed 11.20.2018).

Delhaye, A., Marot, L., 2015. Infrastructure, Deliverable 3 of the EC/MOVE/C4 Project
RIDERSCAN. (accessed 17.05.2019). https://ec.europa.eu/transport/road_safety/
sites/roadsafety/files/pdf/projects_sources/riderscan_d3.pdf.

Gabauer, D., Thomson, R., 2005. Correlation of vehicle and roadside crash test injury
criteria. 19th International Technical Conference on the Enhanced Safety of Vehicles
(ESV)-Washington DC. pp. 6-9.

Gabauer, D.J., Gabler, H.C., 2008. Comparison of roadside crash injury metrics using
event data recorders. Accid. Anal. Prev. 40 (2), 548-558. https://doi.org/10.1016/j.
aap.2007.08.011.

Gadd, C., 1961. Criteria for injury potential. Impact Acceleration Stress - a Symposium.
pp. 141-144.

Garcia, J., Garcia, D., Molinero, A., Perandones, J.M., Fernindez, J.A., Martin, C.,
Mansilla, A., 2009. Improving motorcyclists’ safety in Spain by enhanced crash test
procedures and implementation guidelines. Fundacién CIDAUT. Junta de Castilla y
Le6n and Universidad de Valladolid.

Gong, S.W., Lee, H.P., Lu, C., 2008. Computational simulation of the human head re-
sponse to non-contact impact. Comput. Struct. 86 (7-8), 758-770. https://doi.org/
10.1016/j.compstruc.2007.06.003.

Hollowell, W., Gabler, H., Stucki, S., Summers, S., 1998. Review of Potential Test
Procedures for FMVSS No. 208.

ISO, 2015. ISO 6487 Road Vehicles — Measurement Techniques in Impact Tests —
Instrumentation.

Kleinberger, M., Sun, E., Eppinger, R., Kuppa, S., Docket, R.S., 1998. Development of
Improved Injury Criteria for the Assessment of Advanced Automotive Restraint
Systems. one.nhtsa.gov.

Lee, C., Abdel-Aty, M., 2008. Presence of passengers: does it increase or reduce driver’s
crash potential? Accid. Anal. Prev. 40 (5), 1703-1712. https://doi.org/10.1016/J.
AAP.2008.06.006.

Lissner, H.R., Lebow, M., Evans, F.G., 1960. Experimental studies on the relation between
acceleration and intracranial pressure changes in man. Surg. Gynecol. Obstet. 111
329/338.

Majdan, M., Plancikova, D., Brazinova, A., Rusnak, M., Nieboer, D., Feigin, V., Maas, A.,
2016. Epidemiology of traumatic brain injuries in Europe: a cross-sectional analysis.
Lancet Public Heal. 1 (2), e76-€83. https://doi.org/10.1016/52468-2667(16)
30017-2.

Mellander, H., 1986. HIC- the Head Injury Criterion Practical Significance for the
Automotive Industry. Modern Concepts in Neurotraumatology.

Mertz, H.J., Prasad, P., Irwin, A.L., 1997. Injury risk curves for children and adults in
frontal and rear collisions. Proceedings of the Forty-First Stapp Car Crash Conference.

Montella, A., Pernetti, M., 2004. Vehicle occupant impact severity in relation to real
world impact conditions. Proceedings of the 2nd International Congress on New
Technologies and Modeling Tools for Roads.

Mueller, B., 2015. Comparison of HIC and BRIC head injury risk in IIHS frontal crash tests
to real-world head injuries. Proceedings of the 24th International Technical

Accident Analysis and Prevention 133 (2019) 105239

Conference on the Enhanced Safety of Vehicles. pp. 1-18.

O’Connor, W.T., Smyth, A., Gilchrist, M.D., 2011. Animal models of traumatic brain in-
jury: a critical evaluation. Pharmacol. Ther. 130 (2), 106-113. https://doi.org/10.
1016/j.pharmthera.2011.01.001.

Paterson, J., Dawson, D., 2016. Fatigue and road safety for young and novice drivers. In:
Fisher, D.L., Caird, J.K., Horrey, W.J., Trick, L.M. (Eds.), Handbook of Teen and
Novice Drivers : Research, Practice, Policy, and Directions. CRC Press.

Post, A., Hoshizaki, T.B., 2012. Mechanisms of brain impact injuries and their prediction:
a review. Trauma 14 (4), 327-349. https://doi.org/10.1177/1460408612446573.

Prasad, P., Mertz, H.J., 1985. The position of the United States delegation to the ISO
working group 6 on the use of HIC in the automotive environment. SAE Government
Industry Meeting and Exposition. p. SAE Technical Paper (No. 851246).

Ray, M., Hiranmayee, K., 2000. Evaluating human risk in side impact collisions with
roadside objects. J.Trans. Res. Board 1720, 67-71. https://doi.org/10.3141/1720-08.

Ren, Z., Vesenjak, M., 2005. Computational and experimental crash analysis of the road
safety barrier. Eng. Fail. Anal. 12 (6), 963-973. https://doi.org/10.1016/j.
engfailanal.2004.12.033.

Roque, C., Cardoso, J.L., 2013. Observations on the relationship between European
standards for safety barrier impact severity and the degree of injury sustained, IATSS
Research. Volume 37 (1), 21-29. https://doi.org/10.1016/j.iatssr.2013.04.002.

Ross, H.E.J., Sicking, D.L., Zimmer, R.A., 1993. National Cooperative Highway Research
Report 350: Recommended Procedures for the Safety Performance Evaluation of
Highway Features. Washington, D.C.

Seiffert, U., Wech, L., 2003. Automotive Safety Handbook, 1st ed. Warrendale, Pa,
London.

Services, U.S.D. of H.& H, 2017. Traumatic Brain Injury & Concussion. [WWW
Document]. TBI Get Facts. URL https://www.cdc.gov/traumaticbraininjury/get_the_
facts.html. (accessed 11.20.18).

Shojaati, M., 2003. Correlation between injury risk and impact severity index ASI. Proc. of
the 3rd Swiss Transp. Res. Conf.

Silvestri-Dobrovolny, C., Prodduturu, H., Arrington, D., Schulz, N., 2016. Project
Investigation on Correlation Between Roadside Safety Hardware and Vehicle Safety
Standards Evaluation Criteria. Report No. ATLAS-2016-12. Atlas Center. University of
Michigan.

Sturt, R., Fell, C., 2009. The relationship of injury risk to accident severity in impacts with
roadside barriers. Int. J. Crashworthiness 14 (2), 165-172. https://doi.org/10.1080/
13588260802614365.

Stutts, J.C., Wilkins, J.W., Scott Osberg, J., Vaughn, B.V., 2003. Driver risk factors for
sleep-related crashes. Accid. Anal. Prev. 35 (3), 321-331. https://doi.org/10.1016/
S0001-4575(02)00007-6.

Takhounts, E.G., Craig, M.J., Moorhouse, K., McFadden, J., Hasija, V., 2013.
Development of Brain Injury Criteria (BrIC). Stapp Car Crash J. 57 November. pp.
243.

UNI CEN/TS 1317-8:2012 (No. UNI CEN/TS 1317-8:2012), n.d.. Italy.

UNI EN 1317-1:2000, 2000. Road Restraint Systems - Part 1: Terminology and General
Criteria For Test Methods.

UNI EN 1317-1:2010, 2010. Road Restraint Systems - Part 1: Terminology and General
Criteria for Test Methods.

Wong, E., Kunz, R., 2016. Abbreviated Injury Scale. In: Kreutzer, J., DeLuca, J., Caplan, B.
(Eds.), Encyclopedia of Clinical Neuropsychology.

Yeung, E., 1996. Whiplash Injuries” of the cervical spine: the relationship between the
mechanism of injury and neural tissue involvement. Physiotherapy 82 (5), 286-290.
https://doi.org/10.1016/5S0031-9406(05)66847-2.

Yoganandan, N., Nahum, A.M., Melvin, J.W., 2014. 3rd Ed, Accidental Injury:
Biomechanics and Prevention. Springer-Verlag, New York.

Young, L., Rule, G.T., Bocchieri, R.T., Walilko, T.J., Burns, J.M., Ling, G., 2015. When
physics meets biology: Low and high-velocity penetration, blunt impact, and blast
injuries to the brain. Front. Neurol. 6 (May), 1-13. https://doi.org/10.3389/fneur.
2015.00089.


https://doi.org/10.1016/J.JADOHEALTH.2014.02.015
https://doi.org/10.1016/J.JADOHEALTH.2014.02.015
https://doi.org/10.1016/j.neuron.2012.11.021
https://doi.org/10.1016/j.neuron.2012.11.021
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0035
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0035
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0035
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0040
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0040
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0040
http://europa.eu/rapid/press-release_IP-18-2761_en.htm
http://europa.eu/rapid/press-release_IP-18-2761_en.htm
https://ec.europa.eu/transport/road_safety/sites/roadsafety/files/pdf/projects_sources/riderscan_d3.pdf
https://ec.europa.eu/transport/road_safety/sites/roadsafety/files/pdf/projects_sources/riderscan_d3.pdf
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0055
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0055
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0055
https://doi.org/10.1016/j.aap.2007.08.011
https://doi.org/10.1016/j.aap.2007.08.011
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0065
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0065
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0070
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0070
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0070
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0070
https://doi.org/10.1016/j.compstruc.2007.06.003
https://doi.org/10.1016/j.compstruc.2007.06.003
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0080
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0080
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0085
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0085
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0090
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0090
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0090
https://doi.org/10.1016/J.AAP.2008.06.006
https://doi.org/10.1016/J.AAP.2008.06.006
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0100
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0100
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0100
https://doi.org/10.1016/S2468-2667(16)30017-2
https://doi.org/10.1016/S2468-2667(16)30017-2
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0110
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0110
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0115
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0115
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0120
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0120
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0120
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0125
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0125
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0125
https://doi.org/10.1016/j.pharmthera.2011.01.001
https://doi.org/10.1016/j.pharmthera.2011.01.001
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0135
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0135
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0135
https://doi.org/10.1177/1460408612446573
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0145
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0145
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0145
https://doi.org/10.3141/1720-08
https://doi.org/10.1016/j.engfailanal.2004.12.033
https://doi.org/10.1016/j.engfailanal.2004.12.033
https://doi.org/10.1016/j.iatssr.2013.04.002
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0165
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0165
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0165
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0170
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0170
https://www.cdc.gov/traumaticbraininjury/get_the_facts.html
https://www.cdc.gov/traumaticbraininjury/get_the_facts.html
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0180
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0180
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0185
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0185
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0185
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0185
https://doi.org/10.1080/13588260802614365
https://doi.org/10.1080/13588260802614365
https://doi.org/10.1016/S0001-4575(02)00007-6
https://doi.org/10.1016/S0001-4575(02)00007-6
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0200
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0200
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0200
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0210
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0210
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0215
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0215
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0220
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0220
https://doi.org/10.1016/S0031-9406(05)66847-2
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0230
http://refhub.elsevier.com/S0001-4575(18)30401-9/sbref0230
https://doi.org/10.3389/fneur.2015.00089
https://doi.org/10.3389/fneur.2015.00089

	Limitations of the European barrier crash testing regulation relating to occupant safety
	Introduction
	Methods
	Experimental set up
	Data analysis
	Injury metrics
	Acceleration Severity Index (ASI)
	Theoretical Head Impact Velocity (THIV)
	Theoretical Head Impact Velocity man (THIVman)
	Real Head Impact Velocity (RHIV)
	Head Injury Criteria (HIC15 and HIC36)
	Head acceleration 3 ms after its maximum (G3ms)
	Neck Injury Risk (Nij)

	Statistical analysis

	Results
	Case by case analysis
	Test n.1
	Tests n. 2 and 3
	Test n.4

	General discussion
	Future developments
	mk:H1_21
	References




